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The base discriminating potentiaL of pyrroLidinyl 

PNA demonstrated by magnetic FexOy particlest 


Claudia Stubinitzky,a Tirayut Vilaivan*b and Hans-Achim Wagenknecht*" 

Pyrrolidinyl PNA was immobilized on Fe. Oy magnetic particles and 

was able to capture and thereby discriminate single base altera­

tions in DNA counterstrands better than DNA. The selectivities of 

matched VS. mismatched oligonucleotides measured by the 

absorption differences were up to 10-12 which are remarkable 

values for linear probes. 

Among several peptide nucleic acids fPNA)1.2 de~c:ribed as 

DNA analogues to elate , the aepePNA system consisting o f 

-f-substituted proline units with (2'R,.l'R) configuration in 

eOI~lbin(ltion with 12S)-ami no-cyc lopentane-(lS)-c~boxyl ic 

acids plays a unique role for the following reasons:3 
; (i) 

acprPNA oligos form stabl e hyhrids with cumpleme nt;]r), DNA 

but much less stable hybrius with RNA. Iii) aepcPNA recog­

nition of DNA occ urs hig hly sequence selectively. (iii) No self­

pairing hybrids can be obtained. Fluon:scence dyes sueh as 

S-(l-pyrenyIJuracil and thiaznle orange have recently been 

sy nthetically incorporated into acpePNA to vis ualize the 

scc1uenee selectivity with DNA by means of tlllo[esccncc. G Only 

th e fully complementary acpcPNA-DNA hybrid showed a sig­

nificant tluoreseence intensity increase. 

Chip-based arrays as well as soluble assays with PNA allow 

the single nucleotide discrimination in th e target DNA.'-9 Fur­

thermore, the applicmions of DNA <1nd PNA on inorganic par ­

ticlt·s have emerg ing significance as carrier systems for 

therapeutic purposes'"- '; Herein we demons trate th e potenriLll 

of pyrrol id inyl PNA immobilized on inorga nic magnetic par· 

ticles (Fe,O)1 for ~ingil: b'lSt: di scrimination in capturing 
o ligonu cleotides. 
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The investigations started with a ranciom acpcPNA 

sequence (PNA! ) that carries (\ biotin anchor tethered via L1 

short PEe; linke r to the N-terminus. The corresponding con­

ventional DNA sequcncc (DNAO) contains a biotin group al the 

5'-end. PNYJ i~ shorter than DNAIl to avoid sn lubility issues 

and to obtain melting temperatures (I'm'! in 3 comparahle 

range. Successful immo bili zat io n of the billtinylarcel uligo­

nucleotides on strcptavidin-coared Fr,<\. m03gnetic particles 

was confirmed by the lo~~ of absorption at 260 nm Isec ESl·;·). 

In order to test and eom pmc t he base di scrim inating potential 

of PNAl with DNr\O, two DNA counterstmnds ,vere mixed in an 

equimoJar mtio: DNAla is l'tllly compleme ntary and was 

labeled with Cy3, whereas DNAlb contains a single mismatch 

and was labeled with Cy5 IScheme 1<1). Both dyes exhib it ext.re­

mely high extinction coefficienb that allow followin g the 

capture of Oligonucleotides ~i mply by absllfption measure­

ments. The Cy:3 (:;:;0 nlll) and Cy5 (6 'l5 nm) absorptions \wrc 

each normalized at the beginning tn ohtain a comp;Hablc 

o! 

DNA1. (match) :r - ~ -C-T - A -C -G - A- +- A - C- ' ·G-C-G-T- . ~ 

ONA1b Im;smatt;h} 

Scheme 1 (a) Sequences of biotinylated DNA<l.and PNAl. modihed 

DNA counterstrancls DNA1a. DNAlb and the structure o f acpcPNA 

hybrids in detait: (b) description for single base mismatch discrimination 
using DNA- or PNA -immobil. zed Fe.O,,- parlicies. 

PNA1 

H 
N 

Fe,O,. oortic;les 
..... Ith ONACiPNA 1 

{) .. ,.,0. 

PEG·llnker 

? 

DNA l b 
w -'\OIL 

IcpcPN.· ONA 

mailto:Wngellkne(ht@kir.tdll
www.rsc.orgfobc


i 

,
<', 

Organic & Biomolecular Chemistry 

readout. The absorbance loss at 550 nm (Cy3) and :It 6..&5 nm 

(CyS) was monitored until 60 min after the addition of the 

magnetic particles that were previous]y immobilized with 

PNAl (or DNAO). In both cases it was impossible to capture the 

corresponding oligonucleotides quantitatively. which may 

reflect limited accessibility of the immobilized PNA/DNA 

probes. A control experiment showed that the amount of the 

tinally captured acpcPNA-DNA hybrid is comparable (i) if the 

acpcPNA is immobilized on the particle and subsequently 

annealed with the complement:lry DNA stmnd (68%) or (ii) if 

the acpcPNA-DNA hybrid is fir.>t annealed in sollltion and then 

immobilized on the particle (73%) (see Fig. SS in the ESlt). As 

expected, immobilized DNAO does not allow discriminating 

between DNAla :lnd DNAlb at ambient temperature (50 mM 

N:I-P i buffer, pH 7, with 250 mM NaC!). In fact, the selectivity of 

approximately 0 .6 shows that the mismatched DNAI b was cap­

tured slightly more efficiently (fig. 1). Employing a slight excess 

of DNAla/DNAlb (1.2 equiv.) did not change the capture selec­

tivity. Control capture experiments with arbitrarily chosen Cy3 

and Cy5 Iaheled DNA using sueptavidin-co3lcd magnetjc beads 

in the absence and presenC'!:' of immobilized DNA exclude non­

specific binding (see Fig. S9 in the ESlT ). 

In contrast. immobili zed PNAI yields a selectivity of S ·6 

<.1nd thereby illustrates the base discriminating potential of 
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Fig. 1 (Left) UVNis absorption of DNAla and DNAlb hybridized with 

PNAl bearing Fe,Oy particles, 50 mM Na-P; buHer, pH 7, 250 mM NaCI; 

(righl) seleclivity M no,m of DNAO and PNAl towards DNAla (comp­
lementary) and DNAlb (mismatch), 
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arpcPNA compared to normal DNA as a linear probe. Although 

the lengths of thc PNA and DNA used 8.fC different. this com· 

parison is still valid as the discrimination experiments were 

carried out under the si[Uation thar the re!e\',mt PNA and J)NA 

hybrids were of compMable thermal stabilities. This experi­

ment is complemented by considering the melting telllpem­

tures of the PNA-DNAla/b hybrids which show remarkable 

differences compared to the DNi\()-DNAla' b duplexes 

(Table 1): (i) the Tm of the fully matched hybrid PNAI-DNAla 

is significantly higher (77.5 0C) compared to the duplex DNAO­

DNAla (63.5 "C), although the sequence of PNAl is much 

shorter than that of DNAO. This result shows th e extraordinary 

stabilizing effect of acpcPNA for hybridization with DNA. The' 

cyclic, five-membered ring spacer locks the conformation of 

the acpcPNA that is optimal for DNA binding.' The principle 

of incorporating conformational rigidity into the PNA back· 

bone to improve the binding affinity especially to DNA is the 

result of decreased entropy loss upon hybridization.",l61 ; (ii) 

The I'm dilTerence of the PNAI-DNA1a (match) and PNAl­

DNAlb (mismatch) hybrids is 41.0 ce. This is a n astonishingly 

high value given the fan that the two hyb rids are only differing 

by a single base in the DNA part. but this is fully consistent 

with previous studies on acpcPNA."' 

In order to give the investigations a bac:\..grmllld that is bio· 

logica lly more relevant, we synthesized (\Vo pairs 01 dcpcPNA 

sequences that be:lr the R.l75H mutation (C5!,C in PNA2 liS. 

C~C in PNA3)l I1 and the R~..&8Q mntation (CQG in PNM tis. 
C~G in PNA5)"~ within the )153 gene (Scheme ~1 .14 DNA2 to 

DNA5 were llsed as counterstrands that ('ither mate'h CI.lmple­

tely (e.g. PNA2·· DNA2 ) or form a single mismatch in the PNA­

DNA hybrid (e.g. PNA2-DNA3). 1n all four ca,es. the Tn> vJlues 
("r<.1ble 1) of the matched PNA-DNA hybrid s are significantly 

higher than that of the corresponding mismatched ones. 

However one can notice significantly less di scrimination in the 

case of mismatches with X ~ G and Y 7. T (PNA2-DNA3, PNA2­

DNA7. PNA4-DNAS, PNM-DNA9) (tlTm in the range of 

11.-1-15.5 "C) when compared to other t1\ism~1tches (-'l.Tm in 

the r:lnge of 23.1 --38.0 eel. The unusually high ~t;)bility of GT 

mismatch is well known in the DNA field bur wa" ul1('xpected 

with respect to acpcPNA-DNA hybrid ~. 2" 

The capture experiments ha\,(' been performed with PNA2 - ') 

<.15 described above. rNA3 and PNr\S discriminate the sing-It' 

base mi s matches successfull), and showt'u s('kcrivitics of .J-i 

Tabte 1 Melting temperatures (Tm) of PNA-DNA hybrids and DNA-DNA duplexes 

Strand Codon Match Codon T,,, ("Cj Mismat('h Codon [ ,,, (" CI ",1'", (OCI 

DNA!) ONAla 63.:1 DNA1 b 32.S 1 l.lJ 
PNAl DNAla 77 .5 DNA I b 36 .5 11 .0 
PNA2 
PNAJ 
PC/A, I 
I'NA,) 
PN A2 

CGC 
c.:i:c 
eGG 
cAe; 
CGC 

DNA2 
DNA3 
DNA1 
DNA5 
DN/\6 

Gee; 
(;1'G 
Gee 
GTC 
GCG 

65 . 1 
b ;l.l. 
7(1.7 
68 .S 
67 .'1 

DNA3 
DNA2 
DNA5 

UNA·' 
DNA 7 

CTC 
C;CG 
(;TC 
Gee 
CTG 

,19.6 
1!.1. 3 

'S.6 
,L~ . .3 
'i6.0 

1:1. 5 
.~ 1.8 
15.1 
,,- ,").:1 

J 1.4 
PNAJ 
PNA4 
PNA:) 

CAC 
CGG 
LAG 

DNA7 
ONAIl 
DNA9 

GTC 
Gee 
GTC 

13.9 
7(1 . ~ 

69A 

ONA(i 
UNA9 
DNAIl 

(jC<j 

(irL 
(jCC 

3';.9 
37.1 
,lid 

38.0 
l.l.l 
2.1.1 
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Scheme 2 Sequences of PNA2-PNA4 and DNA2-DNA9. 

;;-6 for the matched PNA-DNA hybrid~. In contmst, the 

capture experiments with immobilized PNA2 and PNA4 failed 

as the selectivities were approximately 1 or even lower IFig. 2). 

In principle, there are three differences between the capture 

experiments that showed selectivity and the un selective oncs: 

(il the sequcncl' mainly differs by the match!mismatch A-T! 

A-C pairs in the hybrids of PNA3 and PNA5 compared to the 

(j-C/G-T pairs in the hybrids of PNA2 and PNA4. (ii) 6Tm of 

PNA::> and PNAS arc '> 20 °C as described for PNAl, whereas the 

corresponding Tm differences of the hybrids with PNA2 and 

rNA'1 are lower. Nevertheless in all cases t:. Tm is higher than 

th:\t of DNA-DNA hybrids containing the same sequence 

(ESIn (iii) The modification of complemental), counterstrands 
is different feyS l.'S. Cy3). The question is whether the observed 

differell(:cs in selectivjties have to be m<linly attributed to 

the sequence issues followed by differences in ~ Tm or to 

undesired dye intemctions . 

In orcler to follow this question, the capture experiments of 

PNA2 -PNA5 were repeated with oligonucleotides DNA6!7 and 

DNA3!9 be:lring a different dye combination. The Cy3 dye of 

DNA2 and DNA:! was replaced by the Att0488 dye in DNA6 and 

DNA3. :lnd the CyS dye of DNA:! and DNAS was replaced by the 

DY6.J9 dye in DN,\! and DNA9. Although the optical properties 

are similar to Cy3 and Cy5, Att0438 and DY64'l exhibit negativt' 

charges in contrast to the cationic Cy3/Cys dyes. The Trn values 

of this udclition:J1 set of PNA-DNA hybrids showed s imilarities 

. ~:;.~:..~~~ PNA3 ar'\d PNA5 , ..\ .. 
\,';--.. 	 C-4 b ll !U0.6 

0.6: 
0.5 ....... 


E 

0.5 

: , ", E 
c PNA4 ·- ." 645 nm 

c 
'" 0.4 <n 0.4

PN A2-- 645 nm ; -550nm 
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~ ;g 
o PNA5 • 645 nm...;~ , oE 03 

PNA) • - 645nm i E 0.3 
l 
I · . · ·· 550nmc c -..•·.. · 550 nmo ..- -. ~- .. ::::.--~..~-.,.. o 

<n![l. 0.2'" ~ ~-- .. ... ![l. 0.2 
~ .. 	 ~ ' 

-;;- 0 .1 .. .. ' 
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Fi9.2 Setec\ivity ~A.·o", · of PNA2/ PNA3 ([eft) and setectivity ;1)\" 0 "" of 
PNA4/PNA5 lright) towards matched and mismatched counterstrands. 
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to the pre\'iously described set (Table 1). The Ten were also 

compared with those of the corresponding d\lplcxcs without 

dyes, which gave similar values lESI"/). This result rules out 

possible dye intcf<lction that influences the stability of the 

PNA-DNA duplexes. 
Interestingly, the selectivities in the captme e)(periments 

th:lt were obtained were improved with PNA3 and PNA5 from 

values of 4--5iS-6 to 9-10/11-12 (15 min after the addition of 

the magnetic particles to the oligonucleotide mixtmel (Fig. 3). 

This result seems to be surprising since the "I'm "alw's were 

quite similar anci not affected by the dyes. We attribute the 

selectivity improvement to the charge of t.he dyes: be-tween the 

positively cl:\argec\ Cy3 and Cy5 dyes , heteroc\imeric and homo­

dimerie interactions occur th~lt let the oligonucleotides bind to 

each other and interfere with binding to the immobilized PNA 

strand on the panicle. Typically. such excitonic interactions 

are indicated by the ratios of the absorption maxima as given 

by the (0 ..... % ..... 1 vibrllnic) fine structure of the dyes. This ,,~\ S 

successfully demonstrated e.g. for the peryJene bisimide~J!~ and 

the thiazole orange dye. ~3 .H The absorption rmio between ~A "t 

602 nm and t:..A at 6'015 nm for thl' C~'5 d eereases during tht' 

capture experiments of PNA3 and rNA5 v.,ilh DNAVDNi\2 and 

DNA:')jDNA:! , respectively [see Fig. 510 in the ESltl. This incli ­

cates that the Cy5 dyes as terminal labels of The corresp('nding 

uligonucleotic\cs arc aggregated and get isolated during the cap­

ruring process onto the immobililed rNA. In the case or the 

negatively charged Atlo:l88 and DY649 dyes. these dye-dye inter· 

actions were nOI o~ser\'ed as (ile corresponC\ing ~lbsorptioJl rat io 

at 610 nm and 652 nm for the Dy6!\9 dye remains unl'il:lnged. 

Nt'vertheless, a selective cupture of the com rle tel!" matched 

uligunurieoride is sti ll not possible for PN;\2 and rNA.:!. This 

clearly shows that the differences between PNA2./PNA'1 and 

PNA3!PNA5 have to be attributed to their sequential context, 

most likely to the high stability of the GT mi smatch/" 

Furthermore tbe negatively charged dyes Atto-l38 ~lnci 

DY649 enable a fully reversible annealing and dehybridi sation 

of DNA strand s to PNA4 and PNAS that has not be('l) poss ible 

with the corresponding Cy3- and Cy:i-labeled Oligonucleotides 

DNA2 and DNA3 . By heating up 	the pa nicks to 80 ~c fur 

12 _ S50nm 
D 488nm 

10 _ 645nm 
_ 649nm 

8 

2 

PNA2 PNA2 PNA3 PNAJ PNA4 PNA4 PNA5 PNA5 
DNA2·3 DNA6-7 DNA2-3 DNA6-7 DNM-5 DNAB-9DNA4-5DNAB-9 

Fig.3 Selectivity ~no"n of PNA2-S towards complementary DNA 
labeled counterstrands 15 min after the addition of the magnetic par-
tides to the oligonucleotide mixture . 
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Fig. 4 Absorption diHerences by release and capture of DNA7 using 
particles bearing immobilized PNA3. 

o 

1tl min the Atto488- or DY649-labelecl DNA eounterstrands can 

be fully released and subsequently recaptured (Fig. 4). This 

again supports the interpretation mentioned above that the 

negative charge of the dyes inhibits dye-dye interactions that 

intl'liere with selcctivc capturing. 

In conclusion we showed that acpcPNA can be immobilized 

on Ft:xO,. magnetic particles and is potentially able to rever,ibly 

discriminate single base alterations in DNA counterstrands 

better than DNA itself. This can be:- followed by absorprion and 
potenti:llly also by Iluorescence. The selectivities of matched 

vs. mbmiltche:-d oligonucleotides measured by the absorption 

differences were up to 10-12. These values are remarkable for 

linear probes. Thc rates of hybridization of a matched 1'S. a 
mismatched DNA target were nearly the S,lme in our experi­

ments . Hence, the ~electivity of the oligonucleotide capturing 

seems to primarily be driven by thermodynamics and the rela­
tive stahility of the :lcpcPNA-DNA hybrid. A ~J'm of at least 

20 "C is required to obtain selectivity. Such j.Tm differences 

can be easily obtained in acpcPNA-DNA hybrids (except the 

GT mismatch) ;jlld clearly shuw the baSe discriminating poten­

tial of this pvrrolidinyl PNA. 
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Abstract 
DNA or its analogues with an environment-sensitive fluorescent label are potentially useful as a probe for studying the s tructure 

and dynamics of nuc leic acids . In this work, pyrrolidinyl peptide nucleic acid (acpcPNA) was labeled at its backbone with Nile red. 

a solvatochromic benzophenoxazine dye, by means of click chemistry. The optical propenies of the Nile red-labeled acpcPNA were 

investigated by UV- vis and fluorescence spectroscopy in the absence and in the presence of DNA. In contrast to the usua l 

quenching observed in Nile red-labeled DNA, the hybridization with DNA resulted in blue shifting and an enhanced fluorescence 

regardless of the neighboring bases. More pronounced blue shifts and Iluorescence enhancements were observed when the DNA 

target carried a base insenion in close proximity to the Nile red label. The results indicate that the Nile red label is located in a more 

hydrophobic environment in acpcPNA-DNA duplexes than in the singlc-stranded acpePNA . The different tluoreseence properties 

of the acpcPNA hybrids of complementary DNA and DNA carrying a base insertion are suggestive of different interacti ons 

between the Nile red label and the duplexes. 

Introduction 
Fluorescent labels are- important tools for investigating the depend e nt manner v ia Forster resonance energy trans fer 

structure and dynamics of biomolecula r interactions [1-3]. (FRET) [4-6]. Alternatively, the FRET pairs can be replaced by 

Traditionally, the biological macromolecules are labeled with an en vironmentally sensiti ve label that can change its fluo res­

two or more dyes wh ich can interac t in a conformation/distant­ cence in response to its altered micro-environment [7-9]. Nile 
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red is a member of the benzophenoxazine dye family which 

exhibits several interesting features including a high photosta­

bility, high fluorescence quantum yield. broad working pH 

range, long excitation and emission wavelengths, and sol va­

tochromic properties [10]. Applications of Nile red as a staining 

dye in histology [11.12] and as a probe for the sensing of 

polarity and hydrophobicity [13] are well-known. Nile red has 

been used as a DNA label. either as a base modifier [14-16], a 

base replacement [17] or a backbone-tethered label [18,19] . 

However, in most cases the formation of DNA duplexes does 

not yield s ignificant fluorescence changes in the Nile red, unless 

it is used in combination with another dye such as pyrene to 

foml an energy transfer pair [20.21]. A related phenoxazine dye 

- Nile blue - has also been incorporated into DNA as a base 

replacement, again without showing significant structure­

induced fluorescence change [22] . 

Peptide nucleic acid or PNA is an electrostatically neutral 

analogue of DNA which can form very stable duplexes with 

DNA and RNA in a highly sequence specific fashion . 

PNA-DNA duplexes have different structural morphology and 

electrostatic potentia l surfaces from DNA-DNA duplexes and 

therefore they are interacting differently with DNA-binding 

dyes [23-25} We had recently introduced a new conformation­

ally constrained pyrrolidinyl PNA known as acpcPNA that 

shows several unique properties [26-28]. Its potential applica­

tions as a probe for DNA sensing are well-established . For 

example, we have developed singly labeled acpcPNA probes 

that can give a fluorescence change in response to hybridiza­

tion to DNA [29-31]. Due to its solvatochromic properties. Nile 

red is a potential candidate to be lIsed in combination with PNA 

to develop a hybrid ization probe which not only differentiates 

between complementary and non-complementary DNA, but can 

also report on local structural variations. Except for an example 

from our group on the conformation control of Nile red-labeled 

DNA by acpcPNA [32], no combination of the Nile red label 

and PNA has yet been reported in the literature. It is therefore 

our purpose to develop a facile method for synthesizing Nile 

red-labeled acpcPNA based on the click strategy [33-36] and to 

investigate it s optical properties . 
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Results and Discussion 
At least two difTerent means to introduce the Nile red label onto 

DNA by using click chemistry have been reported in the litera­

ture. One involves the clicking of in situ generated 5-azido­

deoxyuridine-containing DNA with propargyl Nile red [16]. the 

other employs DNA bearing 2' -propargylated nucleotides and 

azide-modified Nile red [19]. An approach related to the latter 

was used in this work. although the azide function was placed 

on the PNA instead of the Nile red, and the clicking was carried 

out on the solid support rather than in solution phase. The 

propargylated Nile red label 1 was synthesized in 70% yield by 

alkylation of the known 2-hydroxy Nile red [37.38] with 

propargyl bromide in the presence of K2C0 3 in DMF 

(Scheme I). 

The alkyne-containing compound 1 was clicked onto the back­

bone of acpcPNA that had been prc-funetionalized with an 

azidobutyl group by a reductive alkylation strategy previously 

reported by our group (Scheme 2) [31]. Two lysine residues 

were incorporated at the N- and C-termini of the acpcPNA to 

ensure a sufficient solubility in aqueous solution . Five acpcPNA 

sequences, each of which singly labeled at the backbone with 

Nile red under different sequence context, were successfully 

synthesized and characterized by MALDl-TOF MS (Figure 1 

and Table I) . Isolated yields in the range of 6-18% were 

obtained (0.5 J.lmol scale), which are typical for solid phase syn­

thesis, whereby the majority of material loss occurred during 

HPLC purification. All Nile red-labeled acpcPNAs are freely 

soluble in water ( > I mM). providing a bright blue solution. 

The UV-vis spectrum of the free propargyl Nile red label 1 in 

acetonitrile (Figure 2a) showed absorption and fluorescence 

emiss ion maxima at 538 nm and 620 nm. with a fluorescence 

quantum yield (<lJ F) 01'0 .65. whieh is quite comparable to other 

Nile red derivatives reported in the literature [10]. As the 

polarity of the solvent increases with the addition of aqueous 

phosphate buffer, both the absorption and the Iluorescencc 

maxima shifted to longer wavelengths with a concomitant 

decrease in the fluorescence quanrum yields (50% MeCN : )'"bs 

564 nm, Acm 641 nm. <I>F 0.29 ; 20% MeCN: A"bs 587 nm, A~m 

== CH2Br 

K2C03. DMF 

70°C. 3 h 
70% 

Scheme 1: SynthesiS of propargylated Nile red 1. 
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Figure 1: MALDt-TOF mass spectra of the crude 10mer acpcPNA before (top) (eated mlz 3688.0). and af1er lunctionalizing with the azidobutyt group 
(middle) (cated mlz 3785.1). and followed by clicking with Nite red (bottom) (caled mlz 4157.5). 

651 nm; <!.IF 0.14). In aqueous phosphate buffer (10 mM . emi ssio n at 656 nm, respectively (Figure 2b). The solva­

pH 7.0), the Nile red-labeled acpcPNA tOmer-Nr exhibited a tochr.omic property or the Nile red-labeled acpcPNA is demon-

broad absorption peak centered at 575 n111 and a fluorescence strated as shown by the progress ively blue-shifted absorption 
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Table 1: Sequence, isolated yield and characterization data of Nite red-labeled acpcPNA. 

PNA sequence (N 10 C)a tR (min)b % yieldC mlzd mlze 
(calcd) (found} 

10mer-Nr GTAGA(Nr)TCACT 33.6 6.3 4157.5 4155.1 

11merAA-Nr CATAA(Nr)AATACG 34.2 18.5 4491 .9 4491.1 

11merCC-Nr CATAC(Nr)CATACG 34.6 11.4 4443.9 4441.8 

11merGG-Nr CATAG(Nr)GATACG 32.8 15.2 4523.9 4523.2 

11merTT-Nr CATAT(Nr)TATACG 34.3 8.4 4473.9 4473.0 

aAIl sequences were end-capped at N- and C-termini with N-acetyl-L-Iysine and L-Iysinamide. respectively . bHPLC conditions: C18 column 
4.6" 50 mm, 3 II , gradient 0.1% TFA in H20:MeOH 90:10 for 5 min then linear gradient to 10:90 over 30 min, flow rate 0.5 mUmin. 260 nm. Clsolated 
yield (determined spectrophotometrically) after HPLC purification. dAverage mass of [M • HI' . eMALDI-TOF. 
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Figure 2: Normalized absorption (-) and nuorescence (-) spectra of (a) propargyl Nile red 1 and (b) Nile red-labeled acpcPNA 10mer-Nr in 10 mM 
sodium phosphate buffer (pH 7.0):acetonitrile : black = 100:0; blue = 80:20; green =50:50; red = 0:100. All measurements were carried out in 10 mM 
sodium phosphate buffer (pH 7.0), [PNA] and [1] = 1.0 IJM at 20·C with hex = 

ilnd l1uorescence emission maxima in Ihe presence of acetoni­

tri Ie ( 100% MeCN: l'abs 544 nm, "cm 634 nm: 50% MeCN; "3bs 

569 nm , )'cm 647 nm; 20% MeCN : "abs 592 nm, "em 654 nm). 

The fluorescence spectrum of the Nile red-labeled acpcPNA is 

notably red-shifted compared to the fluorescence spectrum of 

the free Nile red label in the same solvent. This suggests 

possible interactions between the Nile red label and the PNA 

base or backbone. Nevertheless, the Nile red in the acpcPNA 

IOme,--:'!,- was not quenched as indicated by the quantum yield 

value being similar to that of the free label (IOmer-Nr; 

<I>F = 0.16: \: <I>F = 0.14 in 20% MeCN). Unfortunately. the 

vCllue can only be compared in an acetonitrile:water mixture as 

compound 1 is essentially insoluble in water . 

Melting temperature data and optical properties of the Nile red­

labeled acpePNA, and their hybrids with various DNA are 

summarized in Table 2. Thermal denaturation experiments 

suggest that the Nile red-labeled acpcPNA 10mer-Nr can fonn 

580 nm. 

a stable hybrid with complementary DNA. In contrast to some 

other labels such as pyrene which usually destabilize 

acpcPNA-DNA duplexes [30,31], the Tm of the complemen­

tary DNA hybrid of Nile red-labeled PNA (58_8 ac by UV or 

56. 9 ac by fluorescence) was comparable to the Tm of unla­

beled acpcPNA with an identical sequence (57 .6 ac) [20] . 

Absorption spectra of IOme,--Nr and its complementary DNA 

duplex show differences in the Nile red region as shown by the 

sharpening and red shift of the absorption maxima (I"mo., = 575 

and 598 nm in single stranded and duplex, respective ly). Impor­

tantly. fluorescence spectra of the duplex showed a pronoullced 

blue shift of the emission maxima (647 nm) compared to the 

s ingle-s tranded PNA (656 nm) as well as a small fluoresccnce 

increase (1.36 fold at 643 nm) (Figure 3a,b). The blue-shifted 

(]uorescence maxima and increased quantum yields of Nile red 

suggest that the Nile red chwmophore in complementary 

PNA-DNA duplexes was placed in a less polnr environment 

compared to its placement in single-stranded PNA. Although 
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Table 2: Tm and optical properties of Nile red-labeled acpcPNA8. 

PNA 	 DNA (5' to 3')b 

10mer-Nr 	 none 

AGTGATCTAC 

AGTGCTCTAC 

AGTCATCTAC 

AGTGACCTAC 

AGTGACTCTAC 

AGTGAATCTAC 

AGTGATTCTAC 

AGTGAGTCTAC 

AGTCGATCTAC 

AGTGATCCTAC 

AGTGCCTCTAC 

AGTGACCCTAC 

AGTGACTCCAC 


11merAA-Nr 	 none 

CGTATTTTATG 

CGTATTCTTATG 


11merCC-Nr 	 none 

CGTATGGTATG 

CGTATGCGTATG 


11merGG-Nr 	 none 

CGTATCCTATG 

CGTATCCCTATG 


11merTT-Nr 	 none 

CGTATAATATG 

CGTATACATATG 


Beilstein J . Org. Chern. 2014, 10.2166--2174. 

Tm (0C)C .'labs Aemd <l>Fe FIFof 

575 656 0.11 

58.8 (56.9) 598 647 0 .15 1.36 

37.5 (36.7) 585 648 0 .17 1.72 

37.7 (37 .5) 589 649 0.14 1.43 

40.8 (41.3) 592 652 0 .15 1.70 

46 .9 (52 .0) 589 643 0.29 2.91 

40.1 (46.7) 588 648 0.20 2 .60 

54 .7 (52 .7) 591 649 0.22 2.65 

42 .2 (46.0) 593 645 0 .20 3.31 

N.D.9 591 648 0 .14 1.16 

N.D.9 597 653 0.10 0.87 

N.D.9 585 648 0 .17 1.45 

N.D.9 593 652 0 .13 1.23 

N.D.9 585 647 0 .13 1.24 

598 657 0.15 

76.0 600 651 0 .23 1.55 

74 .7 593 645 0 .33 2 .34 

594 656 0 .08 

67.4 594 646 0 .19 2.49 

71 .2 598 644 0 .13 1.79 

599 660 0 .04 

(62 .3) 599 655 0 .15 3.27 

(62 .3) 599 652 0 .10 2.46 

588 655 0 .09 

76.6 602 654 0.19 2.05 

76.0 590 646 0 .29 3.44 

"All measurements were carried out in 10 mM sodium phosphate buHer (pH 7.0). [PNA) =1.0 I'M: [DNA) =1.2 I'M at 20 ' C. bUnderlined and boldface 
letters in DNA sequences indicate the position of mismatch and base insertion, respectively . <Determined by UV-vis (260 nm) andlor fluorescence 
spectrophotometry (643 nm, shown in parentheses). d~.x =580 nm. ·Cresyl violet was used}s a standard (<1> =0.54 in MeOH) [41) . 'FIFo was calcu­
lated from the ratio of fluorescence of duplex divided by the single-stranded PNA at 643 nm. 9Not determined. 
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Figure 3: (a) Normalized absorption (--) and fluorescence (­
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red =AGTGACTCTAC (bulged); pink =AGTGCCTCTAC (bulged with mismatch): orange =AGTCGATCTAC (misplaced bulge). All measurements 
were carried out in 10 mM sodium phosphate buHer (pH 7.0) , [PNA) =1.0 I'M: [DNA) =1.21'M at 20 °C with A.ex =580 nm. 
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the related benzophenoll.azine dye Nile blue binds to DNA by 

intercalation. the binding resul1s in a bathochromic shining and 

a quenched lluorescence [39.40] . Based on this. together with 

the fact that PNA-DNA duplell.es are not good substrates for 

intercalative binding [23], we propose that the Nile red is more 

likely to bind to the groove of the PNA-DNA duplex rather 

than interca late into the base stacks. 

In the presence of a mismatched base in the DNA strand, the Tm 

of the duplex was decreased as expected. For example, the 

mismatched hybrid of lOmer-Nr with the DNA carrying a 

mismatched base in close proximity to the position of the Nile 

red label showed Tn> values in the range of 37-41 0c. Fluores­

cence spectra of these mismatched DNA duplexes showed blue­

shifted and enhanced fluorescence emissions similar to the 

complementary duplex. which ranged from 1.4 to 1.7 fold 

compared to the one of single-stranded Nile red-labeled 

acpcPNA. This suggests that the Nile red label can still notice­

ably interact with the mismatched duplexes. 

The most remarkable feature of the Nile red-Iabekd acpcPNA 

10mer-Nr is the relatively large fluorescence increase after the 

hybridization with DNA targets which carry a base insenion in 

close proximity to the Nile red label. As shown in Table 2, these 

duplexes showed more pronounced fluorescence increases 

(26-3 .3 fold) than the complementary or mismatched duplexes 

(1.4-1.7 fold relative to the single-stranded tOmer-Nr). The 

fluorescence maxima were also fllnher blue-shifted relative to 

the single-stranded and complementary duplexes of Nile red­

labeled acpcPNA (Figure 3a.b). These results suggest that the 

Nile red label in these duplexes adopts a different configuration 

to the complementary and the single-mismatched duplexes . 

When the DNA strand carries an extra inserted base. the only 

way it can form a stable hybrid is to form a bulge on the DNA 

strand at the insertion site. This is supported by the unusually 

high Tm values (46-53 °C) for these duplexes . In addition, 

consistent i1uorescence increases were observed regardless of 

the nature of the inserted base . Based on these findings we 

propose thnt the extra DNA base is looped out to form a bulge 

which ean accommodate the Nile red label A similar binding 

mode has becn proposed earlier for pyrene-Iabeled DNA [42]. 

When the inser1ed base was misplaced, i.e ., away from the Nile 

red label , or when a mismatch base was introduced elsewhere in 

the DNA strand. the fluorescence change was small (Figure 3b. 

Figure S I I and Figure S I 2. Supporting Information File I). 

suggesting that the fluorescence increase was due to a spec i fie 

interaction between the Nile red label and the bulge site. The 

addition of ~-cyclodell.trin to thc bulged duplexes caused no 

change in the fluorescence of the Nile red label, whereas a 

marked blue shift was observed with single-stranded PNA 

(8 nlll) (Figllre S 17. SlIpporting Information File I). This 

Beilstein J. Org. Chern. 2014, 10. 2t66-2174 . 

experiment confirmed that the Nile red label is buried well 

within the hydrophobic pocket of the bulged duplexes and 

therefore not available to form an inclusion complex with the 

cyclodextrins [17). Less pronounced shins were observed with 

complementary and mismatched duplexes (2 and 4 nm. resp~ct­

iveJy) upon the addition of cyclodextrin, which indicates 

possible interactions between the groove-bound Nile red and 

cyc\odextrin. 

To better understand the effect of neighboring bases on the 

optical properties of the Nile red-labeled acpcPNA and its 

duplexes with DNA. four Nile red-labeled acpcPNA sequcnces 

(llmerAA-Nr, IlmerCC-Nr, IImerGG-Nr. IlmerTT-Nr) 

were synthesized. These four Nile red-labeled acpcPNA 

sequence exhibited differences only at the bases flanking the 

Nile red label, For single-stranded rNA , the order of fluores­

cence quantum yields was AA > TT - CC > GG . This suggests 

a more efficient quenching of the Nile red label by neighboring 

G than by other nuc\eobases. A is almost non-quenching as 

shown by the high quantum yield of II mcrAA-Nr (<I>f = 0. 15) , 

which is comparable to the high quantum yield of the free Nile 

red label (<I>F = 0.14). On the other hand. the presence of two 

flanking G in IlmerGG-Nr resulted in a decrease of the 

quantum yield of more than 70% (<I>f = 0.04). Upon hybridi~a­

tion with complementary DNA targets, the fluorescence 

quantum yields of all four hybrids were increased to a similar 

range (<l>F = 0.15-0.23). However, sincc the initial fluorescence 

of llmerGG-Nr was low. the fluorescence change was more 

pronounced (3 .27 fold) than other sequences (1.55-2.49 fold) . 

When a bulge was introduced. a larger fluorescence incrensc 

wns observed in duplexes with neighboring A-T than G-C pairs. 

Accordingly . the bulged duplexes of IlmerAA-Nr and 

llmerTT-Nr became more fluorescent than the corresponding 

complementary duplexes . Opposite results were observed with 

11 merCC-Nr and 11 merGG-Nr. that is, the complcmentary 

duplexes exhibited higher nuorescence than tht: bulgt:d 

duplexes. In all cases the Iluorescence emission maxima of the 

bulged duplex were at shorter wavelengths than Iluorescence 

emission maxima of the complementary duplexes and singlc­

stranded PNA. These results clearly snppor1 our hypothesis of 

the different placement of the Nile red label in the complemen­

tary and bulged duplexes. 

Although Nile red has been previously incorporated in DNA 

either through a base substitution or modification. these Nile 

red-labeled DNAs do not show nppreciable fluore scence 

changes in response to the hybridization with DNA regardless 

of the mode of Nile red attachment [14,17,18]. In most cases. 

the pairing of Nile red-labeled DNA with another DNA strand 

resulted in unchanged or decreased fluorescence quantum 

yields . This. together with the red-shifted absorption and l1uo­
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rescence spectra in comparison to single-stranded DNA, 

suggests that Nile red may intercalate into the base stack of 

DNA-DNA duplexes . The behavior of the Nile red label in 

acpcPNA is completely different, as shown by the consistent 

increase in the fluorescence quantum yield upon hybridization 

with complementary DNA irrespective of the nature of the 

flanking bases. In such duplexes, the Nile red is expected to 

interact with the PNA-DNA duplexes by means of groove 

binding, which result s in a lower localized polarity around 

the Nile red chromophore and gives rise to the observed 

blue shifts and the fluorescence increase. In addition. a larger 

increase in fluorescence was also observed with DNA targets 

that can form a bulge in the vicinity of the Nile red label. We 

propose that the Nile red label is buried within the looped out 

structure of the bulged duplex , which gives rise to an even more 

pronounced blue shi ft and fluorescence increase, except when 

there are nearby G-C base pairs which may quench the fluores­

cence. 

Conclusion 
We successfully synthesized the propargylated Nile red I and 

clicked it onto acpcPNA w ith an azide-modified backbone. The 

solvatochromic properties of the Nile red label is retained in the 

labeled acpcPNA . Quenching of the Nile red label by neigh­

boring bases in acpcPNA increases in the order of A > T - C > 

G. The hybridization with fully complementary DNA and DNA 

with an inserted base consistently resu lied in blue-shifted and 

enhanced fluorescence. This indicates that the Nile red label in 

acpcPNA-DNA duplexes is in a more hydrophobic environ­

ment compared to when the Nile red label is in single-stranded 

acpcPNA. Based on spectroscopic evidence, we propose that 

either the Nile red label resides within the groove (complemen­

tary duplexes) or the hydrophobic pocket formed by the looped­

out base (bulged duplexes) rather than intercalating into the 

base stacks. 

Experimental 
General remarks 
All chemicals were obtained from standard suppliers and used 

as received . Anh ydrou s DMf for peptide synthesis was 

purchased from Rei Labscan (Thailand) . All other solvents 

were AR or HPLC grade and were used without further purifi­

cation . Oligonucleotides were oblained from Pacific Science 

(Thailand) or BioDesign (Thailand). The w ater used in a ll 

experiments was obtained from an ultrapure water system fitted 

with a Millipak" 40 filter unit. 

Synthesis ef propargyl Nile red 1 

2-Hydroxy Nile red [37] (140 .1 mg, 0.41 mmol) was dissolved 

in anhydrous DMF (5 mL) . The solution was cooled in an ice 

bath followed b y the addition of potassium carbonate 

Beilstein J. Org. Chern. 2014, 10. 2166--2174. 

(210.7 mg, I.S mmol) and propargyl bromide (100 !-IL. 

1.5 mmol). The mixture was heated at 70 DC and stirred for 3 h. 

After the removal of the solvent. the residue was purified by 

column chromatography (EtOAc/hexanes 1:4) to obtain 1 

(108.1 mg. 70% yield) as a dark purple solid. I H NMR 

(400 MHz, DMSO-d6) 1> 1.17 (t , J= 6.9 Hz, 6H, CH)CH2), 3.51 

(q, J = 6.9 Hz. 4H. CH)CH21, 3.67 (t. J = 2 .2 Hz. I H. =CH), 

5.03 (d, J = 2 .2 Hz , 2H, OCH2), 6.20 (s, IH. ArH). 6.65 (d. J = 

2.6 Hz. I H. ArH), 6.83 (dd, J = 9.1 and 2.6 Hz, I H, ArH), 7.32 

(dd. J = 8.7 and 2.5 Hz, lH, ArH). 7.64 (d, J = 9.1 Hz, IH, 

ArH). 8 .04 (d . J = 2.5 Hz. lH. ArH). 8.08 (d. J = 8.7 Hz. 2H . 

ArH): t3C NMR (100 MHz. DMSO-d6) 1> 181.3. 159.8.151.8. 

150.9. 146.5. 138 .1, 133.5. 131.0. 127.2.125 .5. 124.0. 118.2. 

110.1. 107.0. 104. 1.96.0.78.8.78.7.55.9.444. 12.4: IR (ATR) 

vmax : 3281.7. 3190.3. 2968 .3. 2920.4. 2846.4 . 16754. 1584 .0. 

1405.6 cm- t : HRMS (ESI-TOF): [M + H] + ca\.cd for 

CnH 2tN203. 373.1552: found. 373. 1581: UV (MeOH) Am"X 
(£): 553 (3.2 )( 104) . 

Synthesis of Nile red-modified acpcPNA 
The 3-a minopyrrolidine-4-carboxylic acid (ape) modified 

acpcPNA was manua lly synthesized at a 1.5 Ilmol scale on 

Tentagel S-RAM resin (Fluka , 0 .24 mmol /g) from the four 

Fmoc-protected pyrrolidinyl PNA monomers (A Bz , T, C Bz• 

G 1bu ) and spacers [Fmoc-( IS,2S1-2-aminocycolpentanecar­

boxylic acid or (3R,4Sl-3-(Fmoc-aminol-I-trifluoroacetylpyrro­

Iidine-4-carboxylic acid] [43] according to the previously 

published protocol [26.27.31]. Lysine was included at both C ­

and N-termini to improve the water solubility. After the 

completion of the synthesi s. the N-terminal Fmoc group was 

removed and the rree amino group was capped by acetylation. 

The acpcPNA on the solid support was spilt to 0 .5 fJmol 

portions for a rurther labeling experiment and treated with I: I 

dioxane/aqueous NH3 at 60 °C overnight to remove the nucleo­

base- and ape-protecting groups . Fully deprotected acpcPNA 

(0.5 )lmol) was treated with 4-azidobutanal (15 !-Imol. 30 equiv) 

in the presence of NaBH)CN (30 !-Imol, 60 equiv) and HOAc 

(30 )lmol , 60 cquiv) in MeOH (200 !-IL) at room temperature 

overnight. After an exhaustive washing with MeOH, the azide­

modified acpcPNA was reacted w ith I (7.5 ).Imol. 15 equiv) in 

the presence of tri s[(benzyl-I H-I ,2,3-triazol-4-yl)methyl]amine 

[44] (TBTA , 30 !-Imol , 60 equiv). tetrakis(acetonitrile) copper(I) 

hexafluorophosphate (15 !-Imo!, 30 equiv) and (+)-sodium-L­

ascorbate (60 !-Imo!. 120 equiv) in 3: I l v /v) DMSO/t-BuOH at 

room temperature overnight. After the reaction was completed. 

the labcled acpcPNA was cleaved from the solid support with 

trifluoroacetic acid (500 !-IL x 30 min x 3) . After drying and 

wa s hing with diethyl e ther. the residue was puriried by 

reversed-phase HPLC and characteri zed by MALDI-TOF mass 

spectrometry (Microflex, Bruker Daltonics: a-cyano-4-hydroxy­

cinnamic acid matrix., positive linear ion mode). 
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Spectroscopic studies 
Samples for mclting temperature. UV-vis, and fluorescence 

studies were prepared in 10 mM sodium phosphate buffer 

(pH 7.0) at concentrations of PNA = 1.0 IlM and DNA = 
1.2 IlM. UV-vis and thermal denaturation experiments were 

performed on a CARY 100 UV-vis spectrophotometer (Varian, 

Australia) equipped with a thermal melting system. Fluores­

cence spectra were measured on a Cary Eclipse Fluorescence 

Spectrophotometer (Varian, Australia) at an excitation wave­

length of 580 nm with 5 nm excitation and emission slits. Fluo­

rescence melting experiments were performed under the same 

conditions by measuring the sample that was pre-heated to the 

specified temperature at 5 °C intervals and left for equilibration 

at that temperature for at least 5 min. The emission at 643 nm 

was divided by the emission at 643 run of the single-stranded 

acpcPNA at the same temperature and plotted against the 

temperature to obtain the fluorescence melting curves. Melting 

temperatures were obtained from the UV or fluorescence 

melting curves by first derivative plots. 

Supporting Information 

Supporting Information File 1 
• 	 NMR spectra, HPLC chromatogram. mass spectra and 

additional spectroscopic data. 
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A new label-tree DNA sensor based on pyrrolidinyl peptide' nucleic 

acid on cellulose paper was fabricated. Coupled with straightforward 

signal detection by cationic dye staining, this sensor has promise as a 

robust tool for point-at-care DNA detection. 

The development of field diagnostics for developing countries 
remains a challenge that has gained much interest from 
researchers around the world . In this regard, paper-based 
analytical devices are of much intere!;t due to several superior 
properties of cellulose paper such as low cost and biocompati­
bility.' Pioneered by the Whitesides group in the form of paper­
based microOuidic devices!--I several types of paper-based 
sensors have since fabricated, leading to various applications 
such as whole cell biosensors,; or the sensor capable of multiple 
determinations of metals."·7 Notably, most of these devices used 
cellulose merely as a platform fot physical adsorption of 
chemical species, whereas covalent immobilisation could allow 
detection of species that would otherwise be impossible due to 
the poor retention of the involving counterparts in cellulose 
material. A notable example includes a study by Yu ec al. who 
demonstrated that divinyl sulfone (DYS) could be used to attach 
various biomolecules having varying retention on cellulose and 
utilise them as probes.· This paved the way for more economical 
sensors that can detect various biomolecules including DNA, 
whose detection can lead to diverse applications such as clinical 
diagnosis or the detection of pathogens! Note, however, that 
DNA as a probe for another DNA strand is subject to enzymatic 
degradation. Therefore, means to improve the stability, as well 
as specificity and selectivity, of DNA probes are still desired. 

Deparrmelll oj Chemislry, Faculry oj SClena. Chulalongkom Ulllversiry. Phayallwi 

Rd. , Palhumwan. Bangkok, 20330. Thailand. £·mail: ThaniI.P@chula.aelh 
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Peptide nucleic acid (PNA),'O a synthetic DNA mimic, has­
been extensively studied as a probe for DNA detection due to 
several advantages including higher binding affinity of PNA­
DNA over DNA-DNA, and much greater resistance to enzymatic 
degradation, This has sparked interest from researchers to 
utilise PNAs, mostly in the original scaffold called amino­
ethylglycyl PNA (aegPNA), as probes in a number of sensors with 
great performance in many aspects such as sensitivity, speci­
ficity and robustness."- H 

During the past few 'years, our group has developed a new 
class of pyrrolidinyl PNAs, a conformationally rigid PNA. OUf 

pyrrolidinyl PNA consists of a o-prolyl-2-aminocyclopentane­
carboxylic acid (acpc) backbone (Fig. 1).'5. '6 This relatively 
more rigid structure was shown to exhibit certain desirable 
properties over aegPNA, while maintaining comparable overall 
binding affinity and sequence specificity. These advantages 
include the stronger directional preference for antiparallel 
binding and the higher affinity towards DNA over RNA. 
Encouraged by the aforementioned features, we have show­
cased the utility of this P-NA as DNA probes in a number of 
applications. ,,-21 

In the current study, we aimed to immobilise acpcPNA by 
covalently attaching the PNA onto cellulose paper, and utilising 
it as a probe for DNA detection . After DNA incubation by 
capillary method" and washing, we demonstrated that cationic 
organic dyes could be llsed to visualise the binding between 

DNA aegPNA acpcPNA 

Fig. 1 Chemical structures of DNA. aegPNA. and acpcPNA. B stands 
for nucleobases (A. T. C. and Gl. 
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PNA and DNA by electrostatic interaction between the dye and 
the bound negatively charged DNA (Fig. 2). By combining the 
relatively low cost of cellulose paper, and the performance of 
acpcPNA as a DNA probe, we envisioned that this new DNA 
sensor could have promise as an economical point-of-care DNA 
testing device. 

The fabrication of the sensor commenced with selecting an 
appropriate chemistry for covalent immobilisation of acpcPNA 
via an appended lysine residue at the N- or C-termini . The 
hydroxyl group at C-6 position of the glucose monomer in 
cellulose is the most common site for functional group inter­
conversion," as it has been used as a "gateway" to attach 
various chemical scaffolds8 

. 
18 leading to diverse applica­,12,H-2. 

tions ranging from combinatorial synthesis (SPOT and macro­
array synthesis)" to the immobilisation of biomolecules for 
sensor construction purposes.B,H.•• For the ultimate goal of 
naked-eye detection, we found that not all commonly used 
chemical reactions are equally suitable, as some attachment 
methods produced false-positive signal from PNA alone 
(without the presence of DNA - data not shown). Hence, we 
conducted a preliminary screening and found that divinyl 
sulfone (DVS) is a suitable attachment method and thus we 
decided to immobilise acpcPNA by this chemistry (Scheme 1)." 

Thereafter, some experiments to prove that the PNA was 
really covalently attached on the cellulose support were needed. 
We confirmed the success of attachment by immobilising a 
fluorescein-labelled PNA onto cellulose (Fig. S1 - see ESJt). After 
thorough washing, it was found that the PNA'with prior incu­
bation of cellulose with DVS showed significantly higher fluo­
rescence intensity than that without DVS incubation. This 
indirectly confirmed that the covalent attachment has occurred 
and is required for PNA retention on the paper. Also, we con­
ducted another preliminary test by immobilising unlabelled 
PNA onto support, followed by incubation with fluorescently 
labelled DNA. We found that only the complementary DNA 
could be retained on support after extensive washing, con­
firming that the immobilised PNA is still capable of exerting 
Watson-Crick base pairing with the DNA (Fig. S2t). An 

/ / 

DNA addl/lon byPNA im mobi /is8tiCH1 
capillary action on paper 

cationic dye 
staining 

AzureA 

Fig. 2 The fabrication o f the new DNA sensor by covalently attaching 
acpcPNA onto cellulose paper. followed by cationic dye staining. 

2- 1 .- 1 - 0 .3 ( 1/5 ) 
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OH 

· 
Whatman 

1Chr paper 

PNA-attached 
cellulose 
support 

Scheme 1 
conjugate a

The immobilisation of acpcPNA 
ddition of acpcPNA onto support. 

by DVS-mediated 

additional experiment where we varied the concentration 
(amount) of incubated DNA showed that the fluorescence 
signals, as quantified by the software Image], had a logarithm 
relationship with the amount of bound DNA, roughly following 
the Langmuir isotherm (Fig. S3t). 

Aiming to avoid labelling of the DNA samples," a third 
component (hat enables visualisation of the PNA-DNA binding. 
event in a label-free and preferably instrument-free fashion is 
desired.""· Encouraged by the preliminary results, we screened 
for methods that allow detection of binding between unlabelled 
PNA and DNA. We envisaged that the difference of charges 
between PNA (no charge) and DNA (negatively charged at 
physiological pH) could provide a unique opportunity for 
detection - .a method that would not be plausible with DNA or 
other DNA analogues as a probe. Indeed, this feature has been 
utilised before by Kim et al. where they used positively-charged 
gold nanoparticle with signal enhancement to allow naked-eye 
detection of aegPNA-DNA binding. 12 Unfortunately, this 
method did not work well in our condition, likely because of the 
drastic difference between the surfaces used in each study. We 
then focused on known, positively-charged, fluorescent dyes for 
DNA detection including ethidium bromide and SYBR gold, and 
found that none of them could give appreciable signa\. Subtle 
molecular effects may influence this outcome and we are 
actively investigating this phenomenon with other cationic 
fluorescent dyes. Consequently, we turned our attention to 
optical cationic dyes that can be directly visualised by naked 
eyes. After some screening, thiazine dyes - a class of molecular 
biology staining agents including the commonly kn own meth­
ylene blue - was shown to be an appropriate visualising agent. 
Preliminary tests revealed that Azure A (structure shown in 
Fig. 2) showed the best staining profile among dyes tested (see 
details in ESIt). Hence, we selected this dye for the subsequent 
studies. 

As a preliminary study of the new experimental setup, we 
studied the effect of the length of incubatcd DNAs and the 

RSr. Ad" . 2015. 5. 241W- 24114 I 24111 
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orientation of th! binding region to better understand the 
nature of this detection method. Fig. S4t showed the effect of 
the total length of DNA on signal intensity. It should be noted 
that longer DNA strands are expected to provide stronger signal 
since they gave more accessible sites for dye binding. In our 
case, the shortest DNA among the three in this study did give 
the lowest signal intensity. On the contrary, the longest DNA 
strand gave approximately the same signal intensity as the one 
with the second longest length, likely due to the saturation of 
signal. We decided to choose the DNA with the second longest 
length (41 nucleotides) for our subsequent experiments. 
Furthermore, we studied the effect of the expected binding 
orientation on the signal intensity, with the hypothesis that the 
"wrong" orientation where extra bases are forced to clash with 
the surface should lead to unfavourable interactions with both 
the probe and the dye, leading to reduced signal intensity. As 
shown in Fig. ss,t the wrong orientation (DNA "C") gave lowest 
signal intensity as anticipated. 

After gaining some basic understanding of the system, we 
proceeded to showcase the utility of this sensor by applying it to 
detect DNA sequences that were derived from real biological 
settings. Extra hanging sequences were appended to either the 
3' or 5' end of the synthetic DNA targets to mimic the detection 
of real DNA samples. It should be noted that phenothiazine 
dyes bind electrostatically to both duplex and single-stranded 
DNAs," therefore the extra hanging bases should contribute 
to the dye adsorption. 12 First, we attempted to detect the 
binding of DNA sequences in human leukocyte antigen (HLA) 
alleles. HLA alleles such as HLA-B*5701 and HLA-B*S801 used 
in this study were found to have strong correlation with various 
forms of cutaneous adverse drug reactions." "" Therefore, the 
ability to screen patients for such genes would greatly reduce 
the risk associated with the prescription of relevant drugs. 
Another case was about the detection of a single·gene disorder 
thalassaemia. Codon 26 mutation (R06 G -+ A) is a cause of 
13-thalassaemia and the ability to detect this single-base muta­
tion could be very useful for prenatal diagnosis and treatment." 
As shown in Fig. 3B, our detection system could unambiguously 
distinguish sequences with double mismatches (HLA­
B*5701 VS. 5801). Notably, since sheets of paper can be scanned 
by a commercial scanner, images obtained could be used for 
further processing by imaging software (Imagej) to produce 
some quantitative data. Fig. 3D showed a representative graph 
illustrating that our DNA sensing device could clearly differen­
tiate related DNA sequences, as objectively confirmed by the 
Student"s I-test of the obtained numerical data. In the case of 
single mismatched DNAs (R06C and T), the Student"s [-test still 
suggested that values from the two DNA sequences differ with 
statistical significance. Nevertheless, it was more obvious by 
naked eyes that the mismatch DNA also gave significant false­
positive signal. In order to solve this issue, we found that a 
more stringent washing (20% acetonitrile in PBS buffer) after 
the DNA incubation could efficiently remove this non-specific 
binding, albeit with a slight compromise of signal intensity 
(Fig. 3C and E). In addition, we also tested the performance of 
the sensing system in the presence of various interferences. 
First, the 5701/5801 DNA sensor was tested again with the 
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Fig. 3 (AI Layout of the- paper-based DNA sensor; (B) a~d (C) the 
scanned images of DNA sensors for HLA-B*S701/S801. and R06 CIT. 
respectively. Each sheet was subject to DNA incubation of one 
sequence while each spot contained one PNA sequence as outlined in 
the figure; (D) and (El Signal intensities (HLA-B*S701/S801 and R06 CI 
T. respectively) derived from scanned images via the ImageJ image 
processing software. (Fl The table showing aU PNA and DNA 
sequences used in this study. All experiments were performed in 
triplicates of triplicates at the DNA concentration of 6 flM 

(100 pmol per spotl. 

presence of two non-relevant DNA sequences (R06G and A9). As 
shown in Fig. S6,t nearly the same results as in Fig 3B were 
obtained, confirming that the sensor is highly specific. 
Furthermore, we tested the performance of the 5801 system 
with the presence of nine other DNAs having varying lengths 
and sequences. The sensor again exhibited extremely good 
discrimination power by providing positive results only when 
the complementary sequence was present (Fig. S7t). Overall, the 
system could be applied with closely related DNA sequences 
with clear differentiation power, even with the prcsence of 
multiple DNA interferences. The ability to distinguish between 
complementary and single mismatch targets at ambient 
temperature highlights the benefits of the high specificity 
offered by pyrrolidinyl PNA probes. 

Importantly, we also proved that an amino-linked DNA 
(aminohexyl group attached to 3' end) with the same sequence 
as the HLA-8*5801 PNA probe used in this work did not provide 
significantly discernible signal. This is most likely due to the 
much lower binding affinity of the DNA probe (Fig. S8t). In fact, 
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it is common practice to use at least 20-nucleotide DNA fls 
probes. Therefore, the cost of PNA (at the required length and 
amount) is not considered a significant addition to the overall 
cost of the sensor although the cost of PNA is about 20-25 times 
higher than that of DNA oligonucleotides. This further under­
scores the power of aepcPNA as a DNA probe. For the detection 
limit, we found the lowest detectable concentration of DNA to 
be about 200 nM or 3.3 pmol per spot (Fig. S9t). This value is 
comparable to the expected sensitivity of the DNA binding dye 
(~40 ng based on calculation vs. ~40-100 ng for Azure A and 
related dyes for gel-based detection of DNA)" with the advan­
tages of high specificity and being a s imple disposable system 
that requires no complicated instruments for performing the 
hybridization, detection, and signal analysis. As a comparison 
to our previous work,'· the current sensor was found to exhibit 
greater resistaoce to signal interference when the sensor was 
incubated with a mixture of several DNA sequences (see above) 
with only one limitation of having lower sensitivity. This 
difference is attributed to the nature of the sensor chemical 
assembly, which aimed to provide a specific Watson-Crick 
interaction between PNA and DNA in the very first step, whereas 
the previous work'· relied on non-specific electrostatic interac­
tion as the binding site. In addition, an enzymatically generated 
colorimetric reaction was used as a means for signal amplifi­
cation," which should naturally lead to a lower detection limit. 
The results herein should therefore be considered as a 
promising system that can be further developed into a simple 
yet highly powerful DNA sensor. 

Conclusions 

We report herein the fabrication of a new DNA sensing device. 
This cellulose-based DNA sensor offers an economical way to 

detect DNA with great specificity. With low-cost fabrication and 
straightforward visual detection without requiring labelled 
samples nor strict temperature control, we envision that this 
new DNA sensor could become a robust tool for DNA detection 
in point-of-care testing. Further optimisation is being investi­
gated in our laboratory to improve the sensitivity and allow 
label-free detection of double-stranded long DNA targets - this 
will be reported in due course. 
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ABSTRc\CT: A great challenge exists in finding safe, simple, '.:ci' e", .n:;",, "; 
and effective delivery strategies to bring matters across cell 
membrane. Popular methods such as viral vectors, positively 
charged particles and cell penetrating peptides possess some of 
the following drawbacks: safety issues, lysosome trapping, 
limited loading capacity, and toxicity, whereas e1ectroporation 
produces severe damages on both cargoes and cells. Here, we 

) 

show that a serendipitously discovered, relatively nontoxic, \ 

water dispersible, stable, negatively charged, oxidized carbon 
nanoparticle, prepared from graphite, could deliver macro­
molecules into cells, without getting trapped in a lysosome. The ability of the particles to induce transient pores on lipid bilayer 
membranes of cell-sized Iiposomes was demonstrated. Delivering 12-base-long pyrrolidinyl peptide nucleic acids with D-prolyl­
(IS,2S)-2-aminocyclopentanecarboxylic acid backbone (acpcPNA) complementary to the antisense strand of the NF'I(B binding 
site in the promoter region of the 116 gene into the macrophage cell line, RAW 264.7, by our particles resulted in an obvious 
accumulation of the acpcPNA, in the nucleus and decreased I16 mRNA and 1L-6 protein levels upon stimulation. We anticipate 
this work to be a starting point in a new drug delivery strategy, which involves the nanoparticle that can induce a transient pore 
on the lipid bilayer membrane. 

KfY\VORDS: cellular penetration, lipid bilayer membrane, transient pore, nanoparticle, cmtigene, PNA, oxidized carbon particle 

C ell plasma membrane is the structure that not only 
. separates the cell from its environment but also controls 
transports of all matters into and out of the cell. Various 
scientific investigations and therapeutic works require the 
transport of macromolecules such as antisense oligonucleotide, 
aptamer, siRNA, and peptides across the cell membrane. I ,2 

Current popular approaches include the use of positively 
charged particles (lipid vesicles) '~ and polymer particles;,6) and 

cell penetrating peptides.7 .
8 Nevertheless, lysosome trapping, 

low transfection efficiency, toxicity, limited loading, and 
complicated preparation steps are drawbacks of these 
approaches. 9

,10 Transporting gene by viral vectors, although is 
highly effective, faces a limited size of DNA fragment to be 
delivered and safety issues, II whereas physical stimuli such as 
clectroporation produce damages on the cargoes and cells. 12 

Therefore, a great challenge still exists in finding inexpensive, 
easy to use and effective delivery strategies to bring molecules 
across a cell membrane ,vithout being trapped in a lysosome. 

V' ACS PUb hG,tlons 0:> 20lS American Chemical So ciety 

Here, we propose the use of the negatively charged, oxidized 
carbon nanoparticles, serendipitously isolated and discovered 
during our preparation of graphene oxide sheets to bring 
biologically active substances across cell membrane. Using 
graphite as a starting material, we could reproducibly prepare 
negatively charged oxidized carbon particles with outstanding 
ability to penetrate-lipid bilayer membrane and have named the 
obtained particles "membrane penetrating oxidized carbon 
nanoparticles" (MPOCs). This paper reports the preparation 
and characterization of the MPOCs and shows that MPOCs 
can facilitate the penetration of peptide nucleic acids across a 
cell membrane without being trapped in a lysosome. The 
membrane penetration mechanism of MPOCs is proposed. To 
clearly show that the MPOCs can be used as a simple and 
effective delivery vehicle to bring macromolecules into cells for 
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biological applications, the paper demonstrates antigene a 450 

function of peptide nucleic acid (PNA) delivered into cells by 400E 
.sMPOCs. 350Q) 

Among several PNAs, pyrrolidinyl PNA with o·prolyl ­
(IS,2S)-2-aminocyc\opentanecarboxylic acid backbone (acpcP­
NA, called PNA in this paper) demonstrates greater binding 
affinity and specificitr, to complementary DNAs than to 
complementary RNAs - and therefore lS potentlally useful m 
antigene application. Nevertheless, successful cellular delivery 
of acpcPNAs has never been reported. Here, using MPOCs, we 
show successful cellular delivery of the challenging acpcPNA 
into RAW 264.7 macrophage cell line and 293T human 
embryonic kidney cell line. We evaluated, using RAW 264.7 
cells, the antigene property of acpcPNAs delivered into cells by 
MPOCs, focusing on the 116 gene expression. IL--6 is a 
multifaceted cytokine involved in both innate and adaptive 
immune responses. Dysregulation of IL-6 expression is linked 
to chronic inflammation and autoimmune diseases. Reports 
have .~hown that the promoter region of the 116 gene possesses 
a conserved binding site for the NF-KB transcription factor 14 

and inhibition of NF-KB binding can suppress transcription of 
16I16. 1S

. Here, we selected the 12-bp DNA sequence, at the 
bindinp. site of NF-KB in the Ii6 promoter (between -74 and 
-63), 7 as the target and synthesized the acpcPNAs 
complementary to this antisense sequence (here denoted as 
PNANF<B)' We then investigated the anti-I/6 action of PNANFK8 

through the monitoring of both I16-mRNA and JL-6 protein 
levels. 

Preparation and Characterization of MPOCs_ When 
• graphite 	powder (99.9999% purity from Alfa Aesar, Johnson 

Matthey Company, Lancashire, U.K., or 98.5% purity from 
Thai Carhon and Graphite Co., Ltd., Bangkok, Thailand) were 
vigorously oxidized under sonication, carbon materials of 
different sizes and shapes, for example, tubes, sheets, spheres, 
and irregular-shaped particulates, could be observed by 
scanning electron microscope (SEM). Multistep-centrifugation 
could successively pellet down other carbon allotropes and 
resulted in an aqueous suspen§ion of mostly MPOCs. The 
MPOCs dispersed well in water and possessed an average 
hydrodynamic size around 37.7 ± 4.6 nm when freshly 
sonicated. The particle size then quickly increased to an 
average size of 225 ± 57 nm (Figure 1). The water dispersible 
aggregated particles could be easily redispersed back into 
smaller particles upon sonication. SEM and transmission 
electron microscopic (TEM) images of the freshly sonicated 
suspensions also showed semispherical morphology of -40 nm 
particles, whereas analysis of the three-month-old-suspensions 
showed Significant amounts of -100-300 nm particles and the 
observed large particles were aggregates of smaller ones (Figure 
I). Sonicating these three-month-old suspensions resulted in 
smaller numbers of large particles (Supporting Information, 
Figure SI) . The aqueous suspension of MPOCs showed no 
precipitation after being kept still for more than 3 years at 23­
35 °C (room temperature). Zeta potentials of MPOCs in water 
and phosphate buffer saline of pH 7.4 were -40.96 ± 5.25 and 
-30.97 ± 2.06 mV, respectively. The particles could also be 
dispersed well in methanol, ethanol, N,N-dimethylformamide, 
dimethyl sulfoxide, ethyl acetate, and Dulbecco's modified 
Eagle medium (Supporting Information, Figure S2). 

Elemental analysiS of different batches of MPOCs gave 
similar C:O:H mass ratio at (mean ± SD) 47.35 ± 5.41:42.56 
± 2.52:2.62 ± 0.26, which corresponded to the C:O :H molar 
ratio around J .0:0.68:0.66. SEM-energy dispersive X-ray 
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Figure 1. Size and morphology of MPOC. Hydrodynamic size 
distributions (shown as mean ± SO) of MPOCs at various 
postsonication times (a). SEM (b) and high resolut ion TEM (e) 
images of MPOCs. 

spectroscopic analysis could also detect C and 0 throughout 
the particles. ATR-FTIR and X-ray photoelectronic spectro­
scopic (XPS) analyses (Supporting Information, Figure S3) 
indicated a presenc~of C-O-C, C=C, C-C, C-OH and 
COOH functionalities in MPDCs. Raman spectrum of the 
particles revealed two strong broad absorption bands at 1360 
cm- I CD band, in-plane vibration of disordered planar (Sp/) 
bonded carbons, finite shape planar (sp~) bonded carbons, 
tetrahedral (sp)) carbons) and 1590 cm- l (G band, vibration of 
in-plane planar (Sp2) bonded carbons), and weak broad 
absorption bands at 2500-3400 cm- l ,vith three maxima at 
2720, 2920, and 3200 cm- I (2D or G' band of disordered 
planar (Sp2) planes). The D band was always bigger than the G 
band. The broad D-band and G-band implied that the carbon 
networks in the MPOCs were in various orientations and 
possessed various bond strengths. The three broad 2D bands 
were likely a result of different interlayer interactions that 
occurred at different depths within the MPOCs. It should be 
noted here that the multiple 2D bands and the high intensity D 
band make the Raman spectrum of MPOCs different from 
those of graphene, graphite, nanocrystalline diamond, single ­
walled carbon nanotube, double-walled carbon nanotube and 
multiple-walled carbon nanotube, but quite similar to that of 

2ographene oxide. ls- The lack of 1462 em-I absorption 
indicated the absence of C60 (buckyball) in the MPOCS. 21 

Thermo-gravitational analysis of the MPOCs showed fast 
weight losses at 80- I 20 and 180-240 °c, corresponded to the 
loss of water followed with particle degradation. Although light 
scattering of the MPOCs suspension couId not be subtracted 
out, VV -visible absorption spectrum of the suspension showed 
broad absorption with a maximum at 227 nm. X-ray diffraction 
pattern of MPOCs showed no sharp peak, indicating that the 
crystallinity of the graphite was not preserved in MPOCs 
(Supporting Information, Figure S3). We conclude that 
MPOCs are 40 nm oxidized carbon nanoparticles containing 
planar carbon planes, disordered planar carbon planes and 
tetrahedral carbons with C=C, C=O, COOH and OH 
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Figure 2. Monitoring the interaction between MPOCs and lipid bilayer membrane of the cell-sized liposome using FRET technique_ Fluorescence 
emission of the aqueous suspensions of donor-containing liposomes after being incubated with free acceptor lipids (a) and acceptor lipid-loaded 
MP-OCs (b) for 1,5, 10, and 15 min. Aqueous suspensions of donor liposomes alone or that mixed with MPOCs were used as control in graphs a 
and b, respectively. 
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Figure 3. Liposomc penetration_ (A) Plots of fiuorescence intensity (F_L) of MPOCRh8 along the white dashed line of the corresponding Iiposome 
(on the right), at 0 and 1 h Incubation of the liposome suspension with MPOC Rhfl . (B) A plot of FL of MPOC RhB at the outside, inside the lirst and 
the second layers, of the double layer liposomcs (representative picture on the right) as a function of incubation time of liposomes and MPOCru,s 
(shown as mean j: SD, obtained from more than 20 liposomes). (C) A plot of anthocyanin F.1. at Ihe inside and outside of the anthocyanin filled 
liposomcs after water addition (without MPOC) or MPOC addition (with MPOCs), as a function of time (shown as mean j: SD, obtained from 
more than 10 liposomes from independent experiments; representative intensities at 60 min lime point of both condilions are shown at the bottom 
together with representative pictures of liposomcs on the right)_ 

functionalities. The particles can undergo reversible aggregation (A549) resulted in obvious cellular uptlke of the MPOCrM-lRA 

to give a broad size distribution of around 200-300 nm in (Supporting Information, Figure S4)_ In addition, the three cell 

water. lines showed complete survival when treated ,vith 10 ppm 

Cellular Uptake of MPOC. Incubation the MPOCTAMRN MPOCTA.\IRA (highest concentration tested)_ We conclude that 

the MPOCs covalently linked with 5(6)-carboxytetramethyl­ MPOCT.'u'tRA can get into those cells and the partides arc not 

rhodamine (..\,,/A,m of 561 / 595 nm), with human epidermoid toxic to the cells under the condition used. 

cervical carcinoma cell line (CaSki), mouse macrophage cell Monitoring the Interaction between MPOCs and Lipid 
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fer (FRET) Using Cell-Sized Liposomes. We first prepared 
liposomes in which their lipid bilayer membranes contained a 
fluorescent donor (N·[6-[ (7-nitro-2, 1,3-benzoxadiazol-4-yl)­
amino]hexanoyl]-phytosphingosine or C6NBD, ,1<.1A<m = 
470/530 nm). We next loaded a fluorescent acceptor (1,2­
dimyristoyl-sn·glycero-3-phosphoethanolamine-N-(lissamine 
rhodamine B sulfonyl), A,jA.m = 550/600 nm) onto the 
MPOCs (weight ratio of MPOC: fluorescent acceptor of 
1.0:3.84 X 10-1). Complete adsorption of the acceptor on 
MPOCs was achieved. An ability of the acceptors on the 
MPOCs and that of the free acceptors to quench the emission 
of the donors in the liposomes was monitored through the 
decrcase in donor emission accompanied by the increase in 
acceptor emission. It was clearly observed that the quenching 
was more qUickly and more pronounced when the acceptors 
were loaded on MPOCs (Figure 2) . Because the effiCiency of 
this long-range dipole-dipole quenching is inversely propor­
tional to the sixth power of the distance between donor and 
acceptor and usually can be detected when the distance does 
not exceed 10 nm, we conclude that MPOCs can facilitate a 
close association between the loaded acceptors and the donors 
in the liposome membrane. 

Penetration of MPOCs into Cell-Sized Liposome. Next, 
we investigated the penetration of MPOCs across lipid bilayer 
membrane by incubating MPOCRhB, the MPOCs covalently 
linked with Rhodamine B (RhB, A<.lA<m of 470-4951510-550 
nm), with cell-sized liposomes. Through the fluorescence of 
RhB, we observed that MPOC RhS moved toward the surface of 
the Iiposomes instantly after mixing (Figure 3a, 0 h). At the 
beginning the MPOCRhB emission intensity at the inside of the 
liposome was undetectable. However, after 30 min incubation, 
MPOCRhB emission intensity at the inside of the liposome was 
comparable to that at the outside (Figure 3a, 1 h). The result 
implied that MPOC RhB interacted with the lipid bilayer 
membrane and penetrated into the interior of the liposomes. 
The fluorescence signals in the liposomes mostly appeared 
noncompartmentalized, indicating that the main penetration 
mechanism was not through an endocytic deformation of the 
membrane. We did observe some endocytic deformation of the 
liposomes and some compartmentalized fluorescence Signals 
inside the liposomes, but very minor comparing to the diffusion 
of the noncompartmentalized fluorescence Signals into the 
interior of the Iiposomes. In the case of double layer liposomes, 
signals of the MPOC RhB was observed at the surface of the 
outer lipid bilayer membrane quickly after incubation, and later 
at first layer interior of the liposomes (Figure 3b). This 
indicated the penetration of MPOCRhB across the first 
membrane layer. During the 4 h experiment, the second layer 
interior of the liposomes was never fully filled with MPOC RhB 
emission. This indicated that after penetrating the first 
membrane layer, the MPOC HhB could not effectively penetrate 
the second membrane layer. 

We speculated that the penetration of MPOCs might occur 
through a transient pore formation at the lipid bilayer 
membrane. To prove this, we investigated an ability of 
MPOCs to leak anthocyanin (a water-soluble fluorescent 
dye) out of the liposomes. We first prepared liposomes filled 
with anthocyanin then monitored the fluorescence of the 
anthocyanin at the interior and exterior of the liposomes upon 
an addition of MPOCs into the liposomc suspension. 
Anthocyanin Signals at the exterior of the liposome could be 
detected only when MPOCs were added to the liposome 
suspension. More specifically, when MPOCs were added, the 

signal of anthocyanin inside the liposomes decreased with 
incubation time while the Signal of anthocyanin outside the 
liposomes increased with incubation time (Figure 3c). Adding 
water to the anthocyanin· filled liposome could not induce such 
leak. This indicated a continuous leakage of anthocyanin from 
the liposomes when MPOCs were added to the outside of the 
liposomes. The result agrees with our speculation that MPOCs 
can generate pores on lipid bilayer membrane of the liposomes. 
It is, therefore, concluded that anthocyanin molecules move out 
of the liposome through the transient pores generated on the 
lipid bilayer membrane by the MPOCs. 

Lipid Adsorption on MPOCs. We speculated that the 
migration of phospholipid molecules from the bilayer 
membrane to the MPOC surface, was responsible for the 
pore formation on the membrane. Therefore, we evaluated an 
ability of MPOCs to adsorb phospholipids at pH 7.4 and 5.5. 
The result indicated that MPOCs could adsorb lipids at both 
pH conditions but adsorption at pH 5.5 was greater than at pH 
7.4 (Supporting Information, Figure S5). It should be noted 
here that the zeta .potential values of the MPOCs are -30.97 ± 
2.06 mV and -33.31 ± 1.80 mY in pH 7.4 and 5.5 buffers, 
respectively. To further investigate the involvement of lipid 
adsorption on the pore generation, we tcsted an ability of 
phospholipid-loaded MPOCs to penetrate lipid bilayer 
membrane of the cell-sized liposomes. When the 2 to 1 (by 
weight) phospholipid/ MPOCRhs mixture was incubated with 
cell-sized liposomes, rhodamine fluorescence Signals could be 
observed inside the liposomes. However, when the 10 to I (by 
weight) phospholipid/MPOCRhB mixture was incubated with 
cell-sized liposomes, rhod:rmine fluorescence Signals could not 
at all be observed inside the liposomes. The results imply that a 
high amount of phospholipid on the MPOC surface can 
suppress the lipid bilayer membrane penetration ability of the 
particles. This excellent ability of MPOCs to adsorb 
phospholipids also agreed well with the above FRET result 
and our observation that the MPOCs always instantly moved to 
the surface of the liposomes. All these results suggest that 
MPOC possesses high phospholipid affinity, and the particle's 
ability to induce leakage on lipid bilayer membrane may 
involves its phospholipid adsorption. It should be noted here 
that this is not the first report on the interaction between 
carbon-based materials and lipid bilayer membrane. An ability 
to situate themselves at the lipid bilayer membrane of carbon 
nanotubes (CNT) and oxidized CNT has been demonstrated 

24earlier.22
- Pore formation on lipid bilayer membrane by 

carbon based material, however, has been demonstrated only 
with carbon black particles in which the femto ·second laser 
pause was needed to assist their pore formation.2s 

Using the obtained results, we explain the ability of MPOCs 
to penetrate only the first membrane layer, not the second 
membrane layer, of the double layer liposomes (Figure 3b) as 
follows : pore formation at the lirst membrane layer by MPOCs 
resulted in lipid-adsorbed MPOCs inside the first layer of the 
liposomes, and lipids on the MPOCs surface prevented the 
particles to significantly adsorb more lipids from the second 
membrane layer, thus inhibiting further pore induction. 

Ce"ular Delivery of PNA by MPOC. Next, we used 
MPOCs to leak PNAs into cells to perform antigene function . 
The binding site of N F'KB transcription factor is between -7S 
and -63 in the promoter of Il6 genel ' and the sequence 
between -74 to -63 (GGGATTTTCCCA) was selected as the 
antigene target site. We syntheSized two 12mer PNAs, one with 
the sequence specific to the antisense strand of the binding site 
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of NF'KB transcription factor (PNANF<JI) and the other with a 
random sequence (PNA"ndom)' Also we fluorescently labeled 
the two PNAs with fluorescein (Flu): PNANF<BnuJ and 

PN~dom.llu' 
Cytotoxicity of MPOCs and the mixture ofPNANFKB, 

PN~FKB and MPOCs, was investigated quantitatively by 
MTT assay in RAW 264.7 cells at up to 10.0 f/g/mL 
MPOCs and 100 nM PNANFKB, and the result indicated no 
toxicity under our experimental conditions (Supporting 
infonnation, Figure 56). 

Next we investigated the cellular uptake and localization of 

the PNANF<B.flu' in the presence and absence of MPOCrMlRAI 
by RAW 264.7 cells . CLFM images of the cells incubated with 
PN~FKb.flu for 4 h (Figure 4 row 2) showed no signals of 

A B c o 

It should be noted that using MPOCs as carriers is simple and 
requires no organic solvent since MPOC is water dispersible 
(ethanol is needed for the lipid·based FuGENE.HD) . 

Endosome Evasion and Lysosome Avoidance. Next, 
we investigated the cellular trafficking by incubating the RAW 
264.7 cells with PNANFA'i>-llu mixed with coumarin·labeled 
MPOCs (MPOCcou) and monitoring the living cells under 
confocal laser fluorescence microscope (CLFM). Endosomes 
and Iysosomcs were tracked with early endosome and lysosome 
speCific dyes. The same location of fluorescence Signals from 
PNANFKb.llw MPOCcow and endosome specific dye, was 
observed after 30 min postincubation, implying that the 
PNANF<b.tlu and MPOCcou were In the endosomes (Figure S 

2 

4 

Figure 4. Cellular delivery of PNAs by MPOCs. Confocal fluorescence 
images of RAW 264.7 cells after being incubated with water (row 1), 
PNANFKb tlu (row 2), PNANF,,".flu plus MPOCTAMRA (row 3), and 
MPOCT."MRA (row 4). Images, as the original (column A) or separated 
(columns B-D). show the fluorescence signals indicating nucleus in 
blue (column B), PNAs in green (column C), and MPOCs in red 
(column D). 

PNANF.ro.Ou in the cells, indicating that without MPOCTM1RAI 
PN~hB'fl" could not significantly penetrate into cells. Intense 
signals from PNANF<lHlu inside the nuclei, intense signals from 

in the cytoplasm of the cells incubated with 
PNANF.ro.ou plus MPOCTAMRA (Figure 4 row 3), implied 
effective delivery of PNANF.ro.flu into the cells by MPOCTI'u\lRAI 
and accumulation of the PNANFKb.flu and MPOCTA."'RA in the 
nuclei and cytoplasm, respectively. Noted that cells incubated 
with only MPOCTA."IRA (without PNAs) al so showed the 
uptake of the particles (Figure 4 row 4). Similar results were 
observed for PNA"nJom.,lu (Supporting Infonnation, Figure 57) . 
We further confirmed the ability of MPOCs to deliver the 
PNAs in another cell line. CompJring to the commerciJlly 
availame reagent, FuGENE·HD (positively charged liposome), 
using flow cytometry. MPOCs showed significantly higher 
efficiency in delivering PNAs into the 293T human embryonic 
kidney (HEK293T) cells (Supporting Information, Figure 58). 

MPOCTAMRA 

Figure 5. Endosome evasion of MPOCs. CLFM images of RAW 264.7 
cells after being incubated with PNANhb-Ou plus MPOCcou for 40 (row 
1 and 2), 105 (row 3). and 2\0 (row 4 and 5) min. Signals from 
MPOCcou (column A), PNANfK~.nu (column B), early endosome 
(column C) and lysosome (column D row 1, 2, and 3), arc shown in 
white. green, red, and blue, respectively. Cell morphology at 2\0 min is 
shown in column D of row 4. Row 2 is an expansion of row 1: arrow 1 
indicates colocalization of MPOC/PNA/endosome; arrow 2 indicates 
colocalization of endosomes/lysosomes. SE and SF are e~1'ansions of 
4B and 4C, respectively. 

and Supporting Information Video). Interestingly, signals from 
Iysosomes did not co localize with Signals from the endosomes 
that contained PNANF<I>-OjMPOCcou (arrow 1, Figure 5 row 
2), indicating that the endosomes filled with PNANF<b.Ou and 
MPOCcou were not merging with Iysosomes. Noted that a 
normal merging of Iysosomes with the endosomes that 
contained no PNANh-bOjMPOCcou could still be observed 
(arrow 2, Figure 5 row 2). Here the emission from the 
lysosome specific dye started to fade at ~ 150 min, and 
throughout the 150 min observation, no merging of lysosome 
and PNANF<b flu / MPOCcou'containing endosome was observed. 
After 90 min incubation, obvious fluorescence Signals from 
PNANF, b.flu and MPOCcou could be observed throughout the 
cytoplasm and nucleus. These late observed Signals appeared 
noncompartmentaJized and did not colocalize with the signals 
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~ 120 ~.-* - , aof PN~F<b.Ou and MPOCcou from some of the endosomes or za: 
the degradation of some of the endosomes. The leakage of the 
endosomes and the disruption of the endosomes together with 
the diffusion of PN~F<~.flu all over the cells were very obvious 
at 210 min postincubation (Figure 5 row 4) . The result implies 
that a presence of MPOCs in the endosome not only can 
induce endosome leakage, but can also prevent the fusion 
between such endosome and a lysosome. 

Although in the Iiposome experiments above, penetration of 
MPOCs via endocytic deformation of the membrane was quite 
minor comparing to the penetration via transient pores, the 
result in the cell culture clearly indicated that the majority of 
the PNA~FKb.ou and MPOCcou were taken up into the cells via 
endocytosis. In the liposome experiment, we observed the 
instant binding of the MPOCs to the lipid bilayer membrane, 
whereas the penetration usually took at least 15-30 min longer. 
Therefore, it was likely that in the cell culture, MPOCs also 
qUickly bound to the cell membrane, and the binding induced 
endoC)1ic uptakes of the PNANFKb-nuLMPOCcou into the cells 
before the pores were fonned. Therefore, we explain the results 
as follows : PNANF<b.ou·loaded MPOCcou bound the cell 
membrane and a majority of PNANFKb.ou·loaded MPOCcou 
entered the cells by endocytosis. The MPOCcou inside the 
endosomes continued the pore generation process and finally 
could successfully induce pores on the compartments, resulting 
the leakage of PNANF>-b.l1u and MPOCcou from the endosomes 
into the cytoplasm observable at approximately 90 min 
post incubation (Figure S rows 4 and S, Supporting Information 
Video) . Some PNANF,b.Ou and MPOCcou might leak into the 
cells via transient pores on the cell membrane, but it is very 
minor compared to those that entered via the endosomes. The 
increase in acidity of the endosomes during their maturation 
should also increase the phospholipid adsorption capacity of 
MPOCs and might contribute to a more efficient induction of 
endosome leakage. It should be noted here that the time 
required for MPOCs to generate pores in the real cells was 
Significantly longer than in the Iiposomes (endosome leakage 
was observed at apprOximately 90 min post incubation, whereas 
liposome penetration was observed at IS-30 min post. 
incubation). The different lipid bilayer membrane composition 
between Iiposomes and cells is likely one of many factors 
contribute to this discrepancy, 

Antigene Action. Next we investigated the gene silencing 
function of the PNANFKB delivered into the cells by MPOCs. 
We incubated RAW 264.7 cells with each tested sample 
(PNA,,,,dom and PN~FKB either alone or with MPOCs), 
stimulated the cells with lipopolysaccharide (LPS) plus murine 
recombinant interferon gamma (rmIFN·y), then monitored the 
amount of 116 mRNA by the quantitative ' reverse transcription 
polymerase chain reaction (qRT.PCR) (Figure 6a) and amount 
of lL·6 protein by enzyme·linked immunosorbent assay 
(ELISA) (Figure 6b). The result showed that without 
MPOC, the presence of the two PNAs did not affect 116 
mRNA leveL Under the unstimulated condition, MPOCs (S.O 
mg/L) caused a small increase in the level of 116 mRNA It was 
possible that at the concentration used, MPOCs could mildly 
stimulate 116 mRNA expression. Elucidation on this point is, 
however, beyond the scope of this report. Comparing between 
the cells treated with PNA" ndon,/MPOCs and those treated 
with PNANF<S/MPOCs, the latter showed 70% less increase of 
116 mRNA level upon LPS/rmIFN·y stimulation (Figure 6a). 
Thus, when delivered into cells by MPOCs, only the PNANFKil, 
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Figure 6. Interfering with 116 expression in vitro , A) Relative 
expression levels of I16 mRNA obtained when incubated RAW 264.7 
cells (4 X 10' cells/mL) with various samples (control =water), under 
unstimulated (without LPS and rmIFN·y) and stimulated (with LPS 
and rmIFN·y) conditions, determined at the MPOC and PNA 
concentrations of 5 mg/L and SOD nM (2.1 I/g/mL), respectively. B) 
Amounts of IL·6 proteins obtained when incubated RAW 264,7 cells 
with various samples under unstimulated (without LPS and rmIFN·y) 
and stimulated (with LPS and rmIFN·y) conditions, Data are shown as 
the mean ± I standard deviation and a star indicates the statistical 
significant difference between the two samples, as determined by one 
way ANOVA Duncan at P < 0,05. 

and not the PNA"ndonv could suppress the transcription of 116 
gene. This antigene action of PNA"F,B was further confirmed at 
the translation leveL 

As shown in Figure 6b, a presence of SO Jlg/L of MPOCs did 
not significantly affect the IL·6 protein leveL It should be noted 
that the optimized MPOC concentration used here (SO jlg/L) 
was lower than that used in the above transcription experiment. 
In the presence of MPOCs, only the PNANFkR, not the 
PNA"ndom' could suppress IL·6 production upon LPS/rmIFN·, 
stimulation in a dose dependent manner. The result agreed well 
with the decreased 116 mRNA level in the above experiment. 
We conclude that the PNANF<B delivered into cells by MPOCs 
can suppress the 116 gene transcription, resulting in the 
decreases in Il6 mRNA and IL·6 protein levels, It is likely that 
the open· up of the actively transcribed Il6 gene under LPS/ 
rmlFN ·y stimulation should theoretically allow the access and 
binding of the PN~FkJl to this targeted gene. In addition, the 
possibility of the 12 base long PNANFkJl to bind to the open·up 
116 gene, not to other genes in the chromatin, should also he 
increased under the stimulated condition.26 

In conclusion (Supporting Information, Figure S9), here we 
introduce the "particle· induced transient pore on 1ipid bilayer 
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membrane" strategy to deliver bioactive molecules into cells 
without getting trapped in a lysosome. Synthesis and 
chara~"terization of oxidized carbon particles with membrane 
penetrating property (called membrane penetrating carbon 
oxide nanoparticles or MPOCs) are shown. The mechanism of 
pore formation and how the MPOCs evade endosome are 
included. Using this delivery strategy, we show an abiJity of the 
acpcPNA to block gene transcription under a stimulated 
condition. This work, thus, kindles the particle-induced 
transient pore strategy to deliver matters across lipid bilayer 
membranes. We also anticipate applications of (i) MPOC as a 
delivery vector with endosome evasion property and (ii) 
acpcPNA as a potential antigene agent. 
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Quaternized chitosan particles are introduced as anion-exchanged captures to be used with a confor­
mationally constrained pyrrolidinyl peptide nucleic acid (acpcPNA) and MALDI-TOF mass spectrometry 
for DNA sequence analysis. Methylated chitosan (MC) and methyldted N-benzyl chitosan (MBzC) parti­
cles were obtained by heterogeneous chemical modification of ionically cross-linked chitosan particles 
via direct methylation and reductive benzylation/methylation. respectively. N,N.N-trimethylchitosan 
(TMC) and N-I(2-hydroxyl-3-trimethylammonium)propyllchitosan chloride (HTACC) particles were pre­
pared by ionic cross-linking of quaternized chitosan derivatives. homogeneously modified from chitosan. 
namely TMC and HTAC(, respectively. The particles formed had a size in a sub-micrometer range and 
possessed positive charge. Investigation by MALDI-TOF mass spectrometry suggested that some quater­
nized particles in combination with acpcPNA were capable of detecting a single mismatched base out 
of 9-14 base DNA sequences. Potential application of this technique for the detection of wild-type and 
mutant K-ras DNA, a gene that mutation is associated with certain cancers. has also been demonstrated. 

to 2015 Elsevier Ltd. All rights reserved. 

1. Introduction 

Chitosan is a natural polymer derived by partial deacetylation 
of chitin - a substance abundantly found in the exoskeletons of 
insects, the shells of crustaceans. and fungal cell walls. Due to the 
presence of ammonium groups in the structure, chitosan can form 
a stable complex with DNA in the solution having a pH range of 
2-7 (Hayatsu , Kubo. Ta nJ kJ. & Negishi. 1 ~97 ) and extract DNA with 
very high extraction efficiency (63-92%) even in complex DNA sam­
ples such as human genomic DNA from whole blood samples (C',o,;. 
Lts I f.'i. i'eI'lJrlc,' & l.an(ier5. ·?O(6 ). The hydrophilic sugar-based 
structure of chitosan ensures low non-specific binding-mainly 
through hydrophobic interactions - with other non-DNA com­
ponents such as proteins and other interfering samples. These, 
together with the fact that the ammonium groups of chitosan can 
be converted into various quaternary ammonium entities prompts 

• Corresponding author. Tel.: '66 2218 7627: fax: .66 2218 7598. 
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us to develop into an effective capture for negatively charged DNA 
that may be applicable for DNA sequence analysis. 

Peptide nucleic acid (PNA), a neutral-peptide backbone DNA 
mimic firstly developed by Nielsen and co-workers (Eg hll lm, 
Bucil(1rdt. r ..Ji eh t~ n, &Berg, 19Y?, Nielsen. Eg h('lrn. Berg, & RuchJ ni r. 
1991), has a great potential to be used as a probe for DNA 
biosensor. The hybrid formed between PNA and its comple­
mentary DNA is more stable than the corresponding DNA· DNA 
hybrid due to the absence of electrostatic repUlsion between 
negative charges along the phosphate backbone existing in .the 
DNA structure (SJsso i., <,. I <, c.1 ·r,ouv ier. 8.. Rililn. :? DO:'). Recently, 
a conformationally restricted pyrrolidinyl PNA based on D-prolyl­
2-aminocyclopentane-carboxylic acid backbones (ocpcPNA) was 
introduced by Vilaivan and co-workers. This PNA system possessed 
higher binding affinity and sequence specificity toward DNA than 
that of Nielsen's PNA, and with a much stronger preference for the 
antiparallel binding mode C\i1iHHil,~nJ"ViH IJ iI ,1 iv;; r1. 1[n '-'(' I1. & :;u , 

2 0 I 0; SlIpJr pprnrn . S ri !' I!\Vann ,lk t'L SJ nE-v,Hlich, ~. Vi i a j\:~in , 2()O~) ; 

Vifa ili an & Sri, u'.va nlldk(' ; ~'.ill!(:;). The powerrul discrimination for 
single mismatched DNA makes ocpcPNA a putential candidate for 
the development or highly effective DNA biosensors, which has 

http:Sri,u'.va
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been continuously proven for both labeling ([)o"nl ua, Vilu ivan, 
Wage nknec h t. &, VIJ alv:m, 20 11 ; Ma nee lun & Vi l.1ivJ r1 , 2013; 
rvlans ,l'NJ I', Boonl \l,l. 5lriw ong, & Vi lJi vdll, 2012; RJsh;;ta sd khl)!l , 
Vungn<l !Ti. Siripo rnno PPJ khun. Vilaiv;m, & Sukwart<.lflJsinitt. 2012: 
Rt>cnabthli<', Roon llli1. \li laivan, Vilai \!an. & Suparpplum. 201 1) and 
non-labeling techniques (Ani1l1 rha nJ wa t, HOI<'n. ViIJiv;\l1 . 8. Su. 
20 1 J'. f\n;m thanawJl. l!iI ~lv J n, & Ho ven, 2009; il.ndnrhand WJr, 
Vilim ',\Il . JI"le kbol'f1SongIJ rp , & Hoven, ;:U09; JanljJJSa cl ai.. 20 J 4: 
S,m iwh et il l .. ::on: l hepp,,: eak. RUlfliikornpituk, Widlai, ViIJiv .:m . 
/:", Rli lnakornpi tuk , 20 13<1,20 i ;b: Thiprnanee el al.. 20 12). 

Recently, a simple label-free DNA sensing platform which relied 
on distinct electrostatic properties ofacpcPNA and DNA was devel­
oped for analysis of single nucleotide polymorphism and food 
adultery detection (l3ool1tha. Nakku!1 tod, HirJ nkiH l1 , Challmplu\, 
(:;: V: iJ iv" ri , :;: OOS ). Because PNA is an electrostatically neutrat 
molecule. it cannot be captured by a positively charged anion ­
exchanger unless hybridized with its complementary DNA target. 
The captured PNA can then be detected by MALDI-TOFMS (Boo ndl cl 
et <1 1.. 2003: TltepP.l le" k et J l.. :-lOI3,1. 20t3b) or alternatively 
by enzyme-mediated colorimetric detection (L"'Jpa. ViIJ iv<If! , 8: 
Hoven. 20 ' ') ). In this assay. the crude DNA products obtained after 
PCR can be used directly without prior purification and the analysis 
can be performed at room temperature under non-stringent con­
ditions. Besides the satisfactory binding properties and specificity 
of the PNA probe. the success of this approach should also depend 
upon the physical properties of the anion exchanger. especially the 
ability to prevent non-specific adsorption of the unhybridized PNA. 
Q-sepharose, a commercially crosslinked agarose particles bearing 
quaternary ammonium groups (Bnomh,l et ai., 2008 ). and quater­
nized poly(dimethylamino}ethyl methacrylate -grafted cellulose 
paper (Lw p" ~ t <iI , 20 13) or magnetic nanoparticles (Tl1cpp" k ' ii;. 
el 01 1, 20 J 3<1. 20'! 3b) were previously used as solid support for the 
DNA capture. From material science perspective. the issue related 
to chemical functionality and hydrophobicity/hydrophilicity of the 
anion exchanger on the DNA capturing is also worth to be explored 
and has not yet been addressed in previous investigations. 

Here in this research. we synthesized and compared the effi­
ciency of modified-chitosan particles as anion exchangers for 
PNA-based detection of DNA by MALD1-TOF mass spectrometry. 
Two routes for the preparation of quaternized chitosan parti ­
cles were performed. The first route is based on heterogeneous 
chemical modification of ionically cross-linked chitosan particles 
via direct methylation and reductive benzylation/methylation that 
yielded methylated chitosan (MC). methylated N-benzyl chitosan 
(MBzC) particles, respectively. The second route is based on ionic 
cross-linking of quaternized chitosan derivatives. homogeneously 
modified from chitosan. namely N.N,N-trimethyichitosan (TMC) 
and N-[ (2-hydroxyl-3-trimethylammonium)propyl Jchitosan chlo­
ride (HTACC) that gave TMC and HTACC particles. respectively. 
Synthetic methodology of both routes is outlined in Schem r J. It 
is anticipated that this research should open up a new direction for 
chitosan applications in the area of biosensors in the format, to the 
best of our knowledge, that has never been reported. 

2. Materials and methods 

2.1. Marerials 

Chitosan flake (Mv =45,000 Da ) was purchased from Seafresh 
Chitosan (Lab) Co., Ltd (Thailand). Degree of deacetylation (%DD) 
of chitosan calculated based on I H NMR data (shown in Fig. 
51 and Table 51 in Supplementary Data) was 96.8%. Ace talde­
hyde. methyl iodide (CH]I). sodium borohydride (NaBH 4 ). sodium 
hydroxide (NaOH). sodium iod ide (Nal), and sodium tripolyphos ­
phate (TPP) were obtained from Fluka (Switzerland ). Acetic acid. 

benzaldehyde. N-methylpyrrolidone (NMP). and methanol (MeOH) 
were purchased from Merck (Germany). Glycidyltrimethylammo­
nium chloride (GTMAC) was obtained from Fluka (Switzerland). 
Genomic DNA from Escherichia coli strain B type VIII was 
obtained from Sigma (USA). PNAs were synthesized manually by 
solid phase peptide synthesis on TentaGel S RAM resin (Fluka) 
preloaded with Fmoc-l-Lys(Boc}-OPfp (Calbiochem Novabiochem 
Co.. Ltd.. USA) following the procedure described earlier (VilaivaH 
& SristlwJnnJket. 200f)}. The identity of the PNAs was veri­
fied by MALDI-TOF mass spectrometry (Bruker Daltonik GmbH. 
Germany). Oligonucleotides were purchased from Bioservice Unit. 
National Science and Technology Development Agency (Thailand). 
All reagents and materials are analytical grade and used without 
further purification. Ultrapure distilled water was obtained after 
purification using a Millipore MiIIi-Q system (USA) that involves 
reverse osmosis. ion exchange. and a filtration step. 

2.2. Preparation of quarernized chitosan particles by 
hererogeneolls route 

Chitosan (CS) particles were fabricated using TPP as a cross­
linking agent according to the method reported by Qi. Xu. Jiang. 
Hu . and ZOtl (2DO-11. Two types of quaternized chitosan particles. 
namely methylated N-benzyl chitosan (MBzC) and methylated chi­
tosan (Me) particles were prepared following the method reported 
by \Ni21·,lCh,l i. ThongchliJ. Ki ,1tk '-i rn!O rnWOn ~, and i·!m·en ,.2.1) J2). An 
anhydrous methanol solution of 1.0 M benzaldehyde (10 mL) was 
added into a nask containing the chitosan particles (0.03 g). After 
stirring for 4 h at room temperature. NaBH4 (0.3 g. 8.0 mmol) was 
added into the reaction mixture and the solution was stirred for 
24"h. The resulting N-benzyl chitosan particles were the!} isolated 
by centrifugation at 12,000 rpm for 30 min. The supernatant was 
discarded and the particles were centrifugally washed three times 
as above with methanol and then dried in vacuo. Methylation was 
then performed by an addition of anhydrous methanol solution 
(10 mL) of Nal (0.30g. 2 mmol) and NaOH (0 .13 g. 3.3 mmol) into 
the flask containing the N-benzyl chitosan particles (0.03 g) fol­
lowed by CH31 (2 .0 M. 3.1 mL) via a syringe. The reaction mixture 
was stirred at SO ' C for 12 h and then the MBzC particles obtained 
were isolated and purified as above. MC particles. on the other hand, 
were prepared by direct methylation of the CS particles as follows . 
Anhydrous methanolic solution (10 mL) ofNaOH (0.\3 g. 3.3 mmol) 
and Nal (0.30 g. 2.0 mmol ) was added into a flask containing chi­
tosan particles (0.05 g). followed by an addition of CH] I (0.4 mL. 
6.4 mmol). The same portion of CH31 was added after the mixture 
was stirred for 4 h at 50 cc. The reaction was allowed to proceed for 
another 4 h under the same condition.The synthesized MC particles 
were then isolated by the same procedure as described above. 

2.3. Preparation of quaternized chitosan particles by 

homogeneous route 


TMC was synthesized according to a modified method of 
Dom.-mi, l<il1ct ud 'J , dncl ·[.: r r ;l"l ll ; l'JS Li) . Chitosan (2.0g) was dis­
persed in 80 mLofNMP followed by adding NaOH (0.81 g.0.02 mol ) 
and Nal (1.51 g, 0.01 mol). CH]I (4.32 g. 0 .03 mol) was added to the 
reaction mixture which was then stirred magnetically at 40 ' C for 
4 h. An additional portion of CH31 was then added to the mixture 
and the reaction was allowed to proceed for another 4 h under the 
same condition. The final product was precipitated using acetone 
and isolated by centrifugation at 12,000 rpm for 30 min. The pre­
cipitate was dissolved in 15.0% (w/v) NaCl solution for 4 h in order 
to replace the iodide counterion with chloride.The suspension was 
d ialyzed against deionized water in a dialysis bag (cut-off molec­
ular weight of 14,000g/mol) at ambient temperature for 5 days to 
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~'rcHb 
CH,~ NaOH. Nal 

~'(CH'ha) Heterogeneous route 
MC particles

+TPP :(NH2 

NH, :(N~CH1Ph iCH, ), 
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Scheme 1. Preparation of quaternized chitosan panicles by (a) heterogeneous and (b) homogeneous routes. 

remove residual small molecules. The final product was obtained 
after lyophilization. 

To prepare TMC particles. TMC (0.2 g) was dissolved in deionized 
water (100 ml) to give a 0.2% (w/v) TMC solution. The particles were 
formed spontaneously upon an addition ofan aqueous TPP solution 
(1.01 mM. 3 ml) to the TMC solution (3 ml) under magnetic stir­
ring. The particles were isolated by centrifugation at 12.000 rpm 
for 30 min. centrifugally washed with deionized water three times 
and then dried by lyophilization before further use. 

HTACC was synthesized according to a modified method of 
Su m g'. 'yV ll ;m );. . 1f1ct 1(0 (:.~ O(jO •. Chitosan ( ~5g) was dissolved in 
1%v/v acetic acid at ambient temperature. GTMAC (15.3 g. 4 equiv) 
was then added into the chitosan solution. The reaction was per­
formed at 70 °C for 24 h. The product was dialyzed with deionized 
water for 3 days. followed by lyophilization to obtain a cotton­
like material that was dissolved in deionized water overnight to 
obtain a stock solution with a concentration of 0.2% (w/v). HTACC 
particles were formed spontaneously upon an addition of an aque­
ous TPP solution (6.06 mM. 3 ml) to this HTACC aqueous solution 
(3 ml) under magnetic stirring. The obtained HTACC particles were 
isolated by centrifugation. washed and lyophilized as described 
above. 

2.4. Clwracrerization of quaternized chitosan particles 

Chemical identity of the particles was confirmed by Fourier 
transform-infrared (FT-IR) spectroscopy (Nicolet Impact 410) and 
nuclear magnetic resonance spectroscopy (Varian Mercury 400. 
operating at 400 MHz ). All samples for FT-IR analysis were pre­
pared as I<Br pellets. All I H NMR spectra were recorded in 
a 1% (v/v) solution of CF3COOH/D2 0. Chemical shifts (8) are 
reported in parts per million (ppm) relative to sodium 3­
(trimethylsilyl)-I-propanesulfonate as internal standard using the 
res idual protonated solvent signal as a reference. The size and 
the morphology of all particles were determined by transmission 
electron microscopy (TEM) on a JEOl Model JEM-2100 elec­
tron microscope. The average diameter calculated using Semafore 

software and reported from the measurement of 100 randomly 
selected particles. The particle sizes as well as ~-potential val­
ues of the particle~ were determined using a Nanos izer Nano-ZS 
(Malvern Instruments) at 25 . C with a scattering angle of 173 . All 
data are displayed as the mean ± one standard deviation (SD ) and 
are derived from at least three independent experimenrs. 

2.5. Determinacion of adsorption efficiency of E. coli DNA on 
chitosan particles by UV-Vis spectroscopy 

The genomic DNA from E. coli was dissolved in 10 mM sodium 
phosphate buffer solution (pH 7.4) to give a final DNA concentra­
tion of 0.07 mg/ml in a total volume of 800 j..l.L The absorbance 
of the mixture was measured by UV-Vis spectroscopy at 260 nm. 
Thereafter. the dried particles (1 mg) were added to this DNA solu­
tion. After the mixture was incubated at ambient temperature for 
20 min. it was centrifuged in order to separate the particles from 
the solution. The absorbance of the DNA solution was measured 
again. The remaining DNA concentration as well as the absorption 
efficiency was calculated as shown in the Supplementary Data. 

2.6. PNADNA hybridization and capture experiments 

PNA·DNA hybridization and capture experiments were pe r­
formed according to a previously reported procedure (fl OL) t) th ;; 
el ~ I .. /' !l()8 ). Sequences of PNA and DNA used are shown in 
I abi f' I. The PNA probe (10 pmol) and DNA sample ( 10 pmol) were 
mixed in 30 j..l.l of binding buffer (10 mM sodium phosphate. pH 
7.4) and incubated at 25C for 20min. The designated chitosan 
particles (1 mg) were then added to the solution of PNA·DNA 
hybrid. incubated for 20 min at ambient temperature. and then 
centrifugally washed with 3 x 200 j..l.L of Milli-Q water. Finally. the 
washed particles were analyzed for the adsorbed PNA by MALDI­
TOF mass spectrometry. MAlDl-TOF mass spectra were collected 
on Micronex MALDI-TOF mass spectrometry (Bruker Daltonics. 
Germany). The washed particles (1 fJ.L) were mixed with 10 fJ.L 
of saturated solution of Ci -cyano-4-hydroxycinnamic acid ((CA) in 

I 
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Table I 

PNA and DNA sequences used in this study. 


I'NA probe 	 DNA sample 

Code Sequence (N · . C) 

PNA . A(- IIIIIIIII-LysNH~ 

PNA, Ac -AAAAAAAAA-LysNH, 

PNArrH,1 Ac-Lys-O-CfIKCCCA!1Cr\CCT-SerNH , 
rNAw • Ac -Lys-CTACGCCACCAGCT-SerN H I 

m/z Code Seque nce ( 5 ·3 j 

3176.9 
3260.2 

DNA" 
DNA" 
DNA," 

dl AAAAAAAAA j 
d(AAAACMAA) 
d(AGTGiITCfAC) 

5071.9 
4902.8 

DNt\ m'..lI 
DNAwl 
DNAnc 

dlr\ CCfCTTGCCCTAC l 
d(AGCTCCTGCCCTAC ) 
dlTACTTCTACCTACA) 

Co rrelJti o n with PNI\ 

( omplemenr.ry to r NA, 
Single mis malch 10 rNA, 
Non-complementary to PNA, 

Complementary 10 I'NAm .... Single m ismat ch 10 PNAw• 

(om ple mentMY to PNA"" Smgle mismatch to PNA~u. 

Non-comple mentary to both PNA1 ;~U: and PNAw1 

0.1 %CF3COOH in acetonitrile/water (I: 1). This mixture (1 ILL) was 
spotted onto the MALDI-TOF target. allowed to dry. and analyzed in 
positive ion linear time-of-fight mode with an accelerating voltage 
+20 kV. All spectra were processed by ave raging be tween 20 and 
30 individual laser shots. 

3. Results and disclission 

3.1. Cilemical and p/lysical c/w racrerisrics of quorrmized 

chitosan paf(icles 


Ionic cross- linking of chitosan solution with TPP wa s first 
performed to prepare chitosan (CS ) particles. Heteroge neous 
quaternization was followed th e reafter to generate methylated 
chitosa n (MC) and methylated N-benzyl chitosan (MBzC) parti ­
cles by the reactions schematically outlined in S(' I;~mc I(a). MC 
particles were obtained by direct methylation of the CS particles 
with CH31 whereas MBzC particles were prepared via reductive 
N-alkylation with benzaldehyde followed by methylation with 
CH)1. The other two particles. namely TMC and HTACe. were pre­
pared by ionic cross-linking of N.N.N-trimethylchitosan (TMC) and 
N-! (2-hydroxyl -3-trimethylammonium)propyljchitosan chloride 
(HTACC) that were prepared from chitosan under homogeneous 
conditions as illustrated in Sc h ern~ l(b). 

It was found that all ionically crosslinked particles can partially 
dissolve in CF3COOH/D20. the solvent used for NMR analysis as can 
be visllally observed by the solution turning clearer from opaque 
upon dissolving in CF3COOH/D20. Given that pKa of CF3COOH of 
0.23 (fv1ilne & Parker. J98 1) is lower than pKa of all acidic protons 
(pKa = 1.0. 2 .2. 2.3. 3.7. 8.5) (W ibe rg. Hollelll<ln. & Wiberg. ~OO I) 
oftripolyphosphoric acid. the ionic crosslinking should be partially 
destroyed by protonation of the tripolyphosphate. Taking the bene­
fit ofpartial solubilityofthe particles under acidic condition. we can 
semi-quantitatively determine the success ofquaternization and to 
ensure that there are quaternary ammonium groups available for 
binding with DNA. This is very important. especially in the case of 
MC and MBzCparticles ofwhich quaternization was performed het­
erogeneously after particle formation by crosslin king. As presented 
in I I;!. I. I H NMR spectra of all quaternized chitosan particles show 

-	 signals at 3. ) -3.3 ppm (peak B for Me. MBzC. and TMC particles and 
peal< E for HTACC particles). which belong to the methyl protons of 
the quaternary ammonium group. The signals at 3.0 (peak C) and 
2.8 (peak D) ppm can be designated to the methyl protons of the 
disubstituted and monosubstituted amino groups. respectively for 
MC. MBzC. and TMC particles. The signal attributed to the acetyl 
group (peak A) of N-acetylglucosamine unit of chitosan appears 
at the chemical shift approximately 1.9-2.0 ppm for all particles. 
In the case of MBzC particles. a weak signal of aromatic pro­
tons at 7.5 ppm confirmed the presence of the benzyl group. Peak 
assignments ofall quaternized chitosan derivatives agree very well 
with pub1ished data previously reported (Sajomsang. T.;lntaya noll . 
T<lT1g pasLl t hJclo l . & lh l l ', 20:1'1 · Seo ll .e. et Cl I. .2000 ; Sie;:Ji (I Zll. . 19(8 ). 

Degree of substitution of the quaternized chitosan particles 
can be deduced from I H NMR data. For the Me. TMC and HTACC 

particles. the degree of quaternizat ion (%DQ) or degree of tri­
substitution of methyl groups (-W(CH3h) can be determined from 
the relative ratio between the integration of 9 protons from 3 
methyl groups (-W(CH3 h) havingsignalati5 ~3. 1-3.3 ppm and the 
peak integration of 6 protons of chitosan signal at () ~3.5-4.4 ppm. 
assigned to H2' .3.4.5.6.6· by using equation Sl (Supplementary Data). 
In the case of MBzC particles. the degree of substitution was esti­
mated by assuming that the majority of quaternary ammonium 
groups existed in the form of W(CH3 h or presented in the form of 
-NR+(CH3 12, when substituted groups (R) were benzyl groups. This 
assumption is based on the fact that the remaining non-benzylated 
amino groups after the reductive alkylation step are less bulky. and 
should be more reactive than the benzylated amino group (-NHR) 
toward methylation by CH31. Such characteristic should favor the 
formation of -W(CH3 h as opposed to that of the - NR+(CH3h . By 
using equation Sl for calculation. the degree of tri-substitution or 
quaternization (%DQ) of Me. MBzC.TMC. and HTACC were 6.3 . 5.1. 
) .9. and 60.8. respectively. For Me. MBzC. TMC particles. the degree 
of di-substitution and mono-substitution can also be estimated 
using equations S2 and S3. respectively (displayed in Supplt!men­
tary Data). The data shown in Table S2 in Supplementary Data 
suggested that total degree of substitution (%DStotal ) was in a range 
of ~36-73%. The degree of di-substitution possessed higher val­
ues than those of mono- and tri-substitution in the case of MC 
and MBzC particles. Among all particles. HTACC particles exhibited 
the highest degree of tri-substitution (quaternization). It should 
be emphasized. at thi s point. that the quaternized particles were 
not completely dissolved in the solvent used for 1H NMR analysis 
(CF3COOH/D20).Accordingly. the data obtained from 1H NMRanal­
ysis may not reflect the actual degree of substitution. and should 
only be used as a semi-quantitative estimation of the extent of 
substitution. 

The %DQ values ofHTACC (60.8%) and TMC (1.9%) particles were 
lower than those ofHTACC(84.9%) andTMC( 11.8%). soluble precur­
sors obtained from homogeneously modified chitosan. This can be 
explained by the fact that some positive charges of HTACC and TMC 
were ionically crosslinked with negatively charged TPP upon the 
particle formation . It is also interesting to note that TMC particles 
prepared by the homogeneous route possessed less %DQ (- 1.9%) 
in comparison with the MC particles (%DQ ~6.3% ) despite their 
similar functionalities. This may be described as a result of only a 
portion of the TMC perhaps at the surface TMC particles can dissolve 
in CF3COOH/D20. the solvent lIsed for 1H NMR analysis because 
most ofTMC ionically interacted with TPP. The TMC entangled and 
trapped inside the particles by crosslinl<ing should not be able to 
dissolve out. The resulting TMC particles therefore possessed much 
less %DQ( 1.9%). This value should be taken as a lower limit and does 
not necessarily mean that there are not quaternary ammonium 
groups available inside the particles. In the case ofMC particles. on 
the other hand. the quaternization was performed after the particle 
formation. The quaternary ammonium entities formed from the un­
crosslinked amino groups at the particle surface may be more freely 
dissolved in CF3COOH/D20 and can be more readily detected by 
1 H NMR. T.his strongly suggested that the heterogeneous approach 

I 
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Fig. 1. I H NMR spectra of (a) (S. (b) Me. (e) MBze. (d) TM(. and (e) HTA(C particles. 

is the more effective way to introduce the trimethylammonium 
groups to chitosan particles. This is highly advantageous consider­
ing that heterogeneous methylation is much more convenient to 
perform in comparison with the homogeneous methylation. 

Ff-IR analyses of all particles (Fig. 52. Supplementary Data) 
revealed two characteristic peaks at 1650 and 1543 em-I that 
can be assigned to c=o stretching (Amide I) and N-H bending 
(Amide II. Amine) of N-acetylglucosamine units . The decrement of 
the N-H bending signal at 1543 cm- I and the appearance of C-H 
deformation signal in a range of 1460-1470 em-I demonstrated 
the successful quaternization by both homogeneous and hetero­
geneous routes. Peak characteristics are in good agreement with 
previollsly reported information (Jia. Shen. & Xli . 20() 1; S;110:llc.1ng 
(t t <\1.. ::00 9: Sl:' o n ~~ et I.d ., 20(0 ). 

As shown in Table 53. Supplementary Data. all particles were 
relatively spherical in shape. having diameters in a sub-micron 
range (~0.13-0.40 (.Lm) as determined by TEM. We have also mea­
sured the particle sizes by DL5 technique (Table 54. Supplementary 
Data). Apparently. the sizes obtained from DLs analysis were much 
larger than those obtained from TEM analysis. This is mainly due 
to the fact that the sizes measured by DLs are hydrodynamic sizes 
at which the particles swell in the solution during the measure­
ments, Whereas TEM analysis was done under reduced1Jressure 
atmosphere so the particles were in the dehydrated form. It is also 
worth noting that the size variations are most s ignificant in the 
case of MC and TMC particles (0.20 ± 0.05 (.Lm and 0.13 ± 0.09 (.Lm 
vs. 1.55 ± 0.23 (.Lm and 1.79 ± 0.31 (.Lm as determined by TEM and 

DLS. respectively). implying their higher degree of swelling than 
other particles. As anticipated, the size variation (0.16 ± 0.05 !-lm 
vs. 0.26 ± 0,01 (.Lm. as determined by TEM and DLS, respectively) is 
quite insignificant in the case of MBzC bearing relative hydrophobic 
benzyl groups indicating its lowest swellability. 

As evaluated by DLS. all particles exhibited positive (-potential 
values confirming their positively charged characteristics. The 
magnitude of (-potential values beyond a range of ±20 mV sug­
gested that all particles were quite stable. It should be emphasized 
that the size and (-potential data were averaged values from three 
independent samples. Relatively small standard deviation of the 
size analyzed by TEM (Table 53, Supplementary Data) and those 
of both size and (-potential values evaluated by DLS (Table 54. 
Supplementary Data) implied the reproducibility of the synthetic 
procedures. Due to the limited solubility of quaternized chitosan 
particles in the solvent used for NMR analysis. %DQcannot be accu­
rately determined by I H NMR analysis. For this reason. we feel 
that it would be intuitively incorrect to make a direct correlation 
between %DQ and (-potential of the particles. 

3.2. DNA adsorption efficiency of quaternized chitosan particles 

In this experiment. a commercially available E. coli genomic DNA 
was used as a DNA model to determine the adsorption of the nega­
tively charged DNA on the positively charged quaternized chitosan 
particles by electrostatic interactions, the main anractive force that 
is believed to drive the adsorption. A calibration curve showing 
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a linear relationship between DNA concentration and absorbance 
was established as shown in Fig.S3. Supplementary Data. This was 
used as a basis for calculation of the DNA adsorption efficiency as 
demonstrated in Supplementary Data. 

As illustrated in Fig. 54 (Supplementary Data). HTACC and TMC 
particles. prepared by the homogeneous quaternization can adsorb 
DNA of ~2.6% (wt/wt) whereas MBzC and MC particles. prepared 
by heterogeneous quaternization. can only adsorb DNA of~O.4% 
and 1.5% (wt/wt). We explained the lowest DNA adsorptivity of the 
MBzC particles as a consequence of their inherent hydrophobicity 
preventing adsorption of negatively charged and hydrophilic DNA 
molecules despite their highest ( -potential. Apparently. the quan­
tity of adsorbed DNA does not correlate at all with %DQ previously 
estimated by ) H NMR. especially in the case of TMC particles of 
which %DQ was as low as 1.9%. Th is warrants our previous assump­
tion that such values may be under-estimated. And the particles 
synthesized by the homogeneous reaction should possess positive 
charges not only at the surface of but also inside the particles so 
that they can interact more effectively with the negatively charged 
E. coli DNA. On the other hand. the particles synthesized by the 
heterogeneous reaction may have positive charges only on their 
surface. Nevertheless. all quaternized chitosan particles can inter­
act electrostatically with DNA molecules. suggesting their ability to 
be used for DNA sequence analYSis in subsequent studies. We have 
found no specific correlation between the amount of adsorbed DNA 
and the size as well as {-potential of the particles from the data 
available. 

Upon DNA adsorption experiments. {-potential values of all par­
ticles became less positive implying that the particles were covered 
with negatively charged DNA (Table 54. Supplementary Data). Two 
trends ofthe change in particle size were observed.The size became 
smaller in the case of CS. MC and TMC particles sugges ting that 
the particles were less swollen upon electrostatically interacting 
with DNA. In the case ofMBzC particles. the particles became more 
swollen once they were covered with the more hydrophilic DNA 
molecules as opposed to their inherently hydrophobic character 
prior to DNA adsorption. 

3.3. Applications of quatemized chitosan particles as ion 
exchange supports for decermination of PNA-DNA hybridization 

The concept of us ing qua ternized chitosan particles as anion 
exchange supports for capturing rNA-DNA hybrids is displayed in ' 
Sc heme 2. The minimum quantity of rNA probe and DNA target 
that can be analyzed by MALDl-TOF mass spectrometry was first 
determined. PNA) having a T9 sequence and its complementary 
DNA. DNA) having an A9 sequence. were used for this investigation. 
As demonstrated in Fig. S5 (Supplementary Data). the minimum 
amount of PNA probe and DNA target that can be employed for 
detection of DNA sequence is 10 pmol. This finding is similar to 

the result previously reported by Bf/o ntha et a l. ; :: 008 ) in which 
Q-sepharose was used as the anion exchange support. 

To test the ability of the particles for discrimination between 
complementary and mismatched DNA by the present anion­
exchange capture technique, the PNA) was again chosen as the 
model. MALDI-TOF spectra of all particles after being washed by 
deionized water shown in Fi.~ 2 revealed the signal of PNA] probe 
only when the complementary DNA) (A9) was added. No signals 
were detected in the cases of both single-mismatched (DNA) s) 
and non-complementary (DNA]n) DNA. indicating the specificity 
of the detection. In the absence of the hybridized DNA. there was 
no appearance of PNA] signal. implying that there were no non­
specific interactions between the particles and the PNA (with the 
exception of MBzC. vide infra). The mismatch discrimination can­
not be realized in the case of the MBzC particles despite its high 
positive charge density ({-potential = 54.9 ± 1.0 eV). The PNA probe 

signal s were detected on the particles in the absence and pres­
ence of all DNA targets. This non-specific interaction is believed to 
stem from the presence of hydrophobic benzyl moieties introduced 
to the MBzC particles. The hydrophobic character of the quaterni­
zed particles may be indirectly expressed in term of water contact 
angle of the chitosan film being modified by the same chemistry. 
MBzC film possessed a water contact angle of 93.0 ± 23' (Va llap" 
e[ ,11 .20 11) which was apparently greater than that of the Me 
film (60.4 ± 1.7 ' ) (rhwen, Tilng pas ll th ;tLhl l l; n~k i lpa i h()(IIl. Va!l ;tpil. 
8" l,id tkamic' ln;f; ong, 2007 ). It should also be noted that in MALDI­
TOF MS detection. no DNA signal could be observed due to the much 
less effective ionization of DNA than PNA in the positive ion mode. 

In order to investigate the applicability of the quaternized chi­
tosan particles for the analysis of more complex DNA sequences. 
two mixed base 14mer PNA probes complementary to DNA 
sequences that mimic the wild-type K-ras DNA(DNAwt )and mutant 
K-ras DNA (DNAmutl (T"b il' I ) were used. Human K-ras gene. a 
member of the Ras family GTP.ases. is one of the most useful genetic 
markers that can be used for cancer screening from body nuids 
and plasma DNA. (Rt'" 1(39). The data shown in Fig. 3 . which 
were obtained from the particles that were washed with MiIli-Q 
water alone. revealed that only HTACC particles exhibited satis­
factory behavior by showing the signal of the PNA probe only 
when the complementary DNA (DNAmm) was present. No sig­
nals were detected in the cases of single-mismatched (DNAwt ) 

and fully non-complementary (DNAnC> DNA targets. suggesting the 
specificity of the detection. However. the detected signal was rela­
tively low in the complementary case in comparison with other 
particles. The other three particles. TMC. MC. and MBzC. could 
discriminate the complementary DNA target (DNAmutl from the 
unrelated DNA (DNAnc) after washing with Mill-Q water. but not 
from the single-mismatched DNA (DNAwt ). Interestingly. the CS 
part icles cannot at all distinguish the complementary DNA from the 
non-complementary targets. suggesting that a high degree of non­
specific interactions between PNA and the particles. Having a pKa 
of approximately 6.0 (Bada wy, 2011) . CS particles may not be effec­
tively protonated and less likely to be fully charged at pH 7 where 
the analysis was done. This can explain the observed extensive non­
specific adsorption and emphasizes the necessity of introducing the 
quaternary ammonium groups to provide pH-independent perma­
nent positive charges that are essential to suppress the unwanted 
non-specific adsorption. Similar results were also observed when 
PNAwt was used as a probe (Fig. S6 . Supplementary Data). 

To get rid of the non-specific interactions. formamide was added 
to the buffer that was used for rinsing the particles after capturing 
the DNA-PNA hybrid and washing with Milli-Q water. Formamide 
was previously reported to successfully reduce the hydrophobic 
interactions between PNA and solid support (streptavidin mag­
netic bead in that case) and destabilize the mismatched DNA·PNA 
hybrids (Ross. Lee, & B ,~ l gr"dE'r , 1997). MALDI-TOF mass spectra 
obtained from the particles after rinsing with 20%formamide in 
phosphate buffer 'are shown in ri ~/. , 4. Gratifyingly. the non-specific 
absorption of PNA-single-mismatched DNA hybrid on all but the CS 
particles could be completely eliminated both when PNAmut and 
PNAwt were used as probes. Apparently. the complementary. but 
not the mismatched. PNA-DNA hybrids can survive the 20% form­
amide washing. allowing effective discrimination. 

To allow simultaneous detection of both wild-type and mutant 
Kra> DNA, two difrerent rNA probes (PNAmut and PNAwt ) were com­
bined in the same reaction and hybridized with the DNA target 
followed by an addition of designated particles. The concept of the 
selectivity test using dual Pl'iI'A probes is outlined in SdH"lTlt' 2(b). 
The mlz signals ofPNAmut ami PNAwt would appear at mlz 5070 and 
4900. respectively. Only one signal should be observed for the spe­
cific binding to the DNA target. If both signals are observed on the 
solid support. they are likely to be due to non-specifically ad sorbed 
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Sch~m~ 2, A schematic diagram showing the concept of using quaternized chitosan particles as anion -exchange captures ofPNA-DNA hybrid in combination with MALOI-TOF 
mass spectrometry for DNA sequence analysis: (a) single probe. (b) dual probes. 

PNA. This provides an extra mechanism for validating the detection 
experiment. According to h". S. only the CS particles showed signif­
icant non-specific adsorption of the PNAmut or PNAwt . Upon using 
20% formam ide as the rinsing reagent after hybridization . MC. TMC. 
and HTACC particles exhibited good sel~ctivity by showing only the 
signal of PNA that was hybridized to the correct DNA target sug­
gesting their equivalent ability to suppress non-specific adsorption, 
However. in term ofsensitivity. the TMC particles seem to be better 
choices than the other two particles in that they gave the strongest 
PNA signals. This may be described as a result of adsorbed DNA and 
complementary PNA hybrid being at the surface of the MC parti­
cles where most of the quaternary ammonium groups are located 
because quaternization was done hete~ogeneously so that the PNA 
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ionization was most efficient and thus gave the highest signal. 
Although TMC and HTACC particles having quaternary ammonium 
entities both inside and outside so they exhibited higher DNA 
adsorption efficiency than the MC particles (see Fig.54. Supple­
mentary Data). PNA hybridized with complementary DNA absorbed 
inside the panicles may not be effectively ionized therefore yield­
ing lower signals. Overall. MC particles gave the best performance 
because it showed the strongest complementary PNA signal. and 
very low non-specific adsorption of the non-complementary probe. 
In addition. the heterogeneous method used to prepare the MC par­
ticles is less time-consuming and less complicated than that was 
used for the preparation of the TMC particles. which is based on 
the homogeneous method. 
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Fig. 2 . MALDI-TOF mass spectra of control solid/solution and washed panicles after capturing experiments with PNA, alone or in Ihe prese nce of various DNA targets. 
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Fig. 3. MAlDI-TOF mass spectra of particles after capturing experiments with PNAm,,, alone or in the presence of variolls DNA target s. 

'000 

,.... 
'000 ,.. 

'uoo .... 

,... ~ ,...::. 

?;­
.~ 

'100 

oS ,sao 
I ­

sao 

'000 .,... 
'000 ,.. 

("..;. 'II 

i 

- I 
I 

I 


i. 1 	 : 
I L 

I 

~ i 	 ­
~I 

~ 

! ...-L 

T.. 
~ 

i 
,, 

.J ... _J 
!,
:i 
I 

i 
,.00 ,.to 

\lH ,. ( 

I 

1' .\11 

1 

i 
I 
! 

Fig. 4. MAlDI-TOF mass spectra of particles after capturing rhe PNA·single-mismatched DNA hybrid and PNAcomplementary DNA hybrid afler washing with MilliQ water 
and 20%formamide in binding buffer using PNAmUl or PNAw• as probes. 

,, 
'II ) \I f 111\« 

,,
.",1 

,., ,.... ' 1' \" 
I 

I~ -f 

I 
''''1 
-"'''' 1 

-­ --r- ­ lI I 
i 

I 
;~1 

i" \ ...," 1" \ ., ~ISOO i'. ~i It" i r 
·-1 

'-1 
;., ' "., ' !"" ' .. ::] 

Fig. 5. MALOI · TOF mass spectra of particles after exposure to the mixture of PNAmUl and PNAw 1 alone or the mixture of PNAmu1 and PNAw , that was previously hybridized 
with selected DNA target (DNAmu• or DNAw.) after rinsing with 20% formamide. 



88 J Meebungprow er al. / Corbollydrore Polymers 131 (2015) 80-89 

4. Conclusions 

Four quaternized chitosan particles having ditTerent alkyl sub­
stituents namely MC. MBzC. TMC. and HTACC particles were 
obtained by either heterogeneous or homogeneous quaternization. 
The success of particle formation was verified by 1H NMR and 
FT-IR analyses. As determined by DLS. all particles carried posi­
tive charges with (-potential ranging from +30.2 to +49.4 mV. The 
results from TEM analysis indicated that all particles were rela­
tively spherical and had diameters in a range of 0.16-0.40 J.Lm. The 
concept of using quaternized chitosan particles as anion exchange 
captures in combination with acpcPNA and MALDI-TOF mass spec­
trometry for determination of DNA sequence has been proven 
practical for detection of synthetic 14-mer. mixed base DNAs of 
which sequence mimics mutant K-ras DNA. The specific detec­
tion of hybridization event can also be realized and is strongly 
affected by the variation of functionality introduced to the chi­
tosan particles in the step of quaternization. Among all particles. 
MC particles gave the best performance with very low non-specific 
adsorption of PNA and a minimal detectable amount of DNA target 
of 10 pmol. which is comparable to that of the commercial anion 
exchanger Q-sepharose. Discrimination between complementary 
and single base mismatched DNA targets are readily achieved by 
rinsing with 20% formamide solution in PBS buffer. The fact that chi­
tosan. especially in the form of quaternary-ammonium derivatives 
can effectively adsorb DNA strongly suggests their great poten­
tial in many advanced bio-related applications that relies on DNA 
capturing. 
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Pyrrolidinyl PNA with alp-Dipeptide Backbone: From Development 
to Applications 
Tirayut Vila ivan * 
Organic Synthesis Research Unit, Department of Chemistry, Faculty of Science, Chulalongkorn University, Phayathai Road, 
Patumwan, Bangkok 10330, Thailand 

CONSPECTL'S: The specific pairing between two complementary 

nucleobases (AT, C-G) according to the Watson-Crick rules is by no 

means unique to natural nucleic acids. During the past few decades a 

number of nucleic acid analogues or mimics have been developed, and 
 o r; 

" ;":H . ~~peptide nucleic acid (PNA) is one of the most intriguing examples. In 
. ,/ f) 

addition to forming hybrids with natural DNA/RNA as well as itself with 
high affinity and specificity, the uncharged peptide-like backbone of PNA 

60confers several unique properties not observed in other classes of nucleic 
~ 40acid analogues. PNA is therefore suited to applications currently performed :< 20by conventional oligonucleotides/ analogues and others potentially beyond 

othis. In addition, PNA is also interesting in its own right as a new class of 
oligonucleotide mimics. Unlimited opportunities exist to modify the PNA . "­ z 
structure, stimulating the search for ncw systems with improved properties 
or additional functionality not present in the original PNA, driving future research and applications of these in nanotechnology 
and beyond. Although many structural variations of PNA exist, Significant improvements to date have been limited to a few 
constrained derivatives of the privileged N-2-aminoethylglycine PNA scaffold. In this Account, we summarize our contributions 
in this field: the development of a new family of conformationally constrained pyrrolidinyl PNA having a nonchimeric a/fJ­
dipeptide backbone derived from nucleobase-modilied proline and cyclic {J-amino acids. The conformational constraints dictated 
by the pyrrolidine ring and the {J-amino acid are essential requirements determining the binding efficiency, as the structure and 
stereochemistry of the PNA backbone Significantly affect its ability to interact with DNA, RNA, and in self-pairing. The modular 
nature of the dipeptide backbone simplifies the synthesis and allows for rapid structural optimization. Pyrrolidinyl PNA having a 
(2' R,4' R)-proline/( IS,2S)-2-aminocydopentanecarboxylic backbone (acpcPNA) binds to DNA with outstanding affinity and 
sequence specificity. It also binds to RNA in a highly sequence-specific fashion, albeit with lower affinity than to DNA Additional 
characteristics include exclusive antiparallel/parallel selectivity and a low tendency for self-hybridization. Modification of the 
nucleobase or backbone allOwing site-specific incorporation of labels and other functions to acpcPNA via click and other 
conjugation chemistries is possible, generating functional PNAs that are suitable for various applications. DNA sensing and 
biological applications of acpcPNA have been demonstrated, but these are still in their infancy and the full potential of 
pyrrolidinyl PNA is yet to be realized. With properties competitive with, and in some aspects superior to, the best PNA 
technology available to date, pyrrolidinyl PNA offers great promise as a platform system for future elaboration for the fabrication 
of new functional materials, nanodevices, and next-generation analytical tools. 

INTRODUCTION 	 Crick base pairs. Such modified nucleic acids are collectively 
known as "xeno-nucleic acids ·· or XNA, examples of which are Recognition between two complementary nucleic acids via 
shown in Figure 1.5 Some of these XNA can even be replicated,highly specific Watson-Crick base pairing is the basis for the 
reversed-transcribed, and evolved with engineered polymerases.6 

storage and transfer of genetiC information. The high fidelity of 
While the concept of redesigning nucleic acids by completely the recognition event suggests potential uses of nucleic acids for 

replacing the sugar-phosphate backbone with other polymeric regulation of genetic expression, as a probe for nucleic acid 
backbones is not entirely new (see Figure 2 for examples), decent sequence detection, and many other purposes.) In addition, the 
Watson-Crick base pairing in these synthetic systems has bee~Watson-Crick base pairing allows one to program nucleic acids 
demonstrated only relatively recently. In 1991, Nielsen et aI.' to fold into complex architectures in a controllable fashion, 
reported the first peptide nucleic acid (PNA) that couldmaking them particularly attractive as building blocks or scaffolds 
recognize double-stranded (ds) DNA through a novel triplex for the creation of novel structure$ or materials exhibiting unique 
invasion mechanism. PNA also binds to Single-stranded DNA/functions.2 -

4 However, natural nucleic acids are not always ideal 
RNA with high affinity and speCifiCity according to the Watson-candidates for these "unnatural"· purposes because of their_ 

limited stabilitic$ and only mode$t binding affinities. Fortunately, - - --_._--- --_._--------­
the backbone of nucleic acids can tolerate structural modification Rt (.ci; c<i: February 16, 201S 

to some extent without sacrifidng the ability to form Watson- Pllbli;h,' d: May 29, 2015 

V ACS Publicat ions e 2015 American Chemicallo"ely 1645 	 001- lQ .1021/a(s.accovnls SbO0080 
Ac e. Ch~m. 81":J. 2015. 48,1645-1656 
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DNA: X =H TNA HNA LNA GNA 
RNA X= OH 

Figure 1. DNA/ RNA and selected examples of xc no-nucleic acids. 

' ,?O 0Base 

~N~Base
Base Base~o 

3 NHBase ( 
°VBase

Base 


HN 3 


HN

l 
0 

~Base 
Base ?BaseN-:(O 

Base 

3 ,NH 
 HN , 

Pitha's vinyl Pandit's nucleopeptide Nielsen & Buchardrs 

polynucleotide (1970) (1971 ) aegPNA (1991) 


Figure 2. Examples of completely redesigned nucleic acid mimics. 
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Crick base-pairing rules. The electrostatically neutral backbone binding properties (Figure 3).14 Partial incorporation of the 
of PNA accounts for the unusually high stability as well as the (S,S)-trans-cyc\opentane ring into the aegPNA backbone 
relative insensitivity to ionic strength variations of PNA- improves its thermal stability and sequence specificity for DNA 

- containing dupJexesH These properties, together with the recognition. IS On the other hand, incorporation of the cis­
excellent stability of PNA toward nucleases and proteases, 

cyclohexane ring results in an increase in RNA binding affinity, 
open the door to its use in nucleic-acid -related applications and 
considerably broaden the potential scope of this field. 9 In 
particular, the strong affinity of PNA is highly desirable for 
targeting of nucleic acids with secondary structures. IU In 
addition, PNA is also interesting as a model for studying 
molecular recognition events, in ~rebiotic chemistry, and in 
designing self-replicating systems. I , 12 The virtually unlimited 
opportunities for structural modification should inspire the 
development of new PNAs having improved properties and 
functions .13 In this Account, we summarize our contribution to 
the PNA research landscape, which focuses on the development 
and utility of a series of conformationally constrained 
pyrrolidinyl PNAs consisting of a proline-derived dipeptide 
backbone. 

~. CONFORMATION/\LLY CONSTRAINED PNA 

The X-ray and NMR structures of PNA'PNA, PNA·RNA, and 
PNA-DNA duplexes suggest that the N-2-aminoethylglycine 
backbone of the original PNA (now known as aegPNA) is flexible 
enough to adopt a range of conformations, including the A-, B-, 

ohgo(UJcleotlde m;" ~5and novel P-type helices.s The concept of preorganizing the PNA 
structure to reduce the entropic penalty associated with the 
conformational change has been proposed to further enhance the Figure 3. Examples of conformationally constrained PNA analogues. 

1646 001: lO .1011 /acs. account s.Sb00080 
Ace Ch~m. Rf'f. 20lS. 48. 164>-1656 
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Figure 4. Synthesis of pyrrolidinyl PNA 

significantly more than for DNA 16 Also, preorganization 
resulting from a simple substitution at the y·position in aegPNA 
significantly improves its binding properties. I' Various sub­
stituents can be placed at this fc0sition to improve water 
solubilityls or cell penetration 19. 0 or to incorporate other 
functions.z \.ZZ 

Because of its straightforvllard access via proline derivatives 
having well·defined stereochemistries, the pyrrolidine ring has 
been extensively used .as a constraint element in the design of 
new PNA structures (Figure 3). However, few studies have fully 
evaluated the general base-pairing behaviors of nonchimeric 
mixed·sequence pyrrolidine-containing PNA,23.z4 and none of 
these offer significant advantages over the well-established 
aegPNA In 1996 we introduced a new pyrrolidinyl PNA having 
a modular dipeptide backbone consisting of nucleobase·modified 
prolines alternating with other amino acid "spacer" units.2s 

However, it was not until 200 1 that the active role of the cyclic p. 
amino acid spacer toward DNA binding was realized.z6 These 

findings were coincident with the discovery that short p .peptides 
can fold into well-defined helices as a result of intramolecular 
hydrogen bonding and conformation constraintsU 

3. SYNTHESIS OF PYRROLIDINYL PNA 

The structure of pyrrolidinyl PNA is divided into two parts: the 
pyrrolidine monomer and the p·amino acid spacer, which are 
equivalent to the nucleoside and phosphate groups in DNA, 
respectively. The four Fmoc.protected pyrrolidine monomers 
(A, T, C, G) were synthesized with fuji stereochemical control 
starting from trans-4-hydroXY-L-proline (Figure 4) 28-30 The 
nucleobase protecting groups Bz (A, C) and Ibu (G) chosen here 
arc compatible with the Fmoc solid-phase peptide synthesis 
(SPPS) strategy and can be removed by aqueous ammonia 
treatment as in standard DNA syntheSis. In early studies, the 
pyrrolidine monomer and the spacer were first joined to form a 
"nucleotide" building block before being assembled into PNA 
oligomers using SpPS.31 The attractive feature of this approach is 

1647 DOt: 10.1021 /<)0 ac(ounlS SbOOOAO 
Ace. Chern. Res 2015 , 48.1645-1656 
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- ------ - - ---------

Accounts of Chemical Research 

l 
Base~ 

strong DNA binding no DNA binding/~-x~\J." 


, ) II 2'R 
c _ ' 0 

n 
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T9=(74)oC 

(3R.4S)-apc 

T9 =69 (66) °C T9 =72 (56) °c 
T10 = 80 (76) °C 

ormwith DNA in the absence and 
presence of 100 mM NaCI (in parenthesis) 

that the number of solid-phase coupling steps is reduced by hal( 
However, stepwise assembly of the monomer and spacer directly 
onto the solid phase is more convenient for building in structural 
variations, and this became the preferred method in later 

29studies. 26
• l -Lysinamide is usually included at either the C- or 

N-terminus to impart aqueous solubility (to the mM range). 
Other labels such as fluorescent dyes, thiols, and biotin may also 
be incorporated at either the N- or C-tcrminus (via an 
orthogonally protected lysine side chain). After the desired 
sequence is obtained, the nucleobase protecting groups are 
removed prior to cleavage from the solid support. While aegPNA 
and pyrrolidinyl PNA consisting of a-amino acids in the 
backbone are readily de~raded by intramolecular cyclization 
under basic conditions/ pyrrolidinyl PNA having an a/P­
dipeptide backbone is completely stable, The crude PNA is 
purified by reversed-phase HPLC and characterized by MALDI­
TOF mass spectrometry. Typical coupling yields are >95% per 
step, and the recovery of PNA with >90% purity is between 10­
40%, depending on the sequence. 

4, BASE-PAIRING PROPERTIES OF PYRROLIDINYL PNA 

4.1. DNA Bind ing Properties 

During the discovery phase, the most easily prepared 
oligothymine sequences (5-10 bases in length) were used as a 
model to preliminarily determine the DNA binding properties of 
pyrrolidinyl PNA.. The configuration of the pyrrolidine monomer 
was initially fixed as (2'R,4 'R) to mimic that of natural 
nucleosides, and a limited set of fJ-amino acids were employed 
as spacers (Figure S), A stable PNA-DNA hybrid (Tm =80°C for 
the TIO sequence) was first observed in dapcPNA having the 

26 32(2R)-I.aminopyrrolidine-2-carboxylic acid (D-apc) spacer. • 
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Figure 5. DNA binding properties of homothymine pynolitlinyl PNAs having p-amino acid spac~s . 
-_.. __ ._-- - ------------ --- -_._---- ------_.­

UV and circular dichroism (CD) titrations clearly revealed a I: I 
stoichiometry, which is in sharp contrast to other PNA systems, 
wherein triplex formation was preferred for homopyrimidine 
sequences,s The CD spectra of the PNA-DNA duplexes exhibit 
features that are compatible with right-handed helicesn As a 
hydrazino peptide, dapcPNA could potentiall}' exist in its 
protonated form at phYSiological pH, which might prOvide 
additional attractive interactions with the negatively charged 
DNA backbone, The absence of DNA binding for pyrrolidin}'1 
PNAs carrying either charged or uncharged open-chain spacers 
(p-alanine and N-amino-N-methylglycine) suggests the impor­
tance of structural constraints over electrostatic interactions to 
the DNA bindingJ3 This hypothesis was further confirmed in 
subsequent studies of PNA with carbocyclic 2·aminocydopenta­
necarboxylic acid (acpc) spacers, Out of the four possible 
diastereomers of acpc, only the pyrrolidinyl PNA having a 
(2'R,4 'R)-pyrrolidine/ ( lS,2S) -acpc backbone (henceforth de­
noted as acpcPNA) formed a very stable hybrid with DNA (I'm> 
85 DC for the T 10 sequence) .30.34 The other two cyclic /J-amino 
acids that promote DNA binding arc (IS,2S)-2.aminocyclobu­
tanecarboxylic acid [( I S,2S)-acbcf5 and (3R)-aminopyrroli­
dine-{ 4S) -carboxylic acid [(3R,4S)-apc)V6 All of these have the 
same absolute stereochemistry as (1 S,2S)-acpc and the 
protonated form of D-apc. Interestingly, although {IS,25) -2· 
aminocyclohexanecarboxylic acid [( 1S,2S)-achc] possesses the 
same configuration, achcPNA derived from this spacer cannot 
bind to DNA (vide infra). This underscores the importance of 
careful design and correct placements of conformational 
constraints in PNA systems, 

After the key structural elements that are important for DNA 
binding had been established, more d etailed studies directed to 
determining the DNA/ RNA binding specificity and self.pairing 
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Figure 7. Comparison of Tm data of DNA and RNA hybrids of acpcPNA,>o epi-.cpcPNA,>8 and acbcPNA31 Values less than 20 °C arc presented as 20 
ce. achcPNA showed no detectable binding to either DNA and RNA (Tm < 20°C in all cases). 

ability were performed with selected PNA systems having mixed­
base nonchimeric sequences. While aegPNA is known to form 
stable hybrids in both the antiparallel and parallel directions, 
acpcPNA exclusively forms antiparallel hybrids with DNA29 The 
pairing between acpcPNA and DNA exhibits excellent Watson­
Crick speCificity, as shown by an extremely large Tm decrease 
(22-29 °C) in the mismatched hybrids compared with the 
complementary hybrids (Figure 6A).'O The Tm of acpcPNA· 
DNA hybrids increases with the number of base pairs (Figure 
6B) but does not show obvious correlations with the base 
composition (G + C and purine/ pyrimidine content) (Figure 
6C). Whether this is a general phenomenon for the pyrrol~dinyl 

PNA family remains to be confirmed, but preliminary studi~s 
with epi-acpcPNA and acbcPNA appear to suggest otherwise. An 
analYSis of thermodynamic parameters suggests that the larger 
enthalpy gain due to G·C pairing relative to AT pairing is 
counterbalanced by the more negative entropy term in the 
former case30 The different extents of puckering of the proline 
ring due to differences in electronegativity and steric bulkiness of 
the nucleobase substituents may partly explain such unusual 

sequence-dependent effects3 7 

The effect of the pyrrolidine stereochemistry was next 
explored by emplOying (I S,2S)-acpc as the spacer.30 Out of 
three remaining diastereomeric acpcPNAs, only the diaster­
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Figure 8. Model of the aepePNA·DNA duplex showing the conformation of the pyrrolidine ring and torsional angles of the cyclic fJ-amino acids. 
Adapted from ref 35. Copyright 2012 American Chemical Society. 
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comparable conditions. The l ·serine-derived yPNA was full}' modified with hydroX)'methyl side chains. '7 

eomer with the (2' R,4' S)-pyrrolidine/( IS,2S)-acpc backbone 

(henceforth denoted as epi-acpcPNA) shows appreciable DNA 
binding affinity, which is only slightly lower than that of the 
acpcPNA having the (2'R,4 ' R)-pyrrolidine/( IS,2S)-acpc back­
bone (Figure 7).30.38 This behavior is analogous to that of a­

anomeric DNA, which can form Watson-Crick pairs with 
normal (jJ) DNA.39 

Importantly, decreasing the ring size of the cycliC fJ-amino acid 
spacer from five carbons in acpcPNA to four carbons in acbcPNA 
resulted in more stable PNA-DNA duplexes without compro­

mising the base·pairing specificity, while achcPNA having a six-

membered-ring spacer showed no ability to bind DNA This can 
be rationalized by considering the NH-C2-C I-CO torsional 
angle (0) in the cyclic {J-amino acid (Figure 8).-" The native () 
value of 95-100°, obtained from an X-ray structure of 
oligo(trans-acbc),40 is closer to the values of 99-102° obtained 
from molecular dynamics (MD) simulations of dapcPNA­
DNA41 and acpcPNA·DNA4! duplexes than those of trans­
acpc (86-92°), and trans-ache (55_57°).4.1 The rigid six­

membered ring in trails-ache is likely to be far less flexible to 

adopt the desired optimal torsional angle for the DNA binding 
conformation compared with the five-membered ring in trallS­
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Figure 10. (A) Various modes of dsDNA recognition by PNA and (S) the concept of"pseudo complementary" bases. Adapted with permission from ref 
46. Copyright 1999 The National Academy of Sciences. 

acpc. The MD simulations suggest that all of the amide bonds 
adopt a trans geometry, allowing n ~ Tr* interactions between 
adjacent amide bonds in the N ~ C direction. In addition, they 
also suggest that the gas·-phase enthalpy, calculated from a 
summation of bonded and nonbonded terms, is the major 
contributor t6 the high stability of pyrrolidinyl PNA-DNA 
duplexes, which is consistent with the uncharged nature of the 
PNA backbone. This is in contrast to DNA-DNA duplexes, in 
which the gas-phase energy is high because of electrostatic 
repulsion, and thus solvation becomes the predominant 
stabilizing factor. A comparative simulation study of acpcPNA­
DNA and epi-acpcPNA·DNA duplexes suggests Jhat both the 
(2 'R,4'R) and (2 'RA'S) pyrrolidine moieties can be well­
accommodated in antiparallel B-DNA-like duplexes by adopting 
different ring-puckering modes. H The (2'R,4'R) acpcPNA 
showed C4' -exo puckering of the pyrrolidine ring while the 
(2'R,4'S) epi-acpcPNA showed C4'-endo puckering, placing the 
nucleobases in pseudoequatorial positions in both cases. 

The availability of literature data for aegPNA and yPNA17
-

19 

allows a direct comparison of their DNA and RNA binding 
properties with those of acpcPNA (Figure 9) . Thc Tm of the 
complementary acpcPNA-DNA hybrid (72 °C) was higher tMh 
those of aegPNA and yPNA (44 and 63°C, respectively). 
Moreover, mismatched DNA hybrids of acpcPNA showed larger 
Tm decreases (28-41 °C) than in aegPNA (10-14 °C), and 

1651 

yPNA (16-19 °C). The superior mismatch discrimination 
abilities of acpcPNA over aegPNA and DNA probes has also 
been clearly demonstrated by surface plasmon resonance 
(SPR)44 and magnetic bead DNA capture experiments.·I , 

4.2. RNA Binding and Self-Pairing Propertie;; 

While most other PNAs bind more strongly to RNA over DNA, 
pyrrolidinyl PNAs conSistently show preferential DNA binding. 
The antiparallel binding mode is clearly preferred in pyrrolidinyl 
PNA· RNA hybrids, although weak parallel hybrids are also 
occasionally obscrved.3o The data in Figures 7 and 9 indicate that 
acpcPNA forms less stable RNA hybrids than aegPNA or yPNA 
Nevertheless, the T m of48°C at 10 base pairs is still much higher 
than that of natural DNA/RNA pairs. Moreover, the larger Tm 

decrement for mismatched acpcPNA-RNA hybrids (19-23 °C) 
suggests a greater specifiCity compared with aegPNA (11-1 S 
0c) and yPNA (12-18 °C). Although the structural basis of the 
much higher thermal stability of acbcPNA· RNA h};brids relative 
to acpcPNA·RNA hybrids is not yet understood, S acbcPNA is 
clearly more useful for RNA-related applications. 

Perhaps the most striking feature of pyrrolidinyl PNA is the 
low propensity for self-pairing. While epi-acpcPNA forms only 
weakly stable self-hybrids/8 no self-pairing has been observed in 
acpcPNA30 The order of pyrrolidinyl PNA duplex stabilities 
(PNA-DNA> PNA-RNA > PNA-PNA) is therefort' completely 
opposite to that of aegPNA (PNA·PNA > PNA·RNA > PNA· 
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Figure II. (A) Working principle ofself-reporting PNA probes. (B) Strategies for backbone labeling ofacpePNA. Adapted from ref 58. Copyright 2013 
American Chemical Society. (C) DNA.hybridization.responsivc acpcPNA probes. 

A 

~ 

labeled PNA 

probe 

B 

~ 
.' :I.~ .' 

complementary DNA Nuclease S1 

or 
.~ ~ X 

~ 
or\1ft 

mismatched DNA + 
~ 

cN,-().. 
Cu(l). TBTA 
Na"'S(.Of~~ 

o-~ 
o "w 

o-f'/'.­
l..,..., 

~~ ..v 

~= 
H 

DNA). Destabilization of the acpePNA self-hybrids was believed 
to be a consequence of the sterie bulk of the acpcPNA strands. 
This hypothesis was experimentally supported by the observa· 
tion that the less bulky aebcPNA formed conSiderably more 
stable self-hybrids than aepePNA.35 However, the greater 
stability of self-hybrids of epi-acpcPNA over acpcPNA also 
suggests the importance of stereochemistry to the self-pairing 
ability. NMR studies of three-dimensional structures as well as 
theoretical calculations arc currently underway with the aim of 
further clarifying this issue. The obvious consequence of non· 
self·pairing PNA is that there is more flexibility in terms of 
sequence design without the concern of self-complementarity. 
On the other hand, such PNAs may not be suitable for 
applications that require self-pairing, such as in the construction 
of purely PNA-based nanomaterials, but they should still be 
useful when being used in combination with DNA such as in the 
development of DNA origami.3

,4 

PNA is among the few synthetic molecules that can recognize 
structured nucleic acid targets, including dsDNA, in a sequence· 
specific fashion. lo In principle, double duplex invasion by PNA 
allows targeting of dsDNA without being limited to only purine 
rich regions as in triplex formation or triplex invasion (Figure 
lOA). However, the extremely high stability of aegPNA·aegPNA 
duplexes disfavors the double duplex invasion by two 
complementary strands of aegPNA designed to target the same 

before 51 digestion 

700 

1000 

800 

600 

200 

0 

region of dsDNA. Replacement of the base A with diaminopurine 

(0) and the base T ,vith 2-thiouracil (U') gave "pseudocomple­

mentary" aegPNA having improved DNA invasion ability 

through destabilization of aegPNA-aegPNA duplexes and 

stabilization of aegPNA-DNA duplexes (Figure IOB)46 Never­

theless, such pseudocomplementary base modification exists 

only for AT pairs, and therefore, this may not completel)' 

suppress self-pairing in G,C-rich aegPNA sequences. In such 

cases, a combination of base modification and other strategies 

such as incorporation of positive charges into the aegPNA 

backbone is neccssar}'.~7 Since acpcPNA is inherently 

pseudocomplcmcntary, it should be a potential candidate for 

double duplex invasion of dsDNA without concerns over 

sequence-related limitations. Although a recent finding showed 

that unmodified yPNA with sufficient length can directly invade 

into dsDNA without the need for the complementary PNA 

strand:s invasion by two stra::.ds of acpcPNA simultaneously 

should provide a much larger driving force. It also suggests the 

possibility of using single·stranded pyrrolidinyl PNA to directly 

invade into dsDNA in a similar fashion. 
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Figure 12. (A) Electrostatic capture of PNA·DNA hybrids. (8) SNP typing of human IL·1O promotor region by MALO). TO F analyses of the captured 
aepePNA probes. Adapted from ref 63. Copyright 2008 American Chemical Society. 
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5, t\PPLICATIONS OF PYRROLIDINYL PNA 

5.1. Sensor Probes 

The excellent chemical and biological stability, the ability to form 
stable hybrids at low ionic strength, and the ability to recognize 
structured nucleic acid targets by strand invasion or triplex 
formation suggest the promising potential of PNA to improve 
the performance of nucleic acid biosensors.49 Excellent mismatch 
discrimination has been demonstrated in various acpcPNA-based 
DNA detection platforms, including ~uartz crystal microbalance 
(QCM),s° SPR,<14 ,5 1 voltammetric, 2 and capacitive detec­
tion.5 3•

54 

5.2. Self- Rep oning Fluores(ence Probes 

PNA generally adopts a compact structure in aqueous solution, 
thereby cnsuring that dye-labeled single-stranded PNAs have 
distinctly different environments from duplexes without the 
requirement of a stem-loop structure as in classical beacons.55 

no PNA signal 

.... 

This, together with the potential for better mismatch 
discrimination, prompted us to dcvelop self-reporting fluo­
rescence acpcPNA probes (Figure 11A). The ability of PNA to 
protect DNA from digestion by 51 nuclease offers a unique 
opportunity to improve the discrimination further. s6 

As an example, 5-pyren-l-yluracil (UPY) incorporated into 
acpcPNA can speCifically recognize dA in DNA and provides a 
strong fluorescence increase at 465 nm upon base pairing (3-42­
fold, depending on the sequence)S7 This fluorescence enhance­
ment was interpreted in terms of changes in the local 
environment and twisting between the pyrene and uracil 
moieties, which controls the degree of charge transfer. 

To facilitate backbone labeling in acpcPNA. (3RAS)-3­
aminopyrrolidine-4-carboll:ylic acid (ape) was incorporated into 
the acpcPNA backbone to create a chimeric apc/acpcPNA. The 
(3R,4S)-apc spacer is structurally compatible with the acpcPNA 
backbone, as shown by the observation of very little 
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destabilization of the apc-containing PNA·DNA duplexes.36 The 
inserted apc spacer provides a convenient handle for the 
introduction of various dyes or labels to the acpcPNA backbone 
via acylation, reductive alkylation, or click chemistry in a 
postsynthetic fashion (Figure IIB) .$~ Pyrene appended to the 
acpcPNA backbone through a flexible linker is efficiently 
quenched by adjacent nucleobases (T > C > G » A) in the 
single-stranded acpcPNA Hybridization with the DNA target 

restores the fluorescence (2.9-73-fold fluorescence increase). 
MD simulations suggest that the pyrene is located in the minor 
groove of the acpcPNA-DNA duplex and thus can no longer

s9interact with the nucleobases.

The unsymmetrical cyanine dye thiazole orange (TO) has 
been extensively used in combination with aegPNA in light_up60 

6tand forced intercalation (FIT) probes. acpcPNA with a TO­

labeled backbone shows an extremely large fluorescence increase 
upon hybridization to DNA Nonspecific binding can be 
eliminated by S 1 nuclease digestion, resulting in excellent 
mismatch discrimination (Figure lIC) .$S The solvatochromic 

benzophenoxazine dye Nile red attached to the acpcPNA 
backbone shows enhanced and blue-shifted fluorescence upon 
hybridization with DNA This suggests that the Nile red in the 
PNA-DNA duplex is located in a more hydrophobic environ­
ment than in Single-stranded PNA, and the effect may be used to 
probe local structures of the duplex such as bulge formation.62 

5.3. DNA Sensing Based on Differential Electrostatic 
Properties of PNA and DNA 

The electrostatically neutral backbone ofPNA provides a unique 
means for the development of novel DNA sensing methods. The 
different electrostatic properties of acpcPNA and acpcPNA­
DNA hybrids allows selective capture of the hybridized PNA 

probe by a positively charged solid support such as Q 
sepharose63 or polymer-coated magnetite particles.64 MALDl­
TOF mass spectrometry can be used for sensitive detection of 
the captured PNA probe and hence identification of the DNA 
sequence in a label-free fashion (Figure 12). The high specificity 
of acpcPNA allows simultaneous multiplex discrimination of 
single nucleotide polymorphism (SNP), which can be difficult to 
achieve with conventional PNA probes65 

A similar concept has been applied to the fabrication of a 

paper-based DNA sensor by functionalization of the cellulose 
paper with a positively charged polymer brush that can 
electrostatically capture the DNA sample together with its 
complementary biotinylated PNA probe. The presence or 
absence of captured PNA probes, which determines the identity 
of the DNA sequence, is revealed by an enzymatically amplified 
colorimetric reaction.66 

6. CONCLUSION AND OUTLOOK 

This Account has highlighted our contribution to the develop­
ment of conformationally constrained pyrrolidinyl PNAs having 
a/fJ-dipeptide backbones. The modular nature of the design 
enahles the rapid synthesis and exploration of the base-pairing 
properties of these systems. AcpcPNA, a representative member 
of such pyrrolidinyl PNA systems, binds to DNA with excellent 
affinity and specificity. In addition, acpcPNA possesses other 
unique and potentially useful characteristics: strong antiparallel 
selectivity, the preference for pairing to DNA over RNA, and the 
unprecedented inability to form self-hybrids. It is important to 
note that only minor changes in the pyrrolidinyl PNA structure 
can lead to Significantly different base-pairing behaviors, allowing 
one to fine -tune properties such as self-pairing or RNA binding 

'Ji@1I 
to suit the desired application. Although the structural 
contribution of the amino acid part to the binding characteristics 
of pyrrolidinyl PNA is largely understood, little is known about 
the effect of the pyrrolidine part, and there are opportunities for 
improvement. Understanding factors contributing to these 
unusual behaviors through a combination of structural and 
theoretical studies will contribute to targeted, tailored •new 

generation" pyrrolidinyl PNAs with improved/customizable 
properties. Finally, while diagnostic applications of pyrrolidinyl 
PNA have been clearly demonstrated, its therapeutic/biolofical 
applications67 and other areas such as functional materials6

, are 
only emerging. We invite others to join us as we continue to 
expJore the full potential of utilizing acpcPNA and related 

pyrrolidinyl PNAs in these cutting-edge research areas and 

beyond. 
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ABSTRACT: Sugar-derived cyclic ,B-amino acids are impor­

tant building blocks for designing of foldamers and other 
biomimetic structures. We report herein the first synthesis of a 
C-activated N-Fmoc-protected trans-(2S,3S)-3-aminotetrahy­
drofuran·2·carboxylic acid as a building block for Fmoc solid 
phase peptide synthesis. Starting from 2-deoXY-D-ribose, the 
product is obtained in a 6.7% overall yield following an II-step 
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reaction sequence. The tetrahydrofuran arrlino acid is used as a bUilding block for a new peptide nucleic acid (PNA), which 
exhibits excellent DNA binding affinity with high specificity. It also shows preference for binding to DNA over RNA and 
specifically in the antiparallel orientation. In addition, the presence of the hydrophilic tetrahydrofuran ring in the PNA structure 
reduces nonspecific interactions and self-aggregation, which is a common problem in PNA due to its hydrophobic nature. 

;'I INTRODUCTION 

Foldamers are synthetic oligomeric molecules that can mimic 
naturally occurring biological macromolecules by folding into 
well-defined secondary structures such as helices, turns, or 
sheets in solution states.! Amino acids, especially cyclic p-amino 
acids,2 constitute an important class of building blocks for 
foldamers. J A diverse range of secondary structures were 
obtained from simple cyclic p-amino acids building blocks with 
different ring size, stereochemistry, and substituents.4 The 
ability to precisely program the folding pattern is not only 
important from the molecular design aspect but also leads to 
desirable biological functions. Carbohydrate-derived amino 
acids5 have recently attracted much interest as potential bUilding 
blocks for novel foldamers 6 It can be readily obtained from 
inexpensive sources in stereochemically defined configurations 
and possess a number of functional groups that can be fine­
tuned as desired. 

Deoxyribonucleoside-derived cyclic p-amino acids have been 
used in designing nucleobase-containing foldamers/ some of 
which showed promising DNA and RNA binding properties.7d 

These foldamers can therefore be regarded as a new class of 
peptide nucleic acid (PNA)8.9 Our research group had 
introduced a series of conformationally constrained pyrrolidinyl 
peptide nucleic acids derived from alternating nucleobase­
modified D-proline and cyclic fJ-amino acids10,!1 A representa­
tive member of such pyrrolidinyl PNA is acpcPNA (Scheme I) 
which carries tral1s-( IS,2S)-2-aminocyclopentanecarboxylic acid 

d(ACPC) in the backbone. lOb
. This acpcPNA showed some 

distinct properties from DNA and commercial PNA tholt could 
be useful for many applications. 12 A recent study on ring 
homologl1cs suggested that four- or five-membered ring cycliC fJ­
amino acids with specific configurations are essential to provide 
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Scheme 1. Structures of acpcPNA and atCcPNA 

Base, j t Base, jQ'''~ Q,.. < 
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acpcPNA atfcPNA 

a balance between rigidity and flexibilit;?; that allows the PNA to 
adopt a DNA-binding conformation.! < In addition to ACPC, 
other five -membered ring heterocyclic fJ-amino acids had been 
successfully incorporated into pyrrolidinyl PNA, including 1­
aminopyrrolidine-2-carboxylic acid lOo and 3-aminopyrrolidine­
4-carboxylic acid. loc 

In view of the structural similarity between 3-amino­
tetrahydrofuran-2-carboxylic acid (ATFC) and ACPC, it is not 
surprising that oligomers of ATFC and its ring-substituted 
derivatives can also form well-defined helical foldamers. 13 

Oligomers of trans-ATFC formed a 12-helix similar to trans­
ACPe. On the other hand, the cis-isomer adopted a 14-helix 
structure instead of the extended sheetlike structure of cis­
ACPC, which was explained based on molecular modeling 
studies by a more favorable interaction between the less 
stcricallr hindered ring of ATFC and the backbone amide 
group. I a We propose that replacement of ACPC in the 
acpcPNA backbone with tra"s-ATFC should provide a new 
pyrrolidinyl PNA that can still retain the excellent nucleic acid 
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Scheme 2. Structural Assignment of Methyl Glycoside Mixture by Conversion into Their I-Deoxy Perbenzoylated Derivatives 

OH 

l...(YOH ~a) .. ~OCH~O,..C;tCH'_(_b-_C-I)...::0 
HO' 

OH2-deoxy-D-ribose (2) 3 

rxn. time furanose: pyranose
Reaction condillons: (a) methanesulfonic acid. MeOH. time. rt 12 h 1.5: 1 
(b) BzCI. Et3N. CH2CI2• 0 °c to rt; (c) EIJSiH. BF3·OEt2. 0 °C to rt 30 min 4.1 

binding characteristics of acpcPNA Moreover, it is expected 
that the more hydrophilic nature of tetrahydrofuran ring in 
ATFC as opposed to the cyclopentane ring in ACPC should be 
beneficial in reducing self-aggregation and nonspecific inter· 
actions occasionally observed in acpcPNA and other PNA 
systems due to their uncharged and hydrophobic peptide 
backbone. 14 Herein, we report the synthesis of a new 
pyrrolidinyl PNA with an ATFC backbone (will be named 
atfcPNA, Scheme 1) and a comparison with acpcPNA in terms 
of DNA/RNA binding properties and nonspecific binding 
behavior. 

II RESULTS AND DISCUSSION 

Synthesis of Deoxyribose-Derived Cyclic p-Amino 
Acid (SS-ATFC). Our previous reports on the effects of 
stereochemistry of acpcPNA on DNA bindingll suggests that 
the appropriately protected (2S,3S) enantiomer of the traPlS­

ATFC (SS-ATFC) is required as a key building block. 
Interestingly, this particular configuration o£ATFC is unknown 
in the literature despite some reports on the remaining 
stereoisomers. 13

, We proposed that the required SS-ATFC 
monomer 1 should be readily syntheSized starting from 
commercially available 2-deoXY-D-ribose (2). The key steps 
involved reductive removal of the anomeric hydroxyl group, 
stereospecific introduction of the amino group by a double 
inversion of configuration at C-3, and oxidation of the C-5 
alcohol to the carboxyliC acid. 

With this synthetic strategy in mind, the anomeric hydroxyl 
group of 2-deoXY-D-ribose (2) was first converted to its 
methylglycoside derivative in the presence of an acid catalyst 
(Scheme 2).15.16 It should be noted that the reaction time 
played an important role for the outcome of the reaction. 17 

IH 
NMR analysis of the product mixture was Simplified by 
perbenzoylation followed by reduction of the anomeric methyl 

18ether with BF3·EtzO/Et3SiH. Prolonged treatment of 2 with 
cataly1ic methanesulfonic add in MeOH (12 h) provided a 1.5:1 
mixture of furanoside 3 and the thermodynamically more stable 
pyranoside. However, immediate quenching of the reaction after 
consumption of the starting material (ca. 30 min) afforded the 
methylfuranoside 3 as the major product (> 80% of the crude 
reaction mixture). 

With the optimized conditions in hand, 2-deoXY-D-ribose (2) 
was smoothly converted to methylfuranoside 3 folJowed by 
selective protection J9 of the C-S primary hydroxyl group as the 
p-toluoyl ester to afford furanoside 4 in 67% yield over 2 steps 
(Scheme 3). Removal of the anomeric methoxy group by 
treatment with BF3·Et20/EtJSiH was previously reported on a 
fully protected 2-deoxyribose derivative/ s and thus it was 
uncertain if these conditions would be compatible with the 
unprotected C-3 hydroxyl group of furanoside 4. It was 
emisioned that the C-3 hydroxyl group could be "protected" 
as a sulfonate ester prior to the anomeric reduction. Gratifyingly, 

Scheme 3. SyntheSiS of SS-ATFC Starting from 2-Deoxy-D­
ribose (2) 
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the furanoside 4 was tosylated to afford 5 in 83% yield, and the 
anomeric methoxy group was successfully reduced to prOvide 
intermediate 6 in 86% yield. 

We next focused on the nucleophilic displacement of the 
tosylated furanoside 6. The nitrite ion (NaNO,) is relatively 
overlooked as an oxygen nucleophile for the stereochemical 
inversion of a hydroxyl group. It has been successfully employed 
in the inversion of various alcohols including carbohydrate 
derivatives.zo The nucleophilic substitution of furanoside 6 with 
excess NaNOz at 120°C for S h provided a 1: 1 mixture of the 
expected inverted alcohol 7 and a side-product 7' resulting from 
migration of the p-toluoyl group t{) the neighboring inverted C-3 
hydroxyl group in moderate yield. Shortening the reaction time 
to 2 h gave a 4.S:1 regioisomeric mixture of7:7' in 58% yield. 
The sterically hindered C-3 hydroxyl group of 7 is much less 
reactive than the free CoS hydroxyl group of 7 ' , and therefore, 
benzoylation of the mixture facilitated the chromatographic 
purification of unreacted 7 from bcnzoylated 7' in 89% recovery 
yield. 

The C-3 hydroxyl group of 7 was next converted to the 
mesylate 8 in 90% yield. It is worth noting that attempts to 
perform Mitsunobu reaction of furanoside 4 with MeOTs or 
methanesulfonic acid to yield the mesylate with inverted 
configuration at C-3 gave only complex mixtures. I I Reaction 
of 8 with excess NaNJ at 90-100 °C for 2 h gave the expected 
azide 9 in 95% yield. Hydrogenation of 9 in the presence of 
BoczO gave the Boc-protected ariiine 10 in 71 % yield as a white 
solid. HydrolysiS of p-toluoyl group in 10 followed by BAlB­
TEMPOz2 oxidation gave the Boc·protected amino acid 12 in 
high yield. Treatment with trifluoroacetic acid (TFA) liberated 
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Table 1. Sequence and Characterization Data of atfcPNA 

PNA sequence (N-C) NIC·terminal modification tp, min tl mlz (caled)" mlz (found)' yield "f/ 
T9 TITTTITTf Ac/ LysNH, 30.6 31 98.2 3197.1 +I 
MIO GTAGATCACT Ac/ LysNH, 25. 1 3573.6 3578.4 22 

MIOFlu GTAGATCACT Flu/LysNH, 28.4, 29.~ 3894.8 389.'-3 IS 

MIOAT TATGTACTAT Bz/LysNH, 29.1 3630.6 36307 20 

MIOCG GCTACGTCGC Bz/Ly,NH, 28.1 3617.6 3617.9 10 

UHPLC conditiom: CIS column, 4.6 X SO mm, 3 II, gradient 0.1 % TFA in H,O:MeOH 90: 10 for 5 min then ~ncar gradient to 10:90 over 30 min, 
flow rate 0.5 mL/min, 260 nm. hAverage mass of M + H+. 'MALDI-TOF. dlsobted yield after HPLC purification, spectrophotometricaily 
determined. 

Table 2. Tm of atfcPNA/a~pcPNA and DNA/RNA 

PNA (N-C) DNA or RNA (5'-3') TmatfcPNA ( ~Trn)" TmacpcPNA (D.TJ"'" note 

GTAGATCACT (MJO) dAGTGATCTAC 52.5 53.3 complementary DNA 

dAGTGs;:,TCTAC 23.4 (-29.1) 23,8 (-29.5 ) mismatched DNA 

dAGTG£iTCTAC 23.4 (-29.1) 23.9 (-29.4) mismatched DNA 

dAGTGITCTAC 25.4 (-271) 29.4 (-23.9) mismatched DNA 

dCATCTAGTGA <20 <20 parallel DNA 

rAGUGAUCUAC 36.0 42.3 complementary RNA 

rAGUGs;:,UCUAC <10 23.6 (-187) mismatched RNA 

rAGUG£iIJCIJAC <20 248 (-17.5) mi.'matched RNA 

rAGUGl1UCUAC <20 <20 mismatched RNA 

rCAVCUAGUGA <20 <20 parallel RNA 

TATGTACTAT (MIOAT ) dATAGTACATA 49.6 . S~ . 2 complementary DNA 

dATAGf,ACATA 25.4 (-24.2) 23.4 (-30.8) mismatched DNA 

dATACs;:,ACATA 30.2 (-19.4) 10.2 (-24 .0) mis matched DNA 

dATAGC.ACATA <20 24.4 (-29.8) mismatched DNA 

dATACATGATA <20 <20 parallel DNA 

• rAUAGUACAUA 	 292 32.& complementary RNA 

rAUACUAGAUA <20 <20 parallel RNA 

GCTACGTCGC (MIOCG) 	 dGCGACGTAGC 56.4 54.5 complement")' DNA 

dGCGAt.GTAGC 23.4 (-33.0) <20 mismatched DNA 

dGCGA£iGTAGC 312 (-25.2) 30.2 (-24.3) mismatched DNA 

dGCGAIGTAGC 36.0 (-204) 35.1 (-19.4) mismatched DNA 

dCGATGCAGCG <20 <20 p.rallcl DNA 

rGCGACGUAGC 41.8 4B.O comrlemcntM)' RNA 

rCGAUGCAGCG 24.4 (-174) 39.2 (-B .8) parallel RNA 

"All Tn. were me.1Sured at PNA = I I'M, 100 mM NaC!, 10 mM sodium phosphate buffer, pH 7.0, heating rale I °e/min; and t.Tm = Tm­
Tm <ompl,m, nt..." hvbnd uThe T m data of a<pcPNA are provided for comparison purposes. Except for the mismatched hybrids of M 1OAT and M10eG, T,.. 
dala of all .cpcPNA hybrids were taken from ref lad. Mismatch positions in DNA sequence are indicated by the underline. 

the free amino acid which was further reacted with FmocOSu to 
give the desired Fmoc-protected amino acid 13 in 87% yield 
over 2 steps. Finally, the Fmoc-protected amino acid 13 was 
activated as its pentafluorophenyl (Pfp) ester 1 in 65% yield. 
The presence of the Pfp group was confirmed by 19F NMR 
analysis. In summary, the target cyclic fJ-amino acid spacer (55­
ATFC) I was successfully syntheSized from commerCially 
available 2-deoxY-D-ribose (2) in a straightforward fashion over 
I I steps in 6.7% overall yield. 

Synthesis of atfcPNA_ Four different sequences of atfcPNA 
(T9, MlO, MIOAT, and MIOCG) were synthesized from the 
adivated 55-ATFC spacer 1 and the four Fmoc-protected 
pyrrolidinyl PNA monomers (AB

" T, C Bz
, and G1bu 

) following 
the stepwise coupling protocol (or Fmoc solid phase synthesis of 
PNA previously developed in our laboratory (Table I ) . IOb The 
atfcPNA sequences were end-capped at the N-termini by 
acetylation or benzoylation. In addition, an atfcPNA sequence 
(MlO) was also end, capped with 5(6)-carboxyfluorescein to 
yield a MlOFlu sequence in order to study nonspeCific 
interactions, All atfcPNAs were purified by reverse phase 

HPLC and their identities were confirmed by MALDl-TOF 
mass spectrometry. In all cases, the PNAs were obtained with 
>90% purity, except for the MlOFlu sequence which is split into 
two peaks on the HPLC chromatogram due to the presence of 
two carboxyfluorescein isomers, Isolated yields in the range of 
10-44% were obtained, depending on the sequence. The poor 
isolated yields, which are typical for most solid phase syntheses, 
are attributed to the loss of product during HPLC purification 
due to separation issues rather than the synthetic effiCiency. All 
PNAs are readily soluble in water (> I mM). The sequences and 
characterization data of all atfcPNA are summarized in Table I. 

DNA and RNA Binding Properties of atfcPNA. 
Preliminary DNA binding studies were performed on the T9 
sequence, Since homopyrimidine / homopurine PNA sequences 
are known to form triplex structures, it is important to first 
determine the stoichiometry of binding. This was accomplished 
by VV titration (Figure S22 of the Supporting Information), 
which clearly confirms a I: I stoichiometry of atfcPNA: DNA as 
shown by the inflection point at ca. SO mol % DNA This is in 
agreement with other pyrrolidinyl PNA, whereby no (PNA)2' 
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DNA triple..'\: formation could be observed, presumably due to 
the bulkiness of the pyrrolidinyl PNA backbone. 

Melting temperature measurements by UV spectrophotom· 
etry suggest that the T9 atfcPNA binds cooperatively to its 
complementary DNA (~), giving well· defined melting curves 
with melting temperatures (Tm) of 60.3 and 64.1 °C (in the 
presence and absence of 100 mM NaCI, respectively). These Tm 

figures are somewhat lower than the corresponding T9 
acpcPNA (Tm = 72.S and >76.8 °C, in the presence and 
absence of 100 mM NaCI, respectively).lOd.c Nevertheless, it is 
dear that T9 atfcPNA can form a stable hybrid with its 
complementary DNA In the presence of a mismatched base in 
the DNA strand, the Tm was dramatically decreased (-21.6, 
-21.9, and -31.8 °C for pT·dC, pT.dT, and pT·dG 
mismatches, respectively). The large decrease of Tm suggests 
that the atfcPNA binds to DNA with high specificity similar to 
that of acpcPNA 

Next, the DNA and RNA binding properties of mixed base 
atfcPNA were investigated and compared with the correspond· 
ing acpcPNA sequences (Table 2). Three sequences with 
different G+C content were compared (%G+C content: 
MIOAT = 20; MIO = 40; and MIOCG = 70). As shown in 
Table 2, all atfcPNA sequences showed a strong DNA binding 
;Ufinity, and speCifically in antiparallel orientation similar to 
acpcPNA They also exhibit very high sequence specificity as 
shown by a large decrease in Tm values of mismatched compared 
to the complementary hybrids (f1Tm ~ 19-33 0e), which are in 
the same range as acpcPNA (f1T ~ 19-31 °C) and are much m 

more discriminating than aegPNA II It is interesting to note that 
while acpcPNA·DNA hybrids did not show a definite relation­
ship between Tm and the base composition,lOd the Tm of 
atfcPNA showed a normal correlation with base composition 
(i.e., the Tm is increased with %G+C content). Further studies 
are dearly required in order to understand the basis of different 
behaviors between the two PNA systems, but it is beyond the 
scope of the present study. 

In addition to DNA, atfcPNA can also bind to RNA in an 
antiparallel fashion, albeit with much lower affinity compared to 
the corresponding antiparallel DNA Parallel hybrids with RNA 
were observed in G+C-rich sequences for both atfcPNA and 
acpcPNA, but the parallel hybrid was much less stable than the 
antiparallel hybrid, especially in the case of atfcPNA Moreover, 
the RNA binding was highly sequence-specific as shown by a 
large decrease of Tm value in the presence of mismatched RNA 
targets. The normal correlation between T m and base 
composition was again observed in atfcPNA·RNA hybrids. In 
addition, atfcPNA exhibits a greater selectivity for binding to 
DNA over RNA than acpcPNA as shown by the larger Tm 

difference between atfcPNA-RNA and atfcPNA-DNA hybrids 
(-20.4, -16.5, and -14.6 °C for MI0AT, MlO, and MI0CG, 
respectively) compared to acpcPNA-RNA and acpcPNA·DNA 
hybrids (-21.6, -11.0, and -6.S °C for MlOAT, MlO, and 
MIOCG, respectively) . Smaller differences were observed at 
higher G+C content in both PNA systems. The results suggest 
that atfcPNA and acpcPNA cannot effectively adjust themselves 
to the more limited conformational space of RNA duplexes 
exerted by the 2 '·hydroxyl group in RNA, and that there are 
subtle differences between structures of A+T-rich and G+C-rich 
sequences. 

Circular dichroism (CD) spectroscopy was also used to study 
the binding between the T9 atfcPNA and DNA (Figure la). 
The T9 atfcPNA exhibited weak CD Signals in single·stranded 
form. The only prominent features were the positive band at 210 
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Figure 1. CD spectra of (a) T9 atfcPNA (blue), ~ (black), and their 
1:1 hybrid (green) and (b) MIOCG .tfcPNA (blue) and its hybrids 
with antiparallel DNA (green) or antiparallcl RNA (red). Conditions: 
PNA =DNA =2.S JIM in 10 mM sodium phosphate buffer (pH 7.0) 
and 100 mM NaCI at 20 cc. 

nm and a very small negative band at 280 nm. The single­
stranded ~ DNA showed two minima at 206 and 250 nm and 
maxima at 220, 232 (shoulder), and 27S nm. Upon hybrid 
formation, the negative band at 250 nm was markedly intensified 
and shifted to a slightly shorter wavelength (248 nm) . 
Moreover, significant changes were observed in the nudeobase 
absorption region (260-300 nm) as shown by the appearance 
of a new negative band at 268 nm and a positive band at 285 nm. 
These probably renect a change in the orientation of the 
nudeobase, most likely as a result of base-base pairing and 
stacking in the atfcPNA-DNA duplex. The overall shape of the 
CD spectrum of atfcPNA-DNA hybrid is quite similar to the 
corresponding acpcPNA·DNA and DNA·DNA hybrid.lOb,d It is 
therefore reasonable to assume that these hybrids adopt similar 
right-handed helical conformations. Heating caused the CD 
signal to return to the sum of the single·stranded components 
(Figure S23 of the Supporting Information). A plot of the CD 
signal at 248 nm as a function of temperature gave a sigmoidal 
curve (Figure S23 of the Supporting Information, inset). From 
this CD melting curve, a CD Tm of around 60°C was obtained 
which is in good agreement to the Tm obtained by UV-vis 
spectrophotometry. 

Tn contrast to the homothymine sequence, CD spectra of 
Single-stranded mixed base atfcPNA suggested pronounced 
intrastrand base stacking (Figure 1 b, see also Figures S28-S30 
of the Supporting Information). The CD spectra are remarkably 
similar to Single-stranded DNA as shown by a negative band at 
20S nm, a strong positive band at 220 nm, a negative band at 
256-260 nm, and a positi\'e band around 280 nm with a 
crossover point around 267-273 nm B Hybridization with 
antiparallel DNA did not change the overall shape of the CD 
spectra. However, the negative band at 260 nm became more 
intense and slightly shifted toward a longer wavelength. These 
are in agreement with tightening of the helical pitch after duplex 
formation. 14 The effect is most clearly observed in the G+C-rich 
sequence MIOCG. The overall shape of the CD spectra of 
atfcPNA-DNA hybrids corresponds to the B-form of DNA· 
DNA duplexes?4 On the other hand, CD spectra of atfcPNA­
RNA hybrids exhibited distinct features in the 250-300 nm 
region (Figure 1 b, see also Figures 528-530 of the Supporting 
Information). A positive band was observed between 245-256 
nm together with a negative hand with minima around 26S nm. 
This suggests that the atfcPNA- DNA and atfcPNA- RNA hybrids 
adopt different conformations, which could contribute to their 
different stabilities. 
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resolution mass spectra (HRMS) were recorded in electrospray 
ionization-time-of-flight (ESI-TOF) mode. MALDI-TOF mass spectra 
of all atfcPNAs were obtained in linear positive ion mode using a­
cyano-4-hydroxy cinnamic acid (CCA) as a matrix. 

Methyl 2-Deoxy-o-ribofuranoside (3) (Mixture of a and P 
Anomers). Methyl 2-deoxy-o-ribofuranoside 3 was synthesized 
according to the literature procedure with a slight modification on 
the catalyst quantity and reaction time.'6.'7 2-Deoxy-o-ribose (11A g. 
85.0 mmol) was dissolved in anhydrous methanol (55 mL) under a 
nitrogen atmosphere, and then methane sulfonic acid (0.27 mL, 4.16 
mmol) was added at room temperature. The reaction reached 
completion after stirring for 30 min at room temperature as confirmed 
by TLC analysis (CH1CI1:MeOH 9 : I, p-anisaldehyde stain; ~ =0.42) . 
The reaction was then quenched by portionwise addition of 4-(N,N­
dimethylamino)pyridine (DMAP) (1.02 g, 8.35 mmol) . The reaction 
mixture was concentrated under reduced pressure by azeotropic 
distillation with toluene to afford a brown syrup (14.15 g, >90% purity 
by TLC), which was used for the next steps \\~thout further purification. 

Methyl 5-0-p-toluoyl-2-deoxy-o-ribofuranoside (4) (Mixture of a 
and pAnomers). p-Toluoyl chloride (13 mL, 98.3 mmol) dissolved in 
anhydrous CH,CI, (20 rnL) was added dropwise to a solution of crude 
3 (prepared from 85.0 mmol of 2) in 1:3 anhydrous pytidinelCHzClz 
(80 mL) at 0 cC and stirred for 5 h. The reaction mi.'<IUre was then 
diluted with CH,CI, (20 mL) and washed with cold H,O (2 X SO mL) 
and 5% aqueous CuSO•. The combined organiC extracts were washed 
with saturated NaHCOj (2 X SO rnL), followed by 2 M HCI (2 X SO 
mL), and then dried over Na,SO. and concentrated under reduced 
pressure to afford a brown syrup (21.64 g). The crude product was 
purified by column chromatography on silica gel to yield compound 4 
a.< a colorless oil (15.1 g, 56.8 mmol, 67% yield from 2). TLC analysis 
(hexanes:EtOAc 3:2; p-anisaldehyde stain; ~ = 0.27). [a1oH +67 0 (c 
0.5, CHCIJ IR (thin film) : 3467.5,2949.5,2917.7,2828.0, 1716.7, 
1609.7, 1447.6, 1268.2, 1181.4, 1077.2, 842.8, 758.8 cm- 1 'H NMR 
(400 MHz, CDCI;) (major isomer) : {) 7.92 (d,J = 8,2 Hz, 2H), 7.25 (d, 
J =8.1 Hz, 4H), 5.16 (m, IH), 4.32-4.41 (m, 3H), 4.26 (m, IH), 3.42 
(s, 3H), 3.01 (m, IH), 2.43 (s, 3H), 2.20 (m, IH), 2.08 (m, IH). llC 
NMR (100 MHz, CDCl;) (major isomer): /j 166.4, 143.9, 129.7, 129.1, 
127.0,105.5,85.1,73.1,64.4,54.9,40.9, 2Ui. HRMS (ESI+): m/z caled 
for C"HI~OINa [M + Na'l, 289.1052; found, 289.1061. 

Methyl 5-0-p-toluoyl-3-0 -tosyl-2-deoxy-o-ribofuranoside (5). A 
solution of 4 (4.26 g, 16.0 mmol) and DMAP (183 mg, 1.5 mmol) in 
anhydrous CH,CI, (10 mL) was cooled to 0 °c under a N, atmosphere 
and then treated with Et;N (5.00 mL, 35.8 mmo!) and a solution of 
TsCI (4.011 g, 21.0 mmol) in CH,Clz (5 mL). The reaction mixture 
was allowed to warm to room temperature and monitored by TLC 
(hexanes:EtOAc 3:2; p-anisaldehyde stain; Rr = 0.42). After 
completion, the reaction mixture was quenched at 0 °C with 2 M 
HCI, neutralized with saturated aqueou~ NaHCOj and extracted with 
EtOAc. The combined organic extracts were washed with water (40 
mL), brine (40 mL), dried over Na,SO., and evaporated. The crude 
product (6.40 g) was purified by column chromatography on silica gel 
to afford compound 5 (5 .59 g, 13.3 mmol, 83%). [alo'· +75 0 (c 0.5, 
CHClj)' IR (thin film): 3027.6, 2949.5, 2929.3, 2836.7,1922.2,1716.7, 
1606.8, 1450.5, 1363.7, 1276.8, 1172.7, 1106.1, 1056.9,984.6, 920.9, 

I848.5, 810.9, 753.0, 666.2, 567.8, 550.5 cm- . ' H NMR (400 MHz, 
CDCl j ): {) 7.85 (d,} =8.0 Hz, 2H), 7.77 (d, J= 8.3 Hz, 2H), 7.27 (d,1 = 
83 Hz, 2H), 7.24 (d, 1= 8.0 Hz, 2H), 5.06 (m, IH), 4.93 (m, IH), 
4.38-4.44 (m, 2H), 4.20 (m, IH) , 3.36 (s, 3H), 2.42 (s, 3H), 2.39 (s, 
3R), 234 (m, IH), 2_13 (m, IH) . 1JC NMR (100 MHz, CDCI;): (j 

166.0,145. 1, 144.0,133.4, 129.9, 129.7,129.1,127.9, 126.9,104.5,80.1, 
79.4, 63.0, 55.1, 39.2, 21.7, 21.6. HRMS (ESI+): m/z calcd for 
C"H,.,o,SNa [M + Na'l, 443.1135; found, 443.1137. 

5-0-p-toluoyl-3-0-tosyl-I,2-dideoxy-o-ribose (6). A solution of 
compound S (2.4 1 g. 5.73 mmol ) in anhydrous CH,Ci, (2 mL) was 
cooled to 0 cc and treated with Et;SiH (2.90 mL, 18.2 mmol), followed 
by dropwise addition of BF~·OEt , (2.00 mL, 16.2 mmol). The progress 
of the reaction was monitored by TLC (Hexanes:EtOAc 1: I; negative 
p·anisaldehyde ~tain ; ~ = 0.58) . After completion, the reaction mixture 
was neutralized with sarurated aqueous NaHCO j (30 mL) and 
e"'rdcted with CH,Cl, (3 X 10 mL) . The combined organiC extracts 

were dried ovcr Na,SO. and evaporated_ The crude product (2.31 g) 
was purified by column chromatography to afford compound 6 as a 
colorless oil (1.92 g, 4.92 mmol, 86%). [a)o!) +30° (c 1.0, CH,Ci,). IR 
(thin film) : 2958.2, 2880.1, 1716_8, 1606.8, 1447.6, 1363.7, 1268.2, 
1172.7, 1091.6, 1016.4,955.6,906.4,816.7,753.0,669.1,553.4 ern-' . 
'H NMR (400 MHz, CDCi;): /j 7.87 (d,} = 8.3 Hz, 2H), 7,77 (d, 1= 
8_1 Hz, 2H), 7.28 (d,J = 8.2 Hz, 2H), 724 (d,J = 8,1 Hz, 2H), 5.00 (m, 
IH), 4.15-4.25 (m, 3H), 4.05 (m, IH), 3.94 (m, IH), 2.42 (s, 3H), 
2.40 (s, 3H), 2.15-2.20 (m, 2H). llC NMR (100 MHz, COClj): {) 
166.1, 145.1. 144.0, 133.6, 130.0, 129.7, 129.2,127.8,126.9,82.2,81.6, 
67.4,63.6,33.1,21.7,21.6. HRMS (ESI+) : III/z caled for CzoHnO~SNa 
[M + Na ' l, 413.1029; found, 413.1026_ 

{(2R,3R)-3-Hydroxytetrahydrofuran-2-yljmethyl-4-methylben­
zoate (7). A mixture of compound 6 (1.08 g. 2.77 mmol) and NaNO, 
(0.96 g, 13.9 mmol) in DMSO (10 mL) was heated to 120°C for 5 h. 
After completion as monitored by TLC analysis (hexancs:EtOAc I: I ; 
Rt =0.27), the reaction was diluted with water. The aqueous layer was 
then extracted with CH,CI, (3 X 10 mL) and the combined organiC 
extracts were washed with brine, dried over Na,SO., and evaporated. 
The crude product was purified by column chromatography to afford a 
mixture of 7 and the toluoyl migrate product 7' in a 1: 1 ratio as 
determined by NMR analysis (0.41 g, 1.75 mmol, combined yield 
63%). When the reaction time was red'uccd to 2 h at 120 °C, the 
product was obtained as 4.5: 1 regioisomeric mixture of product 7:7 ' in 
S8% combined yield. 

For characterization purposes, the 1:1 regioisomcric mi.xture from 
the experiment above (0.41 g, 1.75 mmol) was dissolved in anhydrous 
CH,Ci, (3 mL), cooled to 0 °C, and then treated with Et;N (1.25 mL, 
8.96 mmol) and B7.)O (0.3370 g, 1.49 mmol) . The reaction mixture was 
concentrated to dryness and purified by column chromatography to 
yield 7 as colorless oil (0.18 g, 0.76 mmol, 28% overall yield from 6). 
This corresponds to a 89% recovery from the mixture. Mp: 65-67 cC; 
[alo !.! _4° (c 1, CHjClz). IP. (ATR) 3420.7, 2986.2, 2950.6, 29213, 
2896.0,2868.7, 170404, 1611.5, 1444.7, 1269.8, 11 74.2, lJOOo4, 1021.1, 
969.2,834_5, 750.6,693.2 cm- I

_ IH NMR (400 MHz, COCl;): {j 7.94 
(d,l= 8.2 Hz, 2H), 7.24 (d,l= 8.0 Hz,2H), 4.77 (dd,j= 7.1,11.6 Hz, 
IH), 4.34-4.39 (m, 2H), 4.11 (m, IH), 3.96 (ddd, j = 3.3, SA, 7.1 Hz, 
IH),3.89 (dt,}= 3.8, 8.6 Hz, IH), 2.41 (s,3H),2.18 (m, IH), 2.05 (m, 
IH). ,jc NMR (100 MHz, CDCl l ): {) 167.2, 144.1,129.8,129.2, 126.9, 
80.6, 71.5, 66.5, 62.6, 35.1, 21.7. HRMS (ESI+): miz caled for 
C llH I60.Na [M + Na), 259.0946; found, 259.0941. 

{(2R,3R)-3-(Methylsulfonyloxy)tetrahydrofuran-2-yljmethyl 4­
methylbenzoate (8). A solution of 7 (0.49 g, 2.07 mmol) in anhydrous 
CH,Cl, (4 mL) was cooled to 0 eC and treated with DMAP (SO mg, 
0.41 mmo!), Et;N (LlS mL, 8.25 mmo)), and MsCI (0.'18 mL, 6.20 
mmol) . After 1 h, the reaction was complete as indicated by TLC 
(CH,Cl,:acetone 4: 1; ~ = 0.76) and was diluted with H20 (10 mL) 
and EtOAc (10 rnL). The aqueous layer was extracted with EtOAc (3 X 

10 mL), and the combined organic extracts were washed with brine, 
dried over Na,SO., and concentrated under reduced pressure. The 
crude product (0.62 g) was purified by column chromatography to 
afford 8 as a white solid (0.58 g, 1.85 mmo!, 90%). Mp: 102-104 0c. 
[alo

23 _440 (c 1.0, CHjCI,). IR(KBr): 3424.1, 3024.8, 2964.0, 2940.8, 
2891.6, 2862.7, 1722.5, 1609.6, 1349.2, 1271.1, )178.5, 1109.0, 10 I 0.6, 
967.2,897.7,750.2, 524A cm-'. 'H NMR (400 MHz, COCl,): 7.94 (d, 
1= 7.8 Hz, 2H), 7,24 (d,} =8.1 Hz, 2H), 5.38 (m, IH), 4.S3 (m, 2H), 
4.25 (dt, 1= 4.0, 6.1 Hz, IH), 4.15 (m, IH), 3.96 (dt, I =2.7,85 Hz, 
IH), 3.01 (s, 3H), 2Al (5, 3H), 2.39 (m, 2H). lJC NMR (100 MHz, 
CDCIl ): Ii 166.2, 144.0, 129.8, 129.2, 127.0, 79.9,78.8, 66.S, 62.2, 38.S, 
34.0,21.7; HRMS (£SI+): mlz caled for C14H,~O.SNa [M + Na'), 
337.0722; fOllnd, 337.0716. 

{(2S,3S)-3-Azidotetrahydrofuran -2-yljmerhyl-4-merhylbenzoate 
(9). A solution of 8 (0.14 g. 0.46 mmol) in DMSO (2 mL) was treated 
with NaNj (0.21 g, 3.15 mmol) and then heated at 90 °C for 2 h. After 
the react ion reached completion as monitored by TLC analysis 
(hexanes:EtOAc 3:2; ~ = 0.62), it was dilllted with water (15 mL) and 
extracted with EtOAc (3 X IS mL) . The combined organic extracts 
were dried over Na,SO. and concentrated to dryness to afford 
compound 9 as a colorless oil (113 mg, OA3 mmol, 95%), which was 
subjected to the next step without further purification. [a1oH +64

0 (c 
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The shorter c-o bond as well as the presence of lone pair 
electrons in atfcPNA resulted in reduced steric effects compared 
to acpcPNA It may also provide an additional potential 
h}'drogen-bonding site and repulsion with the negatively 
charged phosphate group in the DNA/RNA strand. These 
factors could potentially contribute to the subtle difference in 
nucleic acid binding properties of atfcPNA and acpcPNA An 
NMR study of oligomers of the opposite enantiomer (2R,3R) of 
trans-atfc suggested torsional angle (B) values in the range of 
52-64° based on coupling constant (3JH-H) analyses. l3" These 
values arc much smaller than the optimal values obtained from 
MD simulations of acpcPNA-DNA hybrids (99-1020)1l The 
fact that atfcPNA can still form stable hybrids with DNA 
suggests that the tetrahydrofuran ring should be sufficiently 
flexible to adopt the required torsional angle. On the basis of 
NMR experiments, no evidence of intramolecular hydrogen 
bonding between the amide bonds and the 0xrgen atom of the 
atfc ring was observed in trans-atfc oligomers. 3. However, this 
does not rule out the possibilities of interstrand hydrogen 
bonding and/or additional interactions such as repulsion with 
the phosphate group of DNA or RNA The absence of detailed 
three-dimensional structures of atfcPNA and its DNA/RNA 
hybrids precludes us from drawing a more definite conclusion. 

Solubility and Nonspecific Binding Properties of 
atfcPNA verrus acpcPNA_ It was expected that the 
replacement of the cyclopentane ring in acpcPNA with the 
hydrophilic tetrahydrofuran ring in atfcPNA should result in a 
less hydrophobic PNA backbone. The more polar nature of 
atfcPNA is evidenced in the decreased retention time from 
reverse-phase HPLC analyses (T9: atfcPNA 30.6 min, acpcPNA 
33.3 min; MIO: atfcPNA 25.1 min, acpcPNA 30.0 min) (Figures 
S14, S19, S15, and S20 of the Supporting Information) . Due to 
the small synthesis scale, it was not possible to directly compare 
the solubility because all lysine-modified PNA sequences are 
readily soluble in water and saturation could not be achieved. 
Acetylation of the C-terminal lYSine modifier allowed the 
comparison of solubility between T9 acpcPNA and atfcPNA 
Unfortunately, the solubility ofT9 atfcPNA was only marginally 
improved (425 ± 21 pM or ca. 1.4 mg/mL) over T9 acpcPNA 
(348 ± 10 pM or ca. l.l mg/ mL). This unexpected solubility 
behavior might be interpreted in terms of a combination 
between stable packing of the PNA molecules in the solid state 
and unfavorable entropy of dissolution as proposed to 
explaining the low aqueous solubility of cel.lulose2s and 
cyclodextrins.26 

Similar to conventional PNA,I4 nonspedfic binding with 
hydrophobic materials was occasionally observed with acpcP­
NA This becomes a serious problem when the PNA is modified 
with· one or more hydrophobiC dyes. To compare the 
nonspecific binding behaviors of atfcPNA and acpcPNA, N­
terminal f1uorescein·labeled atfcPNA and acpcPNA MIOFlu 
were syntheSized and compared. Both f1uorescein-hbeled PNAs 
form stable hybrids with their complementary DNA target with 
T m of 45.7 and 46.7 °c, respectively. The nonspecific adsorption 
of the fluorescein-labeled PNAs by two different brands of 
polypropylene plastic tubes were investigated (Figure 2a) . 
Fluorescence measurements of PNA solutions (50 nM) were 
recorded before and after repeated transfer between the plastiC 
tube and the cuvette until there was no further change in the 
fluorescence intensity. It was observed that the acpcPNA Signal 
decreased quite Significantly (80.1 ± 3.6 and 53.3 ± 2.3% of the 
original value for brands I and 2, respectively), while the 
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Figure 2. Comparison of fluorescein-labeled acpcPNA (gray) and 
.lfePNA (white) (MIOFlu) for (a) nonspecific adsorption onto 
polypropylene microcentrifuge tube and (b) self.aggregation as 
demonstrated by fluorescence spectrophotometry. 

atfcPNA Signal does not change as much (95.8 ± 3.6 and 105.8 
± 1.4% of the original value for brands 1 and 2, respectively) . 

Reduction of the nonspecific self-aggregation of MIOFiu 
atfcPNA was further demonstrated by fluorescence spectrosco­
py (Figure 2b) . At low concentrations (::;1 pM), both PNAs 
showed comparable fluorescence. However, at higher concen­
trations, the fluorescence of MlOFlu acpcPNA was significantly 
lower and reached a plateau at concentrations above 5 11M due 
to self-aggregation of the PNA, resulting in self-quenching of the 
fluorescein label. The same leveling effect was also observed in 
MlOFlu atfcPNA but at twice as high a concentration. 
Accordingly, at 10 }lM, the fluorescence of MIOFlu atfcPNA 
is 70% brighter than acpcPNA at the same concentration. 
Addition of complementary DNA to MlOFlu acpcPNA and to 
atfcPNA restored the fluorescence of both PNAs to the same 
level due to repulSion between the negatively charged PNA 
DNA hybrids, which separated the fluorescein dyes from each 
other. These results support the beneficial effects of the 
hydrophilic ATFC spacer in redUCing nonspecific interactions 
of pyrrolidinyl PNA, which should further expand the 
applications of these PNAs. 

• CONCLUSION 

In conclusion, we report an efficient s}'Dthesis of Fmoc­
protected tetrahydrofuran cydic-fJ-amino acid from 2-deoxy-o· 
ribose. The cyclic amino acid was successfully incorporated as a 
building block for syntheSiZing a new tetrahydrofuran­
containing pyrrolidinyl PNA (atfcPNA). This novel atfcPNA 
retained the excellent DNA binding affinity and specificity of 
p}'Trolidinyl PNA, with improved selectivity toward hybrid­
ization to DNA over RNA, a fact that is interesting in its own 
right and should deserve further investigation in the context of 
development of a selective DNA binding agent . In addition, the 
hydrophilic tetrahydrofuran backbone provided beneficial 
effects in reducing nonspeCific interactions and self-aggregation 
generally observed in acpePNA and most other PNA systems. 

m EXPERIMENTAL SECTION 
General Methods. All chemicals were purchased from commercial 

sources and were used as received without further purification. Solvents 
were dried over CaH, or 4 A molecular sieves and then freshly disiilled 
under argon prior tL> use. lR speclra were acquired on a FT-IR 
spectrometer us ing either attenuated total refl ection (ATR) or 
transmission module. Optical rotations ([a)t» were measured at the 
specified tcmper>ture using sodium light (D line, 589.3 nm); 
concentrations (c) are reported as g/100 mL. 'H and IlC NMR 
spectra were recorded at 400 and 100 MHz, respectivdy. High­
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1.6, CH,CI,). IR (thin film): 2952.4, 2872.4,2098.7, 1716.7. 1606.7, 
1271.1, 1172.7, 1103.2, 750.2 cm-'. 'H NMR (400 MHz, CDCI,) : {j 

7.93 (d, 1= 8.0 Hz. 2H), 7.25 (d, 1 = 8.0 Hz, 2H), 4.38 (m, lH), 4.03­
4.12 (m, 3H), 3.95 (m, IH), 2.42 (s, 3H), 2.29 (m, IH), 2.08 (m, IH). 
DC NMR (100 MHz, CDCl,): {j 166.3, 144.0, 129.7, 129.2, 127.0,81.5, 
67.4, 64.4, 62.9, 32.2, 21.7. HRM5 (E51+): nrh calcd for 
CIJH,sN,O,Na [M + Na'l, 284.1006; found, 284.1003. 

{(25,35) -3 -(tert-Butoxycarbonylamino)tetrahydrofuran -2-yIJ­
methyl4-methylbenzoate (10). A solution of 9 (0.47 g. 1.8 mmol) in 
MeOH (5 mL) was treated with Boc,O (1.03 g, 4.72 mmol) and Pd/C 
(20% w/ w, 74.2 mg). The reaction flask was flushed with H, gas and a 
Hz balloon was attached through a rubber septum. The reaction was 
monitored by TLC analysis (hexanes:EtOAc 3:2; ninhydrin stain; Rt = 
0.46) until it reached completion. It was then filtered through Celite, 
concentrated to dryness, and the residue was washed with hexanes to 
afford 10 as a white solid (0.43 g, 1.28 mmol, 71%). Mp: 108-110 0c. 
[alo23 +280 (c 1.0, CH,CI,). IR (KEr): 3348.9, 2975.6, 2937.9,2868.5, 
1724.8,16820,1609.0,1528.6,1432.5,1369.5,1271.1, 1172.7, 1108.3, 
1077.2.1021.5, 1001.2,882.6,884.9, 753.1,607.6 em-'. 'H NMR (400 
MHz, CDCI3) : /j 7.93 (d, 1= 8.2 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 4.71 
(br s, IH), 4.49 (dd, J =3.5, 11.7 Hz, IH), 4.34 (dd, J =5.9, 11.8 Hz, 
IH), 4.16 (m, IH), 3.92-4.06 (m, 3H), 2.40 (s, 3H), 234 (m, IH), 
1.83 (dt, J = 5.7, 12.8 Hz, IH), 1.44 (s, 9H). BC NMR (100 MHz, 
CDCI,): /j 166.5. 155.5, 143.7, 129.8, 129.1, 127.2, 82.9,79.9,67.2, 
65 . I, 53.2, 33.3, 28.4, 21.6. HRMS (ESI+) : rn/z caled for 
C ,sH'SNO;Na [M + N'l, 358.1625; found, 358.1635. 

tert-Butyl (25,35)-2-(Hydroxymethy/}tetrahydrofuran-3-ylcarba ­
mate (11). A mixture of 10 (0.39 g, 1.16 mmol) and LiOH-HP 
(0.13 g, 3.1 mmol) was dissolved in 1:1 THF:HIO (4 mL) and stirred 
at room temperature overnight. The completion of the reaction W:lS 

confirmed by TLC analysis (EtOAc:hexanes 4: I; ninhydrin stain; Rt = 
0.33) , and then the organic solvent was removed by rotary evaporation, 
and the aqueous residue was ex1racted with CH,CI, (3 X 10 mL). The 
combined organic phases were dried over anhydrous Na,SO, and 
evaporated to give compound II as a white solid (0.23 g, 1.06 mmol, 
91%). Mp: 85-87 0c. [al o" _11 0 (c 1.0, CH,CI,). 'H NMR (400 
MHz, CDCI,): Ii 447 (s, IH), 3.85-400 (m, 3H), 3.65-3.69 (m, 3H), 
2.87 (s, IH), 2.29 (m, IH), 1.79 (m, IH), 1.44 (s, 9H). DC NMR (100 
MHz, CDCI,): /j 155.9, 85.1, 80.2, 66.7, 63.1, 52.9, 33.1, 28.3. IR 
(ATR): 3346.8, 2987.4, 2964.1, 2908.1, 2849.5,1676.0, 1522.0,1363.3, 
1300.3, 1239.6, 1160.3, 1097.3, 1073.9, 1015.6, 866.3, 621.2 cm-'. 
HRMS (ESI+) : m/z caled for CwH,.NO.Na [M + Na-], 240.1206; 
found,240.1207. 

(25,35)-3-(tert-Butoxycarbonylamino)rerrahydrofuran-2-carbox­
ylic acid (12). To a solution of 11 (0.27 g, 1.24 mmol) in 1:1 
acetonitrilc:H,O was added TEMPO (95 mg. 0.61 mmol) and 
bis(acetoxy)iodobenzene (BAJB) (1.13 g. 3.5 mmol). The reaction 
mixture was stirred overnight .t room temperature. The completion of 
the reaction was monitlJred by TLC analysis (EtOAc; ninhydrin stain; 
Rf = 0.17). The pH of the resulting solution was adjusted 8-9 by 
addition of solid NaHC03 and extracted with EtOAc. The collected 
aqueous phase was acidified to pH 2 with solid NaHSO., followed by 
extraction with ftOAc. The combined organic phases were evaporated 
to dlJ11ess to give 12 as a colorless oil (0.27 g, 1.2 mmol, 94%) . [a]LJ22 
+490 (c 1.5, DMSO). IR (thin film) : 3328.6,2972.7, 17 10.9, 1528.6, 
1363.7. 1279.7. 1161.1, 1100.3, 1016.4 cm-'. 'H NMR (400 MHz, 
DMSO-d. ): t5 12.60 (br s, I H), 7.27 (d, J = 6.9 Hz, IH), 4.10 (m, IH), 
4.04 (m, IH), 3.83-3.92 (m, 2H), 2.06 (m, IH), 1.76 (dt, J= 6.3, 12.0 
H1., IH), 1.38 (s, 9H). IlC NMR (100 MHz, DMSO-d6): {j 172.7. 
154.9, 81.0,77.9,67.1.54.9, 31.6,28.1. HRMS (ESI+) : mh caled for 
C,oH ,;NO ;N. [M + No]. 254.0999; found, 254.0992. 

(25,35)-3 -({(9H-F luoren- 9-y/)me thoxy1 ca rbonylamin 0) te t ra­
hydrofuran-2-carboxylic acid (13). Compound 12 (0.21 g, 0.91 
mmol) was dissolved in 1:1 TFA:CH, CI , (6 mL) and stirred at room 
temperature for 30 min. The solvent was removed by flushing with N ,. 
The crude amino acid was dissolved in H,O (4 mL), and the pH of the 
solution was adjusted to 8-9 by the addition of solid NaHC0 3. Next, 
FmocOSu (0.31 g, 0.92 mmol) dissolved in 0.5 mL of DMSO was 
added in small portions along with more NaHCO) to maintain the pH 
around 8-9. To this mixture, MeeN was added to make a 

homogeneous solution. After stirring overnight, the solution was 
diluted with water and extracted with diethyl ether. The aqueous phase 
was acidified to pH 2 with concentrated HCI to give a white suspension. 
After filtration, the precipitate was air·dried to afford compound 13 as a 
white solid (0.28 g, 0.79 mmol, 87%). Mp: 166-168 0c. [aloH +420 (c 
1.0, DMSO). IR (KEr): 3308.4, 3062.4, 2946.6, 2362.1 , 2341.8,1722.5, 
1690.7, 1540.2, 1447.6, 1259.6, 1099.4, 732.8 cm-'. 'H NMR (400 
MHz, DMSO·d6) : {j 12.75 (br s, IH), 7.89 (d, J = 7.4 Hz, 2H), 7.74 (d, 
J = 7.5 Hz, IH), 7.69 (m, 2H), 7.42 (t, J= 7.0 Hz, 2H), 7.34 (t, J = 7.0 
Hz, 2H), 4.33 Cd, ] = 6.4 Hz, 2H), 4.22 (t, J=6.9 Hz, IH), 4.1 7 (m, 
IH), 4.09 (m, IH), 3.90 (t, I = 6.8 Hz, 2H), 2.09 (m, IH), 1.79 (m, 
IH). IlC NI\<lR (100 MHz, DMSO.d6 ): {j 172.8, 155.5, 143.7, 140.6, 
127.5,127.0, 125.0,120.0,81.1,67.0,65.3,55.3,46.6,31.8. HRMS (ESI 
+): mlz caled for C2oH'9NO, Na [M + Na-), 376.1155; found, 
376.1180. 

Pentafluorophenyl (25,35)- 3 -([(9H·fluoren-9-yl)me thoxyJ­
carbonylaminoltetrahydrofuran-2-carboxylate (1). A suspension of 
compound 13 (0.22 g. 0.62 mmol) in CHICI, (2 ml) was treated with 
OlEA (600 flL, 3.45 mmol) and PfpOTfa (600 IlL, 3.39 mmol) in three 
portions. The completion of the reaction was monitored by TlC 
analysis (hexanes:EtOAc 1:1; Rt = 0.50). The reaction mixture was 
diluted with CH2Cl, (10 mL), washed with I M Hel and saturated 
aqueous NaHCO I and dried over anhydrous Na2S04. After removal of 
the solvent, the resulting pink oil was sonicated with hexanes to give a 
white suspension which was coUected by filtration to give I as a white 
solid (0.207 g, 0.40 mmol, 65%) . Mp : 123-125 =c. [alo!3 +570 (c 1.0, 
CH,Cl, ). IR (ATR): 3309.4, 1799.7, 1687.6, 1550.0, 1519.6, 1291.0, 
1234.9, 1066.9.1031.9,994.6, 761.2, 735.6,665.6. 'H NMR (400 MHz, 
CDCI I ) : /j 7.77 Cd, , = 7.4 Hz, 2H), 7.58 (d, , = 7.2 Hz, 2H), 7.41 (t, J= 
6.9 Hz, 2H), 7.31 (t. J= 7.1 Hz, 2H), 5.06 (d, J= 5.3, IH), 4.70 (m, 
IH), 4.62 (m, IH), -1.50 (m, 2H), 4.19 (m, 2H), -1.12 (m, IH), 236 (m, 
IH), 1.98 (m, IH). HC NMR (100 MHz, CDCI» : {j 167.3, ISS.5, 
143.7,141.4,127.8,127.0, 124.9,120.0, 81.7,68.3, 66.9, 56.2, 47.3, 31.9. 
'9F NMR (376 MHz, CDCI1): /j -161.8 (t,J= 20.2 Hz), -157.1 (t,J = 
19.9 Hz) , -152.4 (d, J = 18.0 Hz) . HRMS (ESI+) m/z caled for 
C'6H' 8F~N04K [M + K'], 542.0788; found, 542.0795. 

Synthesis of atfcPNA_ All .tfcPNA were manuaUy synthesized at 
1.5 Jlmol scale on. Tentagel S-RAM resin (0.24 mmol/g loading) from 
the four Fmoc-protected pyrrolidinyl PNA monomers (A"' , T, C"'. and 
G'bu) and pentafiuorophenyl.activated ATFC spacer I following the 
previously published protocol for .cpcPNA synthes i s. IO~,rl The 
nucleobase protecting groups (Bz, Ibu) were removed by treating the 
resin with I : I aqueous ammonia:dioune at 60 °c overnight. The crude 
PNA was obtained by TFA cleavage and purified by reverse·phase 
HPLC (C18 column, 0.1% TFA in water-methanol gradient ). 

Fluorescence Spectroscopy to Compare Nonspecific Inter­
actions and Self-Aggregation of acpcPNA and atfcPNA. (a) 
Nonspecific adsorption of fluorescein-modified acpcPNA and atfcPNA 
M10Flu were compared by fluorescence measurements. The PNA 
samples were prepared at 0.05 I'M in 10 mM sodium phosphate buffer 
pH 7.0 (1000 JlL) at 25 'c. The solution was transferred back and forth 
between the cuvette and a 1.5 mL polypropylene microcentrifuge tube. 
and the fluorescence spectra were recorded after each transfer until no 
further change was observed. The average fluorescence at 520 nm and 
standard deviation were calculated from the last three measurements 
after the signal was constant. The excitation wavelength waS 480 nm, 
slit widths 5 nm, and the PMT voltage was set to high. (b) Self· 
aggregation of fluorescein-modified acpcPNA and .tfcPNA M 10Flu 
were compared by fluorescence measurements . The fluorescence data 
was plotted against concentration in the range of I to 10 JIM or until a 
plateau was reached. The excitation wavelength was 480 nm, slit widths 
5 nm, and the PMT voltage was set to 500. 
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Introduction 

Strand displacement and duplex invasion into 
double-stranded DNA by pyrroUdinyl peptide 
nucLeic acidst 

Peggy R. Bohlander," Tirayut Vi!aivan*D and Hans-Achim Wagenknecht*a 

The so - called acpcPNA system bears a peptide backbone cons!sting of l ' substituted proline units witt"l 

lZ'R,4'R) conhguration in an alternating combination with (2S)-amlno-cyclopentane -11S)-cilrboxyllc acids. 

acpcP~"A forms exceptionally stable hybrids with complementary DNA. We demonstrate herein Iii strand 

displ,Kcments by ,ingle-stranded DNA from acpcPNA-DNA hybrids. and by acpcPNA slrands from D~JA 

duplexes, and ii;) strand invasions by acpcPi'JA into double-stranded Di'JA These orocess€S were studied 

in vitra using synthe tic oligonucleotides and by means of our concept or waveiength-shirting fluorescenl 

nucleic acid probes, including fluorescenu:' lifetime measurements that aUow quantifying energy transfer 

efficiencies. The Wand displacements of preanne,~led 14mer acpcP~~A 7mer DN.I\ hybrids consecutively 

b:x: lOmer and 14mer DNA strands occur with rather slow kinetics but y,eld nigh fluorescence color fati05 

(blue yellow or blue ' red), fluorescence Intensity enhancements, and energy transfer eiiic,encies. Fur 

thermore. Pmer acpcPNA strands are able to invade into 30mer double· ,tranded DNA remar~ably with 

quantitative efhclency' in all studied cases . These processes :: an also b,~ quantified by means of fluor­

escence. ;rh is remJrllable bell.1vlOr corroborates the E:xtraordinilry ver,.1l ile properties o f <lcpcPI"A. In (on 

lrast to conventional PNA systems whiCh require 3 or more eqUivalents PNA. only is equivalents 

<1cpc PNA are sufiiclent to get efficient double duplex invasion. InV5sicns also t<lke place eVf' n in the pres­

ence of 250 mM NaCl which represents an ionic strength n ~ arly twice as high as the physiolo9ical ion 

concentration, These remarkable results corroborate the e,>(trao rdinary propeli."s of acpcPi~A and :hus 

acpcPNA represents an eligible tool for biological analytic> and antlgene application,. 

derivatives in the peptide backbone failed in many cases since 
the nucleic acid hybridization properties are deteriorated 5 

,6 

Among several of those rNA ;]rchilectures reported to date, 
;)ncl especially among those with cycliC struCtures as pnrt lIr 
the backbone,~-9 the so-called acpcPNA system (Fig. 11 exhibits 
significant features. The peptide backbone consists uf .I'-sub­
stituted proline units with (2'R,4'R) configuration in an alter­
nating combination with l2S)-amino-cyclopentane-(lS)­
carboxylic acids, As a result of this structural design, acpcPNA 
forms stable hybrids with complementm:y DNA but signifi­
cantly less stable hybrids with compleml'ntal} RNA.'·;· u The 

Fig, 1 Monomeric unit of DNA (leftl. aegPNA (middle) and acpcPNA 
(right) in comparison. 

Peptide nucleic acid (PNA) represents a very important nucleic 
acid :malog and chemical-biological tool based on its impor­
tant features like affinity, sequence selectivity and stability 
against degradation by nucleases and proteases ,' Especially 
the uncharged pseudopeptide backbone makes rNA an attrac­
tive scaffold for diagnostic applications, PNA with N-(2-amino­
ethyl)glycine backbone (aegPNA) is able to form complexes 
with double-stranded DNA either by binding from outside 
forming triplexes, or by duplex, double-duplex or triplex 
invasion.l--l The attempt to increase affinil'j' and, more impor­
tantly, sequence selectivilY of PNA by incorporalion of ('vclic 

a1n.'iciCillt, oj Orgulli( Cht.'}//istry. Kr:risruhe In.sriluu vf Te(hnl1/ogy IKJ'ij, FrIll-l-iaher­

t..\'c>g 0, 76131 Karlsruhe, Cernuwy, E-mail. Wagcnklledu&pkil.erill; 

Fax: .~49-7:: 1-60R'.J4R25; Tel: f .:J9-721-GOB-47·1R6 
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recognition and binding to DNA shows high sequence selecti­

vity and docs not tolerate single base mismatches. The 

sequence selectivity can be visualized by fluorescent dyes such 
as pyrene,I •. IS thiazole orange l6 and nile red," that were syn­

thetically incorporated into acpcPNA. Most importantly, selr­

paired hybrids are not formed by acpcPNA. II This feature 

stands in contrast to many other PNA scaffolds that bind [0 

thE'mselvE's equally or even better than to naturally occurring 

nllcleic acids:' 

• 

Base andior PNA backbone modifications are traditionally 
required to destabilize PNA-PNA duplexes in order to allow 

efficiE'nt double duplex invasion of DNA. '6 . '9 Alternatively, PNA 

modifications like carcinogenic acridine moietiE's or nucleo­

base substitutions of cytosine (G-clamp) also promote invasion 

into mixed sequence B_DNA.20
-

23 To prevent extensive or bio­

logically harmful modifications, a chiral derivative of PNA 

called yPNA that exhibits even higher DNA affinity than 

•
c 

normal PNA with extended strand length was employed . 

However. 20 equivalents of yPNA and- incubating times of 

8 hours are necessal)' to accomplish quantitative invasion and 

eumplex formation with double-stranded DNA. e, Mort'over, 

limitations for applie-ations ill vivo still remain due to the high 

affinity of yPNA to both DNA :md RNA. In order to demonstrate 

the advantages of acpcPNA in this regard we report herein (i.l 

strand displacements by single-stranded DNA from acpcPNA­

DNA hybrids, and by acpcPNA strands from DNA duplexes, 

and (ii) strand invasions by aepcPNA strands int~ double­

stranded DNA with high efficiency. These processes have high 

biological significance; however, we studied them ill vitro with 

model PNA strands by means of fluorescence color changes as 

well as fluorescent intensity enhancements using our concept 

of wavelength-shifting nucleic acid probes ("DNA traffic 
lights ,, ).2> 

Results and discussion 
Strand displacements 

DNA strand displacements are biologically relevant and enzy­
matically driven processes inside living cells. 2

1;-29 Furthermore, 

these processes playa crucial role in DNA nanotechnologyJ,) 

Consecutive annC'aling and strand displacement steps rep­

re~ent the methodologica l basis to dynamically control the for­

malion of highly ordered and self-assembled DNA 
nanoarchitecturcs, such as DNA switches, DNA tweezers ,.' 1-' I 

DNA-based logic gates:; ' I.l~ DNA w:Jlkers1 " - 12 and others. In 

order to readout the strand displacement dynamics with 
acpePNA not only by conventional fluorescence intensity 
changes at :J single cmission wavelength, we followed our 
concept of wave length-shifting nucleic acid probes.~ '; Five 

years aglJ, we introduced this concept that is based on energy 
transfer betwecn thiazole orange and thiazole red as tluo­

rl'~ cent DNA base substitutions and appli ed it for molecular 
bcacons. ~ .; . 1 3 l."Jorcovcr, we showed that this conccpt works 

~also for pairs of t]uorescent dyes attached to the 2'-positions in 

9224 I C '(, J . y" ._, 

2-1- f- 0& 
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two different DNA strands and yields even better emission 
color contrasts as readmlt: '4 

tn order to apply such fluorescence color changes to directly 

report the dynamics of strand displacements ill I'/tro wc syn­

thesized the l'lmers PNAl and PNAZ that carry the blue emit­

ting dye 1 in the middle of the sequence (Fig. 2). These 

acpcPNA modifications were introduced by post-synthetic 

copper(I)-catalyzed cycloaddition between the precursor of dyE' 

1 bearing an azide group and the synthesized precursors of 

PNAl and PNA2 that carl)' an alkyne functionality. The only 
difference between the two PNA s trands is the pos,ition of dye 

1 as modification of the aminopyrrolidinecarboxylic acid 

spacer~ either on the carboxy or on the amino side of the 

cennal thymine unit in the sequence. All synthesized PNA 

strands bear five lysine residues at the C-terminu5 to cnh:mce 

solllbility. Five DNA counterparts of different lengths wcre syn­

thesized. The ~hortest one, 7mE' r DNAl, was not labellE'c!. The 

lOmers DNA2 and DNM were labelled by the yellow emitting 

dye 2 attached to the ~'-position of uridine next to the (,E'ntral 

adenosine unit (either on the ,, 'or 3' side). The longest 

PNA strands: 

PNAl C- ~YS5 - ACG-AAT-A~CA-TC ·N 

PNA2 C· Lyss . ACG'AAT-A~A-TC -N 

--=--­
-- ~ 

HN .... 

o~ "/"\. " N 

R 

DNA strands: 


DNA1 5'-TA-TAT-TG-3 ' 


5 '- C-TTA- ·TGT - 3 ' 

DNA2 UAT 

DNA4 TAU 

5'- TGC-TTA- -TGT-AG - 3' 

DNA3 UAT 
~ 

DNA5 

DNA6 3'- ACG-AAT·ATA-ACA·TC - 5 

U= 

dye 2~0 'f:X~~.\-:;;_,!,,<:) 
R' = ~., i " N 

dye 3 

Fig.2 Sequences of PNAl. PNA2, DNAI-DNA6 and structures of 

acpcPNA and of dyes 1-3 as PNA or DNA labels, respectively. 
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counrerpans, 14mers QNA3 and DNAS, were modified al 

corrcsponding positions by the red emitting dye 3 l for the 
syntheses of dyes !-3 and PNAlD NA labelling procedures see 
ESltJ. 4•.-l 5 

The dye I-labeled PNA! and PNAl were separately ;mnealed 

with the unmodified 7mer oligonucleotide counrerstrand 
DNA! to obtain the starting duplexes for strand displacemenr 
experiments. Both samples were consecutively titrated with 1.0 

eqllivalent of DNA2 or DNA4, followed by DNA3 or DNA5, 

respectively (Fig. 3). The first titrations with DNA2 or DNM 

10 -PNAl·DNA1 
+ DNAl 

-+DNAJ 
0.8 

\ /\ 
06 I' \ ::11"" -; oJ:r".V 
0.4 

,/"-' 

400 500 600 700 800 

i.inm 

0.2 

300 

/~! nm 

addition of DNA3 

odditionot 1I~ye
DNAl 'f -~62 

I -' --dye 3 

I
j 

( ! mln 

Fig. 3 Optical spect ra of the representative strand displacement experi­

ment with PNA2-DNAl (2.5 ~M in 10 mM Na-P, buHer. pH 7) by con­

secutive addition of DNA2 (10 equiv.J and DNA3 (1.0 equiv.): UVlVis 

absorption (top). fluorescence (middle. '·.o,c = 389 nm) and time-depen­
dent fluorescence intensity changes (dye 1: ;.,.r. =478 nm, dye 2: Lm = 
560 nm, dye 3: 606 nm) after addition of DNA2 (0-41 min. and '00'0 

DNA3 (41 -138 min). 

~. -' -1 - :J (j ( 3/ & ) 
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place the energy acceptor dye 2 into proximity to donor dye 1. 

If the excitation \v;we!ength is kept constant at 389 nm, the 
efficient (vide infra) energy transfer between these two dyes 
causes significant tluorescence color ehangcs from blue to 

yellow which were observed in all four cases (PNAI-DNAI and 
PNA2-DNAl, each with DNA2 or DNA-1). The second titrations 
with DNAJ or DNA5, respectively, remove dye 2 from the 

hybrids and place the ener&" acceptor dye 3 into close pro~d ­

mity to dye 1. As a result the fluorescence color changes from 

yellow to red; again at the same excitation wavelength 

(389 nm). 
From these titrations the following two observations have 

been made and further invesrigated. (i) The first s~rand dis­
placements of 7mer DNAI by IOmer DNA2 or DNA4 take place 

relatively fast (within 5 minutes). The second strand displace­
ments of lOmer DNAl or DNA4 as part of the intermediate 
acpcPNA hybrids by l..tmer DNA] or DNA5 occur significantly 

slower than the first displacement processes (approximately 
1 h). This can be explained by the increasing affinity of 
acpcPNA to longer DNA pieces during the strand displacc­

ments and the exceptionally high stability of acpcPNA-DNA 
hybrids in general. Melting temperatures of the starting, inter­
mediate and final <lC"pcPNA-DNA hybrids were determined 
(Table 1). The representative titration of hybrid PNA2-DNAI 
with DNA2 and DNA3 is shown in Fig. 3 and exhibits" Tm 

increase from 71.5 c'C over 77 .2 °C to >90 "c. As expected all 
PNA-DNA hybrids possess far higher Tm than comp;uable 
DNA-DNA duplexes (sef' £SI1). Both PNA slTands, PNAI atld 

PNA2, form especially stable hybrids with unmodified DNA 
counterstrands as shown by Tm of >90 "C (see ESlt) . where<Js 
singly and doubly modilied acpcPNA-DNA hybrids exhibit 
lower Tm values. The singl:-.- modified duplex DNA6- DNA3 exhi­
bits a Tm which is around 50 QC lower in comparison to the 
corresponding <lcpcPNA-l'lmer DNA hybrid (see ESlt) and 
hence, affirms strong binding between acpcPNA alld DNA e\;;en 

Table 1 Color contrasts, fluorescence intensity incr.ease factors. energy 

transfer efficiencies and melting temperatures Tm of PNA/DNA hybrids 

fluor("sccnct: lner:0"' 
Color intcnsitv transfer 'J~n 

Duplex contrast incre~ s~ factorU cfficienc,ft lOCI 

I'NA1-DNAI 7J .n 
PNAl-DNA2 1: 3.1" 16.6 1182 ' O.lJ 78.2 

PNAl-DNA3 1 : J ·11' 21.1 0. 0 9 , 0. 13 > 90 

PNA1-DNA4 1 : 381 1 S.O 0.79 + 0.12 > 90 

PNA1-DNA5 1 : 173~ 8.9 11.98 :! U.Jb "-' <)1) 

PNA2-DNAI 71.5 

PNA2-DNA2 1: ?Od 11l.8 0.78 ~ 0.11 ;7.2 

PNA2- DNA3 ] : ·17' 20.1 D.98 " O.OS ., 90 

PNA2-DNA4 1: .I'l! 'l.R 11.75 " 0.10 H2.7 

PNA2-DNA,) 1: 22:11 1'Ul il.9S ;: 0.07 > 90 
'·' 1 .,.DNA6-DNA3 .).;.....' 

• See ciefinition in text. "Calculated O'i lluuresl"cllct' lifetime> (sec £51). 
• i. - 260 nIn , 5-9:) ('C. interval: 0.5 0 ( ; min I, 2.5 11M duplex in 10 mM 
Na-iJ i 1 pH 7. () J l7!, IHllil5-6') nm' ' /''' 7 H. .pn/hub 1111\ ' J 1.,, -:,; nm....l :; ~ ., n 11" t l.ct-: 11\ 11 ' 

I f'.!)') om-

I 
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in the presence of an allacheci dye. In case of the majority of 
acpcPNA--IOmer DNA hybrids, e.g. PNAl-DNA2, the Tm values 

show that the fluorescent dyc labels are destabilizing and 
require carefully chosen placements in complemcnrary 
hybrids. l 

? Especially the dye attachment in the hybrid PNAl­

DNA4 causes less destabilizing effects and gives a Tm of 

>911 "c. lii) Large fluorescence color ratios blue: yellow/blue: 
red and fluorescence intensity enhancements were accom­

plished by an efficient energy transfer lvide infra) from donor 
dye 1 to both acceptor dyes 2 and 3, respectively (Table 1). The 

highest blue : red conrrast (1.",; nmll.oo nm) of 1: 223 is obtained 
during displacement of lOmer ONA4 by 14mer ONA5 yielding 
hybrid PNA2-DNA5. The enhancements of the yellow and red 

fluorescence Signals were quantified by the tluorescence intell­
sity increase factors lTable 1) that were determined for both 

acceptor dyes 2 or 3, respectively, at their corresponding emis­
sion maximum. The factors represent the ratius of the l1uo­
rescence intensities of the acceptor dyes after excitation at the 

absor-ption ma..ximum of donor dye 1 to the tluoresce nee inten­
sities of the acceptor dyes upon excitation at the same wave­
length but in the absence of the donor dye 1. The latt er 

fluorescence intensities were obtained with si ngle-stranded 
DNAl to DNA5. The largest fluorescence enhancement factor 

of 21.1 was obtained during the strand displacement of PNAl­
DNA2 by DNA3. 

In order to calculate energy transfer efficiencies, fluore­

scence lifetimes of dye 1 (AC'" ~ 389 nm, I. cm '" 478 nm) were 
determined for all modified PNA-DNA hybrids (see ESlt). In 

the absence of energy acceptor, dye 1 in hybrid s of PNAl and 
PNA2 with full length DNA counrerstrands (see ESJt) E'xhibits 
lifE'limes of approximately 1.6 ns and 1.5 ns, respectively. Due 
to the presence of acceptor dyes 2, or 3, respectively, these life­
times are significantly shortened to the sub-ns range in all 
doubly labeled acpcPNA-DNA hybrids yielding excellent 
energy transfer efliciencies between 75% and 99%. 

The following strand displacement exprriment representa­
tively shows the ability of acpcPNA to displace one DNA strand 
out of the 14mer duplex DNA6-DNA3 . The recorded fluo­
rescence of dye 3 shows a significant intensity increase due to 

the fact that the unmodified DNA6 is replaced by PNAI 
bearing the energy donor which is dye 1 (Fig. -1). This clearly 
demonstrates that strand displacement of DNA6 by PNAl 
occurs efficiently within several minute.. du(' to rhe largr 
increase in stability from 32.7 °C (DNA6-DNA3) to >9U cc 
(I'NAI-DNA3). This kind of strand displacement is an impor­
tant prerequisite for the ill vitro strand invasion experiments 
described in the second part be low. 

Strand invasions 

Antigcm: targeting of double ~tranded lds) DNA by PNA is an 
important goal for biological applications inside living cclls . It 
was shown 'n. lI that the conformationally re.~tricted aepcPNA is 

nor able to form triplex structures like conventional PNA that 
binds to dsDNA in several different binding modes, including 

-DNA6-DNA310 
- fPNA1 {t\

I \ 
I \ 
I \. 

~ o 
400 500 600 700 

f./nm 

Fig. 4 Fluorescence intensity change during the strand displacement 
of ONA6-DNA3 (2.5 pM in 10 mM Na-P, buffer. pH 7) by PNAl (1.0 

equivJ. ,i.,c = 389 nm. for UVNis absorption spectra and time-depen­
dent fluorescence intensity changes see ESl.t 

triplex form ation, triplex invasion., duplex invasion and double 
duplex invasion. 1. .'~ In order to confirm that acpcPNA is able 

to undergo double duplex invasion and tn follow this process 
by fluorescence spectroscopy, dsDNA7 to dsONAIO were syn­
thesi zed (Fig. s). They were labeled by the blue emitting dye 1 

or thc red emitting dye 3, rcspectivcl.y, at the ecntral A 

(dsDNA7, dSDNA9) or at the U on the 3'-s ide ldsDNAS, 
dsDNAIO). PNA3 ro PNAS contain 14mer sequences that are 
complementary to the central part of the sequences 01 dsDNA7 
to dsDNAlO, and again 5 lysine residues to get enough ~olubi­
lity. Bascd on studies in other PNA systems-';"" it can b(' 
assumed that the lysine residues facilitate the strand invasion 
process by stabilizing the PNA-DNA clup\('x and destabilizing 
the PNA-PNA self duplex, although whl·ther their pres('I1ce is 
essential for the invasion is difficult to confirm due to the poor 
solubility of dye-labeled PNA without lysine. The stability of 
these double strands is only slightly diminished, if at all, by 
the attached dyes: the Tm difference is only between -1.7 " C 

and "'0.] oc:, if compared to a 30mer, completely unmodified 
DNA double strand (DNAl6-DNA15, 'I'm =70.·1 c· t :, see Table S5 

in ESlt). PNA3 wns modified ",·ith the yellow emitting dye 2 

that ~erves as energy acceptor for dye 1 in dsONA7 and 
d sDNAS, whereas PNA4 is modified with the green emitting 
dye 4 that represents the energy donor for dye :1 in dsDNA9 
and cisDNAIO (for 5ynthesis of dye 4, see ESlt) . With respect to 
the biological context. PNA3 and PNA4 are complementary to 
the TIAMl sequence that is regulated by miRNA-21 and 
miRNA-.11 in colon carcinoma cells. ,..; The unmodified PNA5 

scrves as the fOllrth stmnd that was originally thought to he 
ess('ntial for the double duplex in\'a~i()ns. PNA6 bears a non­
sense sequence for l'ontrol experiments. lnvasions were 
detected by bltlc : yellow or grcen : red fluore sccnce color con­
trasts r('.g. 147; l1",i f ,."" nm) and by fluore scence intens ity 
increase factors (Table 2) that were determined sim ilarly as 
described above, for both acceptor dyc~ 2 or .3, respectively, at 
their corresponding emission maximtlm. The betms represent 
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Double duplex invasion: 

30mer dsDNA 

14mer PNA (modified) r;. S I J I ) f r I(i"jot j j I I ~N 

14mer PNA (unmodified) tv.. ~ )_:._ ........._Li.. ..;~ L .• .' .~-0 -c 


invasion complex 

PNA strands: 
PNA 

PNA3 

PNA4 

e-

e-

Lys, - M-TAT-AT A-AAG-AAA -N 

' '--­ -;:;:'
Lyss - AA-TAT-ATiA-MG-AAA -N 

o--,,{ liN'-PNA 

:ri 
'N/ 

PNA5 N­ TT-ATA-TAT-TTC-TTT - Lys. -c '~?"N~RJ 
PNA6 C- Lys, - CT-ACA-AT'lif!:.A-GCA -N N:'"N" 

R'=dye2 
'1- ..> R3 = dye 4p R3=dyel 

dsDNA strands: 

dsDNA 3'- GGC-TCC-TT-AA-TAT-ATA-MG-AAA-TT-CCT-CGG - 5' 

5'- CCG-AGG-M-TT-ATA- -TTC-TTT-M-GGA-GCC - 3' 

dsDNA7 TbR' =dye 1 

dsDNA9 • Tt~R' = dye 3 

dsDNA8 TAb R<=dye 1 

dsDNA10 TAli ' R'=dye3 
,~ 

o 

~N~ {r 
U = o"L-_o_J" o,r 
~ 'iN. 
C! 0 A..N 
DNA........... N 


Fig. 5 Schematic drawing of double duplex invasion, sequences ot 

PNA3-PNA6, structure of dye 4 and sequences of dsDNA7-dsDNA10 
(from top to bottom). 

the rCltios of the fluorescence intensities of the acceptor dyes 

after excitation at the absorption maxima of donor dycs 1 or 4, 

respectively, to the fluorescence intensities of the acceptor 

dyes upon excitation at the same wa\'elength but in the 

absence of the donor dyes 1 or C!. The latter fluorescence inten­

sities were ubtained \\lith the non-invaded dsDNA7 to 
dsDNAI0, 

Energy transfer efficiencies (Table 2) of all in\'<lsion corn­

plexes were cJ\culated from the corresponding fluorescence 
lifetimes of donor dyes 1 (/' o. ,e = 370 nm, ;cm = <175 nm) and 4 

(J""" .~ 43') nm, "em . S28 nm), All strand invasion experiments 
were performed in prc~ence and <lbsencc of 2')0 mM Nan 

since we assumed th,lt duplex inva"ions by acpcPNA might be 
sJlt-dependent proce,ses. At first, we studied kinetics of 

strand invasion into dsDNA7 and dsDNAS by 1.0 equiv. of ­
PNA'} together with 1.0 equi\'. of PNA::;, Constant fluorescence 

intensities arc re8ched within 6() minutes with NaCI and 

2-1 - 1- 08 ( 5/~ )
!. 
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Table 2 Color contrasts, fluorescence intensity iJ1-crease factors and 

energy transfer efficiencies at acpcPNA strand invasion into dsDNA 

Fluo-resrencc Energy 
Invasion Color intensit\' tmnsfer 
complex NaCI" c(Jnlrast increas~ factorh efficiency' 

ctsDNA7- I : 2.1 d 18.1 O.67:!: D,09 
PNA3-PNAS J : I.St." 19.5 0.71 j; 0,]2 

dsDNAS­ I: lAf !<l,r, 0,66.L 0.15 
PNA3-PNA5 I : ~.B-' 2tl,R 0.76' 0.12 
dsDNA9- I : .13.0" 16.6 l),97 t. 0.0·') 
PNM-PNA,5 1,87,(1 23.2 O.99 :!: 0.01 
ctsDNA9- "1 ; 23.7h 1<1 A 1l,91:!: (),I13 

PNM 1: 23.0' 17.'1 0.9-1 :,:0,1.) 

dsDNA9- 1: 2.:/ l.il 
PNA,6 
ctsf)NA1~ + I: 28.6' 10.0 0.93 :!c. 0,06 
PNM-PNA.' I : 61.1' )3,J 0.9, ! (l.02 

"250 mM, b 1,ampic-lJd,[,C-: ..,. ldefinition see text). .. Calculated by 
fluorescence lifetimes (see ESt). d 1.1; , "",ilsss"m' I,,; omil""C 

! I '/ 1. I '1 h / 'I ' 1,2. nmi 5S.1 11111', 1:-.') 11m! 5 :' -1 IY"' SI S Ilm' 6u I 15>"~ IItn""'6lJlJ 

) /'177 nm//(,t;. r.m- .r.:.. t-:'Zg :;m/lGl) nm- hz.1".; nrn!16tJt; nm' 

90 minutes without NaCl (sec ESJt). Although NaCI-free con­

ditions show compMable kinetics, they yield stronger increasE' 

of t'mission intensities and considerably higher color contrasts 
blue :yelJow_ Obviously the dye interactions with DNA in the 

hybrids with DNA are salt dependent and alter thl? Iluo­

rescence intensities, Further titrations revcaled that the fluo­

rescence color change is maximized upon addition of 3.0 

equiv. of acpePNA (see ESIt). Hence, full double-duplex inv~l­

sions into d~DNA7 and dsDNA8, respectively, were carried Ollt 

by addition of 3,0 cqui\', of PNAJ together with PNA5, In 

absence of acceptor dyes, the blue emitting dye 1 exhibit life­
times of approximately 2.4-2.6 ns in dsDNA7 and dsDNA8, 

The lifetimes are shortened down to 0,6-0,<) ns in the im3sion 

eomplexes wit h PNAJ and PNA5, which yields energy rransfer 
efficiencies in the range from 66% to 760ft, (st'e [SIt)_ More­

over, strand invasion efficiencies could be determined based 

on these energy transfer efficiencies, As fluorescence reference 
for complete invasion, reference hybrids of PNA3 with full­

length complementary DNA strands bearing dye 1 at the 
central A were annealed, The energy transfer efficiencies of 

these hybrids were measured :md represent lOO% [('ference 

values, Remarbbly, invasion efficiencies of approximately 

99% could be accomplished in all cases (sec ESIt). Best results 

with this d)c combin,llion were accomplished e.g. with 

dsDNA7 in absence of NaCi (Fig_ 6)_ The in\'a~ion by PNAJ 

together with PNAS exhibits an intensity increase of the yellow 
emission by d factor of J 9.6, a color contrast blue: yellow 

(J '7' "",il"" nm) of 1 : 7,5 and In energy transfer efficiency of 

74.%, 
Similarly, doub\e--cluplex invasion kinetic,> of dsDNA9 and 

dsDNAI0 <lfter adding 1.0 eguivalent PNA4 together with PNA,) 
were recorded, It is important to notC' that titrations revealed 

that LS equi\', PNA4 and PNAS were sufficient for this type of 
strand invasions to obtain maximal tluorescel1ce change (see 

ESIt). Hence, quantification of energy tran"fer efficiencies, 

I 
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-dsDNA7 
- • PNAJ I PNAS 

16 

\fe,f" NaCI 
• PNAJ I PNAS 

1.2 wilhoul NaCi 

.~ 
c 

,~ 

O.S 

0.4 

500 600 700 
i./nm 

dsDNA9 
10 - • PNA41 PNA5 

With NaCI 
- • PNA4 I PNAS 

without NaCI 
-- + PNA4 

500 600 700 BOO 
i..fnm 

Fig. 6 Representative fluorescence spectra before and after double 

duplex invasion: dsDNA7 (2.5 ~M in 10 mM Na-P; buffer. pH 7) invaded 

by 3.0 equiv. PNA3 together with PNA5. in absence and presence of 

NaCI (250 mM). i.e.< = 391 nm (top); dsDNA9 (2.5 ~M in 10 mM Na-P, 

• buffer. pH 7) invaded by 1.5 equiv. PNA4 together with PN ....S in absence 

and presence of NaCi (2S0 mM). by 1.5 equiv. PNA4 without PNAS, and 

by 1.5 equiv. non-sense PNA6, i..,e =391 nm (bottom). 

fluorcsC'cncc intensity incrcase factors and color contrasts 
green: red were carried out under these conditions, in abscnce 

- and presence of NaCi, respectively (Table 2). 
Rcmarbbly, energy transfer from donor dye 4 to acceptor 

dye.) occurs with CJ7-99°/i) effici~ncy which yields very large 
increase factors and color contrasts. Here again, invasion 
efficiencies of 99% were achieved in 011 cases (sec ESI+). 
Especially th(' modification at the ccntral adenosine by dye :3 

(dsDNA9) and invasion in the abscncc of NaCI turned out to 
be the optimal condition for double duplex invasion (Fig. 61. 
Aftcr addition of 1.5 cquiv. of PNA3 together with PNA5 an 

incrca~c factor of 23 .3 <lnd a color contrast grccn : red (152" nm ;' 

10,1/) rom) of 1 : 87 could be accomplished. Thc observed vari­

ation of intensity enhancements and color contrasts could be 
assigned to the different anchor point at' the post-synthetic 
DNA labeling by dye 3. Reference measurements with corres­
pcmding DNA duple:-:es bearing thl' dye .1 modification at <In 
adenosine [dSDNA9) VS. uridine (dsDN,\10) clearly show 
approximately ~Il% stronger fluorescence intensit.ies (see 
ESlj'). Importantly, the possibility of strand invasion of 
dsDNA9 by using only one PNA strand (PNA.l) yield~ aD-loop 

and could be evidenccd by energy transfer efficiency of 'H% 

and invasion efficiency of 96% (see ESlt) which is only slightly 
lower compared to 99'}'o invasion efficiencies obtained for 
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double duplex invasions. Hence, the latter result demonstrates 
that single stranded acpcPNA m<ly be sufficient to open double 
stranded DNA without requiring the other acpcPNA strand. 

The duplex of the I-1mcr PNA with DNA containing a s ingle 

mismatch base was still quite stable under the experimental 
conditions, therefore the invasion also proceeded with dsDNA 

target containing a mismatch at the invasion site (dara not 
shown). In order to rule out that unspecific PNA aggregation to 

dsDNA occurs instead of the expected invasion, a random 
sequence and non-sense PNA6 \\laS synthesized and modified 
with thc blue donor dye 1 (Fig. 5). A rather small fluorescence 
enhancement after addition of 1.5 equiv. non-sense PNA6 to 

dsDNA9 was observed (Fig. 6: Table 2). As proven in strand dis­
placement experiments above, an efficient energy transfer is 
only possible between dye 1 and dye 3 if they get in close proxi­
mity to each other. Thus, the \-ery small intensity increase 

factor of 1.8 in case of PNA6 clearly excludes non-specific 

PNA-DNA aggregation. 
In order to support the duplex invasions by PNA3 and 

PNAt, melting temperatures of dsDNAs: acpcPNA-llNA­

hybrids. their DNA-DNA-analogs and of complexes invadcd 
by 1.0 equi\'. acpePNA were determined : in the absence or 

presence of NaCI, respectively (see ESIt). Fig. 7 representatively 
displays the normalized absorption changes during 'fm deter­
mination of the complex dsDNA8 invaded by only 1.0 ('qui\'. 

PNAJ together with PNA5 without NaC!. It should be noted 
here that strand invasion with 1.0 equiv. of PNA3 is not com­
plete. Accordingly, discrete melting temperature regions I'or 
each part of the invading complex are explicitly visible: ti) 

Comparison 8mer dsDNA13 (overhang on both ends of 
dSDNAS) that invasion tak~s place without disso('[<ltion of the 
remaining dllplex regions on both sides of invasinn, and with 
a locally displaced complcmentary strand. (ii) The melting 
transition of dsl)NA8 which correspond:; to the non-invaded 

dsDNAB dsDNAB 
Inot invaded duple.) 

+ PNA3/PNAS 
Tm = 50.4 :C" • . , . • ' 

(invaded, .­
I ;' (omplex) 
L 	

I1.1 
dsDNA9U dsDNA13<D 

.~ 
em 
g § 
0.0 
~.2 c: 

E- 1.0 
ro e 


o 

to 

£:!.. 


0.9 . , .. ' 

DNAI8-PNA3 

(invaded hybrid) 

Tm > 90"( 

o 	 20 40 60 80 100 
T j'e 

Fig. 7 Representative. normalized melting temperature determination 

of dsDNAS invaded by 1.0 equiv. PNA3 .j1nd PNA5 (blue line). and 
dsDNA9 invaded by PNA4 only (gray line). and those of references 
dsDNAB (green dotted), 8mer dsDNA13 (black dotted) and DNA1S­

PNA3-hybrid (light btue dotted), in absence of NaCI. 
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duplex vanishes with more equivalents of PNA3,'PNA5. (iii) The 

Tm of the DNA18-PNAJ hybrid is >90 "C re present.. the TO) and 

thc exceptionally stability of the invaded duplex (for sequences 

of dsDNA13 and DNA18 see ESlt). 

Experimental 

All experimental details, synthrsrs and s pectroscopic data are 

drscrihed in the ESI.t 

Conclusions 

In conclusion to the first part of cxperiments, it became clear 

that dis placements of DNA strands from acpcPNA-DNA 

hybrids can be followed by fluore scence color changes using 

our concept of wavelength probes ("DNA tr..lrtic lighlS") and dre 

possible with longer oligonucleotides than the preannea lecl 
ones. Thc kinet ics of these strand dis placements are rather 

slow due to the high stability of the acpcPNA-DNA hybrids. 

Moreover, acpcPNA is able to displace a DNA strand from 

double stranded DNA of the same length. There is important 

significance of these in virra experiments for cell biologica l 

applications. The intracellular transport could potentially be 
f,\cilit:lted by annealing acpcPNA to a short DNA countrr ­

strand. In combination with attached positively cbarged lys ine 

rrsidues o"n the termini of acpcPNA strands, such acpcPNN 

DNA hyhrids may potentially be easier delivered into thr cells. 

In the seco nd part, we demonstrated that acpcPNA is able 

not only to displace one of thr strands in double-stranded 

DNA of the S3me length. but also to invade into long doubJe­

s tranded A-T rich DNA, remarkablv with CJuantitative 

efficiency. Again , these processes can be followed by means of 
fluoresce nce color changes. Compared ·to convrntional PNA 

systrms which require J or morr equiv. PNA, only 1.5 rquil' . 

a('pcPNA 3re sufficient to get efficient invasion . Although 

initial DNA duplex invasion experiment" wefe prrformed with 

t\Vll non-self-pairing acpcPNA strands, single stranded 

arpcPNA was 31so able to invade intu DNA dupl rx withOl\t 

rCCJuiring the other PNA strand, at least in the A-T rich 

seq urnce context being studird. Beyond that, our findings 

clearly confirm that the invas ion takes place even at high ionic 

strength. a condition that is known to decrease the PNA dllpJrX 

in vasio n efficiency. Therrfore, acpcPNA exhibits sophisticated 

properties which are highly drsirable in the field of biological 

analytic~ 3nd antigene applic,\tions. 
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ARTICLE N F 0 	 ABSTRACT 

Arride h,storv: Electrochemical cleleClion provides a simple. rapid, senSItIve and inexpensive method for DNA deLeclIon. 
Received 15 Jlme' 2015 In traditional electrochemical DNA biosensors, the probe is immobilized onto the electrode. Ilybr,dizJ­
ReceIVed 10 reVIsed form lion with Ihe DNII target causes a change in electrochemical signal. eilher from the intrin ';ic signal of the 
2i Augusl 2015 probe/target or through a label or a redox indicator. The major ctr,lwback of this apprnach is IhE' re­
!\cceptcd ~6 August 2015 

quirement for probe immobilization in a controlled fashion, In rhis research, we take the advJntJgI of .,<\vJllablc onl i.!1~..3.~.Au~~q.!~.. ____._ 
different electrostatic properties between PNA and DNA to develop an immobilization-free ,1pproach for 

KeYWOrds: highly sequence-specific electrochemical DNA sensing on a screen-printed carbon electrode (SPCE) using 
Redox active lanel a square-wave volLammetric :5WVj technique. Anthraquinone-labeled pyrrolidinyl peptide nucleic acid 
Peptide nucleIC acid (AQ-PNA) was employed as a probe together with an SPCE that was modified with a positively-ch:\fged
Elenroenemie,11 deleel ion 

polymer (poly quaternized-(dimethylamino-ethyl)methacrylate, PQDMAEMA). The electrostatic ,]{frac­DNA bio ~en~OI 
tion between the negatively-charged rNA-DNA duplex and the positively-charged modified SPCE at­
tributes to the higher signal of rNA-DNIl duplex than that of the electrostatically neutral PNtl probe, 
resulting in a signal change, The calibration curve of this proposed method exhibited a linear range 
between 0.35 and SO nM of DNA tMget with a limit of detection of 0.13 nM (3SDb1c",,/Slope). The SJ.lb­
nanomolar detection limit together with a small sample voltlme required (20 ~L) allowed detection of 
<: JO fmol ( <: 1 ng) of DNA. With the high specificity of the pyrrolidinyl PNA probe used, excellent dis­
crimination between complementary and various single-mismatched DNA targets was ohtarned. An 
application of this new platform for a sensitive and specific detection of isothermally-amplified shrimp's 
white spot syndrome virus (WS.sV) DNA was successfully demonstrated, 

,p 2015 Elsevier B,V. All rights reserved. 

Screen-printed carbon elec(fode 

1. 	 Introduction elecrrochemical DNA biosenSOl'S offer several advantages including 
the operationJI simplicity. high sensitivity, miniaturization ~nd 

The ability to precisely imd sensitively idf'ntify specific DNA low cost of instrument ib,! L In general. a probe that can specifi ­

seCluence has found widespread applications in many areas e,g, cally recognize the nucleic acid target is first immobilized onto the 
electrode. Binding to the target results in a measurable signal 
ch,1nge either directly or through a redox-active indicator or labels 

medical diagnostics, agricultural and food sciences! I j, and en­

vironmental monitoring j: t, In addition to the direct sequencing 
i8 -14J. The most frequently employed immobilization methodst hat require expensive instrument and gel-based approJches that 
include gold-thiol interaction ! '15 -1 71 and amide bond formation

,He labor intensive and time-consuming, vJrious DNA sensing 
[1/) ,l9 !. The immobilization step is time-consuming, requires large

platforms that are more suitable for point-o!-cJre diagnostics have 

been developed over the past decades : i - :; 1. Among these, 
excess of the probe, and needs careful optimization. Atrempts 
were made to avoid this by lIsing biotin-streptavidin 12eu I j, host­
guest interJction i~ 2]. or by electrostatic adsorption r1.3 j, Alter­

• Corresponding alllhor, r,1X: ." 6622187598. natively, an intercalating redox indicaror 12 '1; or a redox-actiw 
J:-mnil address: \::;! ...i>~I1~;~( !i':. ;l.l J( t \; fT. Vilaivanj. probe !25 - 27 j had been lIsed in combination with peR or othE'r 

(J039..91401.... 2015 Elsevier BY ;111 rights reseIVc d, 

I 
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Fig. 1. The principle or immobilization-Iree electrochemical DNA biosensor employing AQ-P:-iA probe I structure of AQ-PNA shown in the Insetl , 

enzym.rtic reactions for immobilization- free DNA detection. 
Although DNA had been the most frequently employed probe, 

several new DNA analogs slich as locked nucleic acid (LNA), mor­
pholino and peptide nucleic acid (rNA) are becoming more pop­
ular alternatives beca use they can offer additional advantages in­
cluding higher sensitivity, specificity ,~nd stability [2Sj. We re­
cenrly reported a new conrormationally constrained pyrrolidinyl 
peptide nucleic acid that showed exce llent DNA hybridization 
properties 129-,: J i and demonstrated its applications as a probe 
for DNA sensing : ::J:2 JJj , including electrochemical detection ;4­
]61· 

The rlectrostatica lly neutral backbone of PNA allows designing 
of novel immobilization/detection concepts 157.38 j. Luo et al. had 
recently developed an immobilization- free DNA sensing platform 
employing ferrocene-labeled PNA probes and indium-tin oxide 
(ITO) electrodes i3()- '1 1;. They observed that the signal detection 
on be switched from on-off to off-on mode by modifying the 
surface charge of ti le electrode [i~lj . Here we propose an im­
mobilization-free elecrrochemical DNA sensing platform employ­
ing PNA and a polymer- modified screen-primed carbon electrode 
(SPCE), which can be easily and inexpensively prepared in one 
step. The electrostatic properties of the elenrode can be readily 
controlled by adding the polymer modifier into the carbon ink 
without the need to form a monolayer or coating as usually the 
cases with other electrodes, A practical application was demon­
strated in a highly specific detection of WSSV-a shrimp viral pa­
thogen that causes large economic losses to shrimp aquaculture 
I~2 ~. 

2. Material and methods 

2, 1. Ceneral materials and methods 

Graphite powder ( mesh s ize <: 100) was purchased from Sig­
ma-Aldrich. Carbon ink and silver/silver chloride were purchased 
from Acheso n (Californi,l, USA ). Other reagems and solvents were 
obta ined from commercial suppliers and used without runher 
purification, Poly quaternized-(dimethylamino )ethyl methacrylate 
:PQDMAEMA, Mil = 1,l.S " 104 Da) was sy nthesized and supplied 
by Dr, Voravee Hoven and Miss Porn pen Sae- ung (C hulalongkorn 
University), NMR spectra w ere recorded on a Bruke r Avance 400 
instrument operating dt 400 MHz for 1Hand 100 MHz for 13c. 

Chemical shifts were referenced to the residual protonJted solvent 
peaks, MALDI -TOF MS spectra were measured on a Microflex 

MALDI : roF mass spectrometer (Bruker Daltonik GmbH, Bremen. 
Germany) in linear po sitive mode using a-cyano-4-hydro­
xycinnamic acid (CCAl mJtrix. Synthetic oligodeoxynucleotides 
were pu rc hilsed from Pacific Science (Bangkok, Thailand ) and were 
used JS received, The sequences of PNA and DNA oligonucleotides 
usecl in this study, which correspond to a partial sequence of 
WSSV, are as follows : 

AQ-Iabeled WSSV PNA probe (AQ-PNA): 2AQ-CfMATTCAGA­
LysNH2 

Target DNA (Dcomp): S' -TCTGAAlTTAG-3' 
Single base mismatched DNA (DsmC): S' -TCfGACTITAG -3 
Long single stranded complementary DNA (ssDcomp19 ): 
S '-CfAAGTCfGAAlTTAGGGG-3' 
Long single stranded mis lTIiltched DNA (ssDsmC 19): 
S '-CTAAGTCfGACTITAGGGG-3 ' 
Long double strJnded complementary DNA (dsDcomp 19) : 
S'-CfAAGTCfGAATITAGGGG-3' 
3 -GATTCAGACTTAAATCCCC-S' 
Long double s tranded mismatched DNA (dsDsmC19 ): 
S-CTAAGTCfGACTITAGGGG-3' 
3 '-GAlTCAGACfGAAATCCCC-S , 
Other oligonucleotides used in the specificity test include 

(mismatch positions underlin ed ): 
DsmC6: S'-TCfGAClTfAG-3' DsmA4: S-TCfAAATTTAG-3' 
DsmG6: S-TCfGAGlTTAG-3 ' DsmT4: S' -TCTTAATTTAG-3 ' 
DsmT6: S-TCTGATIll-AG-3 DsmA7: S-TCfGAAAlTAG-3 
DsmCS : S' -TCfGCAfTTAG-3 ' DsmC7: S' -TCfGAACITAC-3' 
DsmGS : S-TCfCGATfTAC-3 DsmG7: S'-TCTCAJ\GlTAC -3 
DsmT5 : S -TCTGTATlTAG-3 DsmAlI : S'-TCTGAA1TfM-3' 

2.2, Ceneral procedure for S\lntlJesis and labeling of rhe I'NA probe 

The W SSV PNA probe (AQ-PNA) used in this study is a pyrro­
Jidinyl PNA with prolyl-2-aminocyclopenranecarboxyli c acid 
backbone (acpcPNA) with a sequence of 2AQ-CTAAATTCAGA­
Lys NH1 (i"'", 1), The unlabeled PNA probe was synthesized by Fmo( 
solid-phase peptide synthesis on a TentaGel resin with a Rink 
amide linker following a previously describE'd protocol i30 i. The 
Fmoc group at the N-terminus of the PNA on the solid support was 
nex t removed by treatment with 2% 1,8-diazabicycloundec-7 -e ne 
(DBU ) and 20% piperidine in dimerhylformamide (DMF) (100 ~IL) 
for 5 min , The free PNA (D,S pmol) was next reacted with 4-(an­
thraquinone-2-oxy )butyric acid (pre-activated as a penta­
fiuorophl"nyl ester, 7.5 pmol ) ancl dii sopropylethylamine (DIEA) 
(20 pL) in DMF ( 100 pL), After completion of the reaction 
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(monitored by MALD1-TOF M5). the AQ-PNA was heated with 1: 1 
(v/v) aqueous ammoni<l:dioxane in a sealed tube at 60 °C over­
night to remove the nucleobase protecting groups. Following a 
cleavage from the solid support with triOuoroacetic acid (TFAJ. the 
crude AQ-PNA was purified by reverse phase HPLC (C18 column. 
0.1% v/v TFA in Hl. O-IVJeOH gradient). 

2.3. Preparation of the? l'QDMAEMA-modijied screen-printed carbon 
electrode (l'QDMAEMA-Sl'C£) 

The 5PCE used in this study consisted of a three-electrode 
system prepared <IS described previously [3h.43 ] (Fig-. S I. 51). The 
only difference is that the carbon ink mixture was prepared by 
mixing PQDMAEMA solution (1% w/v). graphite powder and car­
bon ink together at a ratio of 0.35:0.2:1 (0.26?~ w/v PQDMAEMA in 
the ink mixture) followed by the binder solution (1 mL/g carbon 
Ink) and sonicated to give a homogenous mixtllfe. 

2.4. DNA extraction and amp/ijication by Loop-Mediaced /sochermal 
Amplijicorion (LAMl') 

DNA of total genomic and associated WSSV viral DNA was ex­
tracted via a commercialized Genomic DNA Extraction Mini Kit 
(RBC, USA) using 50 mg broodstock specimen. The extracted DNA 
specimen was amplified by lAMP H -l] with a set of primers con­
sisting ofWSSV F3. WSSV B3. WSSV FIP. <lnd WSSV BIP «(,1\)le Sl). 
The reaction mixture consisted of 40 mM Tris pH 8.8. 20 mM KCI. 
10 mM MgSO.j. 0 .2':,; Tween 20. 1.6 M betaine . 2.8 mM dNTP. and 
8 U Bst DNA polymerase. Alter the incubation ,1t 63 'C for 30 min. 
the LAMP products were examined by electrophoresis on 3% 
agarose gel and visualized under a UV transilluminator after 
staining with ethidium bromide. 

For the specificity test. four strains of shrimp virus including 
WSSV. Infectious Hypodermal and Hematopoietic Necrosis Virus 
(IHHNV). Yellow Head Virus (YHV). and Taura Syndrome Virus 
(TSV) were included in the specificity test (Fig. 51. 51). The WSSV 
and IHHNV DNA samples were extracted ,:md <lmplified by LAMP 
as described ahove. For RNA viruses (YHV and TSV). total RNA was 
extracted based on the Nucleospin RNA kit (RBC. USA) as re­
commend in the manufacturer's protocol. The YHV and TSV RNA 
were amplified by RT-LAMP 1441. The first two viral-infected 
specimens were kindly provided by Chachoengsao Coastal Fish­
eries Research and Development Center. Chachoengsao. Thailand . 
and the lalter two specimens were from a private hatchery in 
Phang Nga. Thailand. 

The sensitivity of the assay was determined using equivalent 
copy numbers of control pl<lsmid nucleic acid at 10-fold dilutions 
:·~:;i . These samples having copy number covering from 10" to 10 
copies were then <l!TIplified by LAMP at 63 "C for 30 min. The 
sensitivitv of assay was analyzed and compared with standard PCR 
i<;~ i via gel electrophoresis (F ig . 53 . Si ). To construct plasmid DNA 
far stand<lrd control. the DNA products corresponding to the 
lransmembrane s ignal peptide gene were cloned into the TA 
vector as described by m<lnufacturer (Invitrogen. Madison USA). 
This vector W<lS transformed to Escherichia coli 1-171and the nu­
cleotide sequence was confirmed via direct nucleotide sequencing 
prior to use as control DNA. These plasmid DNAs were also used as 
a standard template of known copy number DNA. 

2.5. Sample prepamtioll and electrochemical measuremellt 

2..5.1. Sample rrepararion 
The concentrated stock solutions of AQ-PNA and DNA were 

mixed to give the desired concentration in an appropriate bulTer. 
Twenty microliters of the AQ-PNA or AQ-PNA + DNA ~ample was 
dropped onto the PQDMAEMA-modified electrode. For double-

stranded synthetic DNA and appropriately qiluted LAMP samples. 
the AQ-PNA + DNA mixture was he<lted at 90 "C for 10 min and 
was cooled to room temperature before the measurement. 

2.5.2. Electrochemical meosurement 
Electrochemical measurements were carried out on the 

PQDMAEMA-modified SPCE (surface area of the working 
electrode=0.16 cm2

) by using PGSTAT 30 potentiostat (Metrohm 
Siam Company Ltd.. Switzerland) and controlled with the General 
Purpose Electrochemical System (GPES) safrware version 4.9 (Eco 
Chemie B.V.. Utrecht. The Netherlands). Unless otherwise speci­
fied. all measurements were conducted using a square-wave vol­
tammetric method at room temperature (25 GC) in \0 mM Tris­
HCI buffer pH 8.0. The redox signal was measured by SWV. with 
baseline subtraction. The measured signals are shown as average 
of three independent measurements ± standard deviations. 

2.5.3. Optimization of parameters 
For optimization of SWV parameters (amplitude. step potential 

and frequency). the SPCE prepared from 0.26% PQDMAEMA­
modif1ed carbon ink was used. The initial concentration or the AQ­
l'NA probe and DNA targets was 50 pM and W<lS decreased to 
50 nM during the optimization steps. 

2.5.4. Specificity cesc and effeas of excess Iloll -targer DNA 
SpeCificity test was performed by measurement of the SWV 

signals of various mismatched DNA (see the sequence in Selticlfl 
:'> .1) (50 nM ) after hybridized with the AQ-PNA probe (50 nM) in 
10 mM Tris-HCI buffer (pH 8.0) under the optimized conditions. 
Effects of excess non-target DNA to the signal of PNA <lnu com­
plementary PNA-DNA hybrid were studied with AQ-PNA (50 nM) 
and complementary DNA (Dcomp) (50 nM or o11M). in the pre­
sence of non-target DNA ( DsmC) (0. 50. 500 and 5000 nM) in 
10 !TIM Tris-HCI buffer (pH 8.0) under the optimized conditions. 

2.S.S. Reproducibility resc 
Six PQDMAEMA-modified electrodes were prepared with the 

same process. and the signal was measured in the presence of AQ­
PNA and complementary DNA (50 nM each) LInder the optimized 
conditions. Percent relative standard deviations (:'"RSD) were cal­
culated according ro Eq. <: I ). where SD is the standard deviati on of 
current signal. 

%RSD = (SD/mean) x 100 

3. Results and discussion 

3.1. Synthesis and characterization of the AQ-PNA probe 

Anthraquinone l.:j:::; A ~tl was chosen as the redox active re porter 
group in this study bec,1use of its simple structure and excellent 
chemical stability. The carboxy-containing anthraquinone j,1hel 4­
(anthraquinone-2-oxy)butyric acid was synthesized from com­
mercially available 2-hydroxY<lnthraquinone (see details in ~ lIP' 
porn nl:: in formatio n) and was ch<1facteriled speclToscopically (Fi;! . 
S·1-Sf). It WilS next coupled to the PNA at the N-tenninus to inst<ll! 
the amhrilquinone label. The mlz value of unlabeled PNA probe 
was 3844.2 (calcd m/z=3842.2 ) and that of the AQ-PNA was 
4134.5 (cilled m/z =4134.3) ( Fi)J. S7. '01). The mass increa se of 
290 Da corresponds to the AQ label. thus it can he concluded that 
the redox-active reporte r AQ WJS succe ssfully incorporated into 
the rNA probe. The purity of the AQ-PNA was confirmed to be 
'> 90% by reverse phase HPLC (F, ~ . :i~. Si) 

Meiring temperature (Tm) of the h"br id between the AQ­

I 

http:electrode=0.16


321 j. KongpPlh ~I 01, I Tolanl<! 1-16 (2016 1318 , 315 

Table 1 
Thermal slability data of AQ-PNA: 2AQ-CTMI\TTCAGA-LysNH, after hybridized 
With various DNA . 

DNA Sequ~nc~ (5 ' -·3') Tm ('C)" ,:\Tmll 

D.:omp 
[)smC 

Dcompl9 
D,mC19 

TCTGAATITGA 
TCTGACTTTGA 
CTAAGTCTGAATITAGGCC 
CrAACTCfCAm'IAGCCC 

82,7 
60.5 
... 90 (83 ,n 
70.5 (610) 

22,~ 

". 20 (~2, 7)' 

, lm was measured in 10 mM sodillm phosphate burrer pH 7.0, IPNA]= IDNA]­
l.Of'i\.1, 

b To> , (complementary hvbrid:: - f", (single base mismatched hybrid \. 
, Vallie, in porenthesis wer e obtained in the presence of 100 mM NaCL 

labeled probe Jnd its complementary DNA was 82,7 ''C, which WJS 

higher than the corresponding DNA hybrid with the unlabeled 
probe (SO,O'C), Purtbermore. the Tn> value of the AQ-PNA de­
creased by more than 20 'C when hybridized wtth single base 
mismatched DNA (60.5 r. C), These results (1;lble l) indicate that 
the AQ-PNA probe binds to DNA with high affinity and specificity. 

3.2, Preliminary electrochemical chamccerizatiDn Df AQ-PNA probe 

To tcst the pD$sibility of using the labeled PNA as a probe for 
immobilization-free electrochemical detection of DNA sequence. 
the single stranded AQ-PNA was subjected to a SWV measurement 
on an unmodined SPCE that was pre-conditioned in 0.5 M <lqueous 
NaOH at 1.3 V for 30 s !~i O i, A redox peak was observed at -0.71 V 
which corresponds well to that of the free AQ label (ri&, 59 ,S!). 
After hybridization with the complementary DNA target (Dcomp). 
the signal was completely suppressed. Hybridization with the 

'single base mismatched DNA (DsmC) resulted in less signal sup­
pression. It was hypothesized that the unmodified electrode pos· 
sesses a negatively-charged suriace after conditioning due to 
rartial oxidation of the electrode surface to form carboxylate 
groups :') Pi. This can electrostatically interact with the AQ-PNA 
(CJITying J positively-charged lysine residue) but not the corre­
sponding I'NA-DNA hybrid (negatively-charged due to the phos­
phate groups). resulting in the observed signal change. 

3.3. Prepararion and characterizarion of PQOMAEMA-modified 

electrode 


It was proposed that if the electrode was first modified to 
provide a positively-charged surface, an electrochemical detection 
s hould be possible according to the principle shown in Fig. J, 

According to i: i:~ . 1. no signal of the labeled rNA probe should 
be observed due to the unfavorable electrostatic interaction be­
tween the free AQ-PNA probe and the positively-charged elec­
trode. Uron binding to the complementary DNA, the negatively­
charged PNA-DNA hybrid should electrostatically attract to the 
electrode surface. allowll1g efficient electron transfer. resulting in a 
detectable electrochemical signal. A related concept I'or sign<ll on 
PNA-based electrochemical DNA detection had been previously 
performed on a poly(.ll1ylamine hydrochloride) (PAH)-coated in­
dium tin oxide ( ITO) electrode i39 J. 

In this work. a much simpler approach was proposed whereby 
the positively-charged polymer was mixt'd into the carbon ink 
mixture to be used for screening of the electrode I') 1 i. Chitosan 
was previollsly incorporated into the SPCE to provide a handle for 
immobilization of the PNA probe IJli i. Since chitosan contains 
positively-chargt'd amino groups. we proposed that chitosan could 
be employed to provide positive charges on the electrode, Al­
though a preiimillJry experiment confirmed that the im­
mohilization-free electrochemical DNA detection was possible 
with the chitosan-modified SPCE. the limited solubility and 

operating pH range of chitosan i52] prompted us to find a more 
suitable candidate. The positively-charged quaternized polymer 
PQDMAEMA was found to be the most suitable polymer and was 
selected as the modifier in all subsequent studies. In a control 
experiment (FIg. 5 1(;. '~ I). the SWV signal at -0.78 V corresponding 
to the anthraquinone label in AQ-PNA was observed only when the 
complementary DNA was present and not in bare electrode. AQ­
rNA or DNA alone. thus validating the concept proposed in I-l~ 1. 

3.4, Opcimizatioll Df parameters and ca/ibratioll curve 

First. the buffer was optimized by comparing the SWV signals 
between free and hybridized probes (with complemental}' and 
mismatched DNA) and Tris-HCl buffer pH 8.0 was chosen (r ig. 511. 
SI). To determine the optimal amount of the polymer modifier. the 
percentage of the polymer in the carbon ink mixture to be llst'd for 
the electrode screening was varied from 0 .13% to 5Z~ wlv and the 
electrochemical signal of the rNA prebe was measured in the 
absence and presence of the complementary DNA target (Fig. S 12, 
SI). Increasing the polymer amount resulted in higher signals. but 
also higher backgrounds. The carbgn ink containing 0.26% 
PQDMAEMA was chosen for the next studies becau,e it gave the 
best complOmise between the signal and background, The per­
formances of unmodified and PQDMAEMA-modified SPCE were 
also evaluatt'd by cyclic voltammetry. At idenrical scan rate. the 
signal 01'[ Fe( CN)G 1 3-;~- was stronger in the PQDMAEMA-modified 
electrode. which is to be expected based on its positively-charged 
nature, The signill of[Fe(CN)G13 

- ;-1- increased as a linear function 
of square mot of scan rate , providing linearity in the range of 
0,2-0.6 V s I with R2 =0,9974 and 0,9986 for oxidation and re­
duction processes . respectively (Fig S': 3. 51). The results imply that 
the oxidation and reduction of the redox active reporter on these 
modified electrodes is diffusion controlled. However. when the 
target DNA or PNA-DNA duplex are present. they may strongly 
adsorb onto the electrode surface. which makes the conclusion 
bast'd on the response to IFe(CN)61 3

-.'4- not applicable. 
By employing 50 nM AQ-PNA-DNA hybrids on 0.26% 

I'QDMAEMA-modified SPCE, the optimal SWV parameters in­
cluding frequency 40 Hz. step potential 0.0075 V and amplitude 
100 mV were identified (Fi.'.\. S 14. Si), At 50 nM AQ-PNA probe 
concentration, the measured SWV signal showed ,1 logarithmic 
relationship with the concentration 01 complementary DNA 
(Dcomp) (rig i A). The calibration curve exhibited a linear range 
between 0.35 and 50 nM of DNA (log scale) with R2 =0,9757 
(h~;. 2B), At high concentrations of DNA, the signal decreased (at 
350 nM, the signal was approximately 50% of the maximum signal 
at 50 nM) which can be explained by a competitive adsorption of 
the excess un hybridized DNA (vide infra, Sectiofl '3.6 ). The limit of 
detectioll (LOD). as calculated from 3 times the r;"ttio berween the 
standard deviation of the blank signal <lnd slope of the calihration 
graph was 0,13 nM ( 130 pM). The single mismatched DNA target 
(DsmC) yielded signab lha't are indistinguishable from the back-· 
ground at all concentrations tes ted, The sub-nanomolar LOD are 
comparable to other non-amplified electrochemical DNA detection 
platforms that employ covalently.l,lbeled redox-active probes 
I I i , ~~) ::;!, see also LIb'" :~ . The small sample volume required (20 pL ) 
means that the total amount of detectable DNA sample is s mall 
(LOD < 10 fmol or < 1 ng for 300nt ssDNA). This is considerably 
hener than the detection limit obt<lined from the PAH-modtfied 
ITO electrode by Luo et al. (40 fmol ) i3'1\. Although not the best by 
elec trochemical detection standard . this level of sensitivity is 
hetter than what can he achieved by 6"ptical dyes commonly used 
in gel staining (I-50 ng of DNA), and is more than sufficient for 
detection of real DNA samples obtained from peR or other suitable 
amplification methods, Moreover, the quantity or the probe re­
quired for each measurement (50 nM. 20 pL or I pmol) was also 
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1':\ refe-rrec1 to the w,b vers ion of rhis Mode. 

much smaller than the typical concentration required for probe 
immobilization (~M range). and the hybridization and the mea­
surement take only a few minutes to complete, 

It should be noted thJt the sensor exhibits satisfactory re­
producibility. Since the screen-printed cJrbon electrodes em­
ployed are disposable type, only the electrode-to-electrode re­
producibility was calculated at 50 nM AQ-PNA probe and two 
concennatiollS of DNA at low and high ends of fhe linearity range 
(35 nrvl and 35 nM), The percent relative standard deviations 
(RSD ) of 9.06% and 8.50% were obtained at 3.5 and 35 nM DNA, 
respectively. 

3.5. Specificity of AQ-PNA probe 
,~ 

-'" 
Specificity is one of the most important aspects in DNA se­ c;,: 

,~quence detection, The specificity of this new immobilization-free 
:;

rNA-based platform was investigJted with several DNA targets ;; 
hcontaining a single base mismatch in the sequence at various " 

positions. From h ;l 3 , it is eleJr that the developed DNA sensing 
~ 

platform exhibits excellent specificity without the require ment for '" 
elevated tempE'rature i'Fj I. addition 01 organic co-solvent s I ~; (, I, or ~ 
more elaborated design (';7 ], The signal was observed only with 
complemenrary DNA and the mismatched DNA DsmA11 carrying a ~ 
single basE' mismatched at the 3'-end of the strand. This is not -
unexpected considering the small difference in stabilities of -S 

'0complementary and terminal mismatched hybrids !5~H All other '" single base mismatched DNA targets gave virtually no detectable '" 
signal. hence it is important to design the probe that include the 

~ hotspot towards the middle of the sequence for single mismatch t 
discrimination purposes. The high specificity of the sensor can he '0 
attributed to the high specificity of the pyrrolidinyl PNA probe .§ 
(acpcPNA) used. The large difTerence in stability ( LlTm = 22 "c' see N ;;; 
Ta b~t' 1) means that the mismatched PNA-DNA hybrid is much less ~ g­

-" 
stJble than the complementary hybrid, and therefore cannOl ;: '-' 
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Fig. 3. Spe\.i fi city test of AQ-PNA (50 nM) with variou.s mismarched DNA (50 nM ) 
,n 10 mM Tris-HCI buffer (pH a .Oj under optimized conditions. 

efficiently form and be adsorbed by the positively charged elec­
trode. The excellent mismatch discrimination of acpcPNA had been 
repeatedly demonstrated in prior publications [3 1-J ii.331. 

3.6. I::Jfects of excess target and non-target DNA 

Since both un hybridized and hybridized DNA are negatively 
charged and can be electrostatically adsorbed by the electrode. any 
DNA detection platforms that rely on the differential adsorption 
DNI\ and PNA-DNA hybrids onto the electrode are subjected to 
interference by competitive adsorption of free DNA that ~ay result 
in decrea Sed signal! Y;!. In the case of complementary DNA target. 
the signal does decrease when the concentration of the DNA ex­
ceeds that of the probe (Se( Ij()[i 3 4). In principle. one could solve 
this problem by increasing the probe concentration in order to 
avoid the situation of having excess of target DNA over the probe. 
Next. the erfect of non-complementary DNA target was in ­
vestigated . When non-complementary DNA was added into the 
solution in I. 10 and 100 folds relative to the complementary DNA. 
it competes with the PNA- DNA hybrids in adsorption to the 
electrode as shown by the decreased electrochemical signals. 
Nevertheless. a clear signal could s till be observed at the amount 
of non-complementary DNA as high as 100 times ro that of the 
complementary DNA. It should be noted that in all cases. the non­
complementary DNA does not contribute ro the electrochemical 
signal even at high concentrations ( hr,. 4). The negative effect due 
to high concentrJtion of unhybridized DNA was also observed in 
Luo's work 139 i. which was so pronounced that the signal de­
c reased to < 20~ in the presence of 10 equiv. of non-com­
plementa ry DNA. and almost completely disappeared at 15 equiv. 
Our sensor is less sensitive to the interference by the non-target 
DNA. about 50% and 20% of the signill relative ro the maximum 
was retained at 10 and 100 equiv.. respectively (Fi g. ':;). In addition. 
the possible interferences by proteins were studied usi ng bovine 
serllm albumin (BSA) as a model protein . It was obse rved that 
mo re thiln 90~~ of the PNA-DNA signal was retained at BSA con­
centrations of 0.7% or less. However. at high concentrations of BSA. 
tht' signal was suppressed considerably (fig. 5 is. 51). Neve rtheless. 
th(>se pot(>ntiJI int (>rferences by excess of DNA and proteins s hould 
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PNA + compONA+ mmONA.. 
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Fig. 4 . tflen, o f no n-t ar~er DNA to the signal of I'NA and compi ement.lrY PNA­
DNA hybnc1: concentrat ions: PNA=50 nM. complementary DNA I Dcomp) ~ 50 or 
onM anct non-target DNA , DsmC)=O. 50. 500 and 5000 nM-(O. I. 10 " nd 100 eqlliv.J 
in 10 mid Tri,-HCI btlfrer (pH S.O) lIncler opr im i 7.ed conditions. 
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not negatively MTect the analysis of amplified DNA samples. which 
contain predominantly the DNA target of interest in nanomolar 
concentration ranges (see :;ec t l(O l ~ 1.S). 

3.7. EIfects of long [lnd duplex target DNA 

The situation for detection of real DNA samples will be sig­
nificantly different from the proof-of-principle experiments above 
because real DNA samples are usually much longer than the probe 
and exist as a duplex. The ability of this platform to detect long 
and duplex DNA tJrgets was the refore investigated. A single 
s tranded 19bp DNA target (ssDcomp19) having a central region 
that is complementary to the AQ-PNA probe gave comparable 
signal to the short DNA target. suggesting that the extra hanging 
part in the DNA strand does not interfere with the de tection (Ftg. 

SHiA anel R. Sl ). The electrochemical signal was s till observed with 
the duplex DNA target (dsDcompJ9) formed by anneal ing 
ssDcomp19 and its complementary DNA strand. Howeve r. longer 
times are required For the signal to reach maximum (10 and 
20 min in the absence and presence of 100 mM NaC!. respectively). 
To improve the PNA-DNA binding kinetics. the DNA duplex and 
PNA WJS mixed and heated to 90 cC ,mel cooled down . " rter which 
the maximum signal was reached immediately. No signals were 
observed in the a nJlogous experiment carried out w ith single and 
d ouble s£randed DNA tJrget containing J mi smatched base 
(dsDsmCI9 ). thus confirming the high specificity of the PNA probe 
( Fig . S16 C. SJ) : 

3.8. Detection of real DNA samples 

In detect ion of relll DNA samples. the DNI\ extracted fr om the 
shrimp was first amplified by IJ\MP 1,·14 1. This techn ique was 
chosen because it offers several advantages over peR including 
high specificity. larger amplification factor anel the ability to op­
erate at a constant temperature (no need for thermal cycling). The 
IJ\MP samples were mixed with the probe before denaturation by 
heating to 90 "C before cooling down. As shown in hg. SA and B. a 
clear signal was observed with the WSSV-positive sample and not 
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Table J 

Comp.Hlson of detection limit or this w(lrk with other WSSV deteClion methods. 


DNA amplificalion Detection Detection limit Rderences 

PCR Cel electrophoresis (EtSr staining) 100 pg 
Nested peR eel electrophoresis (frBr "aining) 100 fg 
lJ'.MP Gel electrophoresis (EtB, staining ) 11g 
Real-time lJ'.MP Turbidity 100 copies 
lJ'.MP FluNeseence (FRET probes ; 100 copies :bl, 
LAMP Colorimetric (gold nanoparticles ) 200 copies 
Re~ltiml'. isothennal ,ecombinase voIYl1ler~,<' i\mpli~(Jtion rluorescence (SYBR green ) 5 copies :1':: 1 

In sulated isothenn.ll PCR Fluorescence fT.lqMan probe) 10 copies ' r; ~ I 
LAMP Electrochemical (PNA probejSP(Ei 10 copies This work 

with the negative samples and non-template DNA control. 
The specificity of the DNA detection was further studied by 

comparison of the signals of LAMP samples obtained from various 
types of shrimp virus including IHHNV. YHV. and TSV. The results 
suggested that this PNA-based sensor is highly specific and can 
unambiguously differentiate WSSV from other types of virus 
(Fi;!. 5C). finally. the sensitivity test suggested that in combination 
with LAMP technique as low as 10 copies or WSSV DNA in the 
sample could be readily detected (Fig . S17. SI) . This level of sen ­
sitivity is competitive with other peR and LAMP-based WSSV DNA 
assays with optical detection (T<lb lr.' 3 )_Therefore. the new tech­
nique shows a great promi se in high throughput analysis of DNA 
samples. 

4. Conclusions 

An immobilization-free miniaturized electrochemical platform 
for DNA sequence detection based on anthraquinone-labeled 
pyrrolidinyl peptide nucleic acid (AQ-PNA) probe was successfully 
developed. The working principle involves a differential electro­
static adsorption between PNA and PNA-DNA hybrids onto a 
screen-printed carbon electrode modified with a positively ­
charged polymer (PQDMAEMA) that result in a positive signal only 
when the AQ-PNA is hybridized with the complementary DNA 
target. Although the same basic principle has been reported and 
implemented in previous works. the combination of pyrrolidinyl 
PNA probe and PQDMAEMA-modifiecl screen print carbon elec­
trode ror DNA detection in In immobilization-free format is pre ­
viously unreported. Hence. the ability of the developed DNA sen­
sing platform to exhibit an excellent specificity in discriminating or 
complementary DNA from various non-complementary. including 
single-mismatched , DNA targets with a sub-nanomolar detection 
limit. and its applications in sensitive detection of real DNA sam­
ples should be comidered JS a significant achievement. The im ­
mobilization -free procedure means that there is no extra probe 
immobilization step that is time-consuming (several hours) and 
requires large excess of probes (usually in the ).1M range) [) 5.> ' i· 
The amount of probe required for each measurement in this im ­
mobil ization - free system is very small (I pmol or less). which 
compens:lles for its disp osable nature. In add ition to the perfor­
mance. this DNA sensing platform offers significant advantages 
when compared to other related DNA sensing platforms in term s 
of operational simplicity. costs and portability. However, one 
limitation that requires further improvement is the inability to 
reuse the electrode due to potential loss or th e water-soluble lin­
ear polymers upon washing. which could be solved by using more 
highly c ross-linked polymers. Another additio nal limitation is the 
signal suppression by competitive adsorption or DNA and prote ins 
at high concentrations which could complicate the DNA analysis in 
the presence of IJrge excess of such interferences. Even with s llch 
limitation s. the developed sensor was successrully used in 

combination with LAMP for a rapid and specific detection of W'i,SV 
rrom shrimp DNA with a higher sensitivity than gel- or nuores­
cence-based detection. 
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Appendix A. Supplementary material 

Supplementary data associated with this article can be fOllnd in 
the online version at hrt p: ! '(\.'.doi.ol g;10.10 1()[j .L)i ~ n u .~ () 1s.(;r.. 
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Abstract A tetrahydrofuranyl p·amino acid has been prepared by us· 
ing the asymlnetric dihydroxyiation of a furyl alkene to establish the 
stereochemistry. The furan moiety was employed as a carboxylic acid 
surrogate. 

Key words amino acid, tetrahydrofuran, dihydroxylation, oxidation, 
furan 

p-Amino acids have gained in importance as building 
blocks in bio-organic chemistry over the last few decades 
with the realisation that they offer advantages over the tra­
ditional a-amino acids .1 The peptides resulting from such 
novel amino acids have been studied for diverse reasons. 
These include the effect on peptide structure. such as fold­
ing properties.2 and on function. as well as their use in pep­
tide nucleic acids (PNA).3 Indeed. certain PNAs, especially 
those using unnatural amino acids. can bind more strongly 
to the complementary strand of DNA than DNA itself. Stud­
ies on such systems. and their applications are. naturally. 
constrained by the availability of such amino acids. Recent­
ly, one of our laboratories reported the use of a PNA con­
taining the novel tetrahydrofuranyl p-amino acid 1.3b.4 This 
compound. in an N-protected/C-activated form. was syn­
thesised in 11 steps from, appropriately. 2-deoxyribose 2 
(Scheme 1). The use of carbohydrates as chiral starting ma­
terials (the 'chi ron approach') can be enormously effective;S 
on the other hand, the synthetic scheme may become en­
cumbered with multiple functional group transformations. 
In this instance, we speculated that a synthesis from achiral. 
noncarbohydrate starting materials. taking advantage of 
asymmetric dihydroxylation (AD),6 might prove advanta­
geous. The core of the strategy was to employ dihydroxyl­
ation of a furyl alkene ,7 bearing a homoallylic leaving group. 

H02C~O,; 

FmocHN' 

8 sleps 
20% yield 
>99% ee 

(ij 
.~ 

~ 
E 
'Cto form the tetrahydrofuran. with the furyl group acting as Q)

:ca carboxylic acid surrogate. We anticipated that the pres­ OJ 

ence of the furyl group would be advantageous for the dihy­ .~ 

C. 

droxylation. 

~ 

o 
U 

~ 
HO 	 "§ 

> 
C~OH 	
(J) 

::::l 
(5 

Hd 2 	 'C 
E 
III 
~Scheme 1 THF p·amino acid 1 from deoxyribose 2 
>. 
D 
'C 
(J) 
'CAlkene 4 was prepared by nucleophilic ring opening of III 
o

cyclopropyl alcohol 3a. a reaction originally developed by C 

Julia et al.B Alcohol3a is readily available by the addition of 
;: 
o 
o 

cyclopropyl magnesium bromide to 2-furaldehyde (Scheme 
2). 

Ring-opening substitution with hydrochloric acid in a 
variety of solvents gave modest yields of the desired chlo­
ride 4a (Table 1. entries 1-3). Use of magnesium bromide9 

also gave modest yields of the corresponding bromide 4b 
but. in most cases, the product was contaminated with the 
direct substitution product 3b (entries 4 and 5). The use of 
either lithium bromide or lithium chloride in diethyl ether 
at reflux resulted in no reaction. The use of zinc chloride 
gave predominantly the direct substitution product. with 
only a trace of ring opening (entry 6). Ultimately, the use of 
a combination of trimethylsilyl chloride and lithium bro­
mide was found to be effective, giving bromide 4b in 80% 
yield. ID. 11 Running this reaction in the presence of 2,6-luti ­
dine as a Br0nsted acid scavenger, and tetra-n-butylammo­
nium bromide (TBAS) as a phase-transfer catalyst gave the 
cleanest product . Notably, even though chloride is present. 
the product was exclusively obtained as the bromide 4b. 
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n [>-MgBr 
~O;>---'CHO 0yD90% 

X 
3a X =OH 
3b X = CI or Br 

Me)SiCI, LiBr, 
2,6·lutidine. ~X AD-mix·~. 

_1l-_B_u...:.4 _NB_r__ 'L~o MeS02NH2 

80% 

4a X = CI 

4b X = Br 


OH 


Br NaOH, Il-B~NBr
"" . ~ 70"10 (2 steps) 
o OH ~ ?-P
5 6 HO 

H2NNH2,PhthNH, 
MeOH,1J.DIAD, Ph)P 


93%
f>-o60% 

PhthN 7 

FmocCI, 
NaHCOJ f>-o84% 

FmocHN' 9 

RuCI), NaIO. 

85% 

Scheme 2 Synthesis of THF ~·amino acid 1 

Dihydroxylation of bromide 4b was achieved by using 
AD-mix-l3. with the addition of methane sulfonamide l2 and 
an extra amount of potassium osmate. Interestingly, the 
product bromodiol 5, did not cyclise in situ despite the ba­
sicity of the AD conditions. Further exposure to hydroxide 
under phase-transfer conditions was required to ensure cy­
c1isation. The enantiomeric excess of the resulting tetrahy­
drofuran 6 was determined at a later stage. To introduce the 
nitrogen atom of the amino group, we initially tried to form 
the corresponding mesylate, but without success. Applica-

Table 1 Ring·Opening·Substitution of Cyclopropyl Alcohol3a 

tion of the Rollin modification of the Mitsunobu reaction 
using the bis-pyridine complex of zinc azide gave none of 
the desired product and returned the starting alcohol 6.13 
The Mitsunobu reaction with phthalimide, however, pro­
ceeded smoothly to give the desired phthalimide 7. 14 We 
speculate that the zinc-activated diisopropyl azodicarbox­
ylate (D1AD)-triphenylphosphine adduct was too bulky to 
react with the relatively hindered secondary alcohol. The 
proton-activated adduct is, in contrast, sufficiently reactive. 
At this point, the enantiomeric excess of the material could 
be determined by chiral HPLC analysis, and was found to be 
>99%. The structure of phthalimide 7 was alsu confirmed by 
X-ray crystallographic analysis (Figure 1 ),15 demonstrating 
the clean inversion during the Mitsunobu reaction. 16 The 
phthaloyl group could then be removed by hydrazinolysis 
in the traditional way and amine 8 was reprolected as its 
Fmoc derivative 9. Finally. oxidative destruction of the fury I 

18moiety using ruthenium(VIII) oxide generated in situ l7 . 

gave carboxylic acid 1. which was suitable for lise in PNA 
synthesis or other synthetic applications. 

Figure 1 GRTEP structure of phthalimide 7 

In conclusion, vinyl furan dihydroxylation has provided 
a more efficient access to the title compound, and the ap­
proach should be applicable to related l3-amino acids. The 
overall sequence from furaldehyde consists of eight steps 
and has an overall yield of 20%. 

Entry Reagent Conditions Product Yield (%) 

aq HCI Et,O. r.t. 4a 45' 

aq HCI dioxane. r.t. 4a 19" 

aq HCi CHlCN. r.t. 4a 50 

4 MgBr, El,O. rE'flux 4b 34"' 

MgBr, Et,O. 0 'C 4b 30' 

6 ZnCI, CH,Cilo reflux 4a trace' 

MelSiCi. LiBr. 2.6-lutidine. TBAS CH,CI,.r.!. 4b 80 

• The direct substitution product 3b was also obtained. 
b Addition of MgO as a Bronsted acid scavenger had no effect on the yield. 
'The dirE'ct substitution product 3b was formed predominantly (67%). 
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Etetrahydrofuran-2-carboxylic Acid (1): Ruthenium trichloride Ol 

hydrate (55 mg. 0.026 mmol) was added to a solution of sodium .~ 

0. 
periodate (1.98 g. 9.33 mmol) in a mixture of EtOAc (1.5 ml). o 

U
CH)CN (2 ml) and H20 (1 ml) at 0 '(, The mixture was stirred 

ror 15 min. then carbamate 9 .(0.5 g. 1.33 mmol) in the 

minimum of ErDAc was slowly added. The mixture was stirred 

for an additional 10 min. H20 (10 ml) was added and the 

mixture was extracted with EtOAc (2 x 15 ml). The combined 

organic layers were washed with NaHCO) (20 ml) and acidified 

with 2 M HCI then extract with ElOAc (3 x 15 ml). The com­

bined organic phase was dried over anhydrous Na 2S0 4 and con­

centrated under reduced pressure to give amino acid derivative 

1 (85%.400 mg) as a colourless solid. Mp 90-92 ' C: lalo25 +40 (c 

1.0. DMSO). IR (neat): 3332. 2924. 2854. 1720. 1535. 1450. 

1095.1049 cm-'. 'H NMR (500 MHz. OMSO-d6 ) : 0 = 1.80-1.81 

(m. I H). 2.07-2.11 (m. 1 H). 3.89-3.91 (m. 2 H). 4.10 (d. 

J =4.0 Hz. 1 H). 4.18-4.24 (m. 2 H). 4.34 (d. J = 6.5 Hz. 2 H). 

7.32-7.3 5 (m. 2 H). 7.41-7.44 (m. 2 H). 7.70-7.77 (m. 3 H). 7.89 

(d.) = 7.5 Hz. 2 H). 12.7 (br.s. 1 H). ll( NMR (100 MHz. OMSO­

do) : 0 ~ 32.2.47.1.55.8.65.8.67.7.81.4. 120.6. 125.6. 127.5. 

128.1. 141.2. 144.3. 156.0.173.2. MS (ESI'): m/z = 354.3 1M + 

HI'. HRMS: m/z 1M + HI ' caled. for C2oH20 NO,: 354.1318; found: 

354.1341. . 
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ABSTRACT: A functional copolymer platform, namely, poly· 

[(propargyl methacrylate )-ran-(2-methacryloyloxyethyl phosphoryl­ i ... 

choline)] (PPgMAMPC), was synthesized by reversible addition­ I"


H-
fragmentation chain-transfer polymerization. In principle, the alkyne .. 

. -'~ ...:",.. ~; ~ Imoiety of propargyl methacrylate (PgMA) should serve as an active ,..+ . ~ ­
site for binding azide-containing molecules via a click reaction, Le., -... 


Cu-catalyzed azide/alkyne cycloaddition (CuAAC), and 2-methacry­ ~ ( ,~i{ 'i . ~-
loyloxyethyl phosphorylcholine (MPC), the hydrophilic monomeric 


..."".". . ' 
unit, should enable the copolymer to suppress nonspecific ""...... __ _ ... -~ . ::." 
adsorption. The copolymers were characterized using Fourier ''''':_ --'00>'1 ~ 
transform infrared (FTIR) and lH NMR spectroscopies. Thiol­
terminated, PPgMAMPC-SH, obtained by amin~lysis of • 
PPgMAMPC, was immobilized on a gold-coated substrate using a 
.. grafting to" approach via self-assembly. Azide-containing species, 
namely, biotin and peptide nucleic acid (PNA), were then immobilized on the alkyne-containing copolymeric platform via 
CuAAC. The potential use of surface-attached PPgMAMPC in biosensing applications was shown by detection of specific target 
molecules, i.e., streptavidin (SA) and DNA, by the developed sensing platform using a surface plasmon resonance technique. The 
copolymer composition strongly influenced the performance of the developed sensing platform in terms of signal-to·noise ratio 
in the case of the biotin-SA system and hybridization efficiency and mismatch discrimination for the PNA-DNA system. 

• INTRODUCTION 

Effective functionalization with biomolecules is important in the 
development of materials for biotechnology-related applications 
such as biosensors, protein/cell microarrays, microfluidic 
devices, and tissue engineering. Polymeric platforms are 
becoming increasingly attractive for biomolecule immobiliza­
tion because a variety of functional groups can be conveniently 
incorporated and proportionally customized using combina­
tions of specific monomers in the polymerization step. The 
superiority of this approach, which provides a three-dimen­
sional platform and therefore offers a higher functional group 
density for biomolecular probe binding per surface area than in 
the case of a conventional two-dimensional platform based on 
self-assembled monolayers (SAMs) 1- :< of end ·functionalized 
alkanethiols, for biosensing applications has been shown by our 
groUp·l,' and other researchers:;- <' 

Most biomolecules (e.g., proteins, antibodies, enzymes, and 
DNA) carry carboxyl and/or amino groups, Polymers with 
versatile functionalities that can accommodate covalent bond 
formation, particularly via hydrolytically stable amide linkages, 
including poly[ oligo( ethylene glycol) methacrylate]," 10, 11 poly­
(2-hydroxyethyl methacrylate)," '" and poly(acrylic acid) 

W ACS Publ ications () 2015 Amelk.n Chem"al Society 

(PAA),·I"., I.; -;" are therefore commonly used as platforms for 

biomolecule conjugation. However, an additional activation 
step using an appropriate coupling reagent is required for 
biomolecule conjugation to such polymers. PAA, in particular, 
suffers from nonspecific adsorption of positively charged 
components such as lysozyme (LYZ) because its carboxyl 
groups (-COOH) can be ionized to negatively charged 
carboxylate ions (-COO-)" This is problematic in the 
analyses of complex samples, Precursor polymers have recently 
emerged as alternative and ready-to·use functional materials 
that can directly bind with designated nucleophilic modifiers 
such as amino-containing biomolccules, without ha\ing to 
undergo activation. Well·known precursor polymeric systems 
include polymers bearing succimidyl ester' '' - ~ ! or pentafluor­
ophenyl ester groups, ~ : . .'.. ; poly[propargyl (me)thacrylate] 
[PPg(M)A], ,, ,l C and poly(glycidyl methacrylate) 
(PGMA).~c,> From the perspective of chemical robustness, 
PPg(M)A is a good choice because the alkynyl side group in 
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each repeat unit specifically undergoes a Huisgen 1,3-dipolar 
aZide-alkyne cycloaddition with azide-containing molecules, or 
thiol-yne reactions with thiol-containing molecules; the 
reaction yields under mild conditions are high, and no 
byproducts arc generated. Socad and co-workersc' prepared 
core-shell nanoparticles consisting of magnetite cores and 
poly( O-propargyl acrylate) shells. They showed that acryloyl­
containing phospho nates or methacryloyl phosphates anchored 
to the magnetic nanoparticle (MNP) surfaces acted as initiating 
sites for polymerization of a series of alkyne-terminated acrylate 
monomers with different spacers between the carboxyl oxygen 
atom and the alkyne moiety. The ability of the alkyne moieties 
on MNPs to form triazole linkages via azide-alkyne cyclo­
addition was tested ming azide-terminated biotin fluorescently 
labeled with dansyl groups. Wang and co-workers·'" successfully 
developed an alkyne-functionalized microporous polypropylene 
membrane via a combination of plasma treatment and UV­
induced graft polymerization of 3-(trimethylsilyl)propargyl 
methacrylate. The PPgMA-modified membrane obtained after 
trimethylsilyl removal can directly bind with a thiol-containing 
carbohydrate ligand, 2,3,4,6-tetra-O-acetyl-p-D-glucopyranoside 
thiol, and yields a glycosylated membrane via a thiol-yne click 
reaction. The glycosyl density of the glycosylated membrane 
can be tuned based on the polymer graft density, and the 
membrane showed specific adsorption of lectin concanavalin A 
over peanut agglutinin. 

Specific detection of target molecules rather than the 
nontargeted components or the ability to resist nonspeCific 
adsorption, known as antifouling, is another key element in 
biosensor development, especially for the analysis of real 
biologically relevant samples in which numerous types of 
interference exist concurrently. A number of copolymeric 
platforms have therefore been designed to incorporate 
biocompatible and highly hydrophiliC polymers along with 
precursor polymers. Among the developed hydrophilic 
polymers, zwitterionic polymers, which contain positively and 
negatively charged moieties within the same structure, such as 
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC), 
poly(carboxybetaine methacrylate) (PCBMA), and poly­
(sulfobetaine met~acrylate) (PSBMA) have received gro~n9 
attention for use In new-generatIOn antifoulmg matenals: 
Emmenegger and co-workers·' o reported that plasma protein 
adsorption completely suppressed on surface-immobilized 
PCBMA, whereas PMPC and PSBMA prevented adsorption 
of the main plasma proteins (human serum albumin, IgG, Fbg, 
and LYZ) from Single-protein solutions, but could not prevent 
plasma depOSition. In this study, based on our previous work 
using MPC-containing copolymer brushes between PMPC and 
poly(methacrylic acid) (PMA) as precursor layers for biosensor 
applications,14 we used PMPC as an antifouling zwitterionic 
polymer to prevent nonspecific adsorption. It has been proven 
that PMPC helps to suppress undesirable nonspecific 
adsorption of proteins and cells,'~-l~ and also provides a 

suitable environment for preservin~" ~~~ stability and activity of 
ImmobIlIzed blOmolecular probes. . . Ishihara and co-work­
ers'·; used monitoring with a quartz crystal balance to show that 
poly[2-methacryloyloxyethyl phosphorylcholine (MPC)-co-n­
butyl methacrylate (BMA)-co-p-nitrophenyloxycarbonyl poly­
(ethylene glycol) methacrylate (MEONP)] (PMBN), adsorbed 
on a gold-coated substrate and conjugated with anti-C-reactive 
protein antibodies via nitrophenylo;...-ycarbonyl active ester 
binding sites in the MEONP unit can specifically bind with 
the respective antigens. The developed platform simultaneously 

prevented adsorption of bovine serum albumin and y-globulin. 
PMBN phYSically adsorbed on poly(methyl methacrylate) 
microchips and polystyrene well plates has also been used for 
antigen detection via ELISA-based assays, and for affinity-based 
protein separation when depOSited on poIY(L-lactic acid) 
nanoparticles . .Jo-.J5 Iwata et al.°4 generated block copolymer 
brushes of PGMA, another precursor polymer, and PMPC via 
surface-initiated atom-transfer radical polymerization. An anti­
body fragment was conjugated to the surface-grafted copolymer 
brushes via a thiol-disul1ide interchange reaction with pyridyl 
disulfide linkages, previously introduced by epoxide ring 
opening of GMA repeat units in the copolymer. The activity 
of the conjugated antibody fragment in antigen detection was 
better for the PMPC copolymer platform than those for 
platforms based on PGMA alone or epoxysilane. 

Inspired by the research described above, the aim of this 
study was to develop a multifunctional copolymer platform 
based on clickable PPgMA and antifouling PMPC, a 
combination that, to the best of our knowledge, has never 
been explored. The a1kyne moiety of the PgMA unit should 
serve as an active site for binding of azide-containing molecules 
via a Cu-catalyzed azide/alkyne cycloaddition (CuAAC) click 
reaction, without the need for activation. The hydrophilic 
monomeric unit, MPC, should enable the copolymer to 
suppress nonspecific adsorption. The copolymer poly­
[(propargyl methacrylate)-ran-(2-methacryloyloxyethyl phos-­
phorylcholine)1 (PPgMAMPC) was first syntheSized by 
reversible addition-fragmentation chain-transfer (RAFT) 
polymerization. Thiol-terminated PPgMAMPC 
(PPgMAMPC-SH), obtained by aminolysis of PPgMAMPC, 
was immobilized on a gold-coated substrate using a "grafting 
to' method via Au-S bond formation between the thiol end 
groups of the copolymer and the gold surface. Azide-containing 
biotin and peptide nucleic acid (PNA) were used as model 
probes to demonstrate the potential of the surface-attached 
PPgMAMPC for probe immobilization and subsequent 
detection of target molecules, namely, streptavidin (SA) and 
deoxyribonucleic acid (DNA), using a surface plasmon 
resonance (SPR) technique. The parameters that may affect 
the sensitivity and specificity, in terms of the signal-to-noise (5/ 
N) ratio, in detecting SA in a complex sample using a biotin­
based sensor were also investigated. The hybridization 
efficiency (%HE) and mismatch discrimination (%MD) for 
DNA detection were evaluated for the PNA-based sensor. 

• EXPERIMENTAL SECTION 
Materials. MPC was purchased from the NOF Corp. Uapan). 

Methacrylic acid (MA), 4.4 ' -azobis(4-cyanovalcric acid) (ACVA), 4­

cyano+(phenylcarbonothioyhhio )pentanoic acid (CPADB), azide­
PEGJ"biotin conjugate (biotin-NJ), copper(I) acctate, bovine ~erum 
albumin (BSA), and LYZ were purchased from Aldrich. MA was 
distilled under reduced pressure to remove hydroquinone mono­
methyl ether, a polymerization inhibitor, prior to use. Phosphate­
buffered saline (PBS; pH 7.4) was purchased from Sigma. Hydrazine 
monohydrate and N,N' ·diisopropylethylamine (OlEA) were pur· 
cha.<ed from Sigma-Aldrich. SA was purchased from Thermo Fisher 
Scientific Inc. PgMA was synthesi<ed using Ihe mel hod reported by 
He et 31." DNA was purchased from the Pacific Science Co., Ltd. 
PNA was syntheSized by solid· phase peptide syntheSiS on Tentage! S 
RAM resin (Fluka) preloaded with 9-nuorenylmethoA)·carbonyl-J.· 
Iysine( tert-butoxycarbonyJ)-pentafluorophenyl ester (Fmoc·l-Lys· 
(Boc).oPfp) (CalbiochemNovabiochem Co., Ltd.) using a previously 
reported procedure." The PNA was modified at Ihe N-terminus by 
reductive aIlcylatio_n with N3( CH,»)CHO to prepare Jzide·tenninated 
PNA (PNA-N J).' Mer cleavage of PNA-N) from the solid support 
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Scheme 1. Schematic Diagram of (a) Preparation of PPgMAMPC-SH, (b,c) Immobilization of Biotin-N3 and PNA-N3 on 
PPgMAMPC-Modified SPR Chip, and (d,e) Specific Binding between Conjugated Probe and Target Molecule 
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using trifluoroacetic acid, the crude PNA- N, was purified using 
reverse· phase high performance liquid chromatography (HPLC) and 
analyzed by matrix· assisted laser desorption/ionization-time-of-tlight 
(MALDI.TOF) mass spectrometry (Bruker Daltonik GmbH, 
Germany) (see Figure SI in the Sl1?f'orting Intorll1,ltion for 
chromatogram and mass spectra)_ Ethylenediaminetetraacetic acid 
(EDTA) was purchased from Fluka. Human platelet ·poor plasma was 
donated by a healthy volunteer. Milli·Q water was purified using an 

ultrapure water system with a Millipak·4Q filter unit (0.22 11m, 
Millipore) and a Millipore MiIli-Q system that involved reverse 
osmosis followed by ion exchange and filtration steps (18.2 MQ) . All 
reagents and materials were analytical grade and used without further 
purification unless specified. 

Synthesis of Thiol-Terminated Poly[(propargyl methacry­
latej-ran-(2-methacryloyloxyethyl phosphorylcholine)] 
(PPgMAMPC-SH). MPC monomer (0.59 g. 2.0 mmol), ACVA (0.7 
mg. 2.5 I1mol), and CPADB (5.6 mg. 20 I1mol) were dissolved in 2 mL 
of an cthanol/tetrahydrofuran (EtOH:THF) (I: I v/v) mixture. PgJ\1A 
(0.25 mL, 2.0 mmol) was added to the solution under magnetic 
stirring. The clear pink solution was purged with nitrogen gas for 30 
min and then immersed in an oil bath at 70 °c, and polymerization 
was performed for a set reaction time. The reaction was terminated in 
an ice bath. The resulting PPgMAMPC was purified, using a dialysis 
membrane (molecular we!sht cutoff = 3500 g/mo!), against EtOH for 
2 d, and then against deionized water for 2 d. An orange cotton-like 
material was obtained after lyophilization. The copolymer composition 
was varied by varying the molar ratio of Pgl'vlA to MPC in the feed. 
PPgMAMPC was characterized using IH NMR and Fourier transform 

infrared (FTIR) spectroscopies. The molar percentage contents of 
PgMA and MPC units in the copolymer (PPgMA",MPC.,) were 
denoted by m and n, rcspectively. 

IH NMR (400 MHz, CD,GD) Ii (ppm): characteristic peaks of 
PgMA unit (-C=CH 3.10, -O-CH,-C=CH 4.55 -4.80), MPC 
unit [(-N(CH3)J 3.25, -N-CH1CH 2-O- 3.75, -POCH,CH,N-, 
-COOCH" -CH,OP 4.0-4.4), and aromatic protons (-C6H, 7.40­
7.95). 

PPgMAMPC-SH was prepared by aminolysis of the dithioester 
groups at the chain ends of the copolymer with hydr'1.ine 
monohydrate (Schem" Ia)." PPgMAMPC (0.2 g) was dissolved in 
EtOH (3 mL) for PPgMA3SMPC61-SH and PPgMA."MPCi\-SH, or 
a mixture of EtOH and THF (7:3 v/v) for PPgM1\;;MPC,., -SH. until 
the solution was clear. Hydrazin. monohydrate (30 mol equiv with 
respect to dithioester groups) was added to the copolymer solution 
under magnetic stirring. When addition was complete, the solution 
was stirred for 2. h at ambient temperature and then added dropwise to 
aqueous 1.0 M HCI (10 mL) and stirred for I h. The obtained 
PPgMAMPC·SH was purified usi ng a dialysis membrane (molecular 
weight cutoff = 3500 g/ mol) against aqueous HCI, pH 3-4, for 2. J, 
and then against deionized water for 2 d. A white cotton· like product 
Was obtained after lyophilization. Thc copolymer was characterized 
using 'H NMR, FTIR, and UV-vis spectroscopies. 

Immobilization of PPgMAMPC-SH on Gold-Coated SPR 
Chip. A gold-coated SPR chip was cleaned with air plasma in a 
plasma cleaner (Harrick Plasma POC-32G, Power 18 W) for S min, 
washed with Milli-Q water for S min, and dried under a nitrogen 
stream. The cleaned SPR sensor chip-was immersed in 3 mL of a 0.1 
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mM copolymer solution [PPgMA 3R MPC 62 -SH and 
PPgMA.,sMPCss-SH in EtOH. PPgMJ\sMPCJS-SH in EtOH/ 
THF (7:3 v/v» ) at ambient temperature for 48 h. The modified 
SPR chip was removed from the solution and rinsed five times by 
constant agitation. for 5 min each time, in EtOH for Au­
PPgMA)SMPC62 and Au-PP&'v1A.,sMPCs>o and in EtOH/THF (7:3 
v/v) ior Au-PPg~sMPCJ5. The SPR sensor chip with the 
immobilized copolymer was dried under a nitrogen stream and 
characterized using contact angle and SPR measurements and 
attenuated total reflection (ATR)-FTIR spectroscopy. 

Characterization_ Dynamic advancing «()J water contact angles 
were measured using a contact angle goniometer equipped with a 
Gilmont syringe and a 24-gauge flat-tipped needle (Rome-Hart, model 
200-FI). All measurements were performed in air at ambient 
temperature. Data for each sample were collected from five different 
areas of the substrate and analyzed using DROPimage standard 2.0 
software. The characteristic functional groups of the copalrmer 
brushes on the SPR sensor chip were characterized using ATR-FTIR 
spectroscopy (Nicolet 6700 FTI R spect rometer). Spectra were 
reco rded in the lR region (4000-650 em -I) based on 32 scans, at a 
spectral resolution of 4 em-I. IH NMR spectra were recorded in 
CDlOD using a Varian NMR spectrometer (Mercury-400; USA) 
operated at 400 MHz_The disappea rance of the dithioester groups of 
the copolymer was monitored using UV-vis spectroscopy (CARY 
lOOBia UV-visible spectrophotometer. Varian Inc., Palo Alto, CA. 
USA). Gel permeation chromatographr (GPC) was performed using a 
refractive index detector equipped with a Shodex Asahipak GF-I G 
guard column and a 7.0 11m bead GF-7 M HQcolumn (exclusion limit 
_ 107 

) at 40 cC and a Ilow rate Llf 0.6 mL/rnin. A phosphate buffer 
(pH 9) containing 10 vol % acetonitrile was used as the eluent. The 
Mn and M j Mn values were calibrated with standard sodium 
poly(styrenesulfonate) samples. The elemental composition on a 
seIecte'] SPR c.hip with an immobilize.] copolymer was determined by 

and the SPR chip was immersed in the mixture for 24 h under 
constant agitation at ambient temperature_ The modified SPR chip was 
removed from the solution and then rinsed by constant agitation in 10 
mM EDTA for 1 min and 10 mM PBS (pH 7.4) five times for 5 min 
each_ The azide-containing PNA (PNA-N1) probe was immLlbilized on 
the PPgMAJ...IPC-modified SPR chip (S,heme Ic) by dissolving Cu(I) 
acetate (0_1 mg. 8.2 IImol) and PNA-N J (10 nmol) in methanol (2 
mL) for 10 min to obtain a final PNA-N) concentrahon of 5.0 JIM . 
The modified SPR chip was immersed in the solution with constant 
agitation for 5 m in . A solution of DIEA (50 JIM, 1.0 mL) was added to 
the reaction mixture, and then the SPR chip was immersed in this 
mixture for 2-t h under constant agitation at ambient temperature. The 
modified SPR chip was removed from the solution and rinsed by 
constant agitation in 10 mM EDTA for I min and in methanol five 
times for 5 min each. The SPR sensor chip was dried under a nitrogen 
stream and characterized using contact angle and SPR measurements 
and ATR-FTIR spectroscopy. 

Specific Interactions between Conjugated Probes and 
Target Molecules_ A PPgMAMPC-modified SPR chip conjugated 
with the desired probe was seated in an SPR cell and then rinsed with 
a running solution of 10 mM PBS buffer (pH 7.4). Once the baseline 
S?R response was stable, the target molecule was applied to the chip. 
In the case of the PPgMAMPC-moditied SPR chip conjugated with 
biotin -N) ( Sch ~m~ ld), SA (0.1 mg/mL, equivalent to 1.9 11M) in 
blood plasma solution (0.1 mg/mL, 0.14% in PBS buffer) was applied 
to the surface and left for 15 min. Unbound SA was removed by 
washing with 10 mM PBS buffer (pH 7.4) for 5 min_ The specific 
b inding of SA was quantified from the shift in the SPR response angle 
at the end-point of the washing step and after baseline subtraction. 
Nonspecific binding (binding in the absence of SA in blood plasma 
solution) was also determined to quantify th e speci fic binding of SA in 
blood plasma in terms of the 51N ratio; this ratio was calculated using 
the tOlIO\\'ing equation: 

X-ray photoelectron spectroscopy (XPS; AXIS Ultra DLD, Kratos · 
Analytical Ltd., Mancheste r, UK) using an Al Ka X-ray source. All XPS 
data were collected at a takeoff angle Llf 90°. Atomic force microscopy 
(AFM) images were obtained using a scanning probe microscope 
(NanoScopelV, Veeco, Plainview, NY, USA). Measurements were 
performed in air in tapping mode with a silicon nitride tip at a 
resonance frequency of 267- 295 kHz and a spring constant of 20-80 
N/m. The thickness of the polymer brushes was measured using a 
spectroscopic ellipsometer (j. A. Woollam Co.• Lincoln. NE, USA) at 
an incident angle of 70-80° in s teps of S°. The calculation was 
performed based on a Cauchy layer model with assumed refractive 
index of 1.3-l ± 0.09 for gold-coated substrate at 632.8 nm. 

SPR Measuremenls_ SPR measurc~ents were performed using a 
double-channel AutoLab ESPR instrument (Eco Chemie. Utrecht. The 
Netherlands) at 25°C, with the plane fa ce of the prism coupled to the 
gold-coated glass via an index-matching fluid. The instrument uses a 
lase r diode at a wavelength of 670 nm and a vibrating mirror to 
m odulate the angle of incidence of the p -polarized light beam on the 
SPR substrate. An autosampler was used to inject the test solution, and 
the SPR angle shift measurements were performed under non flow 
liqUid conditions. The SPR angle shift at the end· point of each step 
and after baseline subtraction (angle shift) was used to calculate Jhe 
density of molecules bound to the surface or the target density, using a 
se nsitivity factor of 120 mdeg. equal to 100 ng/cm'. This sensitivity 
factor is specifically calibrated for the AutoL.lb ESPR, which uses an N­
B K 7 prism refractive index of 1.518, and incident light wavelength of 
670 nm. Each gold-coated SPR chip bearing PPgMA.t\ilPC was first 
sea ted in an SPR cell before being stabilized with a running solution of 
10 mM PBS (pH 7.4). When the equilibrium SPR angle frequency in 
the buffer solution was obtained, the substrate was ready to be used. 

Probe Conjugation on Copolymer-Modified SPR Chip by 
CuAAC Reactlon_ For conjugation of biotin-NJ (S,heme Ib). Cu(l) 
oce tate (1.23 mg. 0.01 mmol) and biotin -N) (.O.S M, 4.0 JIL, 2.0 Ilmol) 
were dissolved in 10 mM PBS (pH 7.4. 2 mL) for 10 min to obtain a 
final biotin -N) concentration of 1.0 mM. The PPgMAMPC-modified 
SPR cnip was immersed in the mixture. with constant agitation for S 
min. DIEA (1.71 pL. 0.01 mmol) was added to the react ion mixture. 

SI N = SPR angle shift .fter exposure to blood plasm' "ith strept,vidin 

SPR .ngle shift ,fler exposure to blood plasm. without st rcpt.vidin 

( I) 

For the PPgMAMPC-modified SPR chip conjugated with a PNA-NJ 
probe (Scheml' Ie). DNA (50 11M) in 10 mM PBS (pH 7.4) 
containing 100 mM NaCI was applied to the surface and left for IS 
min . Unbound DNA was removed by washing with PBS far 5 min. 
The specific binding of DNA was quantified from the shift in the SPR 
response angle at the end-point of the washing step and after baseline 
subtraction. The sensor was regenerated by washing with SO mM 
NaOH for 5 min. The %HE and %MD were calculated using the 
following equations: 

target denSity 
%HE = X 100 

probe density (2) 

96MD = %HE of complemenl,ry DNA - %HE of mismdlCheJ DNA 

96HE of complement.ry DNA 

x 100 (3) 

• RESULTS AND DISCUSSION 

Synthesis and Characterization of Thiol-Terminated 

Poly[(propargyl methacrylate)-ran-(2-methacryloylox­

yethyl phosphorylcholine)] (PPgMAMPC-SH)_ A 

PPgMAMPC copolymer was synthesized \~a RAFT polymer­
ization using CPADB and ACYA as the chain transfer agent 

(CTA) and radical initiator (In), respectively. The molar 

percentage contents of PgMA and MPC units in the copolymer 

(pPgMA.nMPCn) are denoted by m and ", respectively. Our 

survey suggested that the optimum [CTA]I[lnJ ratio for 

obtaining a copolymer with a well-controlled molecular weight 

was 8; the data are shown in Table S I in the Supp('rtmg 
IlI f<>rm<l tiLlII _ The control over the copolymerization process 
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was also demonstrated for a targeted degree of polymerization 
(DP) of 200 based on the linear first-order relationship 
between In[MJo/[MJ and the polymerization time (Figure S2, 
SuppNting Information), suggesting that the polymeric radical 
concentration remained unaltered throughout the polymer­
ization. 'H NMR spectroscopy (Figure S3 and explanation in 
the StlFporllIl!! Information) showed that the copolymer 
composition varied as a function of the monomer ratio in the 
feed (Table I). The molecular weight of the copolymer was 

Table 1. Copolymer Compositions and Molecular Weights 
of PPgMAMPC (Target DP 200) Synthesized by RAFT 
Polymerization 

monomer monomer 
composition composition 

in feed 
(mol ')0) 

in copolymer 
(mol %).• 

M: copolymer 
PgMA MPC PgMA MPC (kDa) DP" .bbreviation 

70 30 6S 3S 38.4 20S PPgMA., MPC,; 

SO SO 45 5S 46.7 213 PPgMA.,MPC" 

30 70 38 62 40.0 173 PPgMA,..MPC" 

uCalculated from 'H NMR data. 

close to the target (35375-46327 kDa). We also attempted to 
determine the molecular weight and polydispersity indices 
(PDls) of the copolymers using GPc. The data are shown in 
Figure 54 ( ~u f'p(1rting [llliJrlmlion). It should be emphasized 
that it is not possible to dissolve the copolymers in a common 
pol~r protic solvent (such as methanol) generally used for GPC 
analysis of MPC-based copolymers. And it was rather difficult 
to dissolve them in the mobile phase used for GPC analysis, 
phosphate buffer (pH 9) containing 10 vol % acetonitrile, 
especially the copolymer having high PgMA composition, 
PPgMA",MPC3S' of which molecular weight information 
cannot be obtained. The fact that the M. determined by 

GPC analysis are underestimated and proportionally decreased 
as a function of PgMA content suggested that the molecular 
weight information obtained via GPC analysis is somewhat not 
reliable. Additionally, PDI values were high, which may be 
ascribed to possible copolymer self-assembly in the phosphate 
buffer solution. This is why 'H NMR spectroscopy was used as 
the main tool for determining the molecular weight of the 
copolymer. Despite the relatively high PD!, the unimodal 
distribution evidenced from GPC chromatograms (also shown 
in Figure 54) is reasonable evidence of copolymer formation. 
The functional groups in the synthesized copolymer were 
identified using FTIR spectroscopy (Figurt' [). The character· 

Iistic peaks for c=o (ester) stretching, at 1725 cm- , 
asymmetric O=P-O- stretching, at 1240 em-I, symmetric 
O=P-O- stretching, at 1087 cm- I, and -N+(CH3)3J at 960 
cm- I for the MPC units were observed; a -C=C- stretching 
peak was observed at 2127 em-I, and its intensity increased 
proportionally with the PgMA content These results confirm 
copolymer formation. 

Aminolysis with hydrazine transformed the dithiobenwate 
groups at the chain ends of the PPgMAMPC copolymer into 
thiol groups, yielding PPgMAMPC-SH,~~ as shown by the 
disappearance after aminolysis of the aromatic proton Signals at 
7.40-7.95 ppm in the IH NMR spectrum and the UV-vis 
absorption peak at 305 nm (Figure S5, SUf't' i,)'till~: 
1.1l1prm,1tivn) . 

Immobilization of PPgMAMPC-SH on Gold-Coated 
SPR Chip. Unlike PPgMA H MPC 62 -SH and 
PPgMA.,sMPCss-5H, PPg~;MPC3;-SH, which has a 
higher content of the more hydrophobic PgMA unit, is not 
soluble in EtOH but dissolves in a mixture of EtOH and THF 
(7:3 v/v). Au-5 bond formation between the gold layer of the 
SPR chip and the thiol-terminated copolymer (PPgMAMPC­
SH) via a "grafting to" approach was performed at ambient 
temperature for 48 h . The presence of PPgMAlVIPC brushes on 
the 5PR chip was confirmed using water contact angle 

-o=p-o· asym 
•__ ... 1240 em-' 

fe) \ r-r1rl ~~\I C~l.,.~7 
(b) V 	 : Vwt )~ 

I ­ ---- f-------..·~r-----------If' ' i\'\ /1..:-'1 
o '" 	 ~ \' \ I: !: j \ ~ ;;:::: '\ : ~: fVI'"\: Ifi t! \! 

j-J ; 1;! V \i, ~lnr It 
(a) ~ 	 : ~; \:!V!:j ~\ .' 	 'r~·.': Ij ~ ': 

, 

-c=::c- __ -I 	 ' .N'(CH,h SI 
~ -. 960 em-' 

str (alkyne) :___ C=O str 

2127 em" 1725 em" 

4(}(){) 3501l JOIlIl 2500 :woo I 5 II!) 1000 :\llO 

Wavenumbers (em") 

Figure 1. FTIR spectra of (a) PPgMA).MPC62 (40.0 kDa), (b) PPgwlA.,sMPC" (46.7 kDa), and (c) PPgM.A6S MPCll (38.4 kDa) . 

1188 001: lO.1021iacs .langmuif.Sb02727 
Lan9muir 2016. 32. 1184-1194 

http:7.40-7.95


1-1-1-! 1 


Langmuir wM@. 
measurements, and SPR, ATR-FTIR, and XPS analyses. The 
data in Table 2 show that the advancing (OJ water contact 

Table 2. Water Contact AngIe and SPR Data for Gold· 
Coated SPR Chips after PPgMAMPC-SH Immobilization 
and Subsequent Conjugation with Biotin·N3 

SPR data 

amount adsorbed 
advancing for each 

sample 
water contact 
angle (deg) 

angle shift 
(mDegrcc) 

modification step 
(ng/em') 

Au 71.9 ± 1.3 

Au­ 44.6 ± 0.9 IOZ4.8 ± 81.8 8)4.0 ± 68.1 
PPgMA"MPC" 

Au­ 46.6 ± 3.5 882.1 ± 166.6 735.0 ± 138.9 
PPgMA.,MPC" 

Au­ 87.9 ± 4.2 1323.1 ± 56.1 1102.0 ± 46.8 
PP!\l~MPC" 

Au­ 32.7 ± :!.7 15.2 ± 7,4 12.7±6.1 
PP!\l~J,.MPC6!­
biotin 

Au­ 41.6± U 229.5 ± 50A 19L2 ± 42.0 
PPgMA.,MPC" ­
biotin 

Au­ 62.2 ± 1.7 209.5 ± 6.~ 174.5 ± 5.6 
PPgMA.,MPC" ­
biotin 

angle of the SPR chip decreased from 71.9 ± 1.3° to 44.6 ± 
0.9° and 46.6 ± 3.5° upon immobilization of PPgMAJsMPC 6Z ­

5H and PPgMA.;;MPC;;-5H, respectively, indicating their 
highly hydrophilic characters. The copolymer lfith the highest 
content of hydrophobic PgMA, Le., PPgMJ\;;MPCJ;-SH, 
yielded a gold surface with a contact angle (87.9 ± 4.2°) 
higher than that of the pristine gold surface. Chemisorption of 
the copolymer brushes on the gold-coated SPR chip was 
monitored using an SPR technique. The SPR angle shift upon 
PPgMAMPC-SH immobilization was used to calculate the 
amount of copolymer bound to the surface, using a sensitivity 
factor of 120 mDegree, which is equivalent 10 100 ng/cm2 

(Table 2). ",·sn 

Figure S6 (SuPI'orting InformJlic'll) shows the XPS atomic 
spectra of the gold-coated substrate with immobilized 
PPgMA."tvIPC;;-SH and the substrate before immobilization 
(bare gold). At a takeoff angle of 90°, phosphorus (Pzp) and 
nitrogen (N I,) signals attributed to the phosphorylcholine 
group of the MPC units were observed on the substrate, 
indicating that the copolymer is bound to the gold-coated 
substrate. The SZf signal of the bound thiol, at a binding energy 
of 163 eV, was also detected, implying that the copolymer was 
strongly adsorbed on the substrate by interactions between the 
thiol groups of the copolymer and the gold surface. The 
characteristic absorption peaks of the MPC unit, i.e., C=O 
stretching (ester) at 172S em-I, O=P-O-,syn. stretching at 

I I1264 cm- , O=P-O-.ym stretching at 1091 cm- , and 
I-N+(CHJ)J stretching at . 968 cm- , were observed in the 

ATR-FTIR spectra (Figure S7, Supporting Info rm.ltic'n ), but 
the characteristic absorption peak of the PgMA unit, i.e., -C= 
C- stretching at 2127 cm- I

, was not clearly observed because 
of overlap with the characteristic peak of diamond (in the 
region 1500-2650 em -I), which is the reflectance material used 
for ATR-FTIR measurements. This Signal from diamond 
dominates the other signals, particularly when the adsorbed 
material to be characterized is very thin, 1.89-3.12 nm in our 
case (estimated by ellipsometry). 

Surface grafting of PPgMAMPC brushes on the gold-coated 
substrate was confirmed using AFM. The surface roughness 
before and after grafting with PPgMAMPC brmhes were 
similar (1.5 vs 1.3 nm), suggesting that the gold surface was 
smooth and homogeneously covered with the copolymer. The 
thicknesses (I), measured using ellipsometry, of 
PPgMA3sMPC621 PPg~;MPC;y and PPg~.;MPC3j were 
1.89 ± 0.12, 2.66 ± 0.26, and 3.12 ± 0.19 nm, respectively. The 
thickness can be used to calculate the graft density (0-) as 
follows: 

(4) 

where p is the mass density (Ll g/cmJ for PP~;MPC3; 
and L2 g/cm3 for PPgM!\;sMPC;s and PPgMA3SMPC62 ), M" 
is the molecular weight of the free polymer, and NA is 
Avogadro's number. The copolymer mass densities were 
estimated proportionally using PPMrc = 1.3 g/cmJ'" and 
PrPgMA = 1.085 g/cm3

, on the assumption that they are equal to 
that of poly(propyl methacrylate),'1 which has the same 
number of carbon .ltoms. For the copolymer syntheSized with 
M" in the range 38.4-46.7 kDa (DP 173-213), the calculated 
graft densities of surface·grafted PPgMA38 MPC 6 !, 

PPg~,MPCS5} and PP~;MPC3S were 0.04, 0.04, and 
0.05 chain/nml, respectively. These values are below 0.08 
chains / nml, ' l which suggests that the PPgMAl\1PC brushes 
can be categorized as being in the "mushroom regime." 

Biotin Conjugation on Copolymer-Modified SPR Chip 
by CuAAC Reaction and Sul)sequent Binding with 
Streptavidin. Biotin was used as the first sensing probe 
modeL It has a high binding affinity with SA (dissociation 
constant KD ~ 10-14 M). ,} Biotin-N3 was immobilized on the 
PPgMAMPC-modified SPR chip outside the SPR instrument 
by CuAAC·A .,5 The data in T.~hk 2 show that the water 
contact angles of the PPgMAMPC-modilied SPR chip 
decreased after biotin attachment, indicating that the hydro­
phobiC alkyne moieties from the PgMA repeat units were 
consumed and bound with biotin with three repeat units of the 
hydrophilic PEG spacer. The amounts of immobilized biotin 
increased signilicantly, from 12.7 ± 6.1 to 191.2 ± 42.0 ng/cm2

, 

when the PgMA content of the copolymer was increased from 
38% to 45%. However, further increasing the PgMA 
composition to 65% reduced the quantity of bound probe, 
implying that biotin may have limited access to the alkyne 
moieties of copolymers with high PgMA contents, in which the 
sweUability would be suppressed be.:ause of the inherent 
hydrophobicity. This is confirmed by the water contact angle 
(87.9 ± 4.2°) being much higher than those of the 
PPgMAMPC-modilied SPR chips with PgMA contents of 
38% and 45% (44.6 ± 0.9° and 46.6 ± 3.5°, respectively). As 
shown in Figure 56 in the Supporting Inf,Hlllation, similar 
characteristic atomic spectra of the PPgMAMPC.modilied SPR 
chips were observed after biotin and PNA immobilization but 
with much better Signal, especially for N ,,. S~P-' P~p peaks in 
comparison with those before probe immobilization. A Cu peak 
appears in the Au-PPgMAMPC spectra after probe immobi­
lization (both biotin and PNA), suggesting that Cu remained 
after the click reaction, although the surface was thoroughly 
rinsed with 10 mM £DTA and 10 mM PBS (pH 7.4). 
However, we believe that the Cu contamination should not 
affect the target molecule detection effiCiency. 
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Nonspecific adsorption of the biotin-modified PPgMAMPC 

copolymer platform with different copolymer compositions on 
gold-coated SPR chips was investigated by comparison of 
adsorption of nontargeted proteins, bovine serum albumin 
(BSA; 69 kDa, pi =4_8), LIT (14 kDa, pI = 12), and 0_14% 
blood plasma (equivalent to 0.1 mg/mL of protein in PBS 
buffer, pH 7.4) with that of a targeted analyte, SA (60 kDa, pI = 
S). BSA and LIT were selected as model proteins with negative 
ilnd positive charges, respectively, at pH 7.4 in PBS. Blood 
plasma is a complex biological-mimic medium comprising 
about 7% (70 mg of proteins per milliliter of plasma) of 
different proteins, e.g., fibrinogen, albumin, and globulin, and 
other components such as water, inorganic ions, and organic 
compounds .:;< As anticipated, the biotin-conjugated 
PPgMAMPC platfoDTI was specifically bound to the targetcd 
SA (f.igurc 2). The bound content of SA increased with 

Blood 
Plasma 

600 

c:: 
E 500 
D­
o 
-0 '" 400 
c:::::­'" .- E 
$0-" 300 
~ OJa..s 
'0 200
C 
0 " 
E 
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Figure 2. Protein adsorption on biotin-conjugated PPgMAMPC 
platforms with various copolymer compositions. 

increasing PgMA contcnt in the copolymer and increasing 
biotin content (T.lble 2.). Nonspecific adsorption of the 
nontargeted proteins (BSA, LYZ, 0.14% blood plasma) was 
greatly suppress cd on the biotin-conjugated PPgMAMPC 
platform compared with that on the bare gold surface. These 
results indicate that the MPC units in the PPgMAMPC 
copolymer are of paramount importance in suppressing 
nonspecific protein adsorption. This agrees well with repo~e~ 
studies of other MPC-containing (co )polymers. )•.., 4 . ' . .. \ . 

Although the copolymer platform with the highest PgMA 
content, i.e., 65%, had the greatest bound SA content, it also 
gave the highest nonspecific adsorption of blood plasma_ 

In principle, the biotin/SA binding ratio should be 4 if all 
biotin molecules can be bound to SA However, the biotin/SA 
binding ratios, listed in Figur<.; 3, were much higher than the 
theoretical value, indicating that not all of the conjugated biotin 
molecules were bound to SA. The biotin/SA binding ratios 
were extremely high for the Au-PPgMAMPC platforms with 
high contents of hydrophobic PPgMA (45% and 65%). This 
may be because of the limited accessibility of SA, which is a 
large protein (MW = 60 kDa), to the immobilized biotin 
embedded inside the inner layer of the polymer brushes. Au­

800_0 

• im mobilized biotin 
85 :1700.0 

aooundSA 
112 :1 

600.0 
~ 
!! ..'" 500.0 
a 
E. 400.0;:
:c.. 300.0.. 

23 :1 
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C. 
<l: 200.0 ·j 

100.0 J0.0 
PPgMA."MPC., PPgMA..MPC" PPgMA."MPC" 

0.06 • 0.03 0.35 t 0.19 0.7S .. 0 .. 02 

Degree of biotin Immobilization (nmollem') 

Figure 3_ SPR angle shifts corresponding to the amounts of 
immobilized biotin, and subsequent SA (0.1 mg/mL) binding in 
PBS solution (10 mM, pH 7.4) on SPR chip modified with 
PPgMAMPC copolymers of various compositions. Biotin/SA binding 
ratio is shown on each set of bar charts. 

PPgMAJSMPC62 had the lowest immobilized biotin content, 
because it had die lowest content of PgMA, which proVides 
active binding sites for biotin immobilization, and because its 
assembled Jayer on the gold-coated SPR chip was very thin 
(1.89 ± 0.12 nm). Although the amount of biotin bound on the 
Au-PPg~,MPC3S platform (0.78 ± 0.02 nmollcm2) was 
lower than that on the PPg~sMPCss platform (0.85 ± 0.19 
nmol! cm2), it had a higher content of bound SA. To verify this 
contradictory outcome, we performed additional experiments 
to determine the nonspecific adsorption of SA (0.1 mg/mL SA 
in 10 mM PBS) on Au-PPgMA4s MPCs; and Au­
PPg~SMPC3S before biotin immobilization, using an SPR 
technique. The data shown in Figure S8 in the St1~'port)n>; 

Information indicate that nonspecific adsorption of SA on the 
Au-PPg~sMPC3S platform was approximately 3 times 
higher than that on the PPg~sMPCS5 brushes. This helps 
to explain why the Au-PPg~sMPC3S platform (with the 
highest PgMA content) bound the most SA, although it bound 
slightly less biotin than did the Au-PPg~5MPC;s platform. 
SA can bind to the biotin-conjugated Au-PPgMAMPC 
platform not only by specific interactions with biotin probes 
but also by nonspecific interactions with the PgMA units of the 
copolymers. 

The amount of SA adsorbed on the biotin-modified 
PPgMAMPC was low, particularly on the Au­
PPgMA3sMPC62 -biotin platform. The adsorbed quantity of 
SA, 149.8 ± 12.3 ng/cm2

, was less than that in the SA 
monolayer adsorbed on a mixed monolayer containing 10% 
thiol-terminated biotin and 90% thiol-terminated ethylene 
glycol (379.7 ng/cm2

), as reported by Su et a1. '" This seems 
reasonable because the amount of biotin immobilized on the 
Au-PPgMAJ8MPC62 platform was lower than the amounts 
adsorbed on the platforms based on PPgMA.sMPCss and 
PPg~SMPC3S' Nevertheless, the amounts of SA adsorbed on 
Au-PPg~sMPCss-biotin and Au-PPgl'v1A"sMPC3s -biotin, 
i.e., 457.8 ± 28.6 and 549.5 ± 14.8 ng/cm2

, respectively, were 
welJ above that in the monolayer, suggesting three-dimensional 
character of the deposited copolymer in binding with the biotin 
probes. 
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The biotin-modified PPgMAMPC platforms with different 

copolymer compositions were further investigated to determine 
the lowest SA concentration detectable in a complex protein 
sample (blood plasma). The SA concentration was varied in the 
range 0.19-190 nM (equivalent to 0.0 I to 0.1 mg/mL) in 
0.14% blood plasma (0.1 mg/mL). Nonspecific binding with 
0.14% blood plasma (in the absence of SA) was also measured 
to evaluate the sensor efficiency in terms of the 5/N ratio, as 
shown in Figure -t. The SIN ratio can be calculated from cq 
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Figure 4. SPR angle shifts corresponding to SA binding "n Au­
PPgMAMPC-biotin platforms from SA solutions of various 
concentrations in 0.14% blood plasma. S I N ratios arc shown as the 
number above each bar graph. 

1." I.l The SPR angle shift obtained for the complex sample 
containing SA is considered to be the Signal, whereas that 
obtained from the sample without SA, i.e., the target molecules, 
is considered to be background or noise. The results shown in 
Figure -1 indicate that the SPR chip modified with a copolymer 
platform containing 65% PgMA (PPgMA6sMPC3s-SH) 
showed the highest nonspecific binding with blood plasma in 
a control experiment (absence of SA in 0.14% blood plasma). 
This may be the result of nonspecific adsorption between the 

The developed PPgMAMPC platforms with dickable PgMA 
units for probe binding and MPC antifouling units were also 
used to immobilize a PNA-N3 probe to explore its applicability 
as a DNA sensor. PNA is a DNA mimic with a peptide-like 
backbone, first introduced by Nielsen and co-workers in 
1991.1' Because it is uncharged, PNA-DNA hybrids arc more 
stable than DNA·DNA hybrids, because electrostatic repulsion 
between negatively charged phosphate groups in the DNA 
backbone are absent This, together \vith its greater specificity 
for complementary DNA than mismatched DNA, makes PNA 
an attractive nucleotide probe with potential applications as a 
DNA sensor. In this study, a conformationally restricted 
pyrrolidinyl PNA with D-prolyl-2-aminocyciopentanecarboxylic 
acid backbones (acpcPNA), developed by Vilaivan and co­
workers, was selected as a model nucleic acid probe. It has been 
reported that its binding affinity and sequence specificity 
toward DNA are higher than those of Nielsen's PNA. lh 

,;;-.", ) We 
previously showed that acpcPNA can act as an effective probe 
for DNA detection when immobilized on a gold-coated SPR 
chip either by Au-S bond formation between thiolated PNA 
(PNA-SH) and the gold surface" I or by biotin-SA-biotin 
linkage between biotinylated PNA (PNA-biotin) and an Sp.> 
layer assembled on a biotin·functionalized gold substrate." 
Besides blocking, which is a necessary step in most SAM-based 
sensors, the longer and greater hydrophilicity of the spacer 
between the PNA part and the thiol end of the thiolated PNA 
has a positive impact on the %HE of the platform developed by 
direct immobilization of thiolated PNA. Both %HE and %MD 
were significantly improved for the platform later developed by 
indirect PNA conjugation via biotin-SA-biotin linkage, which 
yielded PNA with a reasonably well-controlled density and 
orientation (see TJble 3 for comparison) . The results of these 

Table 3. Values of %HEcom and %MD for DNA Detection by 

Surface-Modified Gold-Coated SPR Chips Conjugated with 

PNA 

sample %HE",m %MD 

Au-PPglI<lA.",MPC,,-PNA 20 32 

Au-PPgJ',!A,;MPC,,-PNA 61 '>2 

Au-PPgMA.;MPC,,-PNA 7 1 S8 

Au-S-PNA' 20 > 54 

Au-biotin -SA-biotin-PNA", 58 > 90 

remaining alkyne moieties on the copolymer platform and 
non targeted proteins in the blood plasma_ The limits of 
detection (LODs) of the sensor platforms that can discriminate 
between target and nontargeted binding Signals (SIN ~ 3) 
were 190, 0 .95, and 190 nM for PMA3S MPC6Z -SH, 
PMA..sMPC,, -SH, and PMA6SMPC3S -SH, respectively. 
These results suggest that the platform based on a copolymer 
containing 45% PgMA was the most efficient for detecting SA 
in blood plasma solution. The LOD of this PPgNiA.sMPCss 
platform (0.95 nM) was even lower than that (1.5 nM) 
obtained for a platform based on poly[(methacrylic acid)-ran­
(2-methacryloyloxyethyl phosphorylcholine) 1 (PMAMPC), 
previously developed by our group, and approximately 158 
times lower than that of a platform based on a SAM of 
mercaptoundecanoic acid.' " The fact that the PPgMAl\1PC 
sensor platform can directly immobilize an azide-containing 
biotin probe via a click reaction, without a functional group 
activation step, as required for the PMAMPC platform, makes it 
an attractive copolymer platform for probe binding in 
biosensing applications. 

two studies suggest that the clickable and antifouling 
PPgMAMPC platforms developed in the current study should 
meet all the above-mentioned criteria for developing an 
effective PNA-based sensor for DNA detection. Anchoring 
the copolymer to the gold surface prior to PNA binding should 
provide a reasonable distance between the immobilized PNA 
probes and the gold substrate, and allow the PNA molecules to 
interact freely with the incoming DNA targets . PMPC prOvides 
a hydrophilic environment for the platform so that nonspecific 
adsorption of nontargeted DNA can be suppressed. It is 
anticipated that good control of the content of c1ickable PgMA 
units in the copolymer will enable the density of immobilized 
PNA to be tailored using efficient CuAAC-based reactions_ 

In this work, azide-terminated PNA with a T9 sequence 
(PNA·N,), selected as a PNA probe model, was immobilized 
by the alkyne moieties of sensing platforms with various 
copolymer compositions, i.c ., PPgMAJs MPC 6z -SH, 
PPg~sMPCss-SH, and PP~SMPCJ5-SH, via CuAAC 
reactions. Specific binding of 50 JIM DNA in 10 mM PBS was 
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monitored using an SPR technique. The %HE and %MD were 
calculated using cqs 2 and 3, respectively, to evaluate the 
efficiency of the sensor, As shown in ri~urc 5, the sensing 

PNA probe N,-TTT TTl TTI.LysNH, 

Complementary DNA S'MA AAA AM·3' 

Single mismall:h DNA S'·AM AlA AAA-J' 

120 ---- .----- ----------.------- ---.-----, 
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Figure S. SPR angle shifts corresponding 10 DNA binding to Au­
PPgMAMPC-PNA platforms in 10 mM PBS. 

platform based on Au-PPg~5MPC}5-PNA, which had the 
highest amount of PgMA units, gave the greatest detectable 
signal, corresponding to binding of the complementary DNA 
sequence, ~ (85.5 ± iO.9 mdeg), with a %HE of 71 %, which is 
higher than those for sensing platforms based on Au-S-PNA" t 
and Au-biotin-PNA,'9 as shown in Table :'\. However, this 
copolymer platfonn still showed high nonspecific interactions 
toward a single mismatched DNA sequence (AAAAIAAAA), 
therefore its %MD was not satisfactorily high compared with 
that for a platfonn based on Au-biotin-SA-biotin-PNA 
Despite this limitation, a %HE as high as 71 % may be suitable 
for other DNA-based applications, such as affinity-based DNA 
separation, in which the mismatch discrimination efficiency is 
not a critical issue. There is also room for improvement in 
terms of %MD. For example, possible nonspecific interactions 
between the remaining unreacted a1kyne moieties of PgMA and 
mismatched DNA may be decreased by blocking the unreacted 
PgMA with hydrophilic molecules, enabling %H.E of mis­
matched DNA to be minimized. Stable triazole linkages 
between the PNA probe and the sensing platform should 
have the additional advantage of being more robust to the 
regeneration conditions than Au-S or Au-biotin-SA-biotin 
linkages. This should enable probe recycling. making the 
process economically viable. 

• CONCLUSIONS 

Clickable and antifouling PPgMA.l'vIPC copolymer platfonns 
were successfully synthesized by RAFT polymerization. The 
d ithioester end groups of the copolymer were converted to 
thiol groups before surface immobilization on a gold-coated 
SPR chip via a "grafting to" approach. The alkync moieties of 
PgMA bound azide-containing molecules (biotin-N3 and PNA ­
N 3) via a CuAAC reaction, and the hydrophilic monomeric 
MPC unit suppressed nonsp-ecific adsorption of non targeted 
analytes, namely BSA, LYZ, and blood plasma. Specific 
detection of SA by biotin probes conjugated with the 

PPgMAMPC platfonns in 0.14% blood plasma was investigated 
using an SPR technique_ Among all the platforms investigated, 
copolymer brushes of PPg~;MPC;s performed best, giving 
the lowest detection limit, i.e., 0_95 nM. The potential of the 
surface-a ttached PPgMAMPC as a sensing layer for DNA 
detection was investigated by conjugating a PNA-N3 probe with 
PPgMAMPC platfonns with various copolymer compositions. 
The sensor platfonn based on Au-PPg~sMPC3s-PNA 
detected the highest amount of complementary DNA sequence, 
with 71 %HE, and a reasonable degree of mismatch 
discrimination (58%MD) between the fully complementary 
DNA and Single-mismatched DNA These results suggest that 
substrate-modified PPgMA1'vlPC brushes are potential copoly. 
mer platforms for azide-containing probe immobilization for 
detecting target molecules in diagnostic and related applica­
tions. Both types of probe functioned effectively, which shows 
the versatility of the developed platfonn, and suggests that it 
can be used for both antibody-based and DNA-based 
biosensors. 
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A highly sensitive"label-free DNA biosensor based on PNA probes immobilized on a gold electrode was used 
to detect a hybridization event. The effect of a target DNA overhang on the hybridization efficiency was 
shown to enhance the detected signal and allowed detection at a very low concentration. The sensors 
performances were investigated with a complementary target that had the same length as the probe. and 
the signal was compared to the target DNAs with different lengths and overhangs. A longer target DNA 
overhang was found to provide a better response. When the overhang was on the electrode side the signal 
enhancement was greater than when the overhang was on the solution side due to the increased thickness 
of the sensing surface. hence produced a larger capacitance change. Using conformationally constrained 
acpcPNA probes. double stranded DNA was detected sensitively and specifically without any denaturing 
step. When two acpcPNA probes were applied for the screening test for the double stranded HLA-B'S8:01 

and HlA-B'S7:01 genes that are highly similar. the method differentiated the two genes in all samples. 
Both purified and unpurified peR products gave comparable results. This method would be potentially 
useful as a rapid screening test without the need for purification and denaturation of the peR products. 

~ 2016 Elsevier BV All rights reserved. 

1. Introduction 

Specific-sequence detection of DNA has potential applications in 
many areas such as clinical diagnostics (O·(.m l101' J nd C l~.' n l1 . 2(10). 
detection of genetically modified organisms (M., I1;:a n<lfC5-f'.1!enzLlc]" 
i:.'t JI.. ~) O Fi ) and environmental monitoring (l'anie i el ai.. 1(13). DNA 
biosensors are generally composed of single stranded DNA (ssDNA) 
or peptide nucleic acid (PNA) probes immobilized on a transducer 
surface that are able to form a duplex with the target DNAs 
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(UcienthJl :md ( ooo!ng. JUDi ). We have recently reported the for­

mation of label-free DNA biosensors based on the sensitive capacitive 
detection using pyrrolidinyl PNA with a conformationally rigid 0­

prolyl-2-aminocyc1opentanecarboxylic acid (ACPC) backbone 
(acpcPNA) (San!wh et "I. , ::013 ; Thip:n,ll1eE: (' I. :i.L :::Ul::: : Vil,"1 !h lr, 

L(Wj ). When tested with target DNAs of the same length as the PNA 
probe. they provided excellent performance. However. real DNA 
samples are usually much longer than the probe. and exist in double­
stranded forms. It was therefore of interest to investigate the per­
formance of a biosensor with a long and double stranded DNA target. 
as this was a more realistic situation when testing real samples. 

The influence of target length. or more accurately the overhang. 
on the hybridization response in a label-free biosensor has been 
reported using cantilevers ( i\h: kho p"dhY,IY ('I. cL 2()OS ) and mostly 
by detection using electrochemical impedance spectrometry (EIS) 
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,md l{r;"H;:, 2() II ). It was expected that the response would increase 
with the length of the overhang. However. using the EIS response 
(charge transfer resistance - Ra). the results seemed to vary. from 
an increased response with the length of the overhang (on the so­
lution side) (Booth e l ~, i. . '1. 011 ) to the existence of an optimal 
overhang length for the highest response (Corrig,U) eL Jl., ) 014) and 
to a decrease in the response with the length of overhang despite 
the increased mass on the sensing surface (Ricdcl i'I ,,1.. 2014), In all 
cases the explanation for these behaviors was attributed to the in­
creased negative charges from the overhang target DNA but with 
different principles on its effect on the electrode/electrolyte charge 
transfer. hence. the different outcomes, The position of the over­
hang in the DNA target was also of interest (Riede l er al . 201 ~ ; 

Sil al110i .me! i( rJau.. 2.01 1). however, the results were inconclusive. 
possibly due to the different experimental conditions, Since a ca­
pacitive system relies on the ability of an electrode to store a charge 
without any charge transfer, it was important to see how the target 
DNAs with different overhangs contributed to the capacitive de­
tection. Capacitance determination is generally performed via EIS or 
by a potentiostatic step method (Berggren e t ai.. 2001 ). In this case 
when a potential was given to an electrode. with the insulating 
sensing layer on the surface. the electrode will possess the same 
amount of charge as the solution but with an opposite sign. It was 
expected that the overhang, with its increased mass on the elec­
trode surface changed the thickness of the insulating sensing layer, 
hence. increased the change in the capacitance. 

In this work the effect of the target DNA overhang on the hy­
bridization efficiency of a potentiostatic step capacitive DNA sensor 
based on an acpcPNA probe was, for the first time, studied with the 
objective that this effect may help to enhance the detected signal and 
that the system could be readily applied to a real sample. The de­
tection of the single stranded target DNAs with different lengths and 
overhangs was first explored. The advantage of using the acpcPNA 
probe for binding with the double stranded target DNAs was also 
reported. As a proof of the application we investigated the perfor­
mance of the developed DNA biosensor on the screening test for the 
PCR products of two interesting genes HLA-B· SS:Ol and HLA-S·S7:01 
in which the targeted sequences have only two nucleotides different 
(Robinson '::t ai., 2015). and both had long non-hybridizing segments. 
HLA-S·S8:01 is strongly associated with hypersensitivity to allopur­
inol that is used to treat hyperuricemia and recurrent gout. as for 
HLA-B·S7:01. it strongly predicts hypersensitivity to the anti-retro­
viral dntg abacavir ('tun e t ;]1.. :!(12 ). A detection system that can 
differentiate and detect the peR product rapidly with high accuracy is 
needed, to screen for patients with HLA-B'S7:01 or HLA-B' SS:OI in 
the clinic to identify those who should avoid the prescription of 
potentially harmful dntgs. The standard method to detect a specific 
HLA type in the laboratory is usually conducted by the polymerase 
chain reaction (PCR) that employs several sets of primers (fktn e t' <1 L. 
19()5 ) or by using nested PCR (\li1 rt in er 'li .. 200';) followed by the 
time consuming detection of the PCR products by gel electrophoresis. 
The ability of this capacitive DNA biosensor to achieve a rapid. sen­
sitive and selective differentiation between HLA-B'S7:0I and HIJ\­
B*58:01 genes was demonstrated. 

2. Experimental 

2.1. Materials 

The Il-mer lysine-modified acpcPNA probes were synthesized 
by Mrs. Chotima Vilaivan at Chulalongkorn University. Thailand 
according to the published protocol (Vil .l IV,)i1 und SIl:> UWJD!ldkeL 
'20(16 ). The acpcPNA probes were purified by reverse phase HPLC 
(to 90% pu rity) and their identities were verified by MALDI-TOF 

mass spectrometry. The sequence of the lysine-modified acpcPNA 
probes for both the HLA-B'SS:OI (P1 and P2) and the HLA-B'S7:0I 
(P3) genes are shown in ]"z,bk I, 

The synthetic target DNAs used in this work were synthesized 
and purified by the Bioservice Unit. National Science and Tech­
nology Development Agency and BioDesign Co" Ltd., Thailand. and 
their sequences are shown in [".rlc 1. The HLA-B'S8 :01 and HLA­
B'S7:01 PCR-amplified DNA samples were 200 bases in length, 
with only a 2-nucleotide difference ( [<10k I). These genes were 
amplified from the genomic DNA. extracted from white blood cells 
(see S llpp l e lm~r.tJrv In.1 tc' l iJJ for the PCR protocol) and their con­
centrations were determined from the optical density at 260 nm 
using a Nanodrop spectrophotometer (Wilmington. USA). 

The blocking thiol. ll-mercapto-1 -undecanol (11 -MUL) was 
from Aldrich (Steinheim. Germany). para-phenylenediamine (p-PD) 
was from UNILAB reagent (Sydney-Melbourne. Australia). Glutar­
aldehyde was from Sigma-Aldrich (Steinheim, Germany). All buffers 
were prepared with deionized water treated w ith a reverse osmo­
sis-deionizing system (Pentair. Inc" USA). Before use. buffers were 
filtered through a nylon membrane (0.2 !Im pore size. 47 mm dia­
meter, Vertical'''. Spain) before being degassed. Other chemicals 
were analytical reagent grade and were used as received. 

2.2. Immobilization of acpcPNA probe 

Gold rod electrodes (99.99% purity) with a diameter of 3.0 mm 
were cleaned by dipping [n piranha solution (3 : I%v/v of cone. 
H2S04 : 30%H20 2 ) for 20 min followed by rinsing with distilled 
water. Then. they were polished using an alumina slurry (5. 1. and 
0.3 !Im). on a polishing cloth until a mirror-like surface was ob­
taLned and subsequently washed with distilled water. The elec­
trodes were placed inside a plasma cleaner (Model PDC-32G. 
Harrick. New York. USA) to remove organic and inorganic mole­
cules adsorbed on the surface of the electrodes. 

The Pl. P2 and P3 PNA probes were immobilized on separate 
electrodes via a polymer layer of pPD (PpPD) following an earlier 
reported protocol (S;llli<l!h I.'t Jl.. LUi3) ('>,lppiementJfY 111,1[[' r i;tl Fig. 
S I). The pPD monomer of 5.0 mM was first prepared in 1.0 mM so­
dium acetate buffer pH S.1S. Electropolymerization was carried out 
by cyclic voltammetry at 15 scans-using the potential range from 
0.0 to 0.8 V vs. Ag/AgCI with a scan rate of SO mVs - I. The PpPD 
coated electrode was cleaned by rinsing with distilled water and 
treated with 5.0% (v/v) glutaraldehyde in 10 mM phosphate buffer 
pH 7.00 at room temperature for 20 min to activate the aldehyde 
group. Then 20 ~L of 5.0 ~M of acpcPNA probe was placed on the 
PpPD coated electrode and left for 24 h at 4 0(, The electrode was 
then treated with 1.0 mM ethanolamine pH S.OO for 7 min to deac­
tivate all the remaining aldehyde groups not coupled to the im­
mobilized acpcPNA probe. Finally, 1.0 mM ll-MUL solution was ap­
plied for 1 h to block the remaining pinholes. hence. preventing any 
non-specific binding on the electrode surface. 

2.3. Capacitance measurement 

The measurements were performed in a now-injection system. 
The modified gold electrode was used as the working electrode 
together with an Ag/AgCI reference electrode and a Pt wire counter 
electrode connected to a potentiostat (Model EA161. EDAQ, New 
South Wales. Australia). The condit ions were. carrier buffer: 10 mM 
phosphate buffer pH 7.00. now rate : SO J.1L min -I. sample volume: 
300 ~L and the regeneration solution: SO mM NaOH. 300 ~L. 

The capacitance was obtained based on a potential step method 
(f:~f'l'gg rcn t'l al. . 200 I) as previously described (S.1l1k,)h Cl .11. :::C 1:; ) 

(SUI)piemclltary rn;lle "i,l l Fi:.;. S I ). In brief. the trans ient current 
response of an applied potential step (SO mY. 1 pulse/min) was 
used to obtain the linear least-square fitting of In i(t ) versus t. The 
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Tablr 1 

Sequence of PNA probes and largtt DNAs. The italic and underlining alphabets indicate the mismatched and non-hybridizing segment, respectively, 


Name Type Sequence Number of 
base 

PI 

P2 

P3 

TI 

acpcPNA probe for HlA-B'S8:01 
gene 
acpcPNA probe for HlA-B'S8:01 
gene (one base shifr from PI) 
acpePNA probe for HlA-B'S7:01 
gene 
Single stranded complementary 
to PI 

Ac-GCTCCGTCCTC-LysNH, 
(N-C) 
Ac-CTCCGTCCTCG-LysNH, 
(N-C) 
Ac-CGCCATCCTCG-LysNH, 
(N-C) 
S'-CAGGACGGAGC-]' 

II 

II 

11 

II 

12 Single stranded complementary 
to PI 

S'-CGACGCCGCGAGTC;C CAGCACGGAGC q:CGGGCGCC ATGCA-3' 41 

Overhang. 15 bases on each 
side 

12misl Single stranded, single mis­
matched to PI 

S' -CGACGCCGCGAQ:CC CAGCATGGAGCCCCGGGCGCC ATGGA-3' 41 

Overhang, IS bases on each 
side 

12mis2 Single stranded, double mis­
matched to PI 

5'-CGA~GCCGCGAGTCC CAGGTCTGAGCCCCGGGCGCC ilTGCA-]' 41 

Overhang, IS bases on each 
side 

T3 Single stranded complementary 
to PI 

S'-GGlTCGAGAGCGACGCCGCGAGTCCCAGCACGGAGCCCCGGGCGCCi\TGGATAGAGCAGGA-3' 61 

Overhang. 25 bases on each 
side 

T4 Single stranded complementary 
to PI 

S'-GAGGACGGAGCCCCGGGCGCC ATGGATAGAGCAGGAGGGGCCGGA GTATTGGGACGGGGAGACAC-3' 65 

TS 

Overhang, 54 bases on solu­
tion side 
Single stranded complementary 
to PI 

5' -!:!GGCTACGTGGACGACACCCAGTT CGTGAGGTTCGACAGCGACG CCGCGAGTCC GAGGACGGAGC-3' 65 

Overhang. 54 bases on elec­
trode side 

HlA-B'58:01 Double stranded PCR product 
Overhang, 107 bases on elec­
trode side. 82 bases on solu­
tion side 

S' -TTTCTACACCGCCATGTC CCGGCCCGGCCGCGGGGAGC CCCGCrrcATCGCAGTGGGC TACGTGGACGA­
CACCCA,GTT CGTGAGGTTCGACAGCGACG CCGCGAGTCCCAGCACGCAG CCCCGGGCGCCATGGATAGA 
GCAGGAGGGGCCGGAGTAIT GGGACGGGGAGACACGGMI: ATGAAGGCCTCCGCGCAGACTT-3' 

200 

Bold alphabets show Ihe se­
quence complementary to P2, 
the sequence complementary 
to PI is one base shifl to the 
left 

HlA-B'S7:01 Double stranded PCR product. 
2-nucleotide difference from 
the HlA-B' 5801 
Overhang. 107 bases on elec­
trode side, 82 bases on solu­
tion side 

S' -ITfCTACACCGCCATGTC CCGGCCCGGCCGC~GGGAGC CCCGCT]'CATCGCAGTGGGC TACGTGGACGA­
CACCCAGIT CGTGAGGTTCGACAGC;GACG CCGCGAGTCCCAGGATGGCG CCCCGGGCGCCATGGATAGA 
GCAGGAGGGGCc;GGAGTATT GGGACGGGGAGACACGGAAC ATGAAGGCCTCCGCGCAGACTT-3' 

200 

Bold alphabets show the se­
quence complementary 10 P3 

value of the capacitance of the electrode surface. C,o,al. was then 
obtained from the slope of the linear regression equation. The 
measuring flow cell had a dead volume of approximately 10 ilL 
The flow of the carrier buffer through the measuring cell was 
maintained by a peristaltic pump (Miniplus3. Gilson. France) that 
provided a baseline capacitance. Then. the synthetic target DNA or 
the gene sample with a volume of 300 III was injected into the 
flow system and the hybridization between the PNA probes on the 
electrode surface and the target DNAs in the flow through sample 
was performed at room temperature. The decrease in the total 
capacitance upon hybridization due to the increase of the di­
electric layer thickness can be described by [q , i 1 ; 

1 1 1 1 
--=--+---+--
CrolOl Cpppo CoepePNA CONA (1) 

where C'o,ul is the total double layer capacitance measured at the 
electrode-solution interface. CPPPD is the capacitance of the PpPD 
modified layer. (.eperNA is the capacitance of the acpcPNA layer. 

and CONA is the capacitance of the DNA layer. The measure CIOIOI 

was plotted as a function of time. The capacitance change (6C) is 
the difference between the capacitance obtained before and after 
the binding of the PNA probe and the target DNA ( ~,!J :)pjt'mp:1lJr'; 

ma k ri;; \ j:i)!-, SI ). The regeneration solution (50 mM NaOH. 300 Ill) 
was then injected and flowed through the electrode surface to 
break the binding between the probe and the target and the ca­
pacitance returned to its baseline. ready for a new analytical cycle. 

3. Results and discussion 

3.1 , Effect of target DNA overhang 

The hybridization between the PNA probe and target DNA of 
unequal lengths results in non-hybridized segments. The target 
DNA overhang was first investigated. with an immobilized P1 
probe. using different lengths of synthetic ssDNAs with overhangs 
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on either side between 1.0 x 10- 14 and 1.0 x 10- 6 M. Linear re­
lationship between ll( and the logarithm of the concentration of 
all targets were between 1.0 x 10 -12 and 1.0 x 10 -8 M. The limit of 
detection (LOD) of the capacitive biosensor for the complementary 
target DNA (TI) was 1.0 pM (B uck Jnd Li ndon 199 1). For the 41 
and 61 bases target DNAs (T2 and TI) with a 15 and 25 nt over­
hang on each side. the limit of detection improved slightly with 
the length of the overhang. i.e .. 0.8 pM and 0.5 pM for the target 
with a 15 and 25 nt overhang. respectively. For the sensitivity 
(expressed by the slope of the calibration plot). the results in 
i· ig. 1a indicated that the targets T2 and T3 had higher sensitivities 
(18.0 ± 1.0 and 23.2 ± 1.1 -nF cm - 2 (log M) - 1. respectively) than 
the 11 bases DNA without the overhang (11.1 ± 0.2 
nF cm- 2 (log M)-I). As anticipated a longer overhang (25 bases of 
the 61 bases T3). which added more mass to the surface. gave a 
higher sensitivity (and a better LOD). This was in contrast to some 
earlier reports based on EIS in which t·he highest ReI was obtained 
from the hybridization between the DNA probe and the com­
plementary target DNA that has no overhang. The lower response 
was said to be due to the lower charge transfer resistance caused 
by the lower hybridization efficiency of a target with an overhang 
on the electrode side (Sh.1n1si J nd 1<ra<iJ:i:. ~01 I) or to the direct 
increase of the negative charges (of the target DNA) near the 
electrode. which disturbed the permeation of ferri-/ferrocyanide 
on the electrode ( Rit~ dei !?( J !. , 201 ·1). These effects were probably 
overcome by the use of the PNA probe. which has proven to be 
very efficient for hybridization with target DNA (Vi l,)i'.·.111 . 2015 ; 
\:il zilvan ,1nd SrL<; lI \.'vJn nake t . 20( 6 ) and for the detection of the 
change in capacitance as it does not depend on the charge transfer. 

Further experiments were carried out to see the effect of the 
position of the overhanging part. This was investigated using two 
65 bases as target DNAs with a 54 base overhang on either side (T4 
and T5). As shown in Fi;". l b. a much higher sensitivity was obtained 
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Fig. 1. Capacilance change from the hybric1izalion of probe PI wilh the same length 
ta rget DNA (Tl ) and (a ) target ONAs with d ifferenl lengths o f overhang on both 
sides. 12 and T3 (b) target DNAs w ith the same length of overhang (54 bases) but 
on opposite side (T4 and T5) (n= 3). 

from the target DNA with the overhanging part on the electrode 
surface (27.1 ± 1.5 -nF cm- 2 (log M) - t) compared to the one with 
the overhang in the solution (11.1 ± 0.2 -nF cm - 2 (log M) - I). This is 
most likely because the overhang on the electrode surface pushed 
the electrolyte further away from the electrode surface. i.e.. making 
the interface thicker resulted in a decreased capacitance (Berggren 
<:'{ a i , 2 llU l: Gebhe n .? l iii.. 1992 ), and thus increased the ~c. On the 
other hand the target DNA with the overhang in the solution gave 
the same sensitivity as the fully complementary DNA (11 bases) but 
with a slightly higher signal. It was therefore likely that an overhang 
of the target DNA on the electrode surface was more effective for 
displacing water and electrolyte molecules away from the surface, 
and provided for a more enhanced sensitivity. This is in contrast to 
the results of Sh,il ll :'; J ild I<r" ,i tl ' lUj i !. Using DNA probes they 
found that the same length of an overhang on the electrode side. 
compared to the solution side. decreased the response ( ~Ret ) . They 
reasoned that this was most likely due to the decrease in hy­
bridization effiCiency caused by steric congestions at the electrode 
surface. This again confirmed the advantage of this newly reporting 
system. i.e .. the use of a neutral PNA probe can reduce such a steric 
effect from the DNA-DNA hybridization. 

3.2. Detection oj double stranded target DNA 

As most DNA targets are in duplex forms (dsDNA). almost all 
previous DNA sensors require denaturation of the target dsDNA prior 
to detection. One advantage of using PNA is that it can also bind 
directly to dsDNA or other structured DNA targets in various con­
figurations depending on the base sequence (i\m,itagt', :~(]li'3 ; 'Nang 
" ncl Xt:. ),004 ). For the first time. a direct capacitive detection with 
immobilized PNA probes was investigated for its binding capability 
to dsDNA targets. with and without denaturation. Two dsDNAs were 
tested with the P1 probe, i.e., the peR products of the target HLA­
B"58:01 gene and the HLA-B"S7:01 gene that had only two nucleo ­
tides different. The denaturation was carried out by heating at 90 O( 

in a water bath for 15 min and rapidly cooled down on ice for 10 min. 
The responses from the DNAs with and without denaturation are 
shown in Fi)i:. ;~ . The slightly higher response of the denatured DNA 
was most likely due to the better accessibility of the PNA probe to the 
hybridization segment. However. the responses of the DNA without 
denaturation were only about 10% lower than those from non-de­
natured DNA. As expected the responses to the HIA-B' 57:01 gene 
were much lower than those to the HIA-B· 58 :01. but a similar be­
havior was obtained, i.e.. the denatured DNA gave a higher response 
than the dsDNA. From the results. this system could be applied to 
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Fig. 2. Capacitance change from the hybridi zation of probe PI with 1.0 x 10 ' 11 M 
peR product of the HIA· B'S8:01 and HIA·S'S7:01 genes. with and without dena­
tu rat io n (n = 3). 
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detect target dsDNA without the need for denaturation. and there­
fore reduced the time taken and simplified the method. 

3.3. Analysis of the purified HLA-B'S8:01 and HLA-B"S7:01 genes 

Using the electrode with the immobilized PI probes. the purified 
HLA-B'58:01 and HLA-B*57:01 genes were first tested in the con­
centration range from 1.0 x 10 - 14 and 1.0 x 10 - 7 M. The linear range 
of both targets were from 1.0 x 10 - 12 to 1.0 x 10 - 8 M. with the same 
LaD of 0.4 pM. However. the %signal suppression values (%55= 100 x 

(complementary response - mismatched response )/complementary 
response) within the linear range were only 15-30%. This led to the 
investigation of using a hybridization suppressor (additive) that 
helped to control the hybridization behavior of the perfect matched 
and mismatched target DNA (Lac, t:[ c)l.. ~(l09 ). Two additives were 
tested. using the carrier buffer of 100 mM phosphate buffer. pH 7.00. 
Acetamide (0.10. 0.25. 050. 0.80. 0.90 and 1.0 M) and formamide 
(0.25 M) were investigated with the PI probe to detect a 41 base 
target DNA (T2) at 1.0 x 10- 10 M. 

The additives did lower the responses for both the com­
plementary (T2) and mismatched DNAs (T2misl and T2mis2-). 
However. the presence of the additive considerably improved the %SS 
values (Su(lpi eme nt.1IY mater ia l Table S l). Comparing the presence 
of formamide and acetamide at the same concentration (0.25 M) the 
latter provided a better %S5. This is because acetamide has a lower 
dielectric constant (D) than formamide (0=4.7 and 109.5 at 25°(' 
respectively) (Coving[c' 1l and Dickimon, 1973 ). so gave a lower 
baseline that resulted in a larger i:'.C response. The optimum con­
centration for acetamide was studied and found to be 0.25 M. This 
provided the highest %55 for both a single (75%) and double (81%) 
mismatched DNAs. The 11LA.-B*58:01 and HLA.-B*57:01 genes within 
the same concentration range were then tested again by adding 
0.25 M acetamide in the buffer. The %5S improved by 50-70%. com­
pared to when there was no additive. and therefore the acetamide 
additive was included for the remaining experiments. 

The use of the P2 probe with a slightly different sequence to PI 
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Fig. 3. Calibration plots of purified HLAcS-S8:01 and HLA-B"S7:01 us ing modified 
electrodes with (a J P2 probe (for HLA-B'S,8 :01 ) and (b) P3 probe (for HLA-B'oS7:01 ) 
with 0.25 M acetamide in phosphale buffer [n=3). 

(one base shift towards the C-terminus: Tabl;> I) for the detection of 
HLA.-B'58:01 was also tested. A calibration curve was established 
from a purified PCR product of HLA.-B*S8:01. The linearity between 
the capacitance change (-nF cm- 2 

) and the logarithm of the HLA­
B"58:01 concentration (log M) was observed between 1.0 x 10- /2 

and 1.0 x 10- 8 M (Fi~. 3a). The very low concentration of the linear 
range would allow for detecting a sample with a very small amount 
of DNA. For samples with high concentration. dilution can be easily 
performed. hence only a small sample volume is required. The di­
lution will also reduce any interfering effect from the sample ma­
trix. The performance of the P2 probe was comparable to P1 (data 
not shown). P2 was then used for further experiments. It should 
also be noted that the dsDNA of the HLA.-B*58:01 gene with a 107­
base non-hybridizing segment on the electrode side provided a 
much higher sensitivity (36.0 ± 1.3 -nF cm-2 (log M)-I) ( ~'Ig. :: a) 
than the ssDNA target with a 54 base overhang (27.1 ± 1.5 ­
nF cm- 2 (log M)-I) (he. 1b). This also confirmed that a longer non­
hybridizing segment provided a better sensitivity. 

The detection for the HLA-B"57:01 genes yielded a sensitivity of 
8.1 ± 0.2 -nF cm - 2 (log M) -I (I i)! . 3a). Although the sensitivity from 
the purified HLA.-B*S8 :01 was 4.4 times more than the one from the 
HLA.-B*57:01 genes. an incorrect quantitative result may still be ob­
tained. For example. a sample with a large amount of the HLA­
B'57:01 genes might give the same response as a sample with a 
lower amount of the HLA-B*58:0I genes. Therefore. the same sam­
ples were detected twice using two probes, and the signals were 
compared to eliminate the effect of concentration. In this set up. the 
same sample was tested with two modified electrodes. one with the 
P2 probes and the other with the P3 probes. Using the P3 probes. the 
sensitivity to the complementary HLA.-B*57:0I was 4.6 times higher 
than that for the highly similar HLA.-B'58:01 (J,g!b). 

By following this protocol of using two PNA probes. a total of 21 
blind purified PCR gene samples (5PI-5P21) from human white 
blood cells were analyzed. Samples were sequentially diluted from 
the initial concentration to be approximately 10- 10 M. This was done 
to eliminate any interferences from the PCR matrix as well as to 
adjust the concentration of the sample to be within the linear range 

Table 2 
The results of the blind purified PCR gene samples obtained from the white blood 
cell using a direct capacitive system (chis work. n=3J and the Sanger sequencing 
technique. 

Sample Concentration (M) Capacitive' DNA biosensor 

Capacitance change' Gene 
(-nFcm 2) 

Sanger 
sequencing 

Probe P2 Probe P3 Gene 

SPI 2.3 x 10- 10 34 ± I \05 ± 2 5701 5701 
SP2 2.2 x 10- 10 95 ± 2 23 ± I 5801 5801 
SP3 1.7 x 10- 10 29 ± 1 99 ± 2 5701 5701 

SP4 2.3 10- 10 99 ± 3 25 ± I 5801 5801 
SP5 1.3 x 10- 10 88 ± 2 23 ± 2 5801 5801 
SP6 2.1 x 10 - 10 97 ± 3 28.0 ± 0.2 5801 5801 
SP7 2.9 " 10 - 10 35 ± I 103 ± 3 5701 5701 

SP8 2.1 " 
10 - 10 98 ± I 27 ± 2 5801 5801 

SP9 3.3 x 10 - '0 102 ± 3 25.0 ± 0.2 5801 5801 
SP10 4.1 x 10- 1• 34 ± 2 112 ± 1 5701 5701 
SPII 4.1 x 10- '0 331:1 113 ± I 5701 5701 
SPI2 4.3 10­ ' 0 103 ± 2 28 ± I 5801 5801 
SPI3 4.1 x 10- 10 33 :!: 1 111.0 ± 0.3 5701 5701 
SPI4 4.2 x 10- 10 1061:1 27 ± I 5801 5801 

SPI5 4.1 A 10 - '0 \08 ± 4 27 ± I 5801 5801 

SPI6 -1.1 x 10 - '0 34 :!: 2 112 ± I 5701 5701 
SPI7 4.1 " 

10- 10 341:2 110.0 ± 0.2 5701 5701 
SPI8 1.8 x 10 - '0 32 ± I 100±1 5701 5701 
SPI9 1.6 x 10 - '0 931: I 25 ± 1 5801 5801 

SP20 1.7 x 10 - '0 31 ± 1 99 ± I 5701 5701 

SP21 1.8 x 10 - 10 97 ± I 28 ± I 5801 5801 

I 
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FJg. 4. Capacitance change of the blind unpurified HLA-S'S8:01 and HLA-S'S7:01 
gene samples with 0.25 M acetamide in phosphate buffer (n=3). 

of the sensor. The results in Table 2 clearly showed that the responses 
of each sample based on the [wo probes differed by at least 3 fold. A 
higher .esponse from the P2 probe indicated a HI.A-B·S8:01 gene 
and vice versa. That is, this method had a distinct ability to distin­
guish between the HI.A-B*S8:01 and the HI.A-B*S7:01 genes. 

To verify the results, the blind samples were independently 
tested by the So1nger sequencing technique (Ward Medic Ltd., PART, 
Malaysia) using the forward primer (5'-TIT eTA CAC CGC CAT GTC 
C-3') and the reverse primer (S'-MG TeT GCG CGG AGG C-3'). The 
results of the capacitive system and the Sanger sequencing tech­
nique were in complete agreement (T;lbk 2). Therefore, a direct 
capacitive DNA biosensor can be used to differentiate between the 
purified PCR products of HLA-B*S8:01 and HI.A-B*S7:01 with a high 
specificity. In addition, it required a very small sample volume. of 
only 1-2 ilL of. the original PCR product for each measurement. 

3.4. Analysis of unpurijied PCR samples 

Although there was an exceptionally good discrimination be­
tween the two genes. the experiments above were carried out 
with purified PCR products. If a similar discrimination could be 
achieved with an unpurified product much process t ime and cost 
could be reduced . Eight unpurified DNA samples (SU1-SU8. un­
purified versions of blind samples sr1-SP8: diluted to be ap­
proximately 10- 10 M) were then tested. A good differentiation 
between the two genes was obtained (f '0; . '\ ) . The results provided 
a high %SS and the type of genes were in complete agreement with 
the purified samples SP1-SP8 ( :illpp lf'~men; Jf\, m,lI'erlJI T<lbk S:·). 
It is clear that the [wo genes can be easily distinguished without 
the need for purification of the PCR sample. 

4. Conclusions 

This research has shown that enhancement of the capacitive 
signal can be achieved by using the overhanging pan of the target 
DNA. The longer the overhanging part on the electrode surface the 
better the signal, i.e .. more capacitance change. This would be 
useful for the detection of samples that have a small amount of 
DNA. Another advantage is that dsDNA targets can be detected by 
the immobilized PNA probe without an additional denaturation 

step so the method for detection becomes much simpler. This 
work also demonstrated the successful use of a direct capacitive 
system based on two acpcPNA probes that could discriminate 
between the HLA-B*S8:01 and HLA-B*S7:01 genes from both 
purified and unpurified PCR samples. Adding acetamide to the 
carrier buffer improved the discrimination. Th is method provided 
for a rapid screening test, with a high sensitivity and specificity. 
and required only a small sample volume (1-2 JJL from the original 
PCR product). In addition, the unpurified PCR products can be 
tested directly. without the need for a denaturing step. 
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ARTICLE HISTORYABSTRACT 
Received 3 February 2016Magnetite nanoparticie (MNP) grafted with a cationic copolymer 
Accepted 10 May 2016between poly(2-(N,N-diethylamino) ethyl methacrylate) and 


poly(poly(ethylene glycol) methyl ether methacrylate)) for efficient 
 KEYWORDS 
and recyclable adsorption of 5'-fluorescein-tagged DNA (FAM­ Magnetite; nanoparticle; 
dT9) was prepared. MNP having highest degree of positive charge ionic adsorption; recyclable; 
(+32.1 ± 1.9 mV) retained 100% adsorption of FAM-dT during eight DNA

9 
adsorption-separation-desorption cycles. The MNP having lower 

degree of positive charge showed a slight decrease in adsorption 

percentages (94-98% adsorption) after multiple recycling processes. 

This biocompatible hybrid material with charged surface and 

magnetic-responsive properties might be applicable for use as 

a nanosolid support for efficient and facile separation of various 

bioentities. 


1. Introduction 

During the last decade, surface modification of magnetite nanoparticle (MNP) has become 
a rapidly developed strategy for a wide range of applications, especially in biomedical areas 

such as Site-specific drug transfer system,[l] diagnostics,[2] hyperthermia treatment of 
tumors, [3] and contrast enhancement agents in magnetic resonance imaging. [4] Because 

of the large surface area-to-volume ratio ofMNP, it tends to form macroscopic aggregation 
due to attractive forces, e.g. dipole-dipole interaction and magnetic force. In an attempt to 
prevent them from proximit}' to each other, steric and/or electrostatic stabilization mech­
anisms were usually employed by coating the particles surface with long-chain polymers 
and/or charged molecules. In addition, the grafted polymers on the MNP surface can also 
serve as a platform for designing and tailoring to have specific interactions with various 
bioentities such as protein,[5] amino acid [6], and DNA.[7] 

Recently, two efficient approaches for surface modification of IvINP, 'grafting to' and 'graft­
ing from' strategies, have been developed. The 'grafting to' approach involves the anchoring 
of the pre-syntheSized polymers having suitable functional groups to the particle surface, 
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while the 'grafting from' approach involves the polymerization initiated directly from its 

surface.[8-1O] The latter.approach seemed to be an effective synthetic strategy to func­
tionalize MNP surface with high polymer density. The grafted polymer composition and 
structure on the MNP surface were well controllable particularly when the controlled radical 

polymerization techniques, such as reversible addition fragmentation chain transfer [11] 
and atom transfer radical polymerization (ATRP) were employed.[12-14] 

In particular, surface modification of MNP with stimuli-responsive polymers has gained 
much attention because it can produce 'smart' hybrid materials that can sense environmental 
changes, e.g. temperature, pH, and ionic strength. These materials possessed both magneti­

cally guidable properties oUvlNP and stimuli-responsive properties of the polymers. These 
multifunctional materials have been reported for use in many biomedical fields, such as 
controlled release and immobilization ofbioentities. pH-responsive polymers such as poly 
(2-(N,N-diethylamino) ethyl methacrylate) (PDEAEMA) and/or its derivatives,[15-17] 
chitosan [18], and poly(ethylenimine), have been grafter from or grafted to the MNP surface. 

o 	 [19,20] These charged polymers-grafted MNP can electrostatically adsorb to charged bio­
entities such as phosphate groups of DNA [21-23] and amino groups of protein or peptide 

to applied as hydrophobic affinity for conveniently, efficiently, and quickly concentrating 
low-concentration peptides.[24,25] Hao and co-workers have reported the use of a magnet­
ic-responsive polycationic poly(2-(dimethylamino) ethyl methacrylate) in the applications 
for gene vector. [26] In addition, other bio-applications of polycation-grafted MNP such as 
gene delivery, [27] cell separation [28], and biosensor,[29] have also been reported. 

Adsorption of bioentities on MNP surface could be advantageous for practi~al appli­
cations because magnetic MNP can facilitate the separation process with an assistance of 
an external magnet. In addition, the adsorption percentages of the nanoparticle should be 
greatly enhanced due to its high surface area-to-volume ratio. Taking advantages of the 
facile magnetic separation, poly(quaternary ammonium)-coated MNP was synthesized and 
repeatedly used for an antibacterial purpose. [30] The MN P retained 100% biocidal efficiency 
against Escherichia coli at least eight exposure/collect/recycle procedures without washing 
\'vith any solvents or water. Recyclable MNP for other applications such as protein separation 
[31,32J has been reported. Mesoporous silica nanopartic1e comprising of magnetite inner 
core and mesoporous silica shell was reported for use for DNA adsorption/desorption. [33] 

o The use of recyclable cationic MNP for DNA adsorption was previously reported from our 
group. [34] However, the el1"ect of degree of positive charges of the grafted polymer on the 
efficiency in DNA adsorption and recycling has never been investigated. 

Therefore, the novelty of the current work is that we herein demonstrated the use ofMNP 
grafted with the polymer having various degrees of positive charge for efficient and recycla­
ble adsorption of DNA. The positively charged polymer-grafted .l\·lNP was prepared via a 
surface-initiated ATRP copolymerization of diethylamino ethyl methacrylate (DEAEMA) 
and/or poly(ethylene glycol) methyl ether methacrylate (PEGMA) in an attempt to tune 
the degree of positive charge on the MN P surface after quaternization. Effect of the degree 
of positive charge on the MNP surface on adsorption percentages of a model DNA (Tq) 
tagged "vith fluorescein at 5' -position (FAM -dT9) was investigated.Adsorption percentages 
ofFAM-dTy on the MNP were determined by nuorescence spectroscopy and the recycling 
efficiency of the copolymer-grafted MNP in the adsorption of FArvI -dT9 was also discussed 
(Figure 1). 

I 
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Figure 1. (A) Synthesis of positively charged polymer-grafted MNP and (B) the concept and detection of 
DNA adsorption on the particle surface. (Please see the online article for the color version of this figure: 
http://dx.doi.org/l0.l 080/09205063.2016.1189378.) 

2. Experimental 

2.1. Materials 

DEAEMA (99%, Acros) and PEGMA (Mn ~ 300 g/mol) were passed through a basic alu­
mina column and stored at 4 °C until used. Triethvlamine (97%, Carlo Erba) and toluene 

I 

were purified by distillation over CaH2' Iron (III) acetylacetonate (99%, Acros), 3-amino­
propyl triethoxysilane (APS, 99%, Acros), 2-bromoisobutyryl bromide (BIBB, 989-(1, Acros), 
N,N,N',N',N'-pentamethyl diethylcnetriaminc (PMDETA, 99%, Aldrich) and CuBr (98%, 
Acros) were used as received, DNA Tq tagged with tluorescein at 5'-position (FAM-dT9) 

were purchased from BioDesign (Thailand) and used as received, TE buffer was prepared 
by the mixing of tris(hydroxymethyl) aminomethane pH 7.5 (99%, Labscan) and diami­
noethane tetraacetic acid pH 8 (99%, Carlo Erba) in water, CaCI ·2H 0 (99.5%, Merck), 

2 2

NaCI (99.5%, Labscan) and other organic solvents were used as received. 

2.2. Synthesis ofpositively charged poly(PEGMA-co-DEAEMAJ-grafted MNP 

The details of the synthesis of the cationic copolymer-grafted MNP have been described in 
our previously reported paper. [35] Briefly, oleic acid-coated MNP was first synthesized by 
the thermal decomposition of Fe(acac) 3 (5 g) in benzyl alcohol (90 m!) at 175°C for 48 h 
under N 2 gas. After wasl}..ing the resultant mixture with ethanol and CH

2
CI

2
, oleic acid (4 ml) 

was then added to the MNP-toluene dispersion, followed by sonication for 3 h under N::> to 
obtain oleic acid-coated iviNP. BTPAm, an ATRP initiator and synthesized according to the 
previously reported procedure,[36] was then immobilized onto the oleic acid-coated MNP 
through the combination of a ligand exchange reaction and silanization. 

/ 
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To prepare the copolymers via a surface-initiated ATRP from the BTPAm-coated MNP, 
the reaction having 50:50:1:1 molar ratio of PEGMA:DEAEMA:CuBr:PMDETA, respec­
tively, is herein explained in details as an example. Other reactions were performed in a 
similar manner with an appropriate PEGMA-to-DEAEMA molar ratio. PEGMA (2.4 ml, 
8.4 mmol), DEAEMA (1.7 m}, 8.4 mmol), CuBr (0.024 g, 0.17 mmol) and BTPAm-coated 

MNP (0.1 g, 8.891lmol Br) were dissolved in toluene (2.4 ml) in a Schenk tube. After apply­
ing three fr eeze-pump-thaw cycles to the mixture, PMDETA (0.035 m}, 0.17 mmol) was 

added to the mLxture and the ATRP was performed at 50°C for 3 h to obtain about 50% 
monomer conversion. After centrifugation, the MNP was thoroughly washed with ethanol 
and dried in vacuo. To quaternize the copolymer-grafted MNP, methyl iodide (5 m!) was 
added dropwise to the MNP (0.1 g) suspended in THF (tetrahydrofuran) (5 ml). After 
sonication for 3 h in dark, the MNP was separated by an external magnet and washed 

with THE TI1e particles were dried in vacuo to give a fine black powder of quaternized 
poly{PEGMA-co-DEAEMA)-grafted MNP. 

2.3. Determination of FAM-dTI) adsorption percentages on the positively charged 
copolymer-grafted MNP 

After sonication of MNP dispersion (l.5 mg in 2 ml ofTE buffer) for 30 min, 100 fll of the 
dispersion was then mixed with 3 fll of 10 flM FAM-dT

9 
solution (30 pmol of FAM-dT

9 

used) by stirring. After applying a permanent magnet, the adsorption percentages of the 
copolymer-grafted MNP to FAM-dT were determined from the fluorescence signal inten­

9 

sity of the non--adsorbed FAM -dT 9 remaining in the supernatant. The tluorescence emission 

signal at Am<lx=520 nm was used to determine the absorption percentages of FAM-dT9 on 
the MNP according to Equation (1), 

Adsorption percentage = [(A - B) / A] X 100 0) 

w here A is the initial concentration of FAM-dT9 before adsorption and B is the concentration 
of FAM-dT

9 
in the supernatant after adsorption. 

2.4. Determination of the recycling efficiency of the copolymer-grafted MNP in 
adsorption of FAM-dT

9 

To recycle the copolymer-grafted MNP for adsorption ofFAM-dT
9

, the precipitated MNP 

was thoroughly washed with 3 x 100 ~tl of an optimal salt solution (NaCI or CaCI) to 
wash off the FAM -dT9 adsorbed on the MNP surface. The fluorescence emission signal 
at \n,L\ = 520 nm was used to investigate of the salt solutions after washing the FAM-dT9 

adsorbed on the MNP. After complete desorption of FAM-dT
9 

from the MNP, 100 fll of 
dispersion particles were then suspended in 3 fll of fresh 10 flM FAM-dT'j solutions (30 pmol 
of FAM -dT9 used) with stirring. After precipitation of the MNP, the FAi\'l-dT9 in the super­
natant (non-adsorbed portion) was again quantified by fluorescence spectroscopy. The 
fluorescence emission sie:nal at X =520 nm was used todetermine desorption nercentages 

LI 111ax J-

of FAM-dT
9 

from the MNP according to Equation (2), 

Desorption percentage = [CC)/D] X 100 (2) 

I 
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where C is the concentration of FAM-dT9 in the supernatant after washing process and 
D is the concentration of FAM-dT adsorbed of the MNP The adsorption-separation­

9 

desorption process was performed repeatedly to evaluate the recycling efficiency of the 
copolymer-grafted MNP in adsorption with FAM-dT using Equation (3),

9 

Recycling efficiency (%) = [(E)/F] X 100 (3) 

where E is the adsorption percentage of the MNP after recycling and F is the adsorption 
percentage of the MNP at initial. 

2.5. Characterization 

Zeta potential of the particles was measured by photocorrelation spectroscopy llsing 
NanoZS4700 nanoseries Malvern instrument. The sample dispersions were sonicated for 
30 min before the measurement at 25°C without filtration. The DNA-binding capability 
of the MNP was determined by fluorescence spectrometer on a Perkin-Elmer: instrument 
model LS 55 using a DNA To} tagged \vith fluorescein at the 5'-position (FAM-dT) with 

,1cxcilei/\mi» ion =495i520 nm. 

-

3. Results and discussion 

This work presents the use of the magnetically guidable and recyclable MNP having pos ­
itively charged surface for recyclable adsorption of DNA. The degree of positive charge 
on the MNP surface can be fine-tuned by systematically varying molar ratio of PEGMA 
to DEAEMA on the particle surface. The preparation and characterization of the poly­
mer-grafted MNP has been previously reported from our group;[35] the main objective of 
the current work is to demonstrate the applications of such particles for DNA adsorption and 
recov~ry. The effect of degree of positive charge of the particles on its recycling efficiency in 
adsorption of DNA was investigated using FAM-dT \) as a representative negatively charged 
bioentity because it can be quantitatively determined via tluorescence spectros(Opy. 

To investigate the composition of the copolymer-grafted MNPs, the relative amount of 
the copolymer that can be grafted on the particle surface was investigated via TGA (ther­
mogravimetric analysis) . Using the hypothesis that char yield was the weight of magnetite 
core remaining at 600°C, the weight loss of the samples was the decomposed organic 
components including BTPAm and the copolymers that grafted to the particle surface. 
From the TGA results shown in the supporting information (Figure IS), BTPAm content 
in BTPAm-coated MNP was about 10% and those of the copolymers in each sample were 
not significantly different from each other (ranging between 10% and 17%). 

To validate the concept of adsorption of FAM-dT on the MNP, FAM-dT was loaded 
9 9 

in the MNP dispersed in buffer solutions (Figure 2) and the adsorption percentages at 
equilibrium of FAM-dT

9 
to the particle was then determined. After the magnetic separa­

tion of the FAM-dT y-adsorbed MNP, the fluorescence emission signal s of the supernatan~ 
were determined at 5-min interval and compared to a calibration curve (Figure 2S in the 
supporting information) . 111e decrease in the fluorescence signal reflected the FAM -ciT 9 

adsorbed on the MNP surface and this can be calculated according to Equation (1). 
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Th" slIverImtanl was d':lc(l~d 
by Flu';re,c..-llC"c Speclrometer 

W~$h ;\f:\P wilh salt solution 
( 

Figure 2. A schematic illustration of the ad,orption-separation-desorption cycles of the fecyclable 
PDEAEMA-grafted MNP in adsorption of FAM-dT

9
. (Please see the online article for the color version of 

this figure: http://dx.doLorg/10.1080/09205063.2016.1189378.) 

Figure 3 shows the adsorption percentages ofFAM-dT
9 

on the particles having different 
molar ratios of PEGMA to DEAEMA o~ their surface. In all cases, the adsorption percent­
ages of FAM-dT

9 
rapidly increased during the first 5 min and then reached their equilib­

rium within 60 min_ The adsorption percentages at equilibrium consistently increased with 
increasing DEAEMA moiety in the copolymers. The results are in good agreement with 
the increase in zeta potential values of the IvINP with increasing DEAEl\/IA moiety in the 
copolymer (Figure 4). It was hypothesized that the negatively charged FAM-dT

9 
can bind 

to the positively charged MNP via ionic interaction; the high degree of positive charge of 
the MNP resulted in high FAM-dTq adsorption percentages to its surface (Figure 4) . 

To prove the recycling concept of the particles, an appropriate washing solution for 
desorption of the FAM-dT '1 from the MNP surface was then investigated. After 60-min 
adsorption, the particles were removed from the dispersions with the assistance of a per­
manent magnet. The solutions of CaCl

2 
or NaCl at 0.1, 0.5, 1.0, and 2.5 M were used for 

desorption ofFAM-dTI) from the MNP by washing. The fluorescence emission Signals of the 
salt solutions after washing FAl\1-dT9 adsorbed on the MNP were investigated and their des­
orption percentages were calculated (Figure 3S in the supporting information) . Figure 5(A) 
illustrates the percentage of FAM-dT9 desorption of washed solutions in the case of 0: 100 
PEGMA:DEAEMA copolymer-grafted MNElt was apparent that 2.5 M CaCl" salt solutions 
showed the most promising washing solution for removal of the adsorbed FAl'v1-dT9 from 
the MNP surface (95.00% FAM-dTt) desorbed). The time course of FAM-dT~ desorption 

http://dx.doLorg/10.1080/09205063.2016.1189378
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Figure 3. Adsorption percentages of DNA to the copolymer-grafted MNp, where PEGMA:DEAEMA molar 
ratios are (A) 0:100, (B) 25:75, (C) 50:50, (D) 75:25, and (E) 100:0, respectively. The concentrations of FAM­
dTg DNA used in these experiments were equivalent (0.3 f-IM of FAM-dTg used). 
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Figure 4. Zeta potential ([1) and DNA adsorption percentage (.) of the copolymer-grafted MNP having 
various molar ratios of PEGMA to DEAEMA after 60-min adsorption. 

from the MNP surface after washing \vith 2.5 M CaCl
2 

solution was about 25-30 min 
(Figure 5(B)) . Emission fluorescence signals of the desorption kinetics are provided in the 
supporting information (Figure 4S). The washing process was repeated until the fluores­
cence signals of the washed solutions were no longer observed (Figure 5S in supporting 
information) . In the MNP grafted with other copolymers, similar washing process of the 
particles using 2.5 M CaCl

2 
solution was applied. 

Because these particles possess magnetically guidable properties, which thus facilitate 
the recycling process, the investigation of the recycling efficiency of the copolymer-grafted 

I 
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Figure 5. (A) Desorption percentages of FAM-dT after washing the FAM-dT9 adsorbed on the copolymer­
9 

grafted MNP with various NaCI and CaCI2 concentrations and (8) the time course of FAM-d\ desorption 
from the MNP surface after washing with 2.5 M CaCI

2 
solution. The MNP having 0:100 molar ratio of 

PEGMA:DEAEMA 'vvas used in this experiment. The concentration of FAM-dT in this experiment was O.3j..lM.
9 

Figure 6. The recycling efficiency of the copolymer-grafted MNP in adsorption with FAM-dT , where 
9

PEGMA:DEAEMA molar ratios are (A) 0:100, (B) 25:75, (C) 50:50, and (D) 75:25, respectively. 

MNP was of our interest. This concept is greatly bendicial to magnetic separation applica ­
tions, especially in biomedical fields, in which the MNP for the biomolecule separation is 
usually costly. The MNP having consistent adsorption percentages after multiple recycling 
processes is greatly desirable. 

Figure 6 illustrates FAM-dT9 adsorption percentages of the MNP grafted with the copol ­
ymers having PEGIvIA:DEAEMA molar ratio 0[0: 100,25:75,50:50, and 75:25, respec tively 
The MNP grafted with 100:0 PEGMA:DEAEMA molar ratio "...·as not used in this exper ­
iment because, according to Figure 4, the amt>unts of FAM-dT adsorbed by the particle 
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was insignificant (2% adsorption) which is consistent with its negatively charged surface. 
After the adsorption-separation process, the fluorescence signa!s of the washed solutions 
(2.5 M CaCl

2 
solution) from each cycle were then determined. The decrease in the signal 

corresponded to the FAM -dT 'J adsorbed on the MNP surface; the percent adsorption can 
be determined using Equation (1). In Figure 6, the recycling efficiency of the !vlNP in 
adsorption with FAM-dT

9 
was calculated according to Equation (3). The increase in the 

fluorescence intensity of the supernatants corresponded to the depletion of these values 
after multiple adsorption-separation-desorption cycles (Figure 6S in the supporting infor­
mation). In the case of the MNP grafted with PEGMA:DEAEMA copolymer (0:100 molar 
ratio), the recycling efficiency retained at 100% after 8-recycling process. The MNP having 
other copolymer ratios showed a slight decrease in the recycling efficiency (94-98%) after 
eight-recycling process. The recycling efficiency after multiple cycles seemed to correspond 
to the degree of positive charge on the MNP; the recycling efficiency decreased from 100 
to 94% when the degree of positive charge decreased from 32 to 22 m V (Figures 4 and 6). 

4. Conclusions 

The recyclable MNP grafted with cationic copolymers having various degrees of positive 
charge for adsorption of DNA was prepared. The copolymer-grafted MNP was first syn­
thesized via a surface-initiated ATRP copolymerization of DEAEMA and PEGMA with 
various loading ratios of each monomer to obtain different degrees of positive charges on 
its surface_ Adsorption/ desorption percentages and recycling efficiency of the cationic MNP 
using FAM-dT

9 
as a model compound was investigated by fluorescence spectroscopy. The 

adsorption percentages ofFAM-dT'} on the particle surface highly depended on the degree of 
positive charge: increasing degree of positive charge of the particles seemed to enhance the 
DNA adsorption percentages. Likewise, in the recycling efficiency study, the particles grafted 
with poly(DEAEMA) homopolymer (the highest degree of positive charge in the series) 
retained their good adsorption percentages (100% DNA adsorbed) even after eight-recycling 
process, while the recycling efficiency seemed to be decreased after eight-recycling process 
(94-98%) 'when degree of positive charge decreased. This hybrid material with positively 
charged surface and magnetic properties might be applicable for use as a nanosolid support 
for efficient and facile separation/pre-concentration of various bioentities. 
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Abstract Magnetite nanopartic1es (MNPs) were 
surface modified with anionic poly(N-acryloyl gly­
cine) (PNAG) and streptavidin for specific interaction 
with biotin-conjugated pyrrolidinyl peptide nucleic 
acid (PNA). Hydrodynamic size (Dh ) of PNAG­
grafted MNPs varied from 334_ to 496 nm depending 
on the loading ratio of the MNP to NAG in the 
reaction. UV-visible and fluorescence spectropho­
tometries were used to confirm the successful immo­
bilization of streptavidin and PNA on the MNPs. 
About 291 pmol of the PNA/mg MNP was immobi­
lized on the particle surface. The PNA-functionalized 
MNPs were effectively used as solid supports to 
differentiate between fully complementary and non­
complementary/single-base mismatch DNA using the 
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PNA probe. These novel anionic MNPs can be 
efficiently applicable for use as a magnetically guid­
able support for DNA base discrimination. 

Keywords Magnetite· Nanoparticle . PNA probe· 
DNA· Base discrimination . 

Introduction 

Magnetite nanoparticles (MNPs) (Fe30 ..) modified 
with polymers have recently shown a great potential in 
-biomedical applications , including magnetic reso­
nance imaging (MRI) enhancement (Mornet et al. 
2006; Li et al. 2005: Xu et al. 2012). magnetic 
hyperthermia (Maity et al. 2010). drug delivery 
(Sahoo et al. 20Ll; Wang et al. 2013a, b), magnetic 
separation and diagnosis of biomolecules such as 
deoxyribonucleic acid (DNA) and antibodies (Prai-in 
et al. 2012; Pita et al. 200S; Anirudhan and Rejeena 
20 J3; Cui et al. 20 I I; Bayrakcl et al. 2(13) . Apart 
from that, the use of ultrananocrystalline Fe30.. 
(UNCFO) as catalyst for comprehensive quantitative 
analysis of biocrudes was reported (Rojas-Perez et al. 
2015). They have been of particular interest in 
scientific and technological aspects because of their 
good magnetic responsiveness and good biocompat­
ibility (Srivastava et al. 2012). However, without 
nanoparticle stabilization, they tend to aggregate to 
each other when dispersed in water/organic solvents, 
resulting in the loss in their nanoscale-related 
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properties. Coating MNPs with long-chain polymers is 
a promising approach to improving their stability 
because it provides steric stabilization, dispersibility 
in the media and biocompatibility to the particles. In 
addition. the polymers grafted on the MNP surface can 
also serve as a platform for desirable conjugation with 
various biological functional molecules (Theamdee 
et a1. 2015). Surface grafting of charged polymers is 
one of the most effective approaches for stabilization 
of MNPs because they can provide electrostatic 
repulsion to the particles in addition to the steric 
repulsion mechanism and can be used for ionic 
adsorption ofother bioentities having opposite charges 
(Theppaleak et aJ. 20 13a, b). 

DNA separation using magnetic particles has 
attracted much attention in the recent years (Stubi­
nitzky et al. 2014). Particularly for DNA pre-concen­
tration purpose, magnetic particles can be a great 
advantage because they simplified the purification 
process by the use of an external magnetic field. The 
so-called FluMag-Systematic Evolution of Ligands by 
Exponential Enrichment (FluMag-SELEX) method 
was previously reported for DNA aptamer selection 
involved the use of magnetic beads as immobilizing 
matrix for the target molecules and utilizing a 
fluorescence label for quantification of the DNA 
(Stollen burg et al. 2005; Sun et al. 2014). Amino­
functionalized silica-coated MNPs have been demon­
strated for use as solid supports for DNA separation 
process (Park and Chang 2007). In addition, previous 
works also reported the use of streptavidin-immobi­
lized magnetic particleslbeads and biotinylated target 
DNA for DNA enrichment applications (Stoltenburg 
et al. 2005; Horak et a!. 2011; Erdem et a1. 2007; 
Ashtari et al. 2005; Holmberg et al. 2005; Deng et al. 
2003; Liu et al. 2008; Xia and O'Connor 2001) . 

Recently, much attention has been paid on the use 
of peptide nucleic acid (PNA) as a probe for enrich­
ment of DNA targets (Ahour et aI . 2013: Yaroslavsky 
and Smolina 2013; Choi et al. 2014; Thipmanee et al. 
2012; Ananthanawat et a!. 2010; Meebungpraw et al. 
2015 ; Bertucci et al. 2015; Liu et al. 2010). PNA was 
of great interest in this application because it has 
strong binding affinity, high specificity toward com­
plementary DNA and high Watson-Crick specificity 
in recognition of DNA and enables the formation of 
PNNDNA or PNAIRNA duplex with excellent ther­
mal stability and unique ionic strength effect (Shi et al. 
2015). Moreover, the binding of PNNDNA strand is 

stronger than DNAIDNA strand due to the lack of 
electrostatic repulsion (Vilaivan and Srisuwannaket 
2006). However, reports about the utilization of MNP 
immobilized with PNA as a probe for specific 
adsorption with DNA target are quite limited (Thep­
paIeak et al. 2013a, b). The concept was to use this 
MNP to immobilize PNA ("anchoring strand") per­
manently on the surface and used it to capture its 
complementary DNA ("working strand") (Stubi­
nitzky et al. 2014; Kerman et al. 2004). 

In this research, MNPs were coated with anionic 
poly(N-acryloyJ glycine) (PNAG) which functioned as 
particle stabilizer as well as provided a handle for 
immobilization of positively charged biological enti­
ties. PNAG has attracted our attention in the present 
work because it shows pH-responsive properties and 
possesses high degree of negative charges (Deng et a!. 
2011; Barbucci et a!. 1991 ; Moon et a!. 2010). The 
PNAG-grafted MNPs were further covalently func­
tionalized with streptavidin and then with biotin­
conjugated pyrrolidinyl PNA (Vilaivan 2015) via the 
specific biotin-streptavidin interaction. These pyrro­
lidinyl PNA-functionalized MNPs were then used to 
differentiate between fully compleme~llary and non­
complementary/single-base mismatch DNA sequences. 

In this report, IH NMR spectroscopy was used to 
confirm the chemical structures of synthesized NAG 
monomer. The particle size and its distribution in each 
step of modification on MNPs were investigated via 
transmission electron microscopy (TEM). Hydrody­
namic size (Dh) and zeta potential vaiues of PNAG­
grafted MNPs were measured via photon correlation 
spectroscopy (PCS). Vibrating sample magnetometer 
(VSM) was used to study the magnetic properties of 
MNPs, indicating the presence of the polymers in the 
surface-modified MNP. The PNA immobilization and 
DNA base discrimination were detected by UV­
visible and fluorescence spectrophotometries, respec­
tively . In addition, gel electrophoresis was used to 
confirm that the DNA was adsorbed with PNA probe 
on the MNPs (Fig . I). 

Experimental 

Materials 

Unless otherwise stated, all reagents were used 
without further purification: glycine (AR grade), 
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Fig_ 1 Over:JII view of the bioconjugalion of PNAG-grafted MNPs with streptavidin and biotinylated PNA for DNA base 
discrimination 

iron(lII) chloride anhydrous (FeCI 3, 98 %, Acros), 

iFOn(II) chloride tetrahydrate (FeCI 2·4H20, 99 %, 
Acros organic), ammonium hydroxide (NH40H, 

28-30 %, JT Baker), sodium hydroxide (NaOH. 

98 *. Aldrich). oleic acid (Carlo Erba), 3-amino­

propyltriethoxysilane (APTES, 99 %, Acros). triethy­

lamine (TEA. 97 %. Carlo Erba) and ammonium 

persulfate (APS. 98 %. Carlo Erba) were used as 

received. Acryloyl chloride was freshly prepared via a 

chloride exchange reaction between acrylic acid 

(98 %, Acros) and benzoyl chloride (99 %, Acros) at 

75 DC to give a colorless liquid: 60 % yield_ I-Ethyl-3­

(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDCHCI, GL Biochem (Shanghai) Ltd.) and 2-(N­
morpholino)ethanesulfonic acid (MES, 99 %, Acros) 

were used as received_ F1uorophore-tagged DNAs and 

streptavidin (95 %, Pacific Science) were used as 

received . Biotin-conjugated pyrrolidinyl peptide 

nucleic acid (biotin-acpcPNA) were synthesized via 

a manual Fmoc solid-phase peptide synthesis and 

purified by reverse-phase HPLC as described earlier 

(Vilaivan and Srisuwannaket 2006). 

Syntheses 

Synthesis of N-acryloyl glycine (NAG) monomer 
(Dellg et al. 2011) 

A solution of acryloyl chloride (10 mL, 123.6 mmol) 

in tetrahydrofuran was slowly added to a solution of 

glycine (9.28 g. 123.6 mmol) in NaOH solution 

(9.89 g NaOH. 247.25 mmol, in 30 mL DI water) at 

O_oC, and the mixture was vigorously stirred for 3 h. 

The solution was extracted with diethyl ether. and the 

aqueous layer was acidified with conc. HCl to pH 2_ 

followed by extraction with ethyl acetate. The com­

bined organic extracts were dried with anh . Na:!S04. 

filtered and evaporated under reduced pressure: 66 % 

yield (l0.50 g of NAG obtained). IH NMR (400 MHz. 

D 20) (j H: 4 .08 [so 2H, -NH-C!:!r-C=O]. 5.84 [m, IH. 
CH2=C!:!-CO-] and 6.27- 6.35 [m. 2H, C!:h=CH­

CO-]. 

Synthesis of MNPs I'ia a co-precipitation method 
and their stabilizatioll with oleic acid 

FeCl3 (1.66 g. 10.23 mmoL in 10 mL deionized 

water) and FeCI2 -4H20 (1 .00 g. 5.03 mmol , in 

10 mL deionized water) were mixed together with 

rigorously stirring. After addition of 30 % NH-lOH 

solution (10 mL), a black precipitate was observed, 

signifying the formation of MNPs. After stirring for 

another 30 min to complete the reaction, the disper­

sion was centrifuged at 5000 rpm for 20 min and the 

aqueous supernatant was discarded. To stabilize the 

particles in the dispersion, an oleic acid solution 

(2 mL in 10 mL hexane) was slowly added into the 

MNPs with stirring for 30 min. The oleic acid-coated 

MNPs were re-precipitated in acetone (three times) 

and dried in vacllo. 

Synthesis of acrylamide-grafted MNPs (Fig. 2) 

TEA (2 mL) was added into the oleic acid-coated 

MNP-toluene dispersion (200 mg of the MNP in 

30 mL toluene), followed by the addition with APTES 

(5 mL)_ The mixture was stirred at room temperature 

under N2 atmosphere for 24 h. The particles were 
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separated using an external magnet and washed with 
ethanol and Dl water to obtain amino-grafted MNPs. 
After drying. 200 mg of the amino-grafted MNPs was 
re-dispersed in a NaOH solution (3 .96 g NaOH in 
15 mL Dl water), followed by an addition of acryloyl 
chloride (8 mL, 98 .9 mmo!) at 0 0c. The mixture was 
stirred at room temperature under nitrogen atmosphere 
for 24 h to obtain acrylamide-grafted MNPs. They 
were magnetically separated and repeatedly washed 
with DI water. The particles were re-dispersed in DI 
water to obtain the dispersion of 0.2 g MNPs in 20 mL 
water. 

SYIlThesis of PNAG-grafted MNPs (Fig. 2) 

The aqueous dispersion of acrylamide-grafted MNPs 
(25 mg MNPs in 2.5 mL water) was added to a NAG 
solution (0.5 g, 3.88 mmol, in 20 mL water). Ninety 
microliters of aqueous ammonium persulfate (APS) 
(10 % in water) was added to the solution to initiate 
the polymerization. It should be noted that 1: 100 
molar ratio of the initiator to monomer was used in this 
reaction. The mixture was incubated at 70 °e for 3 h 
under nitrogen gas flow . After the polymerization, the 
PNAG-grafted MNPs were repeatedly washed with DI 
water with an assistance of a pennanent magnet to 

remove unreacted monr>mers and ungrafted polymers 
from the particles and then dried under vacuo. The 
PNAG-grafted MNPs will be characterized by FflR, 
TEM, TGA. VSM and pes techniques . 

BiocolljllgaTion of PNA G-g rafTed MNPs wiTh PNA 
for DNA base discriminaTion 

Specific interaCTion of strepTavidin IviTh bioTin­
conjugaTed PNA onTO the MNP surface EDCHCl 
(16 mg, 0.0835 mmol) was added to a PNAG-grafted 
MNP dispersion (5 mg MNPs in 5 mL of 10 mM MES 
buffer, pH 5.2) with stirring to activate the carboxylate 
groups on the particle surface. followed by addition of 
a streptavidin solution (0.1 mg streptavidin in 200 ilL 
of MES buffer). After stirring for 24 h, the 
streptavidin-grafted MNPs were separated by a 
magnet, repeatedly washed with 10 mM MES buffer 
and dried ill vacuo. The supernatant was analyzed via 
UV-visible spectrophotometry to confirm the 
decrease in streptavidin concentration in the solution 
due to its grafting on the MNPs surface (Fig. 3a). 

Next. the streptavidin-grafted MNPs (2 mg) were 
stirred with 30 ilL of biotin -acpcPNA solution 
(30.16 11M in pH 7 phosphate buffer) for 45 min to 
immobilize the PNA onto the MNPs surface via a 

Amino'grafted MNPs 

T EA in toluene 

24 h. n. 
Oleic acid 

inloluene * .... ~ "'-
MNPs 

Oleic acid·coated MNPs 

APS. 70"C 

in DI water 

Acryla mide.grafted ,"INPs 

Fig. 2 Synthetic -scheme of PNAG-grafted MNPs 
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specific biotin-streptavidin interaction. The super­
natant was then analyzed via UV-Vis spectrophotom­
etry to quantify the decrease in the PNA in the 
solution, corresponding to the amounts of the PNA 
functionalized on the MNP surface (Fig. 3b). The 
calibration curve of biotin-conjugated PNA was 
constructed as shown in supporting information 
(Figure SI). 

DNA base discrimination using PNA-functionalized 
MNPs Two milligrams of the PNA-functionalized 
MNPs was stirred for 45 min with 2 mL of 

fluorophore-tagged DNA solution (0.8 11M in pH 7 
phosphate buffer) and separated with a magnet 
(Fig . . k). The supernatant was analyzed via flaores 
cence spectrophotometry and gel electrophoresis. It 
was hypothesized that the PNA-functionalized MNPs 
can specifically interact with only the complementary 
DNA, leaving the mismatched DNA (non-comple 
mentary and single-base mismatch) in the supernatant. 

(A) ') 
EOC.IIC1 

U
stir....d 1 h , 


rt. 

Pl'"AG-grafted ~I:->P .,in MES buffer 

(8) ~ 
biolin.acpcP:\"A 

r"~-~ rI.

,"-) 

\/ 


'treptnidin-grafled :\'INPs 
in phosphite buffer 

(e) ~ 
slock DNA 

rl.r~~~1 
, I
\/ 

P~A·funclionalizetl MNr, 
in pho\phate buffer 

In addition, the possibilities of non-specific adsorption 
between the MNP surface and DNA were also 
investigated using the streptavidin-grafted MNPs 
(without PNA immobilization). 

Characterization 

IH NMR spectroscopy was performed on a 400-MHz 
Bruker NMR spectrometer using D20 as a solvent. 
FTIR spectrophotometry was performed on a Perkin­
Elmer Model 1600 Series FTIR Spectrophotometer. 
The particles size and size distribution were observed 

from TEM. The TEM images were taken using a 
Philips Tecnai 12 operated at 120 kV equipped with 
Gatan model 782 CCD camera. The particles were re­
suspended in water with sonication before deposition 
on a lEM grid. The hydrodynamic diameter (Dh) of 
the particles was measured by PCS using NanoZS4700 
nanoseries Malvern instrument. The sample disper­
sions were sonicated for 30 min before the 

~"'Pl"'itlin 

stirred 24 h 

a magnet 

==-n 
stirred 45. min W, ,: , 

\.)~ 
/.~'V 

a magnet 

~e supern.tanl w.~ analyzed ..ill 
r~.:'~J Fluore~~enet spectrophotohlCll')' l j and I'!d ole~trophorc~ls 

\ / I IP:->A-functionalized "1:"IPs 

~L~~:~_~~::._"it~~~:~l:~·.=:~:::._l 
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supernalant wa. analyzed ..ia 
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Fig. 3 Preparatjons of a sireplavidin-grafted MNPs, b PNA-functionalized MNPs and c the DNA base discrimination using the PNA­
functionalized MNPs 
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measurement at 25°C without filtration. Magnetic 
properties of the particles were measured at room 
temperature using a Standard 7403 Series, Lakeshore 
vibrating sample magnetometer (VSM). Magnetic 
moment of each sample was investigated over a range 
of ± 15,000 G of applied magnetic fields. TGA was 
performed on Mettler-Toledo's SDTA 851 at the 
temperature ranging between 25 and 600°C and a 
heating rate of 20°C/min under oxygen atmosphere. 

UV-visible spectrophotometry was performed on 
Thermo Scientific NanoDrop 2000 UV-Vis Spec­
trophotometer at i. = 260 nm. Fluorescence spec­
trophotometry was conducted on a Varian Eclipse 
Fluorescence Spectrophotometer using 12-mer DNA 
sequences tagged with a ftuorophore at the 5'-position. 
The ftuorophores used in the work included 6-car­
boxyftuorescein (FAM) and 6-carboxytetramethylrho­

damine (T AMRA) where their I.excilectfi. emission ratios 
are 494/521 nm and 552/584 nm, respectively. The 
gels in the gel electrophoresis experiments were 
prepared using 2 % agarose in 1x Tris-acetate 
(T AE) buffer. 

Results and Discussion 

In this work. anionic PNAG-grafted MNPs were 
synthesized via a radical polymerization of NAG in 
the presence of acrylamide-grafted MNPs, followed 
by the immobilization of PNA on their surface via 
streptavidin-biotin interaction. The PNA-functional­
ized MNPs were then used as magnetic solid supports 
for DNA base discrimination. To use these MNPs for 
DNA base discrimination using a PNA probe specific 
for the DNA sequence, high negatively charged 
surface was desirable in order to minimize the non­
specific adsorption between non-complementary 
DNA sequences and the MNP surface. In our previous 
works, MNPs coated with positively charged poly«2­
diethylamino)ethyl methacrylate) (PDEAEMA) were 
synthesized for ionic adsorption with negatively 
charged DNA for use in various applications such as 
detection of DNA sequences and magnetic separation 
of DNA (Theppaleak et a!. 2013, b. 2014; Rutnako­
mpituk et a!. 2016). However, the colloidal stability of 
these particles was rather dependent on the change in 
the dispersion pH. Therefore, in the current report, the 
carboxylic acid groups of PNAG on the MNP surface 
were chemically coupled with streptavidin via an 

~ Springer 

amide bond formation to obtain streptavidin-grafted 
MNPs. These MNPs with streptavidin on their sUlface 
should specifically interact with biotinylated PNA 
probe to form PNA-functionalized MNPs. It is well 
known that these biotin-streptavidin interactions are 
highly specific and rather stable in various pHs. 
temperatures, organic solvents and denaturing agents 
(Liu et a1. 2010). 

Synthesis and characterization of PNAG-grafted 
MNPs 

FTIR spectra of the products from each step of the 
reactions are shown in Fig. 4. The FTIR spectrum of 
MNP cores showed the signal at 585 cm- I of Fe-O 
bonds. and this signal was observed in all FTIR spectra 
of the MNPs (Fig. 4a. c-e). After the reaction of the 
MNPs with APTES, N-H stretching (3360 cm- I 

). N­
H bending (1551 cm-I) and Si-O stretching 
(1011 cm- I

) were observed. indicating the formation 
of amino-grafted MNPs (Fig. '-lb, c). After the reaction 
of the MNPs with acryloyl chloride. C=C stretching 
signals (1535-1430 cm- I

) and amide bond signals 
(1619 an? 1538 cm- I

) were observed, indicating the 
existence of acryloyl groups on the particle surface 
(Fig. 4d). After the polymerization of NAG monomers 
in the presence of acrylamide-grafted MNPs, the FTIR 
spectrum shows the charactelistic adsorption signals 
of C=O stretching (1740 cm -I), C-O stretching 
(1261 cm-I) of carboxyl groups and C-C stretching 
(800 cm- I

) of PNAG (Fig. 4e; Deng et al. 2011). In 
addition, the FTIR spectrum of bare PNAG is shown in 
supporting information (Fig. S2). It should be noted 
that the MNPs in each step of the reactions were 
repeatedly washed with ethanol/water to completely 
remove unreacted species from the particles before the 
FTIR analyses. 

To determine the composition of the PNAG-grafted 
on MNPs. TGA was used to investigate their weight 
loss at 600°C (Fig. 5). It was hypothesized that the 
residue weight was the weight of iron oxide from 
oxidized MNP cores remaining at 600°C, while the 
weight loss was attributed to the organic contents 
including the acrylamide linker and PNAG on the 
MNP surface. The observed residual weights in each 
step of the reaction consistently decreased, indicating 
more organic contents in the composites. According to 
the TGA thermograms in thermograms c and d in 
Fig . Sa, there was about 14 % weight ofPNAG coated 
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on the MNP surface. This result corresponded well 
with their improved water dispersibility as opposed to 
those without PNAG coating . PNAG-grafted MNPs 
were well dispersible in aqueous dispersion without 
noticeable aggregation after standing for 3 h, and 
some slight aggregation was observed after 6 h 
(Fig. 5b), signifying that coating with PNAG provided 
an improved colloidal stability to the particles due to 
steric and/or electrostatic repulsion mechanisms. The 
stability of the dispersions after longer aging time 
(48 h) is shown in supporting information (Fig. S3), 
On the other hand, bare MNPs showed large particle 

aggregation only a few minutes after dispersing in 
water (Fig. 5b). 

Magnetic properties of bare MNPs and PNAG­
grafted MNPs were investigated via VSM technique 
(Fig. 0). PNAG-grafted MNPs showed superparam­
agnetic behavior at room temperature as indicated by 
the absence of magnetic remanence (MJ and coerciv­
ity (He) (the top inset in Fig. 6). The saturation 
magnetization (M,) values of PNAG-grafted MNPs 
(31 emu/g) were lower than those of bare MNPs 
(55 emu/g). This was allributcd to the decrease in the 
magnetite content (% of MNP) in the nanocomposite 
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Fig. 5 A TGA curves of a b;lre MNPs. b amino-grafted MNPs. 
c acrylamide-grafted MNPs and d PNAG-grafted MNPs, 
B apparent dispersibilities of MNPs in water with and without 
PNAG coatings (arroll's indicate the formation of particle 
aggregation) 

due to the surface coating with diamagnetic PNAG. 
These results were in good agreement with those 
observed in TGA experiments (the decrease in the 
residual weights). Despite some decrease in the M" 
values due to the presence of PNAG in the 
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Fig. 6 M-H curves of a bare MNPs and b PNAG-grafted 
MNPs. The lOp inseT shows an expansion of the ±2000 G region 
and the hOllom inser shows the magnetic separation of the 
particles after 5 min upon applying a permanent magnet 
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nanocomposite, these particles are still well respon­
sive to a permanent magnet. PNAG-grafted MNPs can 
be completely separated from the dispersion within 
5 min upon applying a permanent magnet as shown in 
the bottom inset in Fig. 6. The complete removal of 
the MNPs from the dispersion was necessary for the 
analysis of adsorbed moiety on the particle surface in 
this work, and this would be discussed in details in the 
later section. 

Zeta potential values of PNAG-grafted MNPs as a 
function of dispersion pH are shown in Fig. 7 . The 
presence of ionizable carboxylic acid groups of PNAG 
in the structure should make them a polyelectrolyte in 
aqueous dispersion. In addition to sen' ing as steric and 
electrostatic stabilizers, the PNAG polyelectrolyte 
should also advantageously provide pH-responsive 
properties to the particles due to their large electro­
static potentials. The results in Fig. 7 suggest that 
these particles were indeed pH responsive. Zeta 
potential values of these particles in water continu­
ously decreased with increasing_ pH of the dispersion 
and became highly negatively charged in basic pH. 
This was attributed to the formation of various degrees 
of deprotonated carboxylates (-COO-, depending on 
the dispersion pH. It is worth to mention that the 
surface charge of these particles was highly negative at 
pH 7 (-55 mV), which is important in terms of 
decreasing non-specific interaction between PNAG­
grafted MNPs and DNA in the base discrimination 
experiments. 

Hydrodynamic diameter (Dh ) of - PNAG-grafted 
MNPs was found to be in the range of 334-494 nm, 
regardless of the pH. The observed sizes of Dh were 
rather high, which could be attributed to the formation 
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of nanoclusters of multiple particles in the"dispersion. 
The acrylamide-grafted MNPs can copolymerize with 
PNAG in the radical polymerization due to the 
presence of polymerizable acrylamide groups on their 
surface and eventually formed anionic magnetic 
nanocJusters. It should be noted that some degree of 
MNP nanociustering might be necessary for use in 
magnetic separation applications (Meerod et al. 2(15). 

Bioconjugation of PNAG-grafted MNPs with PNA 
for DNA base discrimination 

Representative TEM images of the MNPs from each 
slep of the reactions are shown in Fig. 8. TEM samples 
of acrylamide-grafted MNPs were prepared from 
toluene dispersions. while those of PNAG-grafted 
MNPs, streptavidin-grafted MNPs and PNA-runction­
alized MNPs were prepared from pH 7 aqueous 
dispersions. Acrylamide-grafted MNPs were spherical 
in shape with the size of 6-10 nm in diameter without 
any aggregation visually observed (Fig. 8a). After the 
polymerization of PNAG in the presence of MNPs, 
formation of particle nanoclusters was observed 
(Fig. 8b), which was in good agreement with the 
rather high Dh of PNAG-grafted MNPs observed in 
pes experiments (Fig . 7). This was attributed to the 
presence of polymerizable acrylamide on the particle 
surface, allowing for the inter-particle polymerization 
reactions (Fig. 9). It should be noted that PNAG 
homopolymers might also be formed in the solutions 
during the polymerization, but these were magneti­
cally separated from the MNP nanoclusters. 

The size of PNAG-grafted MNPs ranged between 
200 and 400 nm in diameter, which correspond to 
approximately 50 nanopartic1es/cluster (Fig . 8b). As 
opposed to well-dispersible single nanoparticles. these 
nanoclusters would be great advantageous for use as 
supports for magnetically assisted separation of DNA 
discussed in this work. Although these particles 
showed a sign of nanoclustering. they still well 
dispersed in aqueous dispersions for more than 6 h 
without macroscopic aggregation (Fig. 5b). 

Streptavidin-grafted MNPs and PNA-functional­
ized MNPs (Fig. 8c. d) also showed the MNP 
nanoclustering with slightly larger sizes (400­
600 nm in diameter) than those of PNAG-grafted 
MNPs (Fig. 8b). This was attributed to the large 
molecular structures of streptavidin and PNA, result­
ing in higher degrees of aggregation of the particles. 

The increase in Dh of the particles after the conjuga­
tions with streptavidin and then PNA (from ~ 500 nm 
to ~ 700 nm) also supported those observed in TEM 
experiments. In addition, the UV spectrophotometry 
was also used to confirm that the streptavidin was 
successfully grafted on the MNP surface as indicated 
by the decrease in the UV spectrum intensity (shown 
in supporting information, Table S 1 and Fig. S4). 
interestingly, due to the good solubilities of strepta­
vidin and PNA in buffers, the water dispersibilities of 
both streptavidin-grafted MNPs and PNA-functional­
ized MNPs were apparently improved (shown in 
supporting information. Figure S5). 

To determine the amount of PNA adsorbed on the 
MNP surface, the MNP nanoclusters were magneti­
cally separated from the dispersion and repeatedly 
washed with phosphate buffer solutions (Fig. 3b). The 
supernatant was then analyzed via UV-visible spec­
trophotometry at I5-min interval to quantify the 
decrease in the PNA in the solution, corresponding 
to the amount of PNA immobilized on the MNPs 
surface . It was found that the maximum amount of 
PNA adsorbed on the particle surface was 291 pmol/ 
mg MNP after 45 min of mixing. The adsorption 
kinetics and the calculation of the PNA adsorbed on 
the particles are shown in supporting information 
(Fig. S6). These MNPs were then used as magnetic 
nanosolid supports with PNA as a probe for selective 
adsorption with targeted DNA. 

To proof the concept for use of these MNPs for 
selective adsorption with targeted DNA. one biotin­
conjugated PNA probe (PI) and three DNA sequences 
(01-03) were selected as a model in this study 
(Table 1). These three DNA sequences were tagged 
with 6-carboxytetramethylrhodamine (T AMRA) or 
6-carboxyfiuorescein (FAM). Two different fiuo­
rophores having different emission wavelengths were 
employed in order to differentiate complementary and 
non-complementary DNA targets by the PNA probe. 
The level of non-specific background adsorption 
between DNA and the MNPs was first investigated. 
This non-specific interaction might arise from phys­
ical adsorption between hydrophobic moiety of DNA 
and that of streptavidin on MNP surface . This non­
specific adsorption is not desirable because the 
principle for DNA base discrimination here relies on 
the specific hybridization between DNA and the PNA 
immobilized on the particle surface. Due to the 
negatively charged repulsion of carboxylate groups 
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Fig. 9 Proposed mechanism of the formation of PNAG-MNPs nanoclusters 

of PNAG and deoxyribophosphate groups of DNA. (D I. D2 or D3). After magnetic separation of the 
coating the particle surface with anionic PNAG should particles, the fluorescence spectra of the supernatant 
minimize this undesired non-specific adsorption of showed no change in their intensities. indicating that 
DNA. there was no non-specific adsorption of the DNA on the 

To study the non-specific interaction, streptavidin­ particle surface in all DNA samples (Fig . lOa-c). 
grafted MNPs (without PNA) were dispersed in phos­ PNA-functionalized MNPs were then tested in the 
phate buffer solutions, followed by addition of the DNA differentiation between complementary and non­
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Table 1 Sequences of biotin-conjugated PNA and ftuorophore-tagged DNAs used in this work 

Biotin-conjugated PNA Sequence of DNAs used Excitation Emission 
wavelength (nm) wavelength (nm) 

PI: Biotin-CTACA AGCATAT-Iys-NH~ Dl: 5'-ATATGCITGTAG-3' (FAM) 494 521 

(fully complementary) 

D2: 5'-CACGTTCCAGGA-3' (TAMRA) 552 584 
(non-complementary) 

D3: 5'-ATATGCATGTAG-3' (TAMRA) 552 584 
(single-base mismatch) 

• 

• complementary, including completely mismatch and 
single-base mismatch DNA targets. The DNA targets 
(Dl,D20rD3;2 mLofO.8I1MDNA, 1600 pmoleach) 
were added to the dispersions of PNA-functionalized 
MNPs (PI, 582 pmoU2 mg MNP) in phosphate buffer 
solutions (Fig. 3c). The amount of PNA used in this 

experiment was equivalent to the calculated amounts 
of PNA adsorbed on the particles discussed in the 
previous section (291 pmoUmg MNP). It was found 
that the fluorescence spectrum in the complementary 
case showed a significant decrease in its intensity 
(Fig. lOa). corresponding to about 33 % of D 1 
adsorbed on the particles (Fig. 11 a). Ones might 

question that the adsorption of D 1 on the particles 
was probably due to the physical adsorption of FAM 
molecules tagged at the terminal of D I because 
different types of fluorophores were used in this 
experiment. Additional studies were performed with 
the use of fully complementary DNA (D 1) and non­
complementary DNA (D 1': 5' -CACgTTCCAGGA-3') 
both tagged with FAM (shown in supporting informa­
tion Table S2 and Figure S7). It was found that the case 
of 0 f exhibited no change in the fluorescence intensity, 
indicating that the depletion of fluorescence intensity 
in Fig. lOa was due to the hybridization of PI and D 1. 

On the other hand, the non-complementary DNAs 
exhibited no change in the fluorescence intensity 
(Fig. lOb. c). These results indicated that the PNA 
(P I) probe immobilized on the MNPs can clearly 
differentiate between the complementary (DI) and 
non-complementary (02) as well as single-base mis­
match (D3) DNAs. The comparative plot of the 
percent DNA (DI-D3) adsorbed by the PNA-func­
tionalized MNP nanoclusters is shown in Fig. II a. 
The fluorescence spectra and calibration curve of 
DNA CD I) (fully complementary). DNA (D2) (non­

complementary) and DNA (D3) (single-base mIS­
match) are provided in Fig. S8. 

Gel electrophoresis was also used to confirm that 
PNA-functionalized MNPs can differentiate between 
the complementary DNA (D1) and non-complemen­
tary DNA (D2 and D3) (Fig. 11 b). In good agreement 

with the fluorescence spectrophotometry results dis­
cussed above, the supernatant after removing PNA­
functionalized MNPs (number 2) only in the case of 
fully complementary DNA showed the obvious 
decrease in the band intensity as compared to the 
band of the initial DNA (number 1) at the same DNA 
concentration (1600 pmol or 2 mL of 0.8 11M). Inter­
estingly, those of the MNPs without PNA (number 3) 
showed no decrease in the band intensity, indicating 
that there was no non-specific interaction between 
DNA and the particle surface. as well as PNA and 
streptavidin. 

The specific hybridization between DNA and PNA 
immobilized on the particle surface was further 
investigated using the mixture of two DNA sequences. 
An equimolar mixture of the fully complementary 
DNA (Dl) and non-complementary DNA (D2) in 
phosphate buffer was mixed with the PNA-function­
alized MNPs (582 pmoU2 mg MNPs). After mixing 
for 45 min and magnetic separation, the supernatant 
was then. analyzed by fluorescence spectrophotometry. 
It was found that only the fluorescence spectrum in the 
complementary case showed a significant decrease in 
its intensi ty (Fig. 12a), corresponding to about 
42.42 % of DNA (D 1) adsorbed on the particles 
(Fig. 12c). Similar results were obtained with the 
equimolar mixture of fully complementary DNA (D I) 
and single-base mismatch DNA (D3). In the presence 
of PNA-functionatized MNPs, only the fluorescence 
intensity of the- complementary case decreased 
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(Fig. 12b) (about 35.66 % of DNA (DI) adsorbed) 
(Fig. 12c). These results confirmed that PNA-func­
tionalized MNPs can be effectively used for selective 
adsorption of targeted DNA. 

Due to the high stability and high specificity 
between PNA and DNA hybrids, these novel anionic 
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MNPs might be potentially great advantage for use as 
magnetic nanosupports for various future technolo­
gies, such as diagnostics of genetic diseases and 
enrichment of DNA mixture. The applications of these 
MNPs in real DNA samples are underway and will be 
reported in the future studies. 
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Fig. 12 Fluorescence spectra of the dispersions before and after magnetic separations of DNA mixture a DNA (0 I) + DNA (02), 
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Conclusions 	 dispersibiJity and good stability in water. PNA was 
efficiently functionalized onto the particle surface 

The MNPs surface was successfully modified with through the streptavidin-biotin interaction. The PNA­
PNAG via a one-step free radical polymerization to functionali zed MNP nanoclusters were then used as 
obtain the magnetic nanocJusters with negatively solid supports to differentiate between fully comple­
charged surface, high magnetic responsiveness, good mentary and single-base mismatchlnon-comple 
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mentary DNA sequences using the PNA probe. These 
novel anionic MNP nanoclusters can be potentially 
applicable for use as a magnetically guidable tool for 
pre-concentration of DNA mixtures. 
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This work aims to explore a new clickable carbazole-based fluorescent label. its incorporation into 

pyrrolidinyl peptide nucleic acid (acpcPNA). and the interactions between the labeled PNA probe and 

DNA by fluorescence spectrophotometry and molecular uynamics simulation. A carbazole derivative. 

namely 3.6-diaminocarbazole (DAC). was synthesized and incorporated into the internal and terminal 

positions of azide -modified acpcPNA via a sequential reductive alkylation and click reaction previously 

developed by our group. The DAC -modified acpcPNA can form a stable hybrid with complementary 

DNA with somewhat lower stability compared to unmodified acpcPNA. Most importantly. the DAC­

modified acpcPNA exhibits a remarkable fluorescence increase in the presence of DNA (up to 35.5 fold 

with complementary DNA). Non-complementary as well as single mismatched DNA targets gave 

a smaller fluorescence increase (1.1 to 18.6 fold). and the discrimination could be further improved by 
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increasing the temperature to dissoc iate the mismatched hybrids. Molecular dynamic simulations 

revealed that the DAC interacts with adjacent nucleobases in single stranded PNA. resulting in quenching 

of the fluorescence signal. When the PNA formed a hybrid with DNA. the DAC was pushed away from 
DOl 10J039/c6ra158619 the duplex. resulting in a fluorescence increase. Thus. the DAC-Iabeled acpcPNA is a potential candidate 

www.rsc.org/advances as a self-reporting probe for determination of DNA sequences. 

Introduction 

Self-reporting fluorescence oligonucleotides have been exten­
sively used as a probe for the determination of DNA sequences. 
Several approaches have been explored in order to introduce 
a mechanism for fluorescence changes upon hybridization of 
the probe with the correct DNA targeL Classically, two labels 
that can interact by static quenching,' Fluorescence Resonance 
Energy Transfer (FRET» .... or excimer/exciplex formationS are 
used in combination. More recently, there are attempts to 

develop singly labeled self-reporting probes by attachment of an 
intercalative or environment sensitive dye to the oligonucleo­
tide." However, the performance of these singly-labeled probes 
is generally variable, depending on the sequence and therefore 
still leaves room for improvements. 
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Carbazole is an electron rich aromatic molecule that showed 
many interesting properties such as high thermal stability, 
excellent photophysical and electroconductive properties and 
the ease of synthesis and chemical modification at 3-, 6- and 9­
positions. Carbazole derivatives, both in monomeric and olig­
omeric forms, have found widespread applications as photo­
conductivity polymers ,'-'· polymeric light emitting devices,,,,n 
high temperature thermostable polymers,ll electrochromic 
materials,'·-'o dye-sensitized solar cell and dendrimeric electro 
phosphorescent devices."-'· In addition, carbazole derivatives 
have been used as fluorophores in sensor applications, 
including DNA detection .'· Carbazole derivatives with cationic 
groups at 3,6-positions have been reported to bind in the DNA 
groove of AT-rich sequences. 21 

-
Z4 However, the use of carbazole 

derivatives in combination with an oligonUCleotide or 
analogues for sequence-specific detection of DNA sequences is 
unknown . 

Peptide nucleic acid or PNA is a DNA mimic consisting of 
nucleobases attached onto a peptide-like backbone." ·z, PNA can 
hybridize with DNA according to Watson-Crick base pairing 
rules with high affinity and sequence specificity. The absence of 
phosphate group in the PNA backbone results in decreasing of 
the electrostatic repulsion with DNA, and therefore PNA can 
form a more stable duplex with DNA than DNA itself. In addi­
tion, the binding of PNA and DNA is highly sequence specific 

74314 I PSe Adv 2016. 6. 7<: 3J4-743??' 
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and is not sensitive to ionic strength. These properties, together 
with the excellent chemical and biological stabilities, make PNA 
a promising tool for several applications in medical and 
biotechnology fields. Recently, we reported a series of new PNA 
system with restricted conformation flexibility as a result of 
incorporation of cyclic structures into the PNA backbone. 2

7-JO 

Pyrrolidinyl PNA probes labeled with environment sensitive 
dyes such as pyrene,'· ·12 Nile red,12.3J or other DNA binding dyes 
such as thiazole orange' have been successfully applied as self­
reporting fluorescence probes for DNA sequence detection. 

From the remarkable photophysical properties and DNA 
binding ability mentioned above, carbazole has a potential to be 
developed into a probe for DNA detection by fluorescence 
spectroscopy. In the present work, an electron rich carbazole 
derivative, namely 3,6-diaminocarbazole (DAC), was incorpo­
rated at an internal position of acpcPNA in order to develop 
a new self-reporting fluorescence hybridization probe. Here we 
report the synthesis, thermal stabilities and fluorescence 
properties of DAC-modified acpcPNA probes, as well as their 
ability to discriminate between complementary and single­
mismatched DNA targets . Moreover, molecular dynamics 
simulation was performed to explain the behavior of DAC­
labeled acpcPNA probes. 

Results and discussion 
Synthesis of diaminocarbazole (DAC)-Iabeled PNA 

A novel clickable 3,6·diaminocarbazole for labeling of the 
acpcPNA was first prepared. N'-Propargylated, Boc-protected­
3,6-diaminocarbazole (5) was prepared in 4 steps with 37% 
overall yield starting from carbazole (Scheme 1). Controlled 
nitration of the carbazole (1) with fuming nitric acid in 1,2· 
dichloroethane at 45 cc afforded the dinitration product 2 in 
good yield. Subsequent reduction of the dinitro-compound 2 
with tin(lI) chloride in a mixture of acetic acid and concentrated 
hydrochloric acid provided the desired diaminocarbazole 3 in 
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excellent yield after simple precipitation. The amino grol,!ps in 3 
were protected to avoid undesired side reactions at this position 
during subsequent steps. Boc group was chosen as it could be 
easily introduced and subsequently cleaved under acidic 
conditions required for the cleavage of the modified PNA from 
the solid support. The Boc-protected DAC (4) was next alkylated 
with propargyJ bromide in the presence of KZCO.1/KI to get the 
desired clickable diaminocarbazole derivative (5). 

AcpcPNA sequences were synthesized manually by Fmoc 
solid phase peptide synthesis as described previously.27.3' In 
order to provide a handle for attachment of the DAC via the 
previously reported reductive alkylation-Click chemistry 
strategy,.... one of the 2-amino cyclopentanecarboxylic acid 
(ACPC) spacer in the middle of the acpcPNA strand was replaced 
with 3-aminopyrrolidine-4-carboxylic acid (APC) for internal 
labeling." For terminal labeling, no modification with APC was 
required, but the last ACPC residue was omitted from the PNA 
sequence. After end-capping by acetylation (this step was skip­
ped for the terminal modification) and removal of all protecting 
groups from the nucIeobase and the APC spacer, the azide 
group was introduced by reductive alkylation with 4·azidobu­
tanal. Finally, the clickable DAC label (5) was attached to the 
azide-modified acpcPNA on the solid support by Cu·catalyzed 
click chemistry. Four DAC-modified acpcPNA sequences were 
designed to investigate the DNA binding and fluorescent 
properties under different sequence context. These include an 
internally-labeled homothymine (T9DAC

), two internally-labeled 
mix sequences with different flanking bases (AfT and C/G pairs) 
(M10ATDAC and M10GCDAC

) and a terminally' labeled mix 
sequence (DAC-MIO). All modified PNAs were purified by 
reverse phase HPLC (to >90% purity). The identities of the ob­
tained PNA sequences were confirmed by MALDl-TOF mass 
spectrometry, which showed the mass signals that are in a good 
agreement with the expected values. The sequences and char· 
acterization data of all PNA involved in this studies are shown in 
Table 1. 

H2N NH2

(JeD tJ:Jj
N 76% N
H H 

(3)(1) 

iii BocHN NHBoc 

r~ / - < 
99% ~/r)..J)

"N 
H 

(4) 

I) 90% HNOJ, 1,2-dichloroethane, 4S °C, 4h 

ii) SnCliHOAcJHCl, reflux 

iii) BOC20, EtJN, MeOH, rt 

iv) Propargyl bromide, K2COJ , KI, DMF, rt 

Scheme 1 Synthesis of clickable 3.6-diaminocarbazole label (5). 

BocHN NHBociv zy;j55% 
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l 
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Table 1 Sequence and characterization data of OAC-labeled acpcPNA 

PNA Sequence (N -> C) 	 tR
O (min) Yieldh (%) mlz (calcd) mlz (found) 

T9uAC AC-~OAC>rrrrr_LySNH, 32.0 5.8 3513.6 3512.4 
MIOAT"AC Ac-GTAGA(DACI-rCAcr-Lys NHz 29.5 5.2 3892.8 3894.1 
MIOGCoAC Ac-CTACdoAC)GCAcr-Lys NH, 27.7 ~.4 3893 .8 3893.2 
DAC-MIO DAC-GTACATCACT-LY5 NHz 29.0 5.4 3738.8 3738.3 

HPLC co.ndition: Ct8 column -1:6 x 5O mm, particle size 311m, gradient 0.1 % TFA in H,O : MeOH 90 : 10 for 5 min then linear gradient to 10 . 90 
over 30 mm, flow rate 0.5 mL mm-) . h Isolated yield after HPLC. 

Therl1!al stability and fluorescent properties of DAC-labeled 
acpcPNA 

To investigate the binding properties with DNA, the stabilities 
of complementary and mismatched DAC-modified PNA- DNA 
hybrids were determined by thermal denaturation experiments. 
Thermal stability (Tm) and fluorescent properties of DAC­
labeled acpcPNA are summarized in Table 2. The complemen­
tary DNA hybrid of T9DAC sequence showed a Tm of 65.2 ec, 
which was considerably lower than the corresponding DNA 
hybrid of unmodified T9 acpcPNA (>80 ec). The Tm of the DNA 
hybrid of the MIOATDAC sequence of 53.4 'c was also reduced 
compared to the unmodified PNA (57.0 0c). This suggests that 
the internal modification with the DAC dye destabilizes the 
acpcPNA'DNA duplex, probably due to steric effect. This 
behavior was also observed in our previous studies with the 
same apc/acpcPNA system with different labels.'·'» The mix­
base sequences PNA MIOGCDAC and DAC-MIO showed Tm 

values of 59.0 and 58.2 °c, respectively. The Tm value of the 
terminally DAC-modified DAC-MIO duplex was in fact larger 
than that of the unmodified duplex (~Tm = +1.2 0C). This can be 
explained by the additional stabilization from the end stacking 
of the DAC at the terminal base pair of the PNA· DNA duplex as 
observed in .the case of pyrene label.') All single mismatched 

-	 . 

PNA' DNA hybrids exhibited considerably lower Tm than 
complementary hybrids (~Tm = -27.0 to -41.6 °c for T9IJAC 

and - 18.4 to -28.9 °c for MIOGCDAc/MIOATDAC and less than 

-38.2 °c for DAC-MIO). The ~Tm values are comparable to 
those of unmodified PNA, which indicated that the base pairing 
specificity of the DAC-Iabeled acpcPNA remained high. 

Next, fluorescence experiments were performed with all PNA 
sequences and their DNA hybrids. The responsiveness of the 
PNA probe was reported in terms of fluorescence intensity ratio 
(FIFo; whcre F = fluurescence intensity of PNA· DNA hybrid, Fo = 
fluorescence intensity of single stranded PNA; j'ex 315 nm; ).cm 

450 nm). While free 3,6-diaminocarbazole showed a high !PI' of 
0.489, all internally-labeled single stranded PNA probes 
exhibited very low !PF values of 0.01 or less, regardless of the 
identity of the neighboring nucleobase (Table 2, entries 1, 6, 11). 

• This suggests 	that the DAC label is quenched upon incorpora­
tion into the PNA, probably by interactions with the nucleo­
bases similar to pyreneJl The sequences MIOATDAC and T9DAC 

showed lower quantum yields than MIOGCIlAC, which means 
that AfT are better quenchers than C/G bases for DAC label. 
Nevertheless, judging from the uniformly low quantum yields of 
all PNA probes, the difference in quenching efficiency by 
different nucleobases is much less than pyrene, which empha­
sizes the important feature of the DAC labeL' ) 

Table 2 Thermal stability (Tm) and fluorescence properties of OAC-labeled acpcPNAG 

Entry PNA DNA (3' ~ 5') Tm (ec) FIFo <1>.- <1>, (ds)/<I>, (SS)b Notes' 

2 
3 
4 

5 

6 
7 
8 
9 
10 
11 

12 
13 
]4 

15 

T9IlAC 

Ml0ATu"c 

Ml0GCoAC 

None 
AAAAAAAAA 

AAAACAAAA 
AAAAGAAAA 

AAAATAAAA 
None 
AGTGATCTAC 
AGTGCTCTAC 
ACTGCTCTAC 
AGTGTICTAC 
None 
AGTGCGCTAC 
ACTCATCTAC 
AGTGGTCTAC 
AGTGTICTAC 

65.2 
33.7 
23.6 
38.2 

53.4 
29.0 
24.5 
35.0 

59.0 
30.8 
33.4 
39.2 

35.5 
18.6 
6.0 
15.7 

13 .2 
2.7 
1.7 
6.5 

]0.2 

4.9 
7.0 
9.1 

0.009 
0.242 
0.139 
O . O~1 

0.160 
0.007 
0.083 
0.012 
0.014 
O.03~ 

0.011 
0.117 
0.099 
0.085 
0.104 

26.7 
15.3 
4.5 
17.6 

11.9 
1.7 
2.0 
4 .8 

]1.1 
9.4 
8.0 
9.9 

ss 
camp 
smC 
smG 
smT 
,5 

comp 
smC 
smC 
smT 
ss 
comp 
smA 
smG 
smT 

a All measurements were performed in 10 mM sodium phosphate buffer (pH 7.0) [PNA] " 1.0 11M [DNA] ~ 12M ' 315 . ·roh Qt' Id ' 'I . J..I. ,I'ex nm, I'l' rn :l nm . 
uan lim Yle S were . measured In phosphate buffer using quinine >ulfate (0 .540) as a reference. ' ss = si ngle stranded PNA comp = 

complementary, sm 'smgle mIsmatched . ' 
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A remarkable increase in fluorescence signal was observed 
upon hybridization with complementary DNA, as shown by the 
fluorescence intensity ratio (FIFo) between 10.2 and 35.5 (Table 
2, entries 2, 7, 12). The quantum yield of the DAC-labeled 
PNA- DNA duplexes was also consistently increased by >10­
fold to around 0.08-0.24, which is still considerably lower than 
the free DAC (3). This indicates that the interaction between the 
DAC and the neighboring nucleobases is reduced in PNA· DNA 
duplexes due to the formation of base pairs . This behavior is 
similar to pyrene label and a similar mechanism of Ouorescence 
increase is proposed!' It should be noted that free DAC also 
interact with single stranded DNA, resulting in Ouorescence 
quenching, which is consistent with the proposed mechanism 
(see ESI Fig. S22t). CD spectra of MIOGCDAC and its comple­
mentary DNA hybrid (see ESI Fig. S23t) also clearly confirms the 
formation of PNA·DNA hybrids as shown by the change in CD 
signals at 210 and 260 nm. No CD signal was observed in the UV 
absorption region of DAC, suggesting that the DAC label was 
not well-oriented and thus did not appreciably interact with the 
PNA·DNA duplex. 

Single mismatched PNA· DNA hybrids generally showed 
smaller fluorescence increase, but some variations in the 
sequence context were observed (Fig. 1). The M10ATDAC showed 

T9DACa better mismatch discrimination than the and 
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Fig. 1 Fluorescence spectra of DAC-labeled acpcPNA with comple­
menlary, single mismatch. non-complementary and single strand 
form of (a) MIOATDAC (b) DAC-MIO. Conditions: 10 mM sodium 
phosphate buHer. pH 7.0 at 25 ° C. (PNAI - 1.0 11M and IDNAI ~ 1.2 pM. 
excitation wavelength = 315 nm. Complementary DNA = AGT­
GATCTAC. mismatch C DNA = AGTGCTCTAC. mismatch G DNA ~ 
AGTGGTCTAC and mismatch T DNA = AGTGTTCTAC. 
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MIOGCDAC probes. Possible explanation is that certain mis­
matched PNA· DNA hybrids (Table 2, entries 3, 5, 10, 13-15) are 
still sufficiently stable at 20°C - the temperature at which the 
fluorescent experiments were carried out. Completely unrelated 
DNA target provided a signal that was indistinguishable from 
the single stranded probes in all cases. For terminal labeled 
PNA probe DAC-MIO, no fluorescence change could be observed 
for both complementary and mismatched DNA targets (Fig. 1b). 
Since the single stranded PNA probe exhibited low fluorescence 
similar to internally labeled PNA probes, it can be concluded 
that the quenching by neighboring nucleobases still operates. 
Tm measurement confirms the strong binding between the 
DAC-MIO probe and DNA in a sequence specific fashion (58°C 
for complementary duplexes and <20 °c for mismatched 

Temperature (OC) 

b) RT 
ComplemF. nl.v I 


,....----. 

--

..• ••••. • M

-

~c;.match T 

-----Mismalch G 

-ssPNA 

350 400 450 500 550 600 650 


Wavelength (nm) 

80 " 

70 i c) 5()oC 

-- Cornp~nlentafY 

. ..•.. . . . Mismatch T 
60 ~ 

----- I'.l isrnaICh Gi 

-S- SO .: 
<II , 

~ 40 j 

~ I 


-;: 	30 i , 

20 i 


I 


10 


650
400 	 550 500 


Wavelength (nm) 

Fig . 2 (a) Fluorescence melting curves of MIOGCoAC (b) fluo rescence 
DAC 

spectra of MIOGCDAC at RT (c) fluorescence spectra of MIOGC at 
50 nc. All experiments was performed in 10 mM phosphate-buHered 

pH 7.0 , IPNAI- 1.0 11M. IDNAI - 1.2 11M. i.e x 315 nm. PMT voltage ~ 

medium. 

RSC . Id" 20 16. 6. 74314- 7t.gZ I 74317 


100 


90 


80 


70 

S 

60
-e 
l:­50 


40 


'in 

.s 
c 

'" 
30 


20 


10 


o 

80 


70 


60 


~5O 

.~ 40 

c: 

~ 30 


20 


10 


0 


a) 
--Complementary 

.. . . .. .. . Mj~ 'l1C1tch T 


" . 

- -ssPNA 

""""" 

""'" 

- - - - " ... '..:.:--~.~.-----
- - ,---' 

20 30 40 50 60 70 80 90 


http:74314-7t.gZ
http:0.08-0.24


RSC Advances 

duplexes). The absence of fluorescence increase upon duplex 
formation was therefore explained by the interaction between 
the DAC and the terminal GC base pair of the PNA ·DNA duplex 
similar to the pyrene label." 

These results clearly demonstrate that the fluorescence of 
internally DAC·labeled acpcPNA is low in single stranded PNA 
probes due to quenching by neighboring nucleobases, especially 
T and A bases. This interaction diminished - resulting in a large 
fluorescence increase - when the PNA· DNA duplexes are formed , 
provided that the DAC label does not locate at the end of the 
duplex which allows interactions with the terminal base pairs. 

Improving single mismatch discrimination of the DAC­
labeled acpcPNA probes 

Although the Tm measurement indicated the high specificity as 
shown by a large decrease in the Tm values between comple­
mentary and single mismatch PNA· DNA duplexes (6Tm ranging 
from -18.4 to -31.5 0c), but the fluorescence spectra of certain 
mismatch duplexes still showed relatively high fluorescence 
signal. Based on a hypothesis that the high fluorescence was 
due to the high stability of some mismatched duplexes at room 
temperature, the temperature was increased to improve the 
single mismatch discrimination by fluorescence spectropho­
tometry. Single mismatch hybrids should dissociate more easily 
than complementary hybrids, and therefore the temperature 
increase should be able to enhance the mismatch discrimina­
tion ability of DAC-labeled acpcPNA. The experiment was 
carried out only with the complementary hybrids and mis­
matched hybrids that does not show satisfactory discrimination 
in Table 2. The fluorescence spectra were measured at different 
temperature from 20°C to 90 °c (see ESIt). Upon heating, the 
duplex dissociated with concomitant decrease in the fluores ­
cence intensity. The plots between the fluorescence signal at 
450 nm and temperature appeared in the form of reverse S­
curves (Fig. 2a). 

2 -1-1 - \5 (5 / 9 ) 
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Since the maximal difference will be obtained at the 
temperature whereby the mismatched duplexes were dissoci­
ated as much as possible and the complementary duplexes are 
still stable, it is important to vary the temperature to find the 
optimal value case by case. The specific temperature that 

of T9IlACprovided maximum differentiation in the case , 

MIOArDAC and M10GCDAC was 55, 45 and 50°C, respectively. 
The mismatched hybrids of T9DAC and M10GCDAC were more 
stable than those of MIOArDAC and therefore required a higher 
temperature to complete the separation. At the aforementioned 
optimal temperature, the fluorescence ratio between comple­
mentary and single mismatch hybrids improved from 1.0-2.5 
folds to 6.0-21.1 folds (Fig. 2b and c and Table 3). The results 
confirm that the specificity of DAC-labeled acpcPNA in dis­
tinguishing between complementary and single-mismatched 
DNA by DAC-labeled PNA probes can be improved by simply 
increasing the temperature without requiring more complex 
operations such as enzymatic digestion . 

Next, to support the proposed mechanism of fluorescence 
change of the DAC-labeled PNA probe, molecular dynamics 
simulation and energy calculation were performed on both 
single stranded and duplex PNA probe. 

Molecular modeling 

MD structures. For both simulated systems (ssPNA and 
PNA· DNA duplex), the structure of DAC started by pointing to 
bulk solvent was rolled and close to PNA strand after 0.5 ns and 
then fluctuated in such position along 10 ns of simulation time, 
as displayed in Fig. 3. The root mean squared deviations (RMSDs) 
of the MD structures with respect to their starting structures were 
4.42 ± 0.67 A. and 4.02 ± 0.40 A. for ssPNA and PNA ·DNA systems, 
respectively, averaged over the last 2000 structures, see Fig. S25t 
for the RMSD profiles. Clearly, single stranded PNA provides 
larger fluctuation because of a l~ss restriction of its structure. The 
average structure revealed that the DAC is closer to the nueleo­
bases in the single stranded PNA than that in the PNA ' DNA 

Table 3 Comparison of FIFo of DAC-labeled acpcPNA at room temperature and high temperature
Q 

Entry PNA DNA (3' - 5') FIFo (25 'C) FcompfFmm (25 °C) FIFo (high temp)b 

T9JJAC AAAAAAAAA 35.'1 35 .7 

2 AAAACAAAA 18.6 1.9 2.5 14.2 

AAAAGAAAA 6.0 5.9 

AAAATAAAA 15.7 2.3 1.7 

TTITITITT 1.1 32 .4 
AGTGATCTAC 13.2 12 .9 

AGTGCTCTAC 2.6 5.2 1 .3 

AGTGGTCTAC 1.6 8.2 

AGTGTTCTAC 5.7 2 .3 1 .2 

GGGGGGGGGG 1.2 10.9 

AGTGCGCTAC 10.1 10.2 

AGTGATCTAC 5.3 1 .9 

AGTGGTCTAC 7.1 1.4 1.0 

AGTGTTCTAC 9.0 1.1 1.7 

GGGGGGGGGG 0.9 11.1 
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Fig.3 MD snapshots of a single stranded PNA and the corresponding PNA · DNA duplex. 

duplex (Fig. 4), which should lead to a larger interaction between 
DAC and PNA for the single stranded PNA system. 

Energy calculation. In order to investigate the DAC-PNA 
interactions between DAC and nucleobases in single stranded 
PNA as well as PNA · DNA duplexes in more details, we have 
calculated the binding energy between the DAC and three 
closest PNA nucleobases, whereas other fragments were 
omitted. The calculations were performed using Gaussian 09 

Fig. 4 Average MD structures of single stranded PNA and PNA · DNA 
duplex . 

.' 

I 

Table 4 The binding energy (~Eb;nd;n9) between DAC and three 
closest PNA nucleobases· 

System ~Eblnd;ng (kcal mol I) 

ssPNA 11 .40 

PNA·DNA -3 .86 

" The calculation is expressed as Mbmd;ng = EIJAC-1'NA - E OAC - EpNA, 

where EOAC-PNA, EOAC and Epr<. are the total energy of DAC and three 
PNA nucieotides, DAC moiety and three PNA nuc1eotides, respectively. 

program with the density functional theory B3LYP/6-3lG* level 
based on the average MD structures for ssPNA and PNA · DNA 
systems. As shown in Table 4, the binding energy of single 
stranded PNA system is significantly higher than that of 
PNA· DNA duplex. This confirms that there are stronger inter­
actions between DAC and nucleobases in single stranded PNA 
than in PNA· DNA duplex, and further supports the mechanism 
of fluorescence change proposed above. 

Experimental section 
General procedures 

Carbazole (reagent gTade for synthesis) was purchased from 
Merck. A.II reagent grade chemicals and solvents were purchased 
from standard suppliers and were used without further purifi­
cation. IH and DC NMR spectra were recorded on Bruker Avance 
400 NMR spectrometer operating at 400 MHz for IH and 100 MHz 

,IS:: Ad\'. 2016. 6. 7431"-14322 I 74319 
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for DC. RP-HPLC experiments were performed on a Waters DelL.'l 
600 HPLC system. Oligonucleotides were obtained from Pacific 
Science (Thailand) or BioDesign (Thailand). 

ftl- Propargyl-3,6-bis( tert-butoxycarbonylamino )carbazole (5) 

A reaction mixture containing 3,6-bis(tert-butoxycarbonylamino) 
carbazole (4) (0.80 g, 2.00 mmo!) (see ESlt), propargyl bromide 
(0.28 mL, 3.00 mmol), KI (0.33 g, 2.00 mmol) and K2COj (2.77 g, 
20.0 mmol) in dl)' DMF (5 mL) was stirred under N2 atmosphere at 
room temperature overnight. The reaction mixture was diluted with 
water and extracted with CH2CI2 • The combined organic extracts 
were washed with water and brine, dried over anhydrous Na2S0~ 
and evaporated to dryness. The crude product was purified by 
column chromatography on silica gel to obtain the pure compound 
as a yellow solid. IH NMR (400 MHz, DMSo-d6): 0 1.49 (s, 18H), 3.20 
(t,} = 2.2 Hz, 1H), 5.18 (s, 2H), 7.41 (d,} = 8.7 Hz, 2H), 7.49 (d,} ~ 
8.7 Hz, 2H), 8.21 (s, 2H), 9.30 (s, 2H) Be NMR (100 MHz, DMSo-d6): 

/)153.2, 136.2, 131.9, 122.3, 118.2, -109.5,79.2,78.7,74.3,31.9,28.2, 
27.9; IR: 3397, 3254, 2974, 2112 (C=C), 1720, 1702 (C=O), 1524, 
1490,1048, 1023,864,792,578 cm I; HRMS (ESIt): m/z calcd for 
C25H2~.>04Na·: 458.2056 [M + Naf found: 458.2092, m/z calcd for 
C25H2~304K·: [M + Kr 474.1795 found: 474.1826. 

Synthesis, purification and characterization of DAC-modified 
acpcPNA 

The apc-modified acpcPNA was synthesized via solid phase 
peptide synthesis using the four Fmoc-protected pyrrolidine 

2 -1- \ - l5 (7/9) 
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monomers (fmoc-AB7.-0Pfp, Fmoc-T-oPfp, Fmoc-CBz-OPfp, and 
Fmoc-Glbu.QPfp) and spacers [Fmoc-(IS,2S)-ACPC-OPfp, Fmoc­

(3R,4S)-APC(Tfa)-OPfpj at 1.5 ~mol scale on Tentagel S-RAM 
resin according to the previously published protocol. 27

".,.. 

Lysine was included at the C-terminus in the form of Fmoc­
Lys(Boc)-oPfp to improve thc water solubility of the PNA, 
After completion of the PNA synthesis, the N-terminal Fmoc 
group was removed and the free amino group was capped by 
acetylation. The apc-modified acpcPNA was split to 0.5 Ilmol 
portions for further labeling experiments. The nucleobase 
protecting groups (Bz, Ibu) and APC spacer protection (Tfa) were 
removed by heating with 1 : 1 aqueous ammonia/dioxane at 60 
°C overnight. The apc-modified acpcPNA (0.5 ~mol) was alky­
lated at the pyrrolidine ring nitrogen of the APC spacer with 4­
azidobutanal (15 ~mol, 30 equiv.) in the presence of sodium 
cyanoborohydride (30 ;lmol, 60 equiv.) and acetic acid (30 ;lmol, 
60 equiv.) in methanol (100 ~L) at room temperature over­
night.H The azide-modified acpcPNA was further reacted with 
N 9-propargyl-3,6-bis(Boc-amino)carbazole (5) (7.5 IlmOl, 15 
equiv.) while still attached on the solid support in 
the presence of tris[(1-benzyl-lH-l,2,3-triazol-4yl)methyljamine 
(TBTA, 30 Ilmol, 60 equiv.), tetrakis(acetonitrile)copper(l) hexa­
fluorophosphate (15 ~mol, 30 equiv.) and (+)-sodium-L-ascor­
bate (60 ~mol, 120 equiv.) in 3 : 1 (v/v) DMSO : 'BuOH at room 
temperature overnight." After the reaction was completed 
as monitored by MALDI-TOF analyses (12 h), the 
diaminocarbazole-modified acpcPNA was cleaved from the 
resin with 50% trifluoroacetic acid (TFA) in dichloromethane 

B = nucleobase 

a 50% TFAJCH,CI, 

\ 

N) 

BocHN NHBocI\-~,,_ ,~ Cu(I), TBT A,
ZJL.. )J sodium ascorbate 

N "Click Chemistry" 

~~ 
I" ' I" I 

~\ I / --( 0 II r --( 0 : r-{I B I B ! B j
"'-~ ~\~ "'l ~j
....,-,-ys I N---' ;-r-'N) r"W '",­

_I HN ! ' HN ! j HN 
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Scheme 2 Synthesis of DAC-modified acpcPNA. 
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and 10% triisopropylsilane (TIS) (500 III x 30 min x 3). The 
combined cleavage solution was dried under a stream of 
nitrogen gas and the crude PNA was precipitated by addition of 
dicthyl ether (Scheme 2). The crude PNA was purified by reverse­
phase HPlC with using mobile phase A: B (A: 0.1% TFA in H20 ; 

B: 0.1% TFA in MeOH) 9 : 1 for 5 min followed by a linear 
gradient to A : B 1 : 9 over 55 min. The purified PNA was char­
acterized by MAlDI-TOF mass spectrometry (Microflex, Bruker 
Daltonics) by using Cl-cyano-4-hydroxy-cinnamic acid (CCA) as 
a matrix. 

Spectroscopic experiments 

All samples were prepared at PNA concentration = 1.0 11M and 
DNA concentration "'- 1.2 J.lM in 10 mM phosphate buffer pH 
7.0. tN-visible spectra and thermal stabilities (Tm) were 
measured on a CARY 100 Bio UV-vis spectrophotometer at 260 
nm from 20-90 ' c at a rate of 1 °c min . 1 . The melting 
temperatures were determined from first derivative plots. 
Fluorescence spectra were measured on Cary Eclipes Fluores­
cence Spectrophotometer at excitation wavelength of 315 nm. 
Both excitation and emission slits were set to 5 nm and PMT 
voltage ~ medium. 

Fluorescence quantum yield (<1>d measurement 

The fluorescence quantum yield «1\.) of 3,6-diaminocarbazole 
(3), single stranded-PNA and PNA · DNA duplexes [T9DAC 

, 

M10AToAC and M10GCOAf
] were calculated using quinine 

sulfate (ct>F = 0.540) as a ref. 36 Absorption and fluorescence 
spectra were measured on CARY 100 Bio UV-vis spectropho­
tometer (Varian) and CARY Eclipse Fluorescence spectropho­
tometer (Varian/Agilent Technologies), respectively. Seven 
concentrations (1.0, 2.0, 2.5, 5.0, 7.5, 10.0, 12.0 11M) of quinine 
sulfate samples in phosphate buffer were prepared from a stock 
solution (1.0 mM quinine sulfate in 0.1 M H 2S04 ) . The absor­
bance at 315 nm was less than 0.1 for all concentrations. The 
magnitudes of integrated fluorescence intensity were plotted 
against the absorbance of the solution absorbance. The 
quantum yield of sample was then calculated according to 
eqn (1).31 

ct> ..(sample) c= <1>,,( standard)[m(sample)/m(standard)][1]( sample)2/ 
1)(standard)2] (1) 

where m is the slope from the plot of integrated fluorescence 
intensity vs. absorbance and 1] is the refractive index of the 
solvent. 

Molecular dynamics (MD) simulation. MD simulations were 
performed on single stranded acpcPNA with a sequence of 
GTAGATCACT whereby the DAC was linked to the apc spacer at 
the underlined position, and the corresponding acpcPNA ' DNA 
duplex. Because the three-dimensional structures of ssPNA 
and PNA · DNA duplex were not availa ble, the starting 
structure of PNA· DNA duplex was built up based on the 
corresponding sequence of DNA· DNA duplex (dGTA­
GATCACT ·dAGTGATCTAC) which was generated using the NAB 
module of the AMBER 12 package." The first strand of the 

RSC Advances 

duplex was replaced with PNA strand in an antiparalleL direc­
tion yielding the PNA· DNA duplex." The structure of dia­
minocarbazole (DAC) linked to backbone of PNA was first 
optimized with B3LYP/6-31G* calculation using Gaussian 09 
(ref. 39) before adding to the PNA strand. The initial structure of 
single stranded acpcPNA was obtained in a similar manner. The 
force field parameters of the PNA and DAC were generated using 
the standard procedure." To setup the simulations, the starting 
structure of each system was immersed in a rectangular water 
box with TIP3P water molecules'· extended by 10 A in each 
direction from the solute and then neutralized by adding Na-t 
counterions (for PNA· DNA system). The MD simulations were 
carried out using AMBER 12 suite of program with parmlO force 
field complemented with the prepared parameters of PNA and 
DAC, SHAKE algorithm" employed for all hydrogen atoms, a 9 A 
cutoff app:lied to the non-bonding lennard-Jones interactions, 
the particle mesh Ewald method used to account for long-range 
interactions;' time step of 1 fs and NPT ensemble (P = 1 atm 
and T = 300 K). The simulation protocol consists of heating, 
equilibration and production steps, and was described in 
details elsewhere." The MD trajectories were generated for 10 
ns and the coordinates were stored every 1 ps, totally 10 000 

structures. 

Conclusion 

In conclusion, we successfully synthesized novel internally and 
terminally 3,6-diamino-carbazole-labeled acpcPNA and evalu­
ated their binding and fluorescence properties. Thermal dena­
turation experiments revealed the high stability (Tm 53.4-65.2 
°C) and high specificity (toTm > 20 0c) of PNA· DNA hybrid 
similar to unmodified acpcPNA. Single stranded DAC-Iabeled 
acpcPNA showed low fluorescence signals due to quenching 
of the DAC label with neighboring nucleobases. After hybrid­
ization with DNA, the internally DAC-labeled acpcPNA showed 
moderate to large fluorescence increase (10.1-35.5 folds) 
compared to the single stranded PNA. The specificity was 
further improved to allow discrimination between comple­
mentary and single mismatched DNA targets by increaSing the 
temperature . Terminally DAC-labeled acpcPNA showed no 
significant fluorescence change after hybridization with DNA. A 
model was proposed to explain the mechanism of fluorescence 
change, which was further supported by MD simulations and 
energy calculation. These results demonstrate the potential of 
DAC as a Ouorescence label to be used in combination with 
oligonucleotide probes for detection of specific DNA sequences. 
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Preparation and Performance Evaluation of a Pyrrolidinyl 
Peptide Nucleic-Acid-Based Displacement Probe as a DNA 
Sensor 
Chalothorn Boonlua, Chayan Charoenpakdee, Tirayut Vilaivan, and Thanit Praneenararat*[a] 

A new displacement probe based on pyrrolidinyl peptide 
nucleic acid was designed and evaluated for DNA sequence 

recognition. The probe was prepared by combining an N­
terminally fluorophore-modified pyrrolidinyl peptide nucleic 
acid (Flu- or TMR-acpcPNA) and a 3'-Dabcy~modified DNA as a 

quencher. Fluorescence studies showed that the fluorophore in 
the acpcPNA strand was efficiently quenched by the quencher 

strand. After some optimisation, the fluorescence wassignifi­
cantly restored upon the addition of the complementary DNA 

Introduction 

Synthetic analogues of nucleic acids have been extensively 
studied as their utilities can have profound impact on a variety 

of scientific disciplines. Among these, peptide nucleic acid 
(PNA) remains as a prominent class of analogues that exhibits 
several promising properties such as great stability and nigh 
affinity towards nucleic acids (even higher than duplexes from 
nucleic acids themselves due to reduced electrostatic repul­
sion) .I '1 Of much interest to chemists is the development of 

novel types of PNAs with the aim to improve the binding 
affinity and specificity even furtherYI The conformational 
flexibility of the original aminoethylglycyl (aeg) backbone 
suggests considerable entropic penalty from conformgtion 

change to accommodate the duplex formation . pyrrolidinyl 
PNA with a conformationally restricted PNA dipeptide back­
bone deriving from prolyl-aminocyclopentanecarboxylic acid 
(acpcPNA) was proposed by Vilaivan et al. to overcome this 
problem.lli Owing to several by-design advantages over the 

original PNA such as higher affinity towards DNA, greater 
mismatch discrimination and exclusive binding in anti parallel 
fashion, this PNA system has been utilised in a number of 

141applications, especially in the field of DNA sensor.
Fluorescence resonance energy transfer (FRET) is a spectro­

scopic phenomenon that has been extensively studied and 
applied in several molecular systems including nucleic acids.ISI 

This process is known to provide a reliable means to gauge the 

[a] Dr. C. Boon/ua, C. Charoenpakdee, Prof. T. Vi/aivan. Prof. T. Praneenararat 

Organic Synthesis Research Unit, Department of Chemistry 
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target, while the fluorescence stayed at a low level with the 
addition of mismatched DNA. Even with double-stranded DNA 

analytes, the high specificity of the PNA-based displacement 
probes allowed unambiguous discrimination between comple­
mentary and single mismatched DNA targets. Furthermore, 

immobilisation of the probes onto agarose resin could also 
recognise only the complementary DNA, thereby demonstrat­

ing its potential as a practical DNA sensor. 

distance between the donor and the acceptor due to its 
extremely sensitive nature to distance. Therefore, several forms 
of nucleic acids studies involving FRET have been demon­

strated. For example, molecular beacons are a class of hybrid­
isation probe that can report the presence of specific nucleic 

acid sequences by providing hybridisation-dependent confor­
mational changes, which led to a change of the distance 
between the fluorescence reporter and the quencher, and thus 
the fluorescence. 161 Another important class of probes is nucleic 
acids displacement probes, whose deSigns can vary to serve 
diverse applications.17I This type of probes is usually constructed 
by forming a double-stranded oligonucleotide - each strand 
would carry either a fluorescence reporter or a quencher 
(Figure 1). Initially, these molecular scaffolds arrange the dyes in 

++ 

PNAI DNA PNAI DNAQ 
DNAQ target DNA 

target 

Figure 1. A typical construction of a displacement probe. A DNA target with 
higher duplex stability can displace a quencher-bound oligonucleotide to 
release the quencher and restore the Ouorescence signal. 

5691 t, 2016 Wiley·VCH Verla9 GmbH & Co. KGaA. Weinheim 
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close proximity and quenching is effective. When the system is 
allowed to interact with another nucleic acid strand possessing 

higher affinity to any of the strands in the initial duplex, strand 
exchange will occur and a new duplex is eventually formed, 

thus restoring fluorescence as a result of the separation 
between the f1uorophore and the quencher. The key to the 

success of displacement probes lies in the subtle difference in 
stabilities of probe-quencher duplex and probe-target DNA 
duplex. The quencher is usually designed to have slightly less 

affinity towards the probe than the DNA analyte so that it 
could be displaced later by the complementary DNA analyte. 

This could be achieved by two methods: 1) using quenchers 
with shorter length than the f1uorophore probe; 2) using 
quenchers with some mismatches in the strand."al After 

extensive investigations, this concept has been demonstrated 

in a number of studies, and paved the way to real applications 

such as the use of displacement probes in quantitative 
polymerase chain reaction (qPCR).181 

Nevertheless, conventional probes based on natural oligo­

nucleotides still have some limitations. For example, molecular 

beacons, despite being carefully designed, can occasionally 
suffer from complication from other unwanted intramolecular 
interactions. Sometimes this is found only after testing the 

probe in real experiments, thus leading to the process of re­
tuning the probe with inevitably additional costs. In the case of 
DNA-based displacement probes, the minimum required length 
for reliable hybridisation is usually long enough to promote the 
formation of secondary structures. Thus, it can sometimes be 

tedious for the whole designing process to get suitable probes 
for certain DNA sequences. In this study, we aimed to 
investigate the possibility of adopting acpcPNA as a displace­
ment probe. Since acpcPNA has greater affinity to DNA than 

DNA itself, the minimum length to obtain reliable hybridisation 
is much lower, i.e., a PNA strand with 10 nucleotides could 
serve as a probe. This, in addition to the low tendency of 
acpcPNA to form self-pairing duplexes, automatically simplifies 
the designing process. Regarding with the probe construction, 
this can be achieved by forming a duplex between a strand of 

acpcPNA containing a fluorophore, and another DNA strand 
containing a quencher. Thereafter, a DNA target can be 
recognised by allowing it to form a more stable duplex with 
the PNA strand, thereby releasing the quencher from the 
fluorophore and resulting in the increase of fluorescence 
(Figure 1). As anticipated, the new type of displacement probes 

was shown to provide reliable recognition power without 
complicated design or fine-tuning.191 The design, construction, 
and performance evaluation of the acpcPNA displacement 
probes are described as follows. 

Results and Discussion 

Design, synthesis and characterisation of acpcPNAs and 
DNAs 

We designed the displacement probes by appending acpcPNAs 
with a f1uorophore (fluorescein or tetra methyl rhodamine) at 
the N-terminus via the activated ester coupling (see experimen­

2-1-J-lbL'l/~: 
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tal section). We chose to add the f1uorophores on this end due 
to the ease of synthesis based on our previously established 
chemistry.Pol After the deprotection of the side-chain protecting 

groups and the cleavage of the PNA from the resin, 
f1uorophore-labelled PNAs (Figure 2) were obtained. HPLC 

lysine PNA 
(K) 

Figure 2. A general structure of fluorophore-appended acpcPNAs used in 
this study (B is a standard nucleobase (A, T, C, and G). X ~ 0 ; Y , .. OH for 
fluorescein; X~ NMe, ; Y~ NMe, for tetramethylrhodamine). 

analysis indicated that all synt~esised PNAs were .-> 9S % purity, 
while MALDI-TOF mass spectrometry confirmed the identity of 
all synthesised PNA used in this work (Figure 51-57 in the 
Supporting Information). Since it is known that acpcPNA binds 
to DMA only in anti-parallel arrangement (where the N- and C­
termini correspond to the S' and 3' ends, respectively)}'Obl the 

DNA quenchers were thus modified with the dabcyl group on 
the 3' end so that both counterparts are in close proximity for 
effective quenching upon duplex formation (Figure 1). 

The sequences of PNAs and DNAs used in this study are 
shown in Table 1 and 2. There were mainly four PNA sequences 
in this study, with some variation~ of fluorophores and C­

terminus extensions on the PNAs. DNA quenchers (DNAQ) were 
also varied to probe a variety of effects. In addition, melting 

temperatures (Tm) of selected duplexes were measured (Ta­
ble 51) to gain some insight in the strand exchange process as 
discussed below. 

Construction and evaluation of the displacement probes 

To test the utility of the displacement probes, a series of 

fluorescence experiments was conducted with a model 
sequence corresponding to a shrimp white spot syndrome 
virus (W55V) DNA.I111 In a preliminary experiment. K1Flul, after 

mixing with the quencher carrying a mismatched base dSmQ1, 
exhibited significantly reduced fluorescence, which can be fully 
restored within 100 minutes (see Figure 58 in the Supporting 
Information for full spectra containing fluorescence signals at 
10-min interval along with a kinetics plot at the wavelength of 
emission maximum) to the original level after the addition of 
the complementary single-stranded DNA, DNAla (the 3'­

terminal base was changed to adenine instead of guanine due 
to known quenching effect).1121 On the other hand, the 

ChemisrrySe'ec l 2016. 1, 5691-5697 Wiley Online Library 5692 t: 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 
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I Table 1. The sequences of nuorophore-modified acpcPNAs. DNA quenchers (DNAQ), and DNA oligos used in this study. 

I 
Type Name Sequence Name Sequence 

K1Flu1 

PNA K4Flu1 

K4TMR1 

dSmQ1 

DNAQ dSmQ2 

dCmQ3 

DNA1a 

DNA1b 

DNA1c 

DNA1d 

DNA1e 
DNA 

DNAH 

comp­
dsDNA1 

sm-dsDNA1 

F lu -O-CTAAATTCAGA-KNH2 

F'l c: -O-CTAAATTCAGA-KKKKNH2 

TMR-O-CTAAATTCAGA- KKKKNH2 

1>,::(;} ;.-GATTTACGTCT-5' 

D"d~ :yt -CGCGGCTGACA-5' 

3'-~TTTAAGTCT-5' 

3'-AATTTACGTCT-5' 

3 ' -AATTTAAGACT-5' 

3'-AATTTTAGTCT-5' 

3 '-~TT~AAGTCT-5' 

3'-AACTTAAGTCT-5' 

3'-h:ACAATTTAAGTCTGAATC-5'+ 

5' - T>'.TGTTAAATTCAGA,:,!'TAG-3' 

3' - A'l',)'C:AATTTACGTCTSl'..'l.T C-5' + 

5' - '1'[,, '!'G TTAAATGCAGACT1:'.'-f;-3' 

F .i.'.l -O-AGTTATCCCTGC-KN~K1Flu2 

Fl~ -O-GCGCCGACTGTCGGCG-KKKRKNH2K5Flu3 

d8Q1 

d9Q2 

d8Q2 

DNA2a 

DNA2b 

DNA2c 

DNA2d 

DNA2e 

DNA2f 

DNA3a 

DNA3b 

t::6iJCyi -GATTTAAG-5' 

c;,,;, ,~ y \ -TCAATAGGG-5' 

r.".'t.,ey i -TCAATAGG-5' 

3'-TCAATAGGGACG-5 ' 

3'-TCAATTGGGACG-5' 

3'-TCAATCGGGACG-5 ' 

3'-TCAATGGGGACG-5' 

3'-TCAAAAGGGACG-S' 

3 ' -TCAATAGCGACG-5' 

3'-CGCGGCTGACAGCCGC-5' 

3'-CGCGGCTTACAGCCGC-5 ' 

, A. T. C and G are the abbreviations o f the standard nucleobases. whereas K is lysine. The 2·aminoethoxyethoxyace tyl linker. used to join the N-term inal base 
and the nuorophore is abbreviated as 0. Flu = fluorescein. TMR ~ tet ramethylrhodamine. PNAs are w ritten from N to C termini, while the orientations of D ~:."' s 

are clearly noted. Red underlined bases are mismatches compared to the on9 inal sequences. while blue bases are extra hanging bases. Purple underlined 
bases are purposely p laced mismatc hes due to a known quenching effect of the G base (see text). 

fluorescence signal of K1Flul/dSmQl probe stayed at the 

quenching level aher the addition of a single mismatched 

DNA 1 b, thereby demonstrating the discrimination power of 

this type of probes (Figure 3). 

Next, the effect of the lysine linker at the (-terminus was 

studied . It was found that K4Flul, having four units of lysine at 

the (-terminus, did not show significant difference when 

combined with the same quencher, dSmQl (Figure 59 in the 

Supporting Information). We then investigated the scope of 

fluorophores in this probe setting by replacing fluoresce in with 

tetramethylrhodamine. The probe K4TMR1, when combined 

with the quencher dSmQl , could also effectively differentiate 

between the two DNA sequences described before (DNA 1 a vs 

DNA 1 b), indicating some flexibility in terms of fluorophores 

variety (Figure 4). 

The difference in the level of fluorescence restoration 

between complementary and mismatched DNA targets, which 

may be defined as discrimination factor [(FIFo)com/(FIFolm;sm.t<hl, 
is most likely determined by the difference in stabilities 

between probe-quencher and probe-target duplexes. It is 

therefore important to choose a quencher probe that can form 

a sufficiently stable duplex with the PNA probe to exert 

effective quenching, and still allow strand exchange with 

- complementary DNA target, but not with the mismatched DNA 

target. As shown in Table 51, the Tm values of the duplexes 

K1Flul/dSmQl, K1Flul/DNAla and K1Flul/DNAlb are 53.5, 

4()Q 
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K1Flul + dSmOl + DNAlx (50 min) 
K1Flul + dSmOl + DNAlx (100 min) 

Figure 3. Fluorescence profiles of K1Flul/dSmQl in discriminating between 
A) complementary DNA (DNA 1 x =DNA 1 a), and B) single mismatched DNA 
(DNAl x = DNA1 b). [K1Flu1l = 0.05 !1M. [dSmQl l = [DNAl xl ~ o.so I'M, exci­
tation wavelength = 480 nm. All experiments were performed at 20 C. 

63.1 and 33.1 "C, respectively. It can be clearly seen that only 

DNAla could displace the dSmQl form the K1Flul/dSmQl to 

form a more stable Kl Flul/DNAla duplex. The analogous 
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Figure 4, Fluorescence profiles of K4TMR1/dSmQ1 in discriminating be­


tween A) complementary DNA (DNA 1 x =DNA1 a), and B) single mismatched 


DNA (DNA 1 x =DNA1 b). IK4TMR 11 =0.05 (,1M, 


IdSmQ1 I = IDNA1 xl = 0.50 (,1M, eKcitation wavelength ~ 550 nm. All experi­


ments were performed at 20 "'c. 


exchange with DNA 1 b would be energetically unfavourable, 

resulting in a large discrimination factor of 7.5 between DNA 1 a 

and DNA 1 b. While the stability of the probe-target hybrid is 

fixed by their base sequence, the stability of the probe­

quencher hybrid is tunable. The effect of different quencher 

sequences (shorter strand vs extra mismatches) was thus also 

investigated. In this regard, fluorescence profiles of another 

PNA probe, K1Flu2, with three DNA quenchers (d8Q2, d9Q2, 

and dSmQ2), were obtained. As expected, the longer quencher 

probe d9Q2 reduced the fluorescence of Kl Flu2 to a greater 
degree (94 % reduction, Figure 510) than did d8Q2 (76 % 

reduction, Figure 511) due to increased duplex stability from an 

extra base pair .. On the other hand, the mismatched quencher 

probe dSmQ2 exhibited 90% reduction (Figure 512), which is 

comparable to d9Q2. Based on quenching power, it could be 

concluded that both d9Q2 and dSmQ2 are suitable as a 
quencher for our displacement probe system. Nevertheless, the 

fluorescence restoration must also be taken into account.. In 

this regard, although Kl Flu2/d8Q2 showed restoration that 

was significantly higher than the other two systems (Fig­

ure 513), we surmised that there is still room for improvement 

in terms of kinetics and discrillJination power on all of these 

systems. Fortunately, heating the solution briefly seemed to 
promote the strand exchange}131 and the fluorescence signals 

of Kl Flu2/dSmQ2 and Kl Flu2/d9Q2 were thus found to 
significantly increase (nearly instantly in almost all cases), albeit 

to different degrees which may reflect the different extent of 
the strand displacement reactions. Specifically, dSmQ2 showed 
a greater extent of fluorescence restoration (Figure 5) than did 

d9Q2 (Figure 514). Nevertheless, the discrimination factors 

suggested that Kl Flu2/d9Q2 gave higher factors to all 

mismatched targets compared to Kl Flu2/dSmQ2 and certainly 
Kl Flu2/d8Q2 (Table 55). Thus, although nearly complete 
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Figure 5, Fluorescence profiles of Kl Flu2/dSmQ2 in discriminating between 

A) complementary DNA (DNA2 x ~ DNA2 a). and B) single mismatched DNA 

(DNA2x=DNA2b). Heating was included at 95 C for 5 min. [KlFlu2] = 0.05 

flM, IdSmQ2] =IDNA2 xl ~ 0.50 flM, excitation wavelength cc 480 nm. 

fluorescence restoration may be generally desired, discrimina­

tion factors should rather be used to determine probe 

efficiency. In this particular case, d9Q2 was likely a better 
quencher. 

Encouraged by the results, we expanded the scope of the 

sensing system by testing all aforementioned probeswith more 

DNA sequences (DNA 1 (-DNA1f to be tested with Kl Flul/ 

dSmQl, K4Flul/dSmQl, and K4TMRl/dSmQl ; DNA2(-DNA2f 

to be tested with Kl Flu2/d8Q2, Kl Flu2/d9Q2, and Kl Flu21 

dSmQ2).. As shown in Tables 52-55, the complementary 

sequence gave fluorescence signals that were about 3.5-13 

folds higher than those of mismatches (obtained by comparing 

fluorescence signals of the final time points with those before 

the addition of each DNA target). It is worth noting that this 

was found to be true for all systems tested (with an exception 

of only two cases where lower than 3.5-fold fluorescence 
change was observed), thereby showcasing the versatile nature 

of the PNA displacement probes, Although the absolute 

fluorescence values may vary from one experiment to another 

due to minor variation in concentrations and other parameters, 

the range of complementary/mismatched fluorescence ratios 

held pretty well, indicating that this system is robust enough 

for use with various probes and targets. 
In addition, an extra-long PNA probe (K5Flu3) was also 

tested for its performance as a displacement probe, together 
with a complementary, but shorter-in-Iength quencher 

(dCmQ3). This 16-nt PNA represented a long PNA system that 

offers more flexibility in generating unique sequences for 
broader applications. As illustrated in Figure 6, the displace­
ment probe could provide sufficient discrimination power (over 

2 folds) although the mismatched case resulted in visible 

fluorescence restoration. Notably, this behaviour could be 
predicted from Tm data (Table 51), which showed lower Tm for 

PNAIDNAQ than PNA/mismatched target. Also, this issue is 
specific to certain sequences; therefore, the whole principle 
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should work fine in many more applications using different 
base sequences. 

Investigation of the performance of the displacement 

probes with double-stranded DNAs 

Since DNA exists as a stable -duplex, the ability to efficiently 

recognise the DNA analyte without sample pre-treatment, i.e., 

to separate DNA strands, is highly desirable. Therefore, the PNA 

displacement probes were also 'tested for the in-situ recog­

nition of different double-stranded DNAs. Using K4Flul! 

dSmQl as a model, the results (Figure S 15) showed that 

fluorescence restoration of a double-stranded DNA target 

(comp-dsDNA1) was much slower at ambient temperature 

compared to the single-stranded version (DNA 1 a), although 

the high specificity was still retained . To resolve the slow 

kinetics issue, brief heating was again applied and found to 

expectedly promote efficient strand exchange, leading to 

almost complete fluorescence restoration and successful dis­

crimination between the complementary DNA (comp-dsDNA 1) 

and a single mismatched DNA (sm-dsDNA1) (Figure 7 for 

K4Flul/dSmQl, and Figure S16 and S17 for K1Flul/dSmQl 

and K4TMR1!dSmQl, respectively). These results, along with 

our recently published study,I 141 corroborated the power of 

acpcPNA in undergoing duplex invasion, thus suggesting that 

the displacement probe should be well applicable to double 

stranded DNA targets. 

To further demonstrate the utility of our PNA displacement 

probe, the possibility of detecting different DNA sequences in 

multiplex manner was also investigated. In this regard, we 

selected DNA sequences derived from single nucleotide poly· 

morphisms (SNP) in the human IL 10 promoter gene that are 

found to be associated with systemic lupus erythematosus 

(SLE) disease (Table 2).11
5) Two acpcPNAs differing by one 

nucleobase were synthesised and these were appended with 
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Table 2. Sequences of PNA, DNAQ, and DNA analytes used for the 
multiplex detection experiments. 

-==-..- -.-­

Flu-SLE(T) F' b - O-ATGTAA! ATCTC-KNH2 

PNA 
TMR-SLE(C) TMR-O-ATGTAA~ATCTC-KNH2 

DNAQ dSm-SLE(T) [' ahoy L-TACATT!TAGAG-5' 

DNA4a 3' -(;TACATTATAGAG-5 ' 

DNA4b 3 ' < TACATTGTAGAG-5 ' 

3' - (;I~.\' : TACATTATAGAG.:" · :,~ ' : -5 ' + 
DNA SLE(A)-dsDNA 

3 ' - :~':X:TACATTGTAGAG ':-":: - 5' + 

~SLE(G)-dsDNA 5' - ",,~ ,"~ATGTAACATCTC ,- :;- 3' 

- -=====.-----.--=.=:.~=====-

different fluorophores, namely fluorescein (Flu-SLE(T)) and 
, tetramethylrhodamine (TMR-SLE(C)). In the same solution, a 

DNA quencher with one mismatch to both sequences, dSm· 

SLE(T), was used to quench both PNAs, and the DNA ana[yte 

would be added. The presence of the complementary DNAs to 

each P.NA would result in the fluorescence increase specific to 

the emission wavelengths of each fluorophore. Hence, both 

signals can be independently but simultaneously monitored in 

the spectrophotometer. 
In a preliminary experiment, each probe system (Flu-SLE(T)! 

dSm-SLE(T) and TMR-SLE(C)!dSm-SLE(T)) was first tested 

individually for its abil ity to detect single DNA sequence in the 
solution. As expected, although these duplexes especially with 

TMR-SLE(C) showed incomplete fluorescence restoration 

(which, in turn, was supported by the Tm difference between 

probe·'quencher and probe-target duplexes), each SLE probe 

could successfully distinguish its complementary sequence 
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(DNA4a or DNA4b) from single mismatches, with both single­

stranded and double-stranded systems (after heating; Fig ­

ure 518 for Flu-SLE(T)/dSm-SLE(T), and Figure 519 for TMR­

SLE(Cl/dSm-SLE(T)). Encouraged by these results, we pro­

ceeded to test the system in the mUltiplex mode. In each 

experiment, both PNA probes and the DNA quencher were 

added into a .solution, followed by the addition of one double­

stranded DNA analyte. Thereafter, spectra were obtained by 

exciting the solution with either 480-nm, or SSO-nm light. As 

shown in Figure 8, our PNA displacement probe could clearly 

distinguish between two DNA sequences differing only by 

single base. For instance, the 530-nm fluorescence signal of 

fluorescein increased significantly after the addition of SLE(A)­

dsDNA (Figure 8 A), while the same signal (at the same 

excitation wavelength) remained low and unchanged after the 

addition of SLE(G)-dsDNA (Figure 8B). This obviously suggested 

an existence of significant duplex formation between Flu­

SLE(T) and SLE(AJ-dsDNA, thus inferring that both are 

complementary sequences. Even though the signal restoration 

may not be as high as previous experiments, it proved to be 

ample for unambiguous DNA sequence determination. 

acpcPNA-immobilised agarose resin as a solid-phase 

displacement probe 

Solid-phase platforms have recently been exploited in a variety 

of chemical research due to their unique advantages, e. g., the 

ease of purification in combinatorial chemistry on polystyrene 

resin. Therefore, we sought to study the feasibility of construct­

ing the displacement probe on resin and applying such system 

as a DNA sensor. The experiments were set up in a similar 

manner as in solution-phase experiments with some modifica­

tions. Since the agarose resin contains an N-hydroxysuccinimide 

(NHS) ester, a side-chain amino group on lysine residues of the 

PNA is expected to react and covalently immobilise the PNA 

(and the DNAQ) onto the resin. A DNA analyte was then 

incubated and the fluorescence signal was observed under the 

36S-nm UV lamp. Preliminary results showed that, with the 

solid-phase condition, the single mismatched probe (dSmQl) 

could not quench the fluorophore PNA to a satisfactorily level ­

this is likely due to the increased difficulty of duplex formation 

in the resin matrix. Therefore, another probe, d8Ql, was tested 

and, to our surprise, was found to give a more satisfactory 

quenching - this outcome was opposite to the trend of duplex 

stability found in aforementioned experiments. We surmised 

that the resin matrix may contribute to this complication. 

Consequently, we proceeded to prepare the Kl Flul/d8Ql 

displacement probe and found that this system could restore 

the fluorescence signal only with the addition of the comple­

mental"'¥ sequence (DNA 1 a - tube 3, Figure 9), while a single 

Figure 9. Fluorescence of NHS-a garose resins under 365-nm light. 1) agarose 
+ KlFlul ; 2) agarose + K1Flul + d8Ql ; 3) agarose + KlFlul + d8Ql + 
DNA1a; 4) agarose + KlFlul + d8Ql ., DNAlb. All experiments started 
simultaneously, and the photo was taken after the last condition was 
finished, which is an incubat ion step of 1 hour after DNAla and DNAlb 

w ere added to 3) and 4), respectively. 

mismatched sequence (DNA 1 b - tube 4, Figure 9) could not 

appreciably increase the fluorescence signal. These results 

confirmed that the acpcPNA displacement probe can also work 

on a solid phase system. Further development and elucidation 

of the dynamics of thi s resin probe will be investigated and 

reported elsewhere. 
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Conclusions 

We reported herein a construction of displacement probes 

based on acpcPNA, which has been shown to provide several 

attractive features as a DNA probe. The results showed that the 

systems could unambiguously recognise the complementary 

sequence by giving significant fluorescence increase only after 

the complementary DNA was added (but not with any type of 

mismatched DNA targets). In most cases, brief heating was 

found to improve fluorescence restoration and is thus recom­

mended if no other concern exists. On the other hand, 

temperature-sensitive samples may be incubated at ambient 

temperature. Although this resulted in incomplete fluorescence 

restoration and long reaction time, it should be emphasised 

that, in many cases, the signal from the complementary 

sequence was far higher than that of mismatches since early 

time points. Therefore, maximum restoration may not be 

required, thereby resulting in significantly reduced incubation 

time. Also, the displacement probes worked well even with 

double-stranded DNA analytes, indicating that the probe is 

applicable with real DNA samples. Combined with a possibility 

to couple the probe with a solid phase system, this new type of 

displacement probes could become another practical tool for 

DNA detection. 
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Peptide nucleic acid (PNA) labeled with a dye/quencher pair is useful as a high-performance fluorescence 
probe for DNA sequence determination. Previous work has mainly focused on placing the dye/quencher 
at different ends of the PNA strand. In this work. we propose a new pyrrolidinyl PNA probe bearing 
a fluorescent dye and an anthraquinone quencher at the same end of the PNA molecule. The single­
stranded PNA probe exhibits a weak nuorescence as a result of close contact between the dye and 
the quencher. End-stacking of the anthraquinone to the terminal base pair of the PNA · DNA duplex 
disrupts the fluorophore-quencher interaction, resulting in a large fluorescence increase in the presence 
of complementary DNA. The high specificity of the present PNA probe allows multicolor. multiplex 
detection of single mismatched DNA targets. In addition, direct detection of double stranded DNA target 
by double duplex invasion was demonstrated. 

© 2016 Elsevier Ltd. All rights reserved. 

t. Introduction 

Fluorescence oligonucleotides are useful as probes for molecular 
diagnostic applications such as the determination of DNA or RNA 

1sequences as well as other targets such as proteins3.~ and small 
molecules. ; " To enable the detection of these targets in homoge­
neous format which does not require immobilization or washing 
and thus applicable for in vivo detection, a mechanism that can 
modulate the fluorescence properties of the probe in response to 
the target binding must be introduced. A classic example of such 
probes is molecular beacon8-an oligonucleotide carrying two la­
bels at the opposite end with a partial self-complementary se­
quence so that it can form a stem-loop structure in the free state. 
Binding with the correct target DNA at the loop region leads to 
a conformational change that result in different interactions be­
tween the two labels when compared to the free probes,) leading to 
a fluorescence change. Limitations of this probe design are the re­
quirement of a rather long sequence to form the stem-loop struc­
ture which is expensive to make, slow reaction kinetics and further 
functionalization being difficult since both ends are occupied. 
Several alternative designs to overcome one or more these 

.- In remembrance of His Majesty King Bhumibol Adulyadej (1927-2016). for his 
hfe -time dedication to Thailand. 
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limitations have been proposed such as in-stem molecular bea­
cons,H! .!! s trand displacement prob~sY: binary probes, . and 
quencher-free molecular beacons. Hi '· The performance of these 
probes could be improved further by the use of oligonucleotide 
analogues that offer stronger binding affinity/specificity such as 
locked nucleic acid (LNA) or peptide nucleic acid (PNA)." The latter 
is particularly promising because the design of PNA beacons does 
not generally require the stem-loop structure,!.' ii' The potential 
problem of non-specific binding in unstructured probes '" is com­
pensated by the high specificity of PNA probes, and thus several 
impressive examples of linear PNA beacons have been reported ." '" .:' 
Most of these PNA beacons carry either an environment sensitive 
label or two labels placed at different positions in the PNA strand. 

Linear oligonucleotide probes bearing two labels attached to the 
same end or adjacent positions have been reported as early as 
1994.L Instead of relying on conformational change as in classical 
molecular beacons, the mechanisms of fluorescence change in 
these linear probes upon hybridization with the target was due to 
the change in the interactions between the two labels as a result of 
end s tacking, intercalation,"3 h or uncoupling of excitons.>~ ' This 
probe design tends to give a lower background signal than linear 
DNA probes in general due to the more efficient quenching as 
a results of a better contact between the dye and the quencher. 
Inspired by this promising probe design and our long interest in the 
development of self-reporting rNA probes: .' we proposed to 
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combine the concept of a doubly-end-labeled li~ear probe with our 
new conformationally constrained acpcPNA.': In this report. we 
synthesize and evaluate the performance for DNA detection of 
some doubly-end-labeled linear PNA probes bearing a fluorophore 
(FAM or TMR) and a quencher with end-stacking ability (anthra­
quinone) at the same end of the molecule. The anthraquinone is 
expected to stack on top of terminal base pairs of the PNA·DNA 
duplexes. As a result. hybridization with the correct DNA target is 
expected to produce a signal by fluorescence change. 

2. Results and discussion 

2.1. Design and synthesis of doubly-end-labeJed acpcPNA 

probes 


The present doubly-end-Iabeled PNA probe design consists of 
_a fluorophore and a quencher (denoted X and V). Both of which are 
attached to a diamine linker (lysine or APC) at the N-termini of the 
acpcPNA probes ( Fj ~ : . I ) . One or more lysine residues were in­
corporated at the C-termini to improve water solubility and sta­
bility of the PNA· DNA hybrids. Anthraquinone (AQ) was chosen as 

the quencher because of its known ability to intercalate and/or end­
stack with DNA duplexes.: 4 The previously observed increased in 
Tm of duplexes with terminally anthraquinone-labeled acpcPNA 
suggests that the end stacking should also be possible in 
acpcPNA· DNA duplexes. J~' 

The strategy for end-labeling of acpcPNA with the fluorophore­
quencher pair involves attachment of the orthogonally protected 
(Fmoc/Tfa) diamine linker (lysine or 3-amino-4-pyrrolidine car­
boxylic acid. APC) at the N-terminus of the PNA. The amino groups 
were selectively deprotected and modified with the label (FAM or 
TMR) or the quencher (AQ or Dab). The crude PNA was purified by 
reversed phase HPLC (to >90% purity) and characterized by MALDI­
TOF mass spectrometry. Characterization data of all PNA probes. as 
well as selected thermal stability data of their DNA hybrids are 
shown inl"':, bie 1. 

2.2. Fluorescence properties of acpcPNA probes bearing var­

ious end-labeling groups and Iiker chemistry 


The performance of several end-labeled acpcPNA probe designs 
was first evaluated by measuring fluorescence spectra of the probes 
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Fig. I . Chemical structure of doubly· end·labeled acpcPNA probes described in this Sludy. 

Sequence and characterization data of end·labeled acpcPNA probes synthesized in this study 

PNA Sequence (N ­ C) r. (min)' Yield (X) " mlz (calcd) m/z (found) Tm ('C)' 

(AQJFAM)Lys· PI N~QN~AMlys·GTAGATCACT·lysNHz 3U 3.0 4239.5 4237.6 58 
(AQJTMR)Lys·PI N~QN~MRlys·GTAGATCACT·lysNHz 33.8.34.3 8.3 4293.6 4294.6 55 
(AQ/FAM)Apc·Pl N~QN~AMApc·GTAGATCACT ·LysNHz 30.5 6.9 4111.3 411 1.1 N.D. 
(FAMjAQJlys·Pl N;MIN~Qlys·GTAGATCACT·lysNH2 30.8 6.8 4239.5 4237.6 N.D. 
(FAM)Lys.PI N~AMLys·GTAGATCACT·LysNHz 31.2.31.5 12.0 4004.2 4002.5 65 
(Dab/FAM)Lys·Pl N?'bN~AMLys.GTAGATCACT·lysNH2 31.2 5.5 4256.5 4253.6 N.D. 
(AQJTMR)Lys·P2 N~QN~·<Rlys.GTACATCACT.LysNHz 34.0 8.2 4253.6 4250.5 N.D. 
(AQJFAM)Lys.P3 N~QN~AMLys.TACAGACATC.lysNH, 34.1. 34.3 9.1 4208.5 4205.9 50 
(AQJFAM)Lys·P4 N~QN~AMlys·CTMATTeAGA·LysNHz 34.4. 34.5 3.8 4564.9 4564.1 74 
(AQJFAM)Lys·PS N~QN~AMLys.AGTTATCeCTGC·lysNH 2 34.5.34.8 4 .1 4865.2 4863.6 71 
(AQJFAM)Lys·P6 N~QN~AMLys · GAAeAAGCTGGGAA·lysNH z 33.1. 33.4 2.0 5671.0 5673.0 84 
(AQ/FAM)Lys·Pl·lysS N~QN~AMLys.GTAGATCACT·Lys5NH2 33.1. 33.5 5A 4752.2 4752 .7 66 

_ ' HPLe condilions : flow rate 0.5 mL/min. The gradient consists of two solvent systems: A (0.1% TFA in MilliQ water) and B(O.IX TFA in methanol). The elution started with 
90: 10 A:B for 5 min. followed by a linear gradient to 10:90 A:B over 35 min . Some peaks are doubled due to the presence of two fluorescein isomers from the commercially 
available 5(6)· carboxyfluorescein used. 


b Isolated yield after HPLC. 

, Average mass (M~H ). 

d MALDI.TOF. 

• Tm with complementary DNA os determined by fluorescence spectrophotometry: conditions : \0 mM phosphate buffer pH 7.0 : IPNAI = 1.0 IlM. IDNAI = 1.21lM. i.,,=490 nm. 

i. ,m 520 nm. 

I 
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Table 2 
Fluorescence properties of selected doubly-end-Iabeled PNA probes in the absence 
and presence of DNA 

o 
•Entry PNA Fu Fd,JF" , 

DNA (comp) DNA (sm) DNA (non) 

I (FAM)lys-PI 383,2 (100) 0.6 (60) 0.7 (65) 1.0 (100) 
2 (Dab/FAM)lys-Pl 2.7 (1) 4.7 (3) 2.3 (2) 1.1 (0.8) 

(AQfFAM)lys-Pl 19.0 (5) 18.9 (95) 6.0 (5) 1.1 (5) 
4 (FAM/AQJLys-Pl 31.5 (8) 6.4 (53) 4.7 (39) 2.5 (21) 

(AQfFAM)Apc-Pl 92.4 (24) 2.4 (54) 1.2 (28) 1.1 (28) 

A Fluorescence of single stranded PNA; %nuorescence relative to the control 
sequence (FAM)lys-Pl are shown in parentheses. 

b DNA sequence (5' , ,3'): DNA(comp) AGTGATCTAC; DNA(sm) AGTGCTCTAC; 
DNA(non) TCTGCATTTAG; %nuorescence relative to the control sequence (FAM)lys­
PI is shown in parentheses; conditions: 10 mM phosphate buffer pH 7.0; IPNAI · 
1.0 ~M. IDNAI~ 1.2 ~M. i..._490 nm. i'<m=520 nm. 

bearing the same lO-mer sequence before and after the addition of 
complementary DNA. The fluorescence emissions were compared 
with a control acpcPNA probe (FAM}Lys-Pl carrying only the 
fluorescein label without the quencher. The .results are summarized 
in Table L 

All single stranded doubly-labeled acpcPNA probes exhibited 
significantly weaker fluorescence at 520 nm than the control 
acpcPNA probe (FAM)Lys-Pl (<P=0.154). The most efficient 
quenching effects were observed in (Dab/FAM)Lys-Pl (>99%: 
<1> = 0,002). as well as (AQjFAM)lys-Pl (ca. 95%: <P=0.019) (Ta ol<, 1, 
entries 2 and 3: see alsoTable 51 [or fluorescence quantum yields <P). 
The smallest quenching (i.e., highest fluorescence) was observed in 
(AQjFAM)Apc-Pl when the fluorophore and quenchers were at­
tached via a rigid APe (T" bJe 2, entry 5).ln this particular situation, 
the two labels cannot directly interact due to the rigid nature of the 
linker. This suggests that contact quenching is the major mechanism 
for quenching in these doubly-labeled probes. The proposal is 
supported by the uv spectra of the quenched probe, which clearly 
show the reduction in magnitude and red-shifting of the absorption 
spectra compared to the singly-labeled probe (Fi g:, 5 l '~).: ) However, 
since the (AQlFAM)Apc-Pl probe with a rigid linker also exhibited 
quite significant quenching effects (ca. 76%), additional quenching 
mechanisms such as FRET cannot be ruled out. 

In the presence of the complementary DNA strand, the fluo­
rescence emissions of all AQJFAM-Iabeled PNA probes were in­
creased relative to the single stranded probes. The most 
pronounced change was observed in the (AQ/FAM)Lys-Pl probe, 
whereby the signal was increased by 18.9 fold (fig, 2.A, Tab!;- 2 entry 
3: see also T,1\;i<:' S I for fluorescence quantum yields <P). This value is 
almost the same as that of single stranded {FAM)Lys-Pl probe 
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without the quencher (i.e., maximum possible fluorescence). The 
observed un-quenching upon binding to DNA is explained by end­
stacking of the anthraquinone on the terminal base pairs of the 
PNA· DNA duplexes, resulting in separation of the quencher from 
the fluorophore and thus the fluorescence increase. The decreased 
interaction between the fluorescein label and the anthraquinone 
quencher was supported by the change in UV absorption spectra in 
the presence of DNA as shown by the increase in the intensity and 
blue-shifting (Fig. 2A). The UV spectra ofthe duplex became similar 
to the singly labeled PNA probe (Fig, 5 14). Reversing the position of 
the two dyes as in {FAM/AQ)lys-Pl probe resulted in a smaller 
fluorescence increase after adding the DNA. which could be 
explained by the poor stacking ability of the anthraquinone at­
tached to a shorter/more rigid N'l of the lysine linker. The singly 
labeled (fAM)Lys-Pl probe exhibited a slight decrease of fluores­
cence upon hybridization with complementary target DNA. pre­
sumably due to interactions of the fluorescein label and the 
terminal c ·c base pair of the PNA·DNA duplex as previously ob­
served in the case of DNA.} 1 Other probes showed a considerably 
smaller fluorescence increase, especially {Dab/FAM)Lys-Pl. This is 
not totally unexpected considering the poor stacking <1bility of the 
dabcyl group compared to the planar fused ring system of anthra­
quinone. This further emphasizes the unique ability of anthraqui­
none used as a quencher in this particular doubly-end-Iabeled 
beacon design. Importantly. the contact quenching mechanism 
suggests that anthraquinone can act as a quencher [or a broad range 
of fluorescence labels 3:: ~6 This is demonstrated by the quenching 
of the TMR label in single stranded PNA probe (AQ[IMR)Lys-Pl as 
well as the 18-fold enhancement of the fluorescence upon addition 
of complementary DNA ( Fig. 7B). 

The specificity of the PNA probes was evaluated by comparison 
o[ fluorescence properties of the PNA probes in the presence of 
complementary DNA target and unrelated DNA (T~b lt' :: ). In all 
cases, the presence of non-complementary DNA does not signifi­
cantly change the fluorescence of the probe, indicating the re­
quirement of a specific interaction between the probe and the DNA 
target to the unquenching of the probe. The fluorescence intensity 
ratios (Fds/Fss) of the single mismatched and complementary du­
plexes are also quite different. In the case of (AQjFAM)Lys-Pl probe, 
the Fds/Fss ratios of internal mismatched and non-complementary 
DNA hybrids were 6.0 and 1.1 , respectively. Although the fluores­
cence increase in the case of single mismatched DNA target was still 
relatively high compared to single stranded probe. the value is still 
much smaller than the complementary DNA (18.9) (Tilblc ,1. , entry 
3). A similar level of mismatch discrimination (Fds/Fss 18.1 for 
complementary vs 4 .9 for single mismatched DNA) was observed in 
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Fig. 2. Fluorescence and UV absorption spectra (inset) of (A) (AQfFAM)lys-Pl (blue) and its hybrid with complementary DNA (red) (B) (AQfTMR)lys-Pl (blue) and its hybrid with 
complementary DNA (red). Conditions: 10 mM phosphate buffer pH 7,0: IPNAI' 1,0 t.M. IDNAJ= U ,.M. i, ,,~490 nm ( FAM) or 540 nm (TMR), 
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(AQ{fMR)Lys-Pl probe. Poorer selectivities in terms of single 
mismatch discrimination were observed with other PNA probes. 
From the results, it can be concluded that the fluorescence of the 
(AQ/FAM)Lys-Pl probe is highly sensitive to its hybridization state 
and is specific to the DNA hybridization event 

2.3, Effects of tenninal nucleobase in the doubly-end-Iabeled 
acpcPNA probes 

Since the fluorescence change event relies on the end stacking 
ability of the anthraquinone quencher to the terminal base pair, the 
nature of terminal nucleobase that may directly interact with the 
anthraquinone should exert significant effects on the performance 
of the probe. To investigate the effects of different terminal 
nuc\eobases, fluorescence experiments were performed with (AQ) 
FAM)PNA probes bearing different terminal nucleobases I(AQ/FAM) 
Lys-Pl (G), (AQ/FAM)Lys-P3 (T), (AQ/FAM)Lys-P4 (C), (AQ/FAM) 
Lys-PS (A)] and their DNA hybrids. The results are summarized in 
F i.~ .j and Fis:. S IS. 

The single stranded (AQ/FAM)Lys-P4 and (AQjFAM)Lys-PS 
probes showed comparable fluorescence to (AQjFAM)lys-Pl (F" 
19-24 a.u.), but (AQ/FAM)Lys-P3 was significantly brighter than the 
others. This may be interpreted as the combined quenching effects 
of the anthraquinone and neighboring nucleobases,cr' but other 
factors such as different secondary structures of the probes may also 
involve. In all cases, hybridization with complementary DNA 
resulted in fluorescence increases relative to single stranded probes. 
Larger fluorescence increases were observed with (AQjFAM)lys-Pl 
and (AQ}FAM)Lys-PS( 19.3 and 14.4-fold) than (AQjFAM1Lys-P4 and 
(AQ/FAM)lys-P3 (S.l and 5.S-fold). Although larger fluorescence 
increases were observed with-a purine as the terminal nucleobase 
in the PNA strand, the results clearly demonstrate that the principle 
of using anthraquinone as an end-stacking quencher is quite gen­
eral. In all cases, no significant fluorescence increase was observed 
in the presence of non-complementary DNA targets. 

In another experiment to probe the effect of terminal nucleo­
bases in the DNA strand, fluorescence of the (AQjfAM)Lys-P1 and 
(AQ{fMR)LYS-P1 probes and various DNA bearing different termi­
nal nucleobases were measured (T<1bk "1 ). Hybridization with DNA 
bearing 3'-terminal base extension resulted in an even larger 
fluorescence increase than the perfectly complementary hybrid 
(TJbl e 3, entries 1 and 2). In this case, the end-stackfng of the an­
thraquinone is still possible, and may even be further stabilized by 
the adjacent nucleobase in the hanging DNA segment. DNA with 3' ­
terminal base deletion showed very little fluorescence change from 
the single stranded probe. A much lower fluorescence increase was 
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Table 3 

F •• /F" of AQlFAM-acpcPNA beacon. 


Entry rNA' DNA (5' - 3') ' Remark.s f.,/f .. 
1 (AQlFAM)L)'S-Pl AGTGATCTAC complementary 18.9 
2 (AQJFAM)Lys-Pl AGTGATCTACTAC 3' -terminal extension 22.4 
3 (AQJFAM)Lys-Pl AGTGCTCT_ 3' -rerminal deletion 2.4 
4 (AQJFAM}Lys-Pl AGTGATCTM 3' -terminal mismatch 7.0 
5 (AQJTMR)Lys-Pl AGTGATCTAC complementary 18.1 
6 (AQJTMR)Lys-Pl AGTGATCTM 3· -terminal mismatch 3.0 

• PNA sequence: N-GTAGATCACT-C. 
b mismatch base and base extension are indica ted by underlined and italicized 

letters, ba se deletion is indicated by underscore: conditions: 10 mM phosphate 
buffer pH 7.0: IPNAI '-' 1.0 ~M.IDNAI=1.2 ~M, ).,, ~490 nm (FAM) or 540 nm (TMR). 
). ,m = 520 nm (FAM) or 580 nm (TMR). 

also observed in DNA with mismatched base at 3' -terminus, All of 
these observations are consistent with the expectation based on 
the proposed working principle of the doubly-end-Iabeled PNA 
beacon described herein. It is also important to note that terminal 
mismatches, which are generally difficult to detect due to the 
similar stabilities of the complementary and terminal mismatched 

-duplexes, can be readily distinguished from complementary DNA 
by this probe.3' 

2.4- Improving the mismatch discrimination of the PNA 
probe 

While the threefold difference in the fluorescence of the com­
plementary and single mismatched DNA hybrids of the PNA probe 
(AQ/FAM)Lys-Pl is quite acceptable compared to other 
repons:::; ·_ ·: :· it would be highly advantageous to improve the dis­
crimination even further. In principle, increasing the temperature 
should improve the discrimination between complementary and 
single mismatched hybrids if one can find a temperature at which 
the mismatch hybrid is completely dissociated, while the comple­
mentary hybrid is still stable. The large difference in the stabilities 
of complementary and single mismatched PNA·DNA hybrids fa­
cilitate this process as it offers a large window for temperature 
adjustment. The Tm curves of the DNA hybrids of (AQjfAM)lys-P1 
are shown in hi: -1A. The fluorescence Tm values of 5S and 27 DC 
were obtained for complementary and internal single-mismatched 
hybrids, respectively. Beyond 40 °C, the fluorescence of the single 
mismatched hybrid was almost the same as that of single stranded 
(AQ/FAM)Lys-Pl PNA probe. However. the fluorescence of single 
stranded PNA probe was also increased, presumably due to the 
heat-induced dissociation of the two interacting dyes. The maxi­
mum discrimination. as expressed by discrimination factor 
(Fds(COmp)/Fds( mm)I , of 5.5-fold was observed around 40 dc. This is 
considerably better than the selectivity observed at 20 ' c. Beyond 
70 DC, no discrimination was observed because both the comple­
mentary and mismatched duplexes were completely dissociated. 
Similar results were obtained with other PNA probes, but the 
maximum discrimination in each case was observed at different 
temperature. The benefit of increasing temperature was more 
pronounced in longer PNA probe sequences such as in (AQ/FAM) 
lys-P6 (14 bases), whereby a decent discrimination factor of 3.3 
was observed at SO cC-a temperature at which the mismatched 
hybrid was completely dissociated. Almost no discrimination was 
observed at 20 DC in this case (Fig "l B). 

In an alternative strategy for improving mismatch discrimina­
tion without increasing temperature, the concept of displacement 
probe " was employed, taking advantage of the low fluorescence 
increase of the probe upon hybridization with a short DNA with 3' ­
base deletion (see f.lbie 3, entry 3 ). In contrast to the single stranded 
probe which binds readily to either complementary or mismatched 
DNA target as long as the resulting hybrids are sufficiently stable 
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Fig. 5. (A) The working principle of strand displacement probe (8) fluorescence ratios of the displacement probe (AQ/FAM)Lys-PI +dAGlCATAT after addition of complementary 
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i,,=490 nm. i..m =S20 nm (C) photograph of the strand displecemenl experiment under UV lamp (365 nm): conditions: 10 mM sodium phosphate buffer pH 7.0.1PNAI 10 ~M and 
IDNAI ' 12 ~M. 

i ...-,490 nm. i'.m=520 nm. 

under the experimental condition, the displacement probe requires 
displacement of the short DNA strand by a new DNA strand. This 
will be energetically feasible only if the new PNA DNA hybrid is 
more stable than the original displacement probe complex. Since 
the mismatched duplex is generally much less stable than a short 
complementary duplex, this strategy should help improve the 
specificity for mismatch discrimination. 

The concept was demonstrated by first forming a duplex be­
tween (AQ!FAM)lys-Pl and a short complementary DNA with 3' ­
terminal base deletion. The fluorescence of this displacement probe 
complex (Fa) is only slightly higher than the single stranded probe. 
Addition of complement'lry DNA resulted in a rapid increase of the 
fluorescence (F). The FIFo ratio reach a high value of -11 after 
60 min. Much less Iluorescence increase was observed with the 
mismatched DNA. The discrimination factor [F(compI/F(mm)1 im­
proved from - 3 (without strand displacement) to - 5 (with strand 
displacement) (Fig. 5). This experiment showed the specificity of 
the dual end~labeled PNA probe can be further improved by the 
strand displacement concept. 

A 

Z.5. Multicolor detection of two DNA targets 

The possibilities of using two PNA probes to simultaneously 
detect two DNA targets differing by only one base was evaluated. 
One of the PNA probes was the fluorescein-labeled (AQ/FAM)lys-Pl 
('AQjFAM probe') and another probe (AQfTMR)lys-PZ having 
a similar sequence but with one mismatch base was labeled with 
TAMRA ('AQjTMR probe'). The mixture of the two probes exhibited 
very low nuorescence (f-l ~. 6) in the absence of DNA. Addition of 
a DNA target complementary to the AQjFAM probe resulted in a large 
fluorescence increase at the emission wavelength of FAM upon ex­
citation at 490 nm. No fluorescence change at the emission wave~ 
length ofTMR was observed upon excitation at either 490 or 540 nm. 
This sample exhibited green fluorescence when observed under 
a UV lamp. Likewise, addition of the DNA target complementary to 
the AQjTMR probe to the probe mixture similarly resulted in an in~ 
creased fluorescence ofTMR but not FAM. The sample gave orange 
fluorescence under UV light. When both DNAs are present, the 
sample exhibited yellow fluorescence (a combination of red and 
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Fig. 6. (A) The concept of multiplex detection by fWO PNA probes (8) fluorescence spectra of the mixture of AQJFAM and AQJTMR probes before (blue) and after addition of DNA 
complement"ry to the AQJfAM probe (green). DNA complementary to the AQJTMR probe (red) and both (orange) at i. ..c 490 nm (solid lines) and 540 nm (dashed lines): conditions: 
10 mM sodium phosphate buffer pH 7.0. IPNAI= 1.0 ~M and IDNAI= 1.2 ~M (C) photograph of the multiplex DNA delection experimenl underUVlamp(365 nm): conditions : 10 mM sodium 
phosphate buffer pH 7.0. IPNAlc 10 ~M and IDNAI= 12 ~M. 

green). The results are fully consistent with the expected high dis­ inability of two complementary strands of acpcPNA to form self­
crimination ability of the PNA probes. hybrids " suggests the possibility of targeting dsDNA by the so­

called double duplex invasion mechanism. )'; ; ' The (AQ/FAM)lys­
2.6. DNA double duplex invasion by doubly-end-Iabeled Pl probe could not efficiently invade into a 3D-mer DNA duplex 
acpcPNA probes carrying a IO-base region corresponding to the PNA probe sequence 

as shown by the rather weak nuorescence increase relative to the 
Finally. the possibilities of directly detecting dsDNA targets by single stranded probe (estimated to be less than 10% invasion effi­

the doubly-end-Iabeled PNA probe were evaluated (fig. 7 ). The ciency). Addition of another unlabeled acpcPNA probe designed to 
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Fig. 7. (A) Double duplex invasion experiment (B) %invasion as calculated from fluorescence change at 520 nm of the labeled rNA probe I{AQjFAM)lys-Pl·'comp dsDNA (blue). 
{AQJFAM)Lys-Pl-lysS+comp dsDNA (red): (AQJFAM)lys-Pl-l,ysS-mismatched dsDNA {green)1 before and after addition of the second unlabeled complementary rNA strand 
(shown by arrow at 60 min): conditions: 10 mM sodium phosphate buffer pH 7.0. lIabeled PNAI IDNAj, · 1.0 ~M: lunlilbelect PNAI ·, 1.2 ~M: i.,,=490 nm. 
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bind to the opposite strand of DNA in the same region only slightly 
improved the invasion effiCiency to around 15% after leaving over­
night. A control experiment by mixing the two acpcPNA strands did 
not give any fluorescence increase due to the inability of acpcPNA to 
form self-hybrids therefore the fluorescence increase must be due 
to the formation of the PNA· DNA invasion complex (Fig. 519). In­
creasing the number of positive charge by adding a polylysine tail as 
in the (AQfFAM)Lys-P1-LysS probe improves the duplex invasion 
effiCiency further to more than 70%."" A control double duplex in­
vasion experiment with a dsDNA target carrying a mismatched 
invasion site showed a negligible fluorescence increase and the 
extent of the invasion was estimated to be less than 10%. In addition. 
polyacrylamide gel electrophoresis also clearly demonstrated the 
invasion only in the case of complementary PNA/DNA duplexes 
(h g. 5:'0 ). thus confirming the specificity of the duplex invasion 
process. It should be noted that accurate quantification ofthe extent 
of duplex invasion is difficult by this fluorescence approach due to 
the variable degree ofquenching of the probe upon contact with the 
dsDNA. most likely by non-specific interaction between the poly­
lysine and the phosphate backbone of DNA. Nevertheless. it is clear 
that the PNA probe can be used for direct sequence-specific de­
tection of dsDNA target by double duplex invasion. 

3. 	 Conclusion 

We have successfully synthesized doubly-end-labeled fluores­
cence conformationally constrained acpcPNA probes and demon­
strate their potential for specific detection of single and double 
stranded DNA sequences in homogeneous format. The presently 
described PNA probes gave a low background and good response 
with DNA (Fds/Fss - 6 to 20) which outperforms other linear DNA 
probes with similar design / ~- .!5 and compares favorably with 
conventional stem-loop DNA beacons L'N or linear PNA probes 
bearing the fluorophore and the quencher at the opposite ends of 
the molecule (Fds/Fss - 10).1 7 The large difference between the 
stabilities of the complementary and mismatched acpcPNA- DNA 
duplexes allows effective discrimination between complementary 
and single mismatched DNA targets at room temperature. and 
could be further improved by increasing the temperature or by 
using the strand displacement concept (Fcomp/Fmismatch - 3-5). The 
specificity was further demonstrated in a multicolor. multiplex 
detection of DNA targets that are different by just one base. As the 
mechanism of un-quenching relies on the end stacking of the 
quencher and the terminal base pairs of the PNA · DNA duplexes. 
DNA with terminal base mismatches and short DNA with terminal 
deletion could also be readily distinguished from complementary 
DNA. Finally. the inherently pseudocomplementary acpcPNA which 
could not form self-duplexes allowed direct detection of double 
stranded DNA targets via DNA double duplex invasion. 

4. 	 Experimental 

4.1. Synthesis of doubly-end-Iabeled acpcPNA 

The acpcPNA probes were synthesized by Fmoc solid phase 
peptide synthesis on TentagelS-RAM resin (0.24 mmol/g). The resin 
was first loaded with one or five lysine residues via Fmoc-lys(Boc)­
OPfp. The four Fmoc-protected acpcPNA monomers (ABT.. T. (BZ. 
G1bU 

) and Acpe spacers were next incorporated until the desired 
PNA sequence was obtained. Finally. the N-terminus was capped 
with Fmoc-lys(Tfa)-OH or Fmoc-Apc(Tfa)-OH via HATU activation. 
The Fmoc protecting group was removed and the free amino group 
was modified with the fluorophore (FAM or TMR) via the corre­
sponding succinimidyl esters. Next. the Tfa protecting group was 
removed by treatment with aqueous ammonia :dioxane (1:1) at 
65 ' C overnight. This procedure also simultaneously removed the 

nucleobase side chain protection. This was followed by attachment 
of the quencher (AQ or Dab) via the corresponding HATU-activated 
carboxylic acids. The reaction progress was monitored by MALDl­
TOF mass spectrometry. After completion of the reaction. the la­
beled PNA probes were cleaved from the resin by treatment with 
TFA followed by reversed phase HPLC purification. The isolated 
yield of PNA with 90% purity or more were in the range of 3-12%. 

4.2. Fluorescence experiments 

Fluorescence experiments were performed on Cary Eclipse 
fluorescence spectrophotometer (Varian/Agilent Technologies). All 
fluorescence experiments were carried out at the specified con­
centrations of PNA and DNA in 10 mM sodium phosphate buffer 
(pH 7.0) (1000 Ill) in a 10 mm quartz cell with a Teflon stopper. The 
excitation and emission slits were set to 5 nm. and the photo­
multiplier tube (PMT) voltage set to an appropriate value (to give 
the fluorescence read-out not exceeding 1000 a.u.). Fluorescence 
melting experiments were carried out by preparing the sample as 
in normal fluorescence experiments. The fluorescence emission 
was recorded from 20.(090 °C at 5 u( intervals with temperature 
ramp of 1 °Cjmin. The temperature recorded was the block tem­
perature and was uncorrected. Tm values were estimated from first 
derivative plots of the fluorescence melting curves. 

4.3. UV-vis experiments 

UV-vis experiments were performed on Cary 100 UV-vis 
spectrophotometer (Varian/Agilent Technologies) at 20 O( under 
similar conditions to the fluorescence experiments. . 	 . 
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HIGHLIGHTS 	 GRAPHICAL ABSTRACT 

• A 	paper-based DNA biosensor lIsing 
AQ-PNA probe and G-PANI modified 
electrode was first developed. 

• • This 	developed DNA biosensor was 
highly specific over the non­
complementary DNA. 

• This 	sensor was successfully applied 
to detect the HPV-DNA type 16 ob­
tained from cancer cell lines. 

• This 	 sensor is inexpensive and 
disposable. which can be incinerated 
easily and safely after use. 
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A novel paper-based electrochemical biosensor was developed using an anthraquinone-labeled pyrro­
lidinyl peptide nucleic acid (acpcPNA) probe (AQ-PNA) and graphene-polyaniline (G-PANI) modified 
electrode to detect human papillomavirus (HPV). An inkjet printing technique was employed to prepare 
the paper-based G-PANI-modified working electrode. The AQ-PNA probe baring a negatively charged 
amino acid at the N-terminus was immobilized onto the electrode surface through electrostatic attrac­
tion. Electrochemical impedance spectroscopy (EIS) was used to verify the AQ-PNA immobilization. The 
paper-based electrochemical DNA biosensor was used to detect a synthetic 14-base oligonucleotide 
target with a sequence corresponding 10 human papillomavirus (HPV) type 16 DNA by measuring the 
.electrochemical signal response of the AQ label using square-wave voltammetry before and after hy­
bridization. It was determined that the current signal significantly decreased after the addition of target 
DNA. This phenomenon is explained by the rigidity of PNA-DNA duplexes. which obstructs the acces­
sibility of electron transfer from the AQ label to the electrode surface. Under optimal conditions. the 
detection limit of HPV type 16 DNA was found to be 2.3 nM with a linear range of 10-200 nM. The 
performance of this biosensor on real DNA samples was tested with the detection of PCR-amplified DNA 
samples from the SiHa cell line. The new method employs an inexpensive and disposable device. which 
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easily incinerated after use and is promising for the screening and monitoring of the amount of HPV-DNA 
type 16 to identify the primary stages of cervical cancer. 

rp 2016 Published by Elsevier B.V. 

1. Introduction 

The most important factors for diagnostic devices. especially for 
developing countries. are low cost. simplicity and speed of results 
for early screening and monitoring of disease biomarkers. To ach­
ieve this goal. paper-based analytical devices (PADs) have been 
widely used as an alternative device design for point-of-care (POC) 
applications [1 ·-:: ]. Two detection modes that have been most 
frequently used with PADs include colorimetric and electro­
chemical detections. Since first reported by Dungchai et al. 141. 
PADs with electrochemical detection (ePADs) have increasingly 
attracted attention as they offer a combination of simplicity. low 
power requirements. low limits of detection. and ease of quanti­
tation [5- 8 1. ePADs are therefore an ideal platform for developing 
sensitive. selective DNA biosensors for point-of-care applications. 

In electrochemical DNA biosensors. many different electrode 
types have been used. including a gold J9i 11. hanging mercury 
drop (HMDE) 112 .1 3 ! and various carbon-based materials i 1.( · 17 1. 
Carbon is considered a good electrode material due to its low cost. 
wide potential range. chemical inertness and low background 
current. Furthermore. carbon electrodes have a fast response time 
and can be easily fabricated in different configurations. These fea­
tures make carbon suitable for.use in ePAD DNA biosensors. How­
ever. the use of micro-scale electrodes as part of ePAD is a major 
obstacle due to limited sensitivity. To overcome this problem. 
graphene (G) has been used as a carbon-based nanomaterial and 
has achieved significant popularity due to the large specific surface 
area and unique electrochemical properties of G 118 - 20 1. G-based 
electrodes exhibited superior performance compared to other 
carbon-based electrodes in terms of their electro-catalytic activity 
and electrical conductivity [21 .-:2 1. G has also been used in com­
bination with various types of functional materials to fabricate 
high-performance electrodes. Among them. polyaniline (PANI) is a 
useful conducting polymer that has been widely used for electronic. 
optical and electrochemical applications such as enzyme-based 
biosensors and DNA assays due to its excellent environmental 
stability and unusual doping/dedoping chemistry 123 · 25i. More­
over. PANI improves the dispersion and reduces the agglomeration 
of the planar sp2 -carbon of G [::> :,.261. PANI also possesses free 
amino groups. which can act as a handle for the covalent immo­
bilization of suitable detection probes via amide bonds [27.28 1. 
Finally. doped PANI possesses the positive charge of the amino 
group. which can immobilize negatively-charged probes via elec­
trostatic interactions. Thus. it is a challenge to evaluate alternative 
systems for immobilization of various bio-recognition elements via 
electrostatic interaction. 

For most electrochemical DNA biosensors. a probe that is 
designed to detect a specific sequence of target DNA is first 
immobilized on the electrode. Then. the electrochemical signal of 
an electroactive species. which was either covalently attached to 
the probe or added later as an indicator. is recorded and compared 
before and after the hybridization with the complementary DNA 
target ! 12.2 9 1. The probe is a key parameter that determines the 
detection selectivity. While most DNA biosensors employ short 
oligodeoxynucleotide probes. several alternative probes have been 
used with great success. Peptide nucleic acid (PNA) i30, c.1: . a syn­
thetic DNA mimic with a peptide-like backbone of repeating N-(2­

aminoethyl)-glycine units replacing the sugar-phosphate in natural 
DNA or RNA, has attracted increasing interest as the probe for 
electrochemical DNA biosensors ' !::. ·)L.- :nJ due to its sequence­
specific binding to DNA or RNA. resistance to nuclease and prote­
ase enzymes. and strong binding to the target DNA. Recently. 
Vilaivan's group [35· 37 1 proposed a new conformationally con­
strained pyrrolidinyl PNA system (known as acpcPNA) that pos­
sesses an ct.p-peptide backbone derived from D-proline/2­
aminocyclopentanecarboxylic acid. This new acpcPNA demon­
strates a stronger binding affinity and higher specificity towards 
complementary DNA compared to DNA and Nielsen's PNA. and 
there are several applications of acpcPNA as a probe for DNA bio­
sensors t38·-40j. 

Human papillomavirus or HPV is the common virus that can be 
passed through any type of sexual contact. There are some high­
risk types of HPV including type 16 and 18. which can cause 
abnormal changes to the cells of the cervix. These changes can lead 
to cervical cancer which. is one of the most important health 
problems for woman. The mortality occurring from cervical cancer 
has continuously increased especially in developing countries that 
have limited medical facilities t,j ! L 

In our previous work [33 ]. the electrochemical sensor based-on 
acpcPNA probe for HPV detection was reported. Although the good 
limit of detection (LCD) was achieved. the use of PVC-based sensor 
was costly and the procedure relies on covalent method for probe 
immobilization was complicated and time·consuming. Cost is the 
most critical challenge for disposable POC electrochemical sensors. 
In this work. using PAD has potential to address all of challenges of 
disposable sensor in term of low-cost and simple fabrication. 
Electrostatic immobilization is also a key step of this work. This 
method eliminated the complicate steps of covalent process and 
significantly reduced time. Moreover. inkjet printing used for 
electrode modification step is advantageous due to it provided 
electrode reproducibility and high pattern resolution i4 2 I. Inkjet­
printing is scalable of mass production, while small amount of 
modifier is wasted in the modification process. 

Here. we aim to develop a novel paper-based electrochemical 
DNA biosensor using an AQ-Iabeled acpcPNA probe in combination 
with a G-PANI modified electrode. In this new DNA biosensor. the 
acpcPNA probe labeled with anthroquinone (AQ) was first incor­
porated onto a G-PANI-modified ePAD using electrostatic immo­
bilization. In the absence of complementary DNA. a strong signal 
was .observed for the AQ. Hybridization with the complementary 
DNA target resulted in a decrease of the electrochemical signal that 
linearly correlated with the concentration of the target. The 
application of the biosensor to the sensitive detection of HPV DNA 
type 16 is demonstrated. The proposed method is applicable to the 
screening and monitoring of HPV-DNA type 16 in the primary stage 
of cervical cancer. a disease that leads to the death of women 
around the world. particularly in developing countries that have 
limited resources for public healthcare. 

2. Materials and methods 

2.1. Chemicals and materials 

Graphene (G) was purchased from A.C.S (Medford. USA). 

} 
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Polyaniline. camphor-lO-sulfonic acid (C IOH 16045). glutamic acid 
and N-methyl-2-pyrrolidone (NMP) were ordered from Sigma 
Aldrich (St.Louis. USA). Carbon and silver/silver chloride ink were 
obtained from Gwent group (Torfaen. United Kingdom). The 
screen-printed block was made by Chaiyaboon Co. Ltd. (Bangkok. 
Thailand). The labeling electroactive spices. 4-(anthraquinone-2­
oxy)butyric acid. was synthesized as described previously 1391. 
Analytical grade reagents. including NaG. KH2P04. Na2HP04 and 
KCI. were purchased from Merck and used without further purifi­
cation. Synthetic oligonucleotides which correspond to partial se­
quences ofHPV type 16 and other types of high risk HPV (HPV types 
18.31 and 33) used in the specificity test. were obtained from Pa­
cific Science (Bangkok. Thailand). The sequences of the DNA oli­
gonucleotides' used are shown in TJbk 1. 

The forward (5'-CACTATITIGGAGGACTGGA-3') and reverse 
primer (5' -GCCTTAAATCCTGCTTGTAG-3') used for the PCR cell-line 
samples were purchase from Pacific Science (Bangkok. Thailand). 
The cervical cancer cell-lines with (SiHa) HPV types 16 were ob­
tained from the Human Genetics Research GrouP. Department of 
Botany. Faculty of Science. Chulalongkorn University. 

2.2. Apparatus 

The electrochemical measurements using square-wave volta­
metry (SWV) 'were performed using a CHI1232A electrochemical 
analyzer (CH Instruments. Inc.. USA). A three electrode system was 
used and the working electrode was a G-PANI-modified screen­
printed carbon electrode (4 mm in diameter). The electro­
chemical impedanc~ spectroscopy (EIS) was carried out using 
PGSTAT 30 potentiostat (Metrohm Siam Company ltd.. 
Switzerland) in a solution of 1.0 mM [Fe(CN)613 -/4 - with the fre­
quency range from 0.1 to 10-5 Hz. The Dimatix™ Materials Printer 
(DMP-2800. FUJIFILM Dimatix. Inc .. Santa Clara. USA) was used for 
the electrode modification. JEM-2100 transmission electron mi­
croscope Uapan Electron Optics laboratory Co.. ltd . Japan) was 
used for characterization of G-PANI composites. MALDI-TOF MS 
spectra was performed on a Micronex MAlDl-TOF mass spec­
trometer (Bruker Daftonik GmbH. Bremen. Germany). 

2.3. Fabrication of a papf.'r-based electrochemical DNA sensor 

A paper-based electrochemical DNA sensor was fabricated using 
the wax-printing method [·B /t'll . Initially. the patterned paper was 
designed using Adobe Illustrator and printed onto the filter paper 
(Whatman NO.1) using a wax printer (Xerox Color Qube 8570. 
Japan). The printed paper was then placed on a hot plate (175 0c. 
50 s) to melt the wax and create a hydrophobic barrier. For elec­
trode fabrication . three electrode systems were prepared using an 
in-house screen-printing method. First. carbon ink was screened as 
a working electrode (WE) and counter electrode (CE). Afterward. 
silver/silver chloride was screened as a reference electrode (RE) and 
conductive pad. The basic design of the paper-based electro­
chemical DNA biosensor was shown in Flg, S l. 

Table I 

Lise of oligonucleotide ,. 


Oligonucleotide Sequence (5'-3' ) 

Complementary DNA (HPV type 16) 5' -GCTGGAGGTGTATG-3' 
Non-complementary DNA I (HPV rype 18) 5' -GGATGCTGCACCGG-3' 
Non-complementary DNA 2 ( HPV type 31) 5' ·CCAAAAGCCCAAGG-3' 
Non -complementary DNA 3 (HPV type 33) 5' -CACA TCCACCCGCA· 3' 

2.4. Inkjet-printing of a G-PANI composite modified paper-based 
electrochemical DNA biosensor 

Prior to electrode modification. a G-PANI composite was pre­
pared using a physical mixing method following procedures 
extracted from relevant literature l'~5 ,. Graphene powder (10 mg) 
was dispersed in N-methyl-2-pyrrolidone (NMP) and sonicated for 
20 h at room temperature. Subsequently. 20 mg of PANI (emer­
aldine base) was doped with 25 mg of camphor-lO-sulfonic acid 
(CSA) to generate a positively charged amino group and also dis­
solved in 10 mL of NMP. For the preparation of the G-PANI 
conductive ink. the solutions of G and PANI were mixed together 
and stirred for 1 h. The mixture was centrifuged at 5000 rpm and 
filtered through a 0.43 ~m filter membrane before use. The 
morphology of G-PANI conductive ink was characterized by 
transmission electron microscopy (TEM). 

For electrode modification. the G-PANI composite solution was 
used as the ink for inkjet printing. The G-PANI conductive ink was 
loaded into a cartridge and printed onto the working electrode of 
the paper-based electrochemical DNA sensor using a DimatixT" 

Materials Printer (DMP-2800. FUJI FilM Dimatix. Inc.. Santa Clara. 
USA) at 30°C, 20 V of applied voltage and 25 ~M of drop spacing. 
Modification of the electrode is shown in 5dwrne 1A. Six layers of 
G-PANI composite solution were printed onto the surface area of 
the working electrode. Next. the modified electrode was heated at 
65 DC for 30 min to dry the solvents from the G-PANI conductive 
ink. 

2.5. Synthesis and labeling of the acpcPNA probe 

The acpcPNA probe with the sequence Ac-(Gluh-CATA­
CACCTCCAGC-Lys(AQ)NH2 (wrinen in the N..... C direction. Ac 
acetyl: AQ = anthraquinone : Glu ~ glutamic acid: lys = lysine) was 
designed to detect 14 base synthetic oligonucleotide target with a 
sequence corresponding to human papillomavirus (HPV) type 16. 
The probe. referred to as AQ-PNA. was synthesized by solid-phase 
peptide synthesis using Fmoc chemistry as previously described 
I'('il. The probe was modified with three glutamic acid residues at 
the N-terminus to incorporate the negative charge. which was 
followed by end-capping with an acetyl group. At the C-terminus. 
the acpcPNA probe was labeled with anthraquinone (AQ) via 4­
(anthraquinone-2-oxy) butyric acid to the amino side chain of a C­
terminal lysine residue. The progress of the reaction was monitored 
by MAlDI-TOF-MS analysis on a Micronex MALDI-TOF mass spec­
trometer (Bruker Daltonik GmbH. Bremen. Germany). The modified 
PNA on the solid support was treated with 1: 1 (v/v) aqueous 
ammonia:dioxane in a sealed tube at 60 °C overnight to remove the 
nucleobase protecting groups. Following cleavage from the solid 
support with trinuoroacetic acid (TFA). the AQ-PNA was purified by 
reverse-phase HPLC (C18 column. 0.1% (v/v) TFA in H]O-MeOH 
gradient). The identity of AQ-PNA was verified oy MALDI-TOF MS 
analysis. and the purity was confirmed to be >90% by reverse-phase 
HPlC. 

2,6. Immobilization and hybridization of the rNA probe 

First. the AQ-PNA probe (3 ~l. 125 nM) was immobilized onro 
the G-PANI modified screen-printed carbon electrode surface by 
the drop-casting method and incubated for 15 min at room tem­
perature. Next, 50 III of PBS was placed onto the electrode surface. 
After immobilization of the probe. the AQ-PNA/G-PANT7SPCE 
modified electrode was hybridized with 3 ~l of target DNA for 
15 min. Then. the electrochemical signal response was measured 
using square-wave voltammetry. The immobilization and hybridi­
zation procedures are illustrated in Sdl~n!i' l B. 
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Scheme I. Schematic illustration of (A) electrode modification and (B) immobilization and hybridization steps of paper·based electrochemical DNA biosensor. 

• 

2.7. PCR amplification of the cell line DNA sample 

The SiHa (HPV type 16 positive) cell line DNA sample was 
amplified using PCR as previously reported jJi;i. Briefly. the 
amplification mixture containing 0.2 mM deoxynucleotide 
triphosphate mixture. 1x buffer (KCI. Tris) ~ 1.5 mM MgCl2• 0.5 U of 
Taq polymerase. 0.4 J.IM of eacfi of the primers and 100 ng/J.IL orthe 
cell line DNA sample was amplified at 95 °C for 10 min. follow by 30 
cycles at 52 °Cfor 30 s and finally 72 °C for 7 min. The success of the 
PCR was confirmed by gel electrophoresis in 2% (w/v) agarose TBE 
gel followed by staining with ethidium bromide and visualization 
under a UV-transilluminator. 

2.8. Elecrrochemical measurement 

For electrochemical measurements. the square-wave voltam­
metry was used throughout the experiment using a potentiostat 
(CHIJ232A). After the immobilization process. 50 J.IL of PBS was 
dropped onto the modified working electrode. followed by adding 
the DNA target. Hybridization with AQ-PNA probe was done for 
15 min. The electrochemical detection was performed under the 
optimal parameters including a frequency of20 Hz. an amplitude of 
100 mV and a step potential of 20 mY. The electrochemical signal 
after the hybridization was measured and compared with the Signal 
in the absence of the DNA sample. 

3. Results and discussion 

3.1. Characrerization oj the C-PANI conductive ink 

To confirm the success of the preparation of the G-PANI 
conductive ink. the morphology of the ink was characterized by 
transmission electron microscopy (TEM). Pig. 52;\ shows a TEM 
image of the G-PANI composite. which indicates a strong dispersion 
of G inside the composites without aggregation. Moreover. the 
electron diffraction pattern ofG ( FI~ . 5) B) matches very well with 
the standard. single crystal graphene. 

The influence of the G-PANI ratio on the electrochemical con· 
ductivity of the modified electrodes was investigated. The anodic 

14current of 10 mM IFe(CN)613- - in a 0.1 M KCI solution was 
measured using different proportions of G and PANI. Interestingly. 

the anodic peak current of 10 mM (Fe(CN)6J3 · 14 - increased with an 
increasing G:PANI ratio. The highest anodic current of IFe(CN)6J3 - 1 

4 - was observed with the C-PANI modified electrode at the ratio of 
1:2 indicating the optimal se nsitivity of the modified sensor 
(Fig. ")3 ). In addition. the peak currents gradually decrease for the 
higher G:PANI ratio. which could be due to the agglomeration of G 
within the G-PANI modifier 1451. Moreover. tl"re effect of the num­
ber of printed G-PANI layers was also investigated as shown in 

4Fii!. S4. The anodic peak current of 1.0 mM IFe(CN)61 3-/ - tends to 
increase with an increase in the number ofG-PANllayers. However. 
the current of the printed G-PANI modified electrode slightly 
decreased over 6 printing layers. We also believe that this phe­
nomenon arises from the aggregation of excess G on the modified 
electrode surface causing a decrease in the anodic current response. 

Next. the electroactive surface area (A) of SPCE and G-PANI 
modified electrode were determined to illustrate that the G-PANI 
conductive ink increases the surface area of the SPCE by solving the 
Randles-Sevcik equation (Equation ; ; ~ ): 

(1) 

where Ip == current. n = number of electron transfer. 
C == concentration of electroactive species (mol cm- 3). D =- diffusion 
coefficient (cm2 S- 1) and v = scan rate (v s 1). As shown in h g. S ~j . 

4the cyclic voltamograms of 5.0 mM IFe(CN)6J3
-/ - in a 0.1 M KCI 

solution for SPCE and G-PANI modified electrode were obtained. 
The current (ip) is directly proportional to the square root of scan 
rate. According to the Randles-Sevcik equation. an approximate 
value of A was calculated to be 0 .041 cm2 and 0.222 cm2 for SPCE 
and G-PANI modified electrode. respectively. This result provided a 
5.4 times increase of electrode-electroactive surface area. thus. G­
PANI conductive ink can improve the surface area of electrode. 
leading to enhance the sensitivity. As a result. the six G-PANI­
layered modified electrode and the 1:2 ratio of G:PANI were 
considered to be the optimal conditions and were used for subse­
quent experiments. 

3.2. Characterization of labeled acpcPNA probe 

In order to confirm the success of the synthesis and labeling of 
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Fig. I. (A) Nyquist plot ofSpeE (inset). G-PANI/SPCE (inset). AQ-PNAjG-PANI/SPCE before and after hybridization with target DNA in 0.1 M IFe(CN)61] /4 . (B) Square-wave vol­
tammograms of immobilized AQ-PNA probe on G-PANI/SPCE before and after hybridization with an equimolar concentration of target DNA. 

the AQ-PNA probe, MALDI-TOF mass spectrometry was used to before and after hybridization with the target DNA in a solution 
characterize the unlabeled and labeled acpcPNA probes. The 14- of 1.0 mM [Fe(CN)613- /4 - . h i'. lA (inset) shows the Nyquist curve of 
mers unlabeled acpcPNA showed a mass peak at 4754 mlz. After unmodified SPCE (red line) with an R.:t value of27.5 kfl. This value is 
labeling, the mass increased to 5477 mlz. This increase of 723 mlz larger than that obtained from G-PANI/SPCE, and indicates that the 
coincides with the mass of AQ and three glutamic acid residues plus unmodified SPCE has a higher charge-transfer resistance. There­
an acetyl group. Therefore, the labeling of the acpcPNA probe with fore, the decrease in Ret to 5.08 kfl of G-PANI/SPCE (blue line) in­
the electroactive species and the negatively charged polyglutamate dicates that G-PANI improves the electron transfer rates. After the 
was confirmed. immobilization step (Fi,;. IA), the semicircular portion of AQ-PNAI 

G-PANI/SPCE (pink line) dramatically decreased with the Rcr value 
of 2.67 kfl. This result can be explained theoretically as AQ is3.3. Elecrrochemical characterization 
electroactive and can improve conductivity. Thus, the AQ-Iabeled 

Electrochemical impedance was to which was immobilized onto the electrode surface,rNA probe.spectroscopy (EIS) used 
can facilitate the electron transfer process at the interface betweencharacterize the AQ-PNA probe immobilization onto the working 
the G-PANI/SPCE surface and the electrolyte. For this reason, theelectrode. In general, the shape of the semicircle portion obtained 
Nyquist curve of AQ-PNA/G-PANI/SPCE should have possessed thefrom the EIS spectrum relates to either the electron transfer limited 
smallest semicircular portion. In order to confirm the success of theprocess or electron transfer resistance. Fig: . \ A shows the Nyquist 
immobilization of the AQ-PNA probe, the heterogeneous electron-plots obtained from SPCE. G-PANI/SPCE and AQ-PNA/G-PANI/SPCE 

I 
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Fig.. 2. The effecr of AQ-PNA probe concentration on AQ electrochemical oxidation 
during the immobilization step. 

transfer rate constant (Ked value was obtained from Equation . 
which shows the relationship between Ret and Ket. 

RT 
Ket = 	-=-2---.;-2---­ (2) 

n F RetACredox 

where n = number of electron transfer. F = faraday's constant (KJ 
mol-I). A ~ electrode surface area (cm2). (redox = concentration of 
the redox couple (mol cm- 3). From the equation. the Ket values for 
SP(E. G-PANI/SPCE and AQ-PNA/G-PANI/SPCE were calculated to be 
7.45 x 10-5 cm S-I. 40.28 x 10-5 cm S-I and 76.70 x 10, 5 cm s· 1. 
respectively. The increasing of Ket values inferred that the electron 
transfer process on AQ-PNA/G-PANI/SPCE is easier and faster than 
that on G-PANI/SPCE and SPCE. These results indicate that the 
negatively charged AQ-PNA probe was successfully immobilized 
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Fig. 4. The electrochemical signal response derived from AQ-PNA/G-PANI/SPCE probe 
after hybridized with various HPV types. 

onto the positively charged G-PANI modified electrode surface 
through electrostatic attraction. 

Next. the electrochemistry of the immobilized AQ-PNA/G-PANJ/ 
SPCE probe before and after hybridization with the DNA target were 
investigated using square-wave voltammetry (SWV). ( Fig. 1B). The 
immobilization of the AQ-PNA/G-PANI/SPCE probe displayed a 
redox peak at approximately -0.65 V. After hybridization with an 
equimolar quantity of the complementary target DNA. the elec­
trochemical response significantly decreased due to the increased 
rigidity of the PNA-DNA duplex relative to the native PNA probe. 
The rigidity hinders the electron transfer between the redox-active 
label (AQ) and the electrode surface 1 ~(). ·l7 I. 

3.4. Optimization of experimental variables 

The experimental conditions were optimized next. The effect of 
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Fig. J. Square-wave vo!tamograms of AQ-PNA/G-PANI/SPCE after hybridize wirh the target DNA in the concentration range of 10-200 nM and the calibration plots of the change in 
the probe electrochemical current (t.I) versus the target DNA concentration (inset )at opt imal condition: 125 nM ofAQ-PNA probe concentration. a frequency of20 Hz. an amplitude 
of 100 mV and a step potential of 20 mY. 
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Fig. 5. Square·wave voltammograms of AQ-PNAjG·PANljSPCE probe in the presence of PCR-amplified HPV type 16 positive sample from SiHa cell-line. 

AQ-PNA probe concentration on AQ electrochemical oxidation was 
investigated first . The oxidation current obtained for different 
concentrations of the AQ-PNA probe measured by square wave 
voltammetry are shown in Fig. 2. The current continuously 
increased up to 125 nM. Above 125 nM, the current decreased 
significantly. The decrease in peak current at high AQ-PNA con­
centrations can potentially be caused do to an increased thickness 
of the organic layer 148,49), which leads to a lower electron transfer 
between AQ and the working electrode surface. Hence. the probe 
concentration of 125 nM was selected as the optimal concentration 
for further experiments. 

For electrochemical detection using SWV. the variable param­
eters including frequency. step potential and amplitude were 
optimized using a 125 nM AQ-PNA probe concentration without 
DNA target shown in Fig. Sf';. The optimal parameters for electro­
chemical detection of this system was found to be 20 Hz of fre­
quency. 100 mV of amplitude and 20 mV of step potential. 

3.5. Analytical performance 

To evaluate the analytical performance of the AQ-PNA/G-PANI/ 
SpCE modified electrode. different concentrations of DNA target 
were determined using SWV analysis. Fig. 3 shows the voltam­
mograms as well as the calibration curve (inset) as a function of 
target DNA concentrations. The calibration curve provided a linear 
range from 10 nM to 200 nM with a correlation coefficient of 0.997. 
The limit of detection (LOD) and limit of quantitation (LOQ). which 
were calculated as the concentration that produced a signal at 3 
times and 10 times of the standard .deviation of the blank (N ,- 5) 
['+j . were found to be 2.3 nM and 7.7 nM. respectively. Our proposed 
method provides a wide linear range and sufficiently low detection 
limit for HPV detection. Table 5 1 shows a comparison of electro­
chemical performance between AQ-PNA/G -PANI/SPCE and the 
other modified electrodes used for HPV detection. It can be seen 
that a sufficiently low detection limit for HPV detection could be 
obtained from our proposed method . Importantly. this ePAD DNA 
biosensor can be easily and inexpensively prepared compared to 
the other HPV DNA biosensors i j 31.8.S0 I. 

3.6. Selectivity of the HPV type 16 detection 

In order to investigate the selectivity of the acpcPNA probe. the 
current response obtained from the 14-nucleotide oligomer HPV 

type 16 DNA target was compared to non-complementary 14­
nucleotide oligomers. which originate from the other types of 
high risk HPV (types 18. 31 and 33). under the same experimental 
conditions. As shown in F; ~: -1 . a significantly different current was 
only obtained from the complementary DNA relative to the non­
complementary DNA. Therefore. the immobilized AQ-PNA probe 
selectively binds to the HPV type 16 DNA target sequences. 
Accordingly. the proposed DNA biosensor demonstrated high 
selectivity to HPV type 16 DNA. 

3.7. Reproducibility and stability oJ rhe paper-based 
electrochemical DNA biosensor 

The electrode-to-electrode reproducibility and stability of the 
paper-based electrochemical DNA biosensor was examined. The 
relative standard deviations (RSDs) offive electrodes were tested in 
the concentration range of 10- 200 nM. The % RSDs was determined 
to be between 2.16% and 7.79%. These results indicate that the 
proposed DNA biosensor offers acceptable reproducibility. More­
over. the storage stability is another important parameter for DNA 
biosensor development. The ePAD DNA biosensor was stored at 
room temperature (25 ec) for 2 weeks before recording the current 
response to 10 nM target DNA. It was determined that 90.2% of the 
initial current response was retained in the aged sensor compared 
to the response obtained from the fre shly prepared sensor. The 
stability of this DNA sensor is mainly attributed to the environ­
mental stability of PAN I. 

3.B. Detection of the peR DNA sample 

To test the ePAD biosensor. DNA was extracted from the SiHa cell 
line. HPV rype 16 and amplified using peR. Fig. SA shows the SWV 
response of the proposed DNA biosensor in the presence of positive 
PCR products. It was observed that the current response decreased 
in the presence of the PCR product from the HPV type 16-positive 
cell line. Moreover. the current response decreased with 
increasing amounts of sample. as shown in hg. 5B. These results 
indicate that the paper-based electrochemical DNA biosensor has 
potential for detecting HPV type 16 DNA in PCR samples in clinical 
samples in future work. 

I 
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4. 	Conclusions 

A novel paper-based electrochemical DNA biosensor was 
developed and used for the determination of high-risk HPV type 16 
using AQ-PNA probe immobilized on a C-PANl/SPCE modified 
electrode. The AQ-PNA probe was modified with negatively 
charged amino acids at the C-terminus to enable electrostatic 
immobilization on the cationic C-PANI electrode. Using SWV. the 
electrochemical current decreased after hybridization with the 
complementary target DNA. Under optimal conditions. a linear 
range of 10-200 nM was obtained and the limit of detection was 
determined to be 2.3 nM. The proposed DNA sensor also exhibited 
very high selectivity against non-complementary 14-base oligo­
nucleotides. including HPV types 18. 31 and 33 DNA. Finally. this 
sensing system was successfully applied to detect the PCR amplified 
DNA from HPV type 16 positive SiHa cells. As was demonstrated. 
several features make this highly sensitive ePAD DNA biosensor 
suited as an alternative tool for the diagnostic screening and 
detection of cervical cancer. First. the ePAD can provide a low-cost. 
disposable sensor for this POC application. Second. the immobili­
zation through electrostatic attraction using C-PANI modified 
electrode is attractive relative to covalent immobilization because 
of its inherent simplicity. Third. the inkjet printing method for 
electrode modification process provides the potential for mass 
production while helping to reduce the variation among individual 
sensors. which is crucial for disposable sensor. 
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Enantioselective Synthesis of (2S,3S)-epi-Oxetin and Its 
Incorporation into Conformationally Constrained Pyrrolidinyl PNA 
with an Oxetane Backbone 
Pattarakiat Seankongsuk,la] Viwat Vchirawongkwin,[b] Roderick W. Bates,[e) 
Panuwat Padungros,la) and Tirayut Vilaivan*[a} 

In remembrance of His Majesty King Bhumibol Adulyadej (1927-2016), (or his life-time dedication to Thailand. 

Abstract: Fmoc-protected (25,3S)-epi-oxetin was synthesized 

from (E)-4-(benzyloxy)but-2-enal via enantioselective organo­

catalytic epoxidation, epoxide ring opening with azide, alco­

hol activation and ring closure, followed by functional-group 

manipulation in eight steps with 12 % overall yield and 

94 % ee. The amino acid was used as a building block for 

a new conformationally constrained pyrrolidinyl PNA with an 

oxetane-containing backbone. The unexpected sensitivity of 

the oxetane backbone posed considerable synthetic ch~l-

lenges under standard Fmoc-solid-phase peptide synthesis 

conditions, and a mechanism for aCid-catalyzed degradation 

was proposed. In addition, the DNA- and RNA-binding prop ­

erties of the oxetane PNA were investigated. The presence 

of an oxetane ring decreased the stability of the PNA·DNA 

and PNA·RNA duplexes when compared to PNA with a cyclo­

butane-containing backbone, which could be explained by 

the flattening of the oxetane ring, leading to a suboptimal 

torsional angle, 

Introduction 

Peptide nucleic acid (PNA) is a DNA mimic first introduced in 
1990s by Nielsen and co-workers.t'! The original PNA consists 

of an amide backbone derived from N-2-aminoethylglycine 

(aeg) and DNA bases, hence it is known as aegPNA. AegPNA 

recognizes DNA and RNA according to Watson-Crick base pair­

ing rules; however, aegPNA·DNA duplexes are more stable, 

and the binding is more specific than that of natural nucleic 

acids. i21 The electrostatically neutral polyamide backbone of 

PNA contributes to its remarkable nucleic acid binding proper-
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ties, as well as to its resistance to proteases and nUl;leases.:1i 

These properties led to various practical uses of PNA especially 

for diagnostic and therapeutic purposes.:;' 

During the past 25 years, several research groups have pro­

posed a number of structural modifications of aegPNA 10 in­

crease the binding affinities and mismatch discrimination abili­

ty even further. One of the most successful approaches is by 

c5Jnstraining the flexible backbone of aegPNA by incorporation 

of cyclic moieties or bulky substituents:'1 Our laboratory devel­

oped a conformationa lly constrained pyrrolidinyl PNA derived 

from a nucleobase-modified proline and (1 S,251 -2-aminocyclo­

pentane carboxylic acid dipeptide backbone (acpcPNA) that 

exhibited greater DNA binding affinity and specificity than 

aegPNA (Scheme 1 ).1 ,; The structure and stereochemistry of the 

cyclic ~)-amino acid played a critical role in determining the 

DNA/RNA binding properties of the pyrrolidinyl PNA. For ex­

ample, pyrrolidinyl PNA with a four-membered ring (l5,25)-2· - 0-' 
Base, !

",.- , 0 : I,' Base" 'r __\ ; 1 Base , ,-fl . ....J; iL ) .I.' j
}--N N !" I './ i 

, ' I! 'HN.. 1.'0 i j"HN,.r!"0 Io 1 
. r ./ I 
\ I \ I~ / J ' - x L ~x I ! JJll n ... 

aegPNA 	 acpcPNA: X = CH2 acbcPNA: X = CH, 
atfcPNA ' x = 0 aocPNA 'j. =. :.: 

Scheme 1. Structures of aegPNA lieft), acpcPNAJatfcPNA (middle), and 
"cbcPNAI~ocPi-lA (right) 
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aminocyclobutanecarboxylic acid backbone (acbcPNA) formed 

even stro!'ger hybrids with DNA and RNA than acpcPNA. i6
; 

Although the affinity and specificity towards recognition of 
DNNRNA have been enhanced, practical uses of PNAs are still 
limited by their poor water solubility and the tendency of non­
specific interactions with hydrophobic materials. Ly and co­

workers demonstrated that incorporation of polar groups into 
aegPNA (R-MPyPNA) via a diethylene glycol side-chain can over­

come the hydrophobicity problem without negative effects on 

PNA·DNA/RNA binding properties.I'; In our recent work, the hy­

drophilicity of acpcPNA was enhanced by replacing the cyclo­

pentane ring in acpcPNA with a tetrahydrofuran ring in (25,35)­
3-aminotetrahydrofuran-2-carboxylic acid (atfcPNA) while the 
DNA/RNA binding affinities and sequence specificity were still 
retained. i"; 

Oxetanes possess unique structural features and reactivities 
that make them useful as building blocks in medicinal chemis­
tryl9. '0, and as intermediates for organic synthesis.'l!1 Consider­

ing the beneficial effects of replacing the cyclopentane ring of 

acpcPNA with a cyclobutane in acbcPNA and with tetrahydro­
furan in aftcPNA, herein we propose to combine both modifi­
cations into a novel pyrrolidinyl PNA with an oxetane-contain­
ing backbone derived from (25,35)-3-aminooxetane-2-carboxyl­

ic aeid (aoe). The (25,35) enantiomer of the oxetane-containing 
r~-amino acid, which is an epimer of a naturally occurring me­
tabolite known as oxetin," ; ' was required as a building block. 

Previous work 

Omura and coworkers 

In addition to showing some biological activity,Pi: oxetin, epi­

oxetin and their ring-substituted derivatives are potentially 
useful as building blocks for novel foldamers." J) In this work, 

we report a concise enantioselective synthesis of (25,3S)-epi­

oxetin and its incorporation into a new pyrrolidinyl PNA 
(aocPNA) as well as DNA/RNA binding properties of the new 

aocPNA. 

Results and Discussion 

Synthesis of Fmoc-protected (25,3S)-epi-oxetin 

Fmoc-trans-(2S,35) -epi-oxetin 8 is required as a key building 
block for the synthesis of aocPNA. The (25,35) configuration 

was chosen in accordance with the configurations of acpcPNA 
and acbcPNA that had been previously optimized in our re­
searcb group""1 Syntheses of various stereoisomers of oxetin 
have been described in the literature (Scheme 2)."'1 Omura 
and co-workers reported the synthesis of all fOUf diastereomers 

of oxetin by using D-glucose as a common precursorP "" How­
ever, the syntheses were lengthy, had low stereoselectivity, and 

were non-atom-economical since only two carbon atoms from 
glucose remained in the final oxetin molecule. The overall 
yield of the trans-(25,35)-epi-oxetin from this 16-step synthesis 
was 1.2 %.,,<aJ Bach and Schroder reported the synthesis of rac­

emic cis-oxetin via a concise four-step reaction sequence in 

..NH2"O~!o ."~~o -=-. 
A 

COOHBnO 	 BnO'O~ 'O~ 
(4 steps from O-glucose) 1.2% (16 steps) 

Bach and Schroder 
....NBnBoc 	 .NH2 

6]'-[J.. 
C02nBu 	 "'COOH 

Blauvelt and Howell 

o 
HOYOH 

NH2 

Aitken and coworkers 

CHO 


NBoc 


~ 

racemic racemic 
14% (4 steps) 

... NHTr NHBoc .•NH2 

~~A~ A. eooH COOH 

1.1% (10 steps) 

P. 
OHC 

... NBoc 

diaStereOmer A
di::::er 0 C0 nSu COOH2 separation
separalion 

racemic 	 diaslereomeric mixture 8.8% (5 sleps) 
"Aux: chiral auxiliary 

Present work 

.•NHFmoc osn_ I' ..oosn HXo 
Bn 

.. NJ 
'" ~ 	II 

! -- .•' 
N --- o~ A

COOH/, 	 J 

o OH OTs BnO 
1 2 4 5 8 

Scheme 2. Previous syntheses of oxer;!) and epi-oxetin. M\d the syntheti c plan for the present work. 
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14 % overall yield via a Paterno-Buchi reaction between butyl 

glyoxylate and a Boc-protected enamine.114'1 More !ecently, 

Blauvelt and Howell reported a synthesis of (2S,3S)-epi-oxetin 

starting from L-serine via a 10-step reaction sequence in 1.1 % 

overall yield.II.'; Very recently, Aitken and co-workers adapted 

Bach's procedure to synthesize all four stereoisomers of oxetin 

on gram scale by diastereomeric separation using a chiral oxa­

zolidinone auxiliary, leading to (2S,3S)-epi-oxetin in 8.8% over­

all yield within a five-step reaction sequence. i14d
; 

All of these previously reported syntheses have limitations. 

Thus, development of a concise enantioselective synthesis of 

Fmoc-protected (25,3S)-epi-oxetin 8 is in our interest. The syn­

thetic plan (Scheme 2) relying on the optically pure epoxyalco­

hoi 2 as a key intermediate, is conceptually related to Omura's 

route.II.'; However, the number of functional group transfor­

mations was shortened considerably by employing an organo­

catalytic asymmetric oxidation instead of using a-glucose as 

a source of chirality. Regioselective ring opening of the epox­

ide 2 with a suitable nitrogen nucleophile such as an azide, fol­

lowed by selective activation of the primary OH group of inter­

mediate 4, ring closure and straightforward functional group 

transformation should provide the desired Fmoc-(25,35)-epi­

oxetin 8. 

Enantioselective synthesis of the chiral epoxyalcohol 2 by 

catalytic asymmetric epoxidation is well-documented.!,11 While 

the Sharpless epoxidation has been reported to give the de­

sired epoxide in as high as 97-98% ee, ,Sedl in our hands it was 

difficult to achieve this level of enantioselectivity owing to sev­

eral reaction parameters. Accordingly, we chose a more user­

friendly organocatalytic epoxidation route reported by Jmgen­

sen and co-workers in 2005 .. '101 Following the synthetic route 

outlined in Scheme 3, J0rgensen's organocatalytic epoxidation 

of If)-4-(benzyloxy)but-2-enal (1 )i I6) with aqueous hydrogen 

peroxide in the presence of 10 mol % (S)-2-(bis(3,S-bis(trifluoro­

methyl)phenyl)(trimethylsilyl-oxy)methyl) pyrrolidine (J0rgen­

sen's catalyst) afforded an unstable epoxyaldehyde intermedi­

ate. It was immediately subjected to NaBH. reduction without 

further purification to give the epoxyalcohol 2 in 69% yield 

over two steps with ee values of 91-95 'YoPle! The absolute con­

figuration was ascertained by comparison of the optical rota­
tion with the literature.: -s., 

The azido moiety was introduced by a B(OMeh-mediated re­

gioselective ring opening of the epoxyalcohol 2 with sodium 

azide to yield the azidoalcohol 3 in 91 % yield I171 Next, the pri ­

mary alcohol of 3 was activated in order to create a leaving 

group for ring closure. Under standard tosylation conditions 

{1 equi\/ TsCl, 2.2 equiv Et3N and catalytic DMAP)"S the desired 

monotosylated 4 was observed in only 38% yield accompa­

nied by 13 % yield of ditosylated prodtlct. Several monotosyla­

tion attempts were performed without success. The best result 

was obtained only when 2-aminoethyldiphenylborinate (2­

ADP) was employed as a catalyst in the presence of diisopro­

pylethylamine (DIEA) as a base. 191 Thus, in the presence of 

10 mol% 2-ADP boron catalyst. the monotosylate intermediate 

4 was ootained in 62 % yield. Subsequent phase-transfer-cata­

Iyzed ring closure under basic conditions in the presence of 

tetrabutylammonium hydrogen sulfate (TBAHS),20; generated 

A'I(,n J. 0'9. Chem. 2017.6. SS 1 S60 www.AsianJOC.org 

Y-\-1-1:t f j/IO ) 

ASIAN JOURNAL
... t , ..._ ... .._.. ~_ 

OF O::;GAN1C CHEMISTRY 

Full Paper 

OBn OBn OBn 

/ (a. b) ) (c)91%
) ::0 H;N369%, 91 -95% ee 

(over 2 steps) a OH OH 
2 J 

OBn 
.,N) ...NHBoc 

(e) 69% (1)81% 

HX 


NJ 

(d) 62% 6-\ ~ 

OTs BnO HO 

64 5 
... .... . 

,NHBoc NHFmoc 
(g) 87% (h) 64% ..' 

~O -~O 
HO RO 

7 
(i) 99% [8: R =H 

94% ee 9; R =Me : .J"r~~nsen·s_cataly~t 

Reagents and conditions: (a) (S}-2-(bis(3.5-bis(trinuoromethyl) 
phenyl)(trimethytsilyl-Olcy)methyl) pyrrolidine (Jorgensen's catalyst. 10 
mol%). 30% aq. HzOz CHzC~ 1(~-20 ·C. 4.5 h; (b) NaBH. MeOH,O 
·C. 30 min; (c) NaN). ' B(OMeh. DMF, 50 'C, 5 h; (d) TsC( OlEA. 2­
aminoethyl diphenytborinate (2-ADP.10 mol%), MeCN, RT. 5 d; (e) 
NaOH. TBAHS (cat). toluene, H20 . RT, 20 min; (f) Pd(OH),/C (cat). Hz 
(1 atm), MeOH. BoezO. 7 d; (g) oAIB, TEMPO (cat). MeCN. HzO. RT. 
24 h; (h) i. TFA, CH2CI2 . ii. FmocOSu. NaHC03. MeCN. H20. RT. 24 h: 
(i) CH2N2 (generated from oiazald® and NaOH). EIOAc. RT. 30 min. 

Scheme 3_ Synthesis of Fmoc-(2S,3S)-epi-oxetin 8 starting from (E)-4-(benzy ­

loxyl but-2-enal (1i . 

the azido-oxetane intermediate 5 in 69 % yield_ The remaining 

steps were straightforvvard functional group transformations, 

starting with catalytic hydrogenation to deprotect the bet1Zyl 

ether and to reduce the azide group of 5 to the amino group, 

which was concomitantly protected in situ with di-tert-butyl di­

carbonate to give the Boc-protected amino alcohol 6 in 810/0 

yield. The alcohol 6 was then oxidizedl ~ n to the Boc-protected 

{2S,3S)-epi-oxetin 7 in 87 % yield. Finally, removal of the Boc 

group followed by Fmoc installation yielded the desired Fmoc­

(2S,3S)-epi-oxetin 8 in 64% yield. The ee of 8 was determined 

by chiral HPLC to be 94% from the corresponding methyl 

ester 9, which was obtained by methylation of 8 with diazo me­

thane. In conclusion, the target building block Fmoc-(2S,3S)­

epi-oxetin 8 was successfully synthesized from the readily avail­

able (E)-4-(benzyloxy)but-2-enal (1) following an eight-step re­

action sequence in 12 % overall yield and high optical purity. 

As Aitken and co-workers reported a quantitative yield on Boc 

deprotection of Boc-(25,3S)-epi-oxetin 7 to generate free 

(2S,3S)-oxetin,I '4d) the effiCiency of the present synthesis of epi­

oxetin should be calculated from the starting aldehyde 1 to 

Boc-(2S,3S)-oxetin 7. This translated into 19% overall yield, 

which is higher than those reported by Omura (1.2 %), ' ;;1Blau­

velt 0.1 %)il4<: and Aitken (8.B %)P4d; 

Synthesis of aocPNA and its stability issues 

For the synthesis of the aocPNA, the carboxylic acid moiety of 

Fmoc-(2S,3S)-epi-oxetin 8 was converted to a reactive penta­

fluorophenyl (Pfp) ester immediately, prior to use, by treatment 

with pentafluorophenyl trifluoroacetate (PfpOTfa) in the pres­

ence of DIEA. lel A representative mix-sequence 10mer aocPNA 

553 ,,, 2017 Wde~-VCH Verlag GmbH & Co. KGaA, We'fTheim 
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was synthesized from the corresponding Fmoc-protected pyr­

rolidinyl PNA monomers (AB
', T, C6

" and G'bU) and the Pfp-acti­

vated Fmoc-(2S,3S)-epi-oxetin 8. The peptide syntheses were 

performed via Fmoc-solid phase peptide synthesis (Fmoc-SPSS) 

on TentaGef 5 RAM resin according to the previously reported 

protocols for other pyrrolidinyl PNAs.I,,~". SJ The N-terminal 

amino group of the aocPNA was optionally capped by acetyla­

tion or benzoylation. The overall coupling efficiency, as spec­

trophotometrica"y estimated from the final Fmoc deprotec­

tion, was 23 %, which translates into 93 % per coupling step. 

This value was only slightly lower than those typically obtained 

with acpcPNA or acbcPNA. In addition, the oxetane-containing 

aocPNA are much more susceptible towards degradation 

under both basic and acidic conditions. The nucleobase depro­

tection was initially performed on 10mer N-terminal benzoyl­

capped aocPNA (Figure 1). The 10mer aocPNA sequence Bz­

GTAGATCACT-LysNHz (mlz calcd for [M+H J ~ 3501.4) was 

treated with 1:1 concentrated aqueous ammonia/dioxane at 

60 C for 12 h, which are standard conditions for other pyrroli ­

dinyl PNA deprotections, s.i Unfortunately, these conditions 

caused extensive degradation of the aocPNA as shown by 
a very small signal in the MALDI-TOF mass spectrum at the ex­

pected m/z of 3501.4 and a series of peaks differing by one 

unit of proline-aoc "nucleotide" (Figure 1 a, Table S1). These 

fragment peaks did not derive from incomplete coupling oth­

erwise they would have carried an acetyl group from the final 

capping step. Stepwise degradation of aegPNA I2l1 and some 

pyrrolidinyl PNA1Hl under basic conditions from the attack of 

• 	 the carbonyl by the free amino group at the N-terminus of the 

PNA is well known. A similar mechanism could also account 

for the observed degradation of aocPNA, although such degra­

dation had not been observed in related systems such as 

acpcPNA, atfcPNA and acbcPNA. 

We hypothesized that the decomposition might be caused 

by the harsh deprotection conditions employed, thus milder 

deprotection and minimization of the reaction time were car­

ried out. Milder deprotection conditions (1:1:2 tert-butylamine/ 

MeOH/Hp at 60 Cl'4: provided better results. With short reac­

tion times (1-2 h), the deprotection was incomplete, as shown 

by the signal of partially deprotected aocPNA at mlz "" 3607.4 

(Figure 1 b). Extension of the reaction time up to 25 h led to 

some fragmentation of the aocPNA (Figure 1 c) . Thus, the opti­

mal cleavage time of 2 h was chosen. 

In addition to base sensitivity, the aocPNA was also suscepti ­

ble to the standard trinuoroacetic acid (TFA) treatment re­

quired for cleavage of the PNA from the resin, as shown by 

MALDI-TOF mass spectrometric analyses. The degradation is 

evidenced on preparative scale whereby a long cleavage time 

was employed to ensure good recovery of the PNA from the 

solid support. The sensitivity of aocPNA to TFA was systemati­

cally evaluated on aocPNA with uncapped N-terminus (mlz 
calcd for lM+W] = 3397.2) (Figure 2). A series of peaks with 18 

mass units above the expected mlz of aocPNA \Nere visible 

even after 10 minutes (Figure 2a) and the + 18 mlz peaks 

became more pronounced, with additional degradation ob­

served after prolonged acid treatment (Figure 2 b). Addition of 

a carbocation scavenger, triisopropylsilane (TIPS), typically used 

in peptide cleavage mixtures,liS; could not suppress this side 

reaction (Figure 2 c). However, when a more dilute acid solu­

tion (1:1 TFA/CH)CI)) was employed for less than 20 min, no 

water adducts or degradation was observed (Figure 2 dl. Pro­

longing the cleavage process and/or increasing the concentra­

_ 1) i ..jJ.L 

-----------~ : 
,.,. i 
8 a i 

:£ 

'it

II ~ r.; ~:\; 
., \.;;,~~____~,~l>:: ,.:.o,._ ___~~____t..;.____--'~ ~'_________'___"'

b 

:> i 
.:~. ':-OOD 'J 
!!l , 
..s :;;(m':l 

l vQU ~ 

L. -Me 1 	 I" 

Figure 1 MALDI-TOF rnass spectra of aocPNA under basic nucle;;"base deprolection conditions : aj 1:1 aqueous ammoniatdioxane at 60 C for 12 h bJ 1:1 :2 
rerr -butylamine/MeOHi Hp at 60 C for 2 h Jnd cJ 1: 1:2 rerr-butylamine/MeOHIHiO at 60 C for 2.5 h. AII 'PNAs (a- c) were cleaved from the solid suppon by 

Ireatment 'Nil h TFA for 10 min at room lemperature. The lOmer aocPNA in th is 'tudy W3' Bz ·GTAGATCACT-LysNH, (mil (Bled for [M+H I ~ 3501.4) . 
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FigurE> 2. MALDI-TOF mass spectra of aocPNA in optimiziltlon of PNA clE>avage from the solid support under various conditions : a) TFA 3t RT for 10 nlin 

b) TFA ot RT for 3 h c) 1% TIPS in TFA at RT (or 3 h d) 1:1 TFNCH,CI, at RT for 20 min e) 4:1 TFAlCH,CI, at RT for 28 min . The 10mer aocPNA in this study was 

H-GTAGArCACT-LysNH; (mil calcd (or [M+H ' .. 3397.2) . 

tion of TFA resulted in the formation of the -t- 18 mil peaks 

and other fragmentation products again (Figure 2 e). The cleav­

age of aocPNA from the solid support was therefore accom­

plished by multiple treatments with 1:1 TFA/CH 2CI, (2 min for 

each treatment). The completion of the cleavage was moni­

tored by MALDI-TOF mass spectrometry. The cleavage mixture 

was immediately dried and precipitated with diethyl ether 

before being purified by reverse-phase HPLC By this proce­

dure, new aocPNA sequences H-GTAGATCACT-LysNH, (tR ·­

25.9 min, mil caled for M+H - 3397.2; found 3397.1) and Ac­

GTAGATCACT-LysNH2 (tR= 30.1 min, mil caled for M+W 
3439.3; found 3440.9) were successfully obtained. The low iso­

lated yields (1.2 'l'o and 1.3 %, respectively) could be attributed 

to the partial acid-induced degradation, resulting in poor re­

covery of the PNA during the final cleavage steps in addition 

to loss during HPLC purification (typical isolated yields of other 
pyrrolidinyl PNAs were 10_30%).11i 

Since acpcPNA and acbcPNA are completely stable towards 

TFA treatment, the unprecedented acid sensitivity of aocPNA is 

proposed to be a direct consequence of the oxetane moiety of 

aoc in the PNA molecule. The mass increase by 18 mlz units 

accompanying the degradation products suggests that the 

aocPNA reacted with adventitious water to form a ring opened 

product followed by fragmentation. Such acid-catalyzed cleav­
age processes of oxetane ring are known in the literature,!9.11,26 

although, surprisingly, the Boc-deprotection of 7 by TFA does 

not result in ring cleavage of the epi-oxetin. This, together with 

the well-documented cases of aCid-catalyzed ring opening of 

oxetane through intramolecular nucleophilic attacki" ; or neigh­

boring group participationp" led to a hypothesis that the oxe­
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tane ring cleavage in aocPNA was facilitated by the intramolec­

ular attack by the amide carbonyl group. To support this hy­

pothesis, the TFA-catalyzed ring cleavage of racemic epi-oxetin 

(rac-10) and its N-benzoyl derivative rac-12 (Scheme 51, Sup­

porting Information) in D20 were monitored by lH NMR spec­

troscopy (Figure 517). The results clearly showed that while 

rac-10 was stable in aqueous TFA, decomposition of N-benzo­

yl-epi-oxetin rac-12 was readily apparent in a matter of hours 

and was completed over a period of a few days. 

Mass spectrometric studies (MALDI-TOF) of the remaining 

solution after TFA treatment for seven days confirmed the in­

tegrity of the acid-treated racemic epi-oxetin (rac-10, mil ' 
117.0). It also confirmed the ring opening of N-benzoyl-epi­

oxetin rac-12 by water as shown by the disappearance of the 

peak of rac-12 at mlz~221.1 and formation of a new peak at 

mlz 239.1 (Figure 518). The mechanism for the acid-induced 

fragmentation of aocPNA was proposed as outlined in 

Scheme 4 based on the susceptibility of N-acyl-epi-Qxetin to 

undergo amide-bon_d-assisted hydrolytic ring opening under 

acidic conditions, together with the fragmentation pattern of 

the aocPNA after acid treatment (Table 52) 

DNA and RNA binding properties of aocPNA 

Thermal denaturation experiments were next performed to 

evaluate the DNA and RNA binding properties of aocPNA by 

recording the UV absorption at 260 nm as a function of tem­

perature. Sigmoidal melting cl:HVes indicated the cooperative 

binding with DNA and RNA. The stabilities of DNA and RNA hy­

brids of aocPNA, as shown by the melting temperatures (T,,,) in 
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Scheme 4. A proposed mechanism for the acid-,nduced fragmentation of aocPNA. 

Table 1, are considerably lower than the corresponding hybrids 

of acbcPNA, acpcPNA and atfcPNA (Trn decrease relative to 

DNA or RNA hybrids of acpcPNA: -19.8, -7.0 and -6.2C for 

Table 1. Binding affinities of aocPNA to DNNRNA compare,J-\o pre\(ious-

Iy reported PNAs. 

Entry X';, DNA/ RNA " {,c:
co f C} 

"oePNA acbcPNA'" acpePNA" <ltfcPNA'<' 

l- Ac Dcom 46,3 ~.1 53.3 525 
2 H Deom 46.1 - - -
3 H DsmC <, 20 (> 26.1) 39.8 (263) 23.8 (29.4) 23.4 (29.1) 

4 H DsmG -:: 20 (> 26,1) 36.4 129.7) 23.9 (29.3) 23.4 (29.1) 

5 H DsmT 28.1 (18.0) 46.6 (19.5) 29.4 (23.8\ 25.4 (27.1) 

6 Ac Ream 31.3 58.2 42 .3 36.0 
7 H Rcom 30.3 - - -

[a) aoePNA sequence: X-GTAGATCACT·LysNH" fbi DNNRNA sequence : 5'­

d(AGTGYTCTAC)'3'; Y=A (Dcom), ( (DsmC). G (DsmG), T (DsmT) and 5' · 
r(AGUGAUCUAC)-3 ' {Rcomi. lei condition : 1.0 J.lM PNA, 1.0 flM DNA/RNA, 

10 mM sodium pho,phare buffer pH 7 0, 100mM NaCi. Heating rate 
1 (min ;. [dj volues in parentheses are nT,. . T,.(complementary)· 

T~(mismarch). l eI Literature data for acetyl ·capped PNAs with the same 

sequence under The sanle condiTions. '· ". 

Dcom, and -- 26,9, - 11,0 and -- 4.7 C for Rcom, respectively). A 

strong preference for DNA binding over RNA was still observed 

similar to other pyrrolidinyl PNAs previously reported (Table 1, 

entries 1, 6 and 2, 7),10
) No significant differences were ob­

served in affinities of H-aocPNA and Ac-aocPNA towards com­

plementary DNA and RNA (Tm difference between H-acoPNA 

and Ac-aocPNA was less than 1.0 C, entries 1, 2 and 6, 7L The 

specificity of the DNA and RNA binding of aocPNA was con­

firmed by the low Tm or absence of melting in the cases of 

non-complementary hybrids of DNA and aocPNA (~Tm 18.0 to 

.> 26.1 C) (Table 1, entries 1, 3-5) . These T," differences are 

comparable to acbcPNA (~Tnr range = 19.5-29.7 ' C), acpcPNA 

(LHm range =- n.8-29.4C) and atfcPNA (L.\ Tn, range , 27,1­

29.1 "C), which suggests a similar level of mismatch discrimina­

tion by aocPNA compared to other pyrrolidinyl PNA systems, It 
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should be noted that since the enantiomeric excess of the 

building block 8 was only 940/0, which translated to 97 % of 

the desired (2S,3S)-enantiomer of epi-oxetin, the aocPNA syn­

thesized by repetitive addition of 8 may contain some diaste­

reomeric impurities. However, it was estimated that the 10mer 

aocPNA should have still contained at least 74% of the desired 

all-(2S,3S)-enantiomer and therefore the presence of diastereo­

meric impurities should not have been the reason for the rela­

tively poor DNA and RNA binding properties of aocPNA, 

Theoretical calculations 

The effect of cyclobutane and oxetane on the binding affinity 

was investigated by ab initio calculations of the model com­

pounds shown in Figure 3 a, The energy profiles for each struc­

ture were computed by the optimized geometry with con­

straining of the torsional angle, which is the angle between 

the carbon and the nitrogen atoms bonding to the 4-mem­

bered ring, from 80 to 140 degrees with 1-degree steps. The 

relative energies for each model were then compared with the 

energy of the local minimum for the corresponding geometry. 

Figure 3 b displays the optimized torsional angle at 95 and 

11 0 for cyclobutane and oxetane amino acid, respectively. 

These results match with the values obtained from the full op­

timizations of 95.3 and 11 0.3 for the respective structures, The 

torsional angle value of the cyclobutane amino acid is also in 

good agreement with the value of 95-100 obtained from the 

X-ray structures of acbc-derived 0ligomers r2n
, Since previous 

computational simulations suggest that the optimal torsional 

angle in acpcPNADNA hybrid was around 99-102 :'01more 

conformational adjustment was required for the oxetane 

amino acid than for the cyclobutane amino acid in order to 

adopt the optimal DNA binding conformation. This may ac­

count for the observed lower stability of the aocPNA·DNA hy­
brids,lllj 
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(a) 

(b) 

Figure 3. (aj The ,tructure, of cyclobutane (top) and oxetane amino acid 

(bottom) utilized as the models to investigate the torsional energy profiles. 

(bl Torsional energy profiles of cyclobutane (black lincl and oxetane amino 
acid (red line). 

Conclusions 

In conclusion, we have reported an efficient ill1d stereoselec­

tive synthesis of l2S,3S) -3-(9H-fluoren-9-ylmethoxycarbonylami­

no)oxetane-2-carboxylic acid [Fmoc-(2S,3S)-epi-oxetinj starting 

from (E)-4-(benzyloxy)but-2-enal in 12 % overall yield and 

94%ee over 8 steps. The Fmoc-protected (2S,3S)-epi-oxetin was 

successfully incorporated as a building block for the synthesis 

of a novel oxetane-containing pyrrolidinyl PNA (aocPNA). How­

ever, the aocPNA was unstable under both basic and acidic 

conditions which are required for the nucleobase deprotection 

and cleavage of the PNA from the solid support, thus leading 

to low isolated yields. The degradation mechanism under 

acidic conditions was p roposed to involve an amide-group-as­

sis ted hydrolysis of oxetane ring followed by cleavage of the 

amide linkage. The aocPNA binds sequence-specifically to both 

DNA and RNA, but the binding affinity of aocPNA to DNA and 

RNA was considerably lower than acbcPNA, acpcPNA and 

atfcPNA with the same base sequence as a result of a wider 

torsional angle compared to the optimal value required for the 

DNA-binding conformation of pyrrolidinyl PNA. The informa ­

tion should be useful for future design of conformationally 

constrained PNA. and suggests that special care should be 

taken in handling of oxetane -containing foldamers. 

Experimental Section 

«2R,3R)-3-(Benzyloxymethyl)oxiran-2-yl)methanol (2). Aqueous 
hydrogen peroxide (30% w/v, 0.60 ml. 520 mmo!) was added 
dropwise to a solution of 1 (0.7102 g. 4.0 mmo!) and (S)-2-(bis(3,5­

bis(trifluoromethyl)phenyl)(trimelhylsilyloxy)methyl)pyrrolidine (Jor-
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gensen's catalyst, 0.2300 g, 0.4 mmon in CH,CI, (8 mll. The reac­
tion mixture was stirred at 10-20 "C for 4.5 h and monitored by 
TlC (hexanes/EtOAc ~ 1:1. Rr 0.29). After reaction completion, the 
organic layer was separated and the aqueous phase was extracted 
twice with CH 2CI,. The combined extracts was evaporated and re­
dissolved in MeOH (8 mL), followed by addition of NaBH, 
(0.1529 g, 4.50 mmo!) and stirring at O'C for 30 min. The reaction 
was completed as indicated by TLC (hexanes/EtOAc- ' l:l, R,O.22). 
Approximately 2-3 mL of water were added, followed by neutrali­
zation with citric acid and evaporated to dryness. The crude mix­
ture was extracted from the residue by CH,Ci, and subjected to 
column chromatography on silica gel to afford compound 2 as 
yellow oil (0.5391 g. 2.78 mmol, 69%). The enantiomeric excess 
was determined to be 91 % by chiral HPLC (column: OJ-H chiral 
column. mobile phase: 15% iPrOH in n-hexane, flow rate : 
0.6mlmin· '. 210nm, tR major : 36.2 min, t ~ minor : 41.7 min). 
[u 1;' -+17 (c=0.5 in CHCI,) Cujg -+ 19.6 (c "" 0.24 in 
CHCIJr,I); 'H NMR (400 MHz. CDCl l ): 0 -- 7.48-7.26 1m. 5 H). 4.60 
(ABq, jAb '- - 11.9 Hz, 2 H), 3.95 (dd, J - 12.7, 1.8 Hz, 1 H), 3.79 (dd, J ­

11.5, 3.0 Hz. 1H). 3.67 (dd, J= 12.5, 3.4 Hz. 1 H), 3.55 (dd. J = l1.5, 
5.5 Hz. 1H). 3.26 (dt. J =5.4. 2.7 Hz. 1 HJ. 3.12 ppm (dt, J = 4.5. 
2.4 Hz, lH); " CNMR (100 MHz. CDCI): () = 137.8. 1285. 127.8. 
127.7,73.4,69.7,61.2.55.8.54.3 ppm ; IR (thin film!: ,-.= 3415,2921, 
2863. 1456. 1280, 1106 cm ; HRMS (ESI ! ): mlz caled for 

C"H '40J+Na ' 217.0841 [M+Na ' j; found. 217.0838. 

(2S,3S)-2-Azido-4-(benzyloxy)butane-l,3-diol (3). Trimethyl borate 
(1.18 mL. 10.5 mmo!) was added to a solution of 2 (1.0234 g. 
5.3 mmoll and NaN" (0.6862 g. 10.6 mnlo!) in anhydrous DMF 
(10 mL). The mixture was stirred vigorously under N, at 50 C for 
6 h and monitored by TLC (CH,CI,tacetone - 9:1, R, 0.26) After 
completion, the reaction was cooled to °C followed by addition 
of saturated <lCjueous NaHCOl (20 mU ilnd stirring for 30 min. and 
then extracted with EtOAc (3 x 20 ml). The combined organic 
layers were washed with water four times and the solvent was 
evaporated to obtain compound 3 as a yellow oil (1.1371 g, 
4.79 mmol, 91 %). I(/ ~' - + 22 ' (e - 1.0 in CHCI,) ; 'H NMR (400 MHz, 
COG,): r) = 7.38-7.18 (m. 5H), 4.50 (5, 2H), 3.91-3.62 (m, 3H), 3.65­
3.33 ppm (m, 3H); 13CNMR (100 MHz, CDCI,): ,\ = 137.4,128.6, 
128.1.127.9, 73.6.71.0.70.8.63.9.62.8 ppm: IR (thin film): 1-' =3404, 
2921, 2866, 2096. 1453, 1074 cm '; HRM5 (ESI ...·): miz caled for 

C"H"NPJ+ Na 260.1011 [!vl+Na ); found. 260.1016. 

(2S,3S)-2-Azido-4-(benzyloxy)-3-hydroxybutyl 4-methylbenzene­
sulfonate (4). DIEA (0.63 mL, 3.59 mmoli was added to a mixture 
of 3 (0.5657 g. 2.39 mmall. 2-aminoethyl diphenylborinate (2-ADP, 
0.0535 g. 0.24 mmoll. TsCI (0.5262 g, 2.76 mmol) and 4 A molecular 
sieves (0.0619 g) in anhydrous MeCN (10 ml). The reaction was 
stirred under N~ at 0 C and was allowed to warm up to room tem­
perature and left for 5 days. After the reaction was completed as 
indicated by TlC (hexanes/EtOAc = 1 : " R, 0.46), water was added 
and the mixture was extracted with EtOAc (3 x 20 mL) and evapo­
rated to dryness. The crude reaction product was subjected to 
column chromatography on silica gel to afford compound 4 as 
a yellow oil (0.5830 g. 1.49 mmal. 62 %). jCt:;' - ~ 24 (c 1.0 in 
CHClJ; ' H NMR (400 MHz, CDCI,): ,) = 7.74 (d, J = 8.2 Hz, 2H). 7.32­
7.21 (01, 7H), 4.47 (5. 2 H). 4.34 (dd. J =. 106, 2.8 Hz. 1 Hl, 4.06 (dd, 
) " 10.6. 7.4 Hz. lH), 3.65 (ddd. ) = 7.7.7.5, 27Hz, 1H). 3.61-3.54 
(01, 1 HI. 3.53-3.50 (m, 2H), 2.37 ppm (5. 3H); 13C NMR (100 MHz. 
CDCI,): 0 - 145.1, 137.3, 132. 7. BOO, 128.6, 128.1, 128.0, 127.9, 
73.6.70.2,69.6.69.5.61.6,21.7 ppm . IR (thin film): 1-' - 3520. 2924, 
2860,2099,1453,1361. 1173 cm " ; HRMS (ESI+): miz calcd for 
C"H"Np;S+Na 414.1100 [M+Na j; found, 414.1091. 

(2S,3S}-3-Azido-2-lbenzyloxymethylloxetane (S) A so lution of 4 

(1.3543 g, 3.46 mmol) in toluene (35 ml) was added dropwise to 
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a mixture of NaOH (5 .6721 g, 141 mmol), TBAHS (01258 g, 
0.37 mmol) and water (300 fIL) . The reaction was stirred at room 
temperature for 20 min and monitored by TlC (hexanes/EtOAc 1 :3, 

Rf 0.40). After completion of the reaction, the organic phase was 
separated, washed three times with water. and evaporated to dry­
ness. The crude product was subjected to column chromatography 
on silica gel to afford compound 5 as a yellow oil (0.5198 g, 
2.37 mmol. 69%). i (L l~2 = + 49 (c = 1.0 in CHCI,); 'H NMR (400 MHz, 
CDCI,): 0 = 7.43-7.30 (m, 5 H), 4.82 (m, 1HJ. 4.77-4.66 (m, 2 H), 
4.64-4.60 (m. 1 H), 4.58-4.51 (m. 2 H). 3.69 ppm (dd, ) =3.5. 0.9 Hz, 
2 H) ; "c NMR (100 MHz, CDCI,): (1 - , 137.8, 128.5, 127.8, 127.7, 86.8, 

73.8, 73.5. 70.4. 55.5 ppm ; IR (thin film) : 1-' '" 3062, 3025. 2954. 2929, 
2855, 2846, 2102, 1259 em-' ; HRMS (ESI - ): mlz caled for 

C " H IlN,O~+Na ' 242 .0905 [M+Na ]; found, 242 .0901. 

tert-Butyl (25,35)-2-(hydroxymethyl]oxetan-3-y1carbamate (G). To 
a solution of 5 (0.4998 g, 2.28 mmol) in MeOH (3 ml), 10% 
Pd(OH)/C (0.1008 g) and Bocl O (0 .545 1 g, 2.50 mmol) were added. 
The mixture was stirred vigorously under H, at room temperature. 
After the reaction was complete (TlC, EtOAc, Rr 0.44). the catalyst 
was filtered off and the filtrate evaporated to afford compound 6 
as a yellow oi l (0.3751 g, 1.85 mmol, 81%). la;g = -5 (c", 0.5 in 
CHCI,) lia);' = - 5 ' (e = 1.0 in CH,Clf IC1 ); IH NMR (400 MHz. CDCI,): 
o , 5.20 (br m. 1 H). 4.73-4.57 (m. 3 HJ. 4.44 (t, ) == 6.4 Hz, 1 tn, 3.86­
3.70 (m, 2 H), 1.46 ppm (s. 9 HI ; "c NMR (100 MHz, CDCl l ): .) = 
155.1, 89.8, 80.5, 74.2. 63 .6, 47 .3, 28.3 ppm; IR (ATR): ,~ = 3328, 

2973, 2929, 1688, 1530, 1166cm I; HRMS (ESI+): mlz caled for 
C?H ,NO,+Na- 226.1055 [M+Na - ]; found, 226.1051. 

(2S,3S)-3-(tert-Butoxycarbonylamino)oxetane-2-carboxylic acid 
(7). 2.2,6,6-Tetramethylpiperidine N-oxide (TEMPO, 0.0320 g, 

0.20 mmol) was added to a solution of 6 (0.1537 g, 0.76 mmol) and 
(diacetoxyiodo)benzene (DAIB, 0.5453 g, 1.69 mmol) in MeCNI 
wa ter (1 :1, 4 mL). The reaction was stirred at room temperature 
and monitored by TLC (hexanes/EtOAc .'. 1:3, R; 0.29) . After comple­
tio n. saturated aqueolls NaHCO, was added to adjust the pH of 
the solution to ::::9 and the reaction mixture was extracted with 
Etp (3 x 5 mL). The aqueous phase was acidified with NaHSO. and 
re -extracted with EtOAc (3 x 5 mL). The combined organic phases 
were evaporated to afford compound 7 as a yellow oil (0.1422 g, 
0.65 mmol, 87 %). !a,g = - 18' (e = 10 in CHCI ;) {[(~jg == --36 (e = 

0.5 in CHCI,) ;'''''); 'H NMR (400 MHz, CDCI,): (50 5.60 (brs. 1 H), 5.09 
(d, ) -,-,5 .5 Hz. 1 H), 4.84-4 .78 (m, 1 H), 4.78- 4.70 (m, 1 H), 4.59 (t, ) 0' 

6.0 Hz. 1 Hl. 1.48 ppm (s, 9 H); 13C NMR (100 MHz, CDCI]): t') = 171.5. 
156 .1. 84.0. 82.1 ,73.8, 49.2. 28.2 ppm; IR (ATR): 1' ~ 3325. 2978. 
2926, 1713, 1688. 1524. 1158 em - ' ; HRMS (ESI +): mlz caled for 

C9H" NO,+Na 240.0848 [M+Na - ]; found, 240.0843. 

(25,35)-3-«(9H-Fluoren-9-yllmethoxy)carbonylamino)oxetane-2­
carboxylic acid (8) Compound 7 (0.1322 g, 0.52 mmo!) was dis­
solved in TFNCH1CI1 (1: 1, 2 m L) and stirred for 15 min followed by 
evaporation to dryness to give the TFA salt of (25,35)-epi-oxetin 

(101. The residue was dissolved in MeCN/H-O (1:1, 4 ml) containing 
NaHCO] (0.1255 g, 1.49 mmol). followed by addition of Fmoc N-hy­
droxysuccinimide (FmocOSu. 01 748 g, 0.52 mmol). After stirring at 
ambient temperature for 20 h, sa turated aqueous NaHCO, was 
added and the solution was washed with diethyl ether. The white 
so lid precipitated in the aqueous phase was isolated by filtration 
and washed with 2 M HCI followed by wa ter. affording compound 
7 (0.113 1 g, 0.33 mmol, 64 %) aher drying. m.p. 142-144 'C; [0] ;' = 
· 20 «(, 0.5 in DMSO); 'H NMR (400 MHz, [DJDMSO): 0 = 8.25 (d, 

) =:. 6.9 Hz. 1 H), 7.90 (d, J = 7.5 Hz. 2 H), 7.75-7.65 (m, 2 H), 7.43 (t, 
) = 7.4 Hz, 2Hl. 7.34 (t, J= 7.3 Hz. 2 HJ. 4.93 ( d.) ~ 5.3 Hz. 1 H). 4.65­
4.5 5 (m. 2 H). 4.45-4.28 (m, 3 Hl. 4.24 ppm (t, h 6.3 Hz, 1H) ; 
" c NMR (100 MHz, [D.1DMSO): ,) ,-. 171 .5, 155.1,143.8,140.8, 127.6, 
127.1. 125.0. 120.1, 83 .4, 74.S, 65 .6, 49.1, 46.6 ppm ; IR (ATR) : li = 
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3325, 3065. 3016. 2953, 2888, 1693, 1530, 1262 cm I; HRMS (ESI I ): 
mlz (aled for C,. H17NO,+ Na 362.1004 [M+Na -I; found, 362.1008. 

Methyl (25,3S)-3-«(9H-fluoren-9-yl)methoxy)carbonylamino)oxe­
tane-2-carboxylate (9). A solution of compound 8 (0.0150 g. 
0.044 mmol) in EtOAc (0.5 ml) was treated with diazomethane 
(generated by treatment of Diazald'~ (0.0287 g, 0.13 mmol) and 5 M 

NaOH (0.5 mL» . After 30 min, the reaction was complete as moni­
tored by TLC (hexa nes/EtOAc - 1:1, Rf 0.34). After flushing off the 
excess diazomethane with a Nl stream, the solvent was removed 
to obtain compound 9 as a white solid (0.0154 g, 0.43 mmol, 99 %1. 
The enantiomeric excess was determined to be 94 % by chiral 
HPLC (column : OJ-H chiral column, mobile phase :70% iPrOH in n­
hexane. flow rate: 1.0 mlmin " 270 nm. t. minor: 23 .1 min, t. 
major : 26.8 min) . m.p. 157- 159 -C; : Cl l ~' ~ ~ 11 (e co 0.5 in CHCIJ; 
IH NMR (400 MHz, COCl,): b =0 7.69 (d, ) = 7.5 Hz, 2 H), 7.49 (d. J =­

6.5 Hz, 2 H), 7.33 (t. ) = 7.4 Hz, 2 H), 7.24 It, ) = 73 Hz, 2 H), 5.34 (s, 
1H), 4.95 (s, 1 H), 4.75 (s, 2H). 4.35-4.50 (m, 3 H). 4.13 (t, J = 6.3 Hz, 
1 H), 3.73 ppm (s, 3 H); "c NMR (100 MHz, CDCI,): ~ ~ 170.3, 155.1, 
143.6. 141.4, 127.8. 127.1, 124..9. 120.1, 84.4, 76.1,67.0, 52.5, 49.7. 

47.2 ppm ; IR (ATR): v = 3303, 3063, 2954, 2891, 1737, 1695, 1540, 
I1264 cm - ; HRMS (ESI+): mlz caled for C'9H .. ,NO,+Na · 376.1161 

[M+Na . ] ; found. 376.1176. 

tert-Butyl-2-(Hydroxymethyl)oxetan-3-ylcarbamate (rae-6) . Fol­
lowing the same protocol for the synthesiS of (25.3S)O{) using rac-2 

as the starting material. compound raco{) was obtained as a yellow 
oil (0.5226 g, 34% over four steps). 'H NMR (400 MHz, CDCI.,): ,) .= 

5.25 (brs, 1 H). 4.73-4.57 (m, 3H), 4.44 (t, ) = 6.3 Hz. 1H), 3.83-3 .65 
(m, 2 HJ. 1.45 ppm (s, 9 H) ; "c NMR (100 MHz, CDCl l ): 0 155.1 . 
89.8,80.5,74.3,63.5,47.2, 28.3 ppm; IR (ATR): 1, = 3310. 2973, 2927, 

1681 , 1529, 1168cm '. 

Methyl trans-3-«((9H-fluoren-9-yl)methoxy)carbonylaminoloxe­

tane-2-carboxylate (rae-9) . "Following the same protocol fo~ the 
synthesis of (25.35)-9 starting from rae-G, compound ro( -9 was ob­
tained as a white solid (0.0480 g, 28% over three steps). m.p. 127­
129 C; l HNMR (400MHz,CDCI): 0 = 7.68 (d, I--~ 7.5Hz, 2H). 7.49 
(d, ) = 6.5 Hz, 2 H), 7.32 (t. ) = 7.4 Hz, 2 H), 7.23 (t. ) -~ 7.4 Hz. 2 H), 
5.44 (d. ) = 6.1 Hz, 1H). 4.94 (s, 1H), 4.74 (s, 2 H), 4.52-4.27 (m, 3 H), 

4.12 (t, ) = 6.3 Hz, 1H), 3.72 ppm (s, 3 H) ; "c NMR (100 MHz, CDCl l ): 

~ ~ 170.3. 155.1,143.7,141.4,127.8, 127.1, 124.9,120.1, 84.4,76.1, 
67.0, 52.5, 49.7, 47.2 ppm; IR (ATR) : v= 3302.4, 3066.9, 2951.8, 
2886.0, 1734.9. 1697.0. 1541.7, 1262.1 cm '; HRMS (ESI ·,): mlz 
caled for C"HI7NO,+Na -' 376.1161 [M+Na - ]; found, 376.1167. 

trans-N-(2-(Hydroxymethy!)oxetan-3-yl)benzamide (rae-l1-) . Com­
pound rac-6 (0.1002 g, 0.49 mmol) was dissolved in TFA/CH~CI , 

(1:1 , 1 mL) and stirred for 15 min. Aher removing the so lvent, the 
crude reaction product was dissolved in CH,Cl1 (5 mL) followed by 
addition of triethylamine (70 ill, 0.49 mmol) and Bz,O (0 1115 g. 
0.49 mmol). The reaction was stirred at ambient temperature for 
2 h. The reaction mixture was evaporated to d,y ness and the resi­
due was puri fied by column chromatography on silica gel to 
obtain compound rae-'1 as a colorles s oil (0.0636 g. 45 %1. .H NMR 
(400 MHz. CDC I;! : () - 7.82 (d, ) := 7.5 Hz, 2 H). 7.54 (t, J ~ 7.2 Hz, 1 H), 
7.44 (t, ) •. 7.5 Hz. 2H), 720 (d, ) = 4.4 Hz. 1 HJ. 5.05-4.89 (m. 1H ). 

4.88-4.71 (m, 2 Hl. 4.64 (t, ) ~ 6.5 Hz. 1 H). 3.85 ppm (qd. ) = 12.1. 
3.9 Hz, 2 H); I'CNMR (100 MHz, CDCI,): 0 = 167.8, 133.3,132.1, 

128.7, 127.1, 89.6, 73.7, 63 .8,47.4 ppm ; IR (ATR): " = 3378, 3307. 
3066, 2908. 1632, 1531, 1027, 953 cm '; HRMS (ESI ): mlz calcd 
for CII HIl N03+H 208.0974 [AHH · ); found, 208.0998. 

trans-3-Benzamidooxetane-2-carboxylic acid (rae-12). A mixture 
of TEMPO (0.0125 g, 0.35 mmol), rac-ll (0.0470 g, 0.23 mmol) and 
DAIB (0.1778 g, 0.55 mmol) was dissolved in MeCN/water (1:1 , 

1 mL) . The reaction was stirred at room temperature for 72 h. After 
completion, saturated aqueous NaHCO, was added to adjust the 
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pH of the solution to ;:,,9 and the reaction mixture was extracted 
with EtOAe (3 x 5 ml). The aqueous phase was acidified with 

NaHS04 and re-extracted with EtOAc (3 x 5 mU. The combined or­
ganic phases were evaporated to give rae-12 as a colorless oil 
(0.0160 g, 44 %). 'H NMR (400 MHz, [D6IDMSO): b = 9.31 (d, ) = 

7.3 Hz, 1 H). 7.90 (d, } = 7.4 Hz, 2H), 7.58 (t,) "7 .2 Hz. 1 H), 7.51 (t, 

) '- 7.4 Hz, 2 H), 5.12 (d, ) = 6.5 Hz, 1 H), 5.08-4.99 (m, 1 H), 4.69 (dd, 
). - 7.6, 6.2 Hz. 1 HI. 457 ppm (dd, J ~65, 6.1 Hz, 1H) ; "c NMR 
(100 MHz, [D6lDMSO): (h , I715, 165.9, 133.5, 131.6, 128.4, 127.3, 
83 .1,745, 47.8 ppm; IR (ATR): 1'=3321 , 3071.2935,2851.1777, 
1645, 1536.970 ern- I; HRMS (ESI+): mlz caled for C"HIINO.+H ­

222.0766 [M+H ]; found. 222.0782. 

Synthesis of aocPNA 

A representative mixed-sequence 10mer aocPNA was synthesized 
manually via Fmoc-solid-phase peptide synthesis (Fmoc-S PSS) on 
TentaGel' 5 RAM resin on a 1.5 ~mol scale from the four Fmoc -pro­
tected pyrrolidinyl PNA monomers (AB

" T. Cs: and G'O,,)I,'I and the 

Pfp-activated t'pi-oxetin 8 following the previously reported proto­
cols for other pyrrolidinyl PNAs' After completion, the N-terminal 
Fmoc was removed and the PNA was optionally capped by acetyla­
tion. Then. the aocPNA was treated w ith tert-butylamine/MeOH/ 
H,O (1:1 :2) at 60 C for 2 h whilst still attached to the solid support 
in order to remove the nucieobase protecting groups (Sz and Ibul. 
Cleavage from the solid support was carried out by a series of 
2 min treatments with TFA!cH~CI , (1: I\. The combined cleavage 
solutions were evaporated to dryness under a stream of nitrogen 
followed by precipitation with diethyl ether. The crude PNA was 
purified by reverse phase HPlC (C18 column, 4.6x 150 mm, 5 fl. 
gradient 0.1 % TFA in Hp/MeOH, 90:10, for 5 min, then a linear 

Igradient to 10:90 over 60 min, flow rate: 0.5 mLmin - , 270 nm). 
Fractions with the correct mlz according to MAlDI-TOF analyses 
were neutralized with ammonium bicarbonate in order to minimize 
decomposition of aocPNA. Lastly, the combined fractions were 
freeze dried. The purity of the purified PNA was ascertained by re­

verse phase HPLC analysis (C18 column, 4.6x50 mm. 3 fl. gradient 
0.1 % TFA in H,O/ MeOH, 90:10, for 5 min, then a linear gradient to 
10:90 over 30 min, flow rate 0.5 mL min '). 

Computational details 

(1 S,2S)-N-methoxycarbonyl-2-aminocyclobutanecarboxylic acid di­
methylamide and (2S,3S)-N-methoxycarbonyl-2-aminooxetanecar­
boxylic acid dimethylamide were selected as model compounds. 
The effect of cyclobutane and oxetane on the binding affinity was 

investigated by ab initio calculations. The energy profiles for each 
structure were computed by using the optimized geometry with 
constraint of the torsional angle (the angle between the carbon 
and the nitrogen atoms bonding to the 4-membered ring) from 80 
to 140 degrees, with l ,degree steps. All calculations were per­
formed using the Gaussian 09 program package,m using a Pople 
basis se t with a diffuse and polarization function on the heavy 
atoms (6-31 ; G(d)) at a density functional theory level with 
a Becke three-parameter hybrid exchange functional and lee­
Yang-Parr correlation functional (B3 LYP). The implicit solvent 
model of conductor=l1ke polarizable continuum model (CPCM) was 
also included, accounting for the effect of water molecules sur­
rounding these structures. 
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Infection with the mosquito transmitted dengue virus (DENV) remains a significant worldwide public 
health problem. While the majority of infections are asymptomatic, infection can result in a range of 
symptoms. MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression through 
repression or degradation of mRNAs. To understand the contribution of miRNAs to DENV 2 replication, 
we screened a number of candidate miRNAs for variations in expression levels during DENV 2 infection 
of HepG2 (liver) cells. Seven miRNAs were identified as differentially expressed, and one. miR-2l was 
differentially expressed at all time points examined. Interestingly. miR-21 was also differentially regu­
lated in DENV 2 infection under conditions of antibody dependent enhancement of infection, and in 
direct Zika viFUS infection, but not in DENV 4 infection. The role of miR-21 during DENV infection was 
further examined by treating HepG2 cells with an anti-miR-21 (AMO-21) before DENV infection. The 
results showed a significant reduction in DENV 2 production, clearly suggesting that miR-21 plays a key 
role in DENV 2 replication. To further confirm the role of miR-21 in DENV infection, a peptide nucleic 
acid-21 (PNA-21) construct with a nucleotide sequence complementary to AMO-21. was co-administered 
with AMO-21 as an AMO-21/PNA-21 complex followed by DENV 2 infection. The results showed that 
AMO-21 significantly reduced DENV 2 titer, PNA-21 significantly increased DENV 2 titer and the com­
bined AMO-21/PNA-21 showed no difference from non-treated infection controls. Taken together, the 
results show that miR-21 promotes DENV 2 replication, and this mechanism could serve as a possible 
therapeutic intervention point. 

© 2017 Elsevier BV All rights reserved. 

1. 	 Introduction 

Despite the recent introduction of a vaccine to protect against 
dengue virus (DENV) infection in selected countries (W HU. l m h ), 
there remains no specific treatment for DENV infection. While the 
majority of DENV infections are asymptomatic (Rungc- R,1I1 zingp! 
l: i. ;d .. 2(14 ), the infection can lead to a range of symptoms from a 
mild fever to the more severe forms of the disease, dengue hem­
orrhagic fever and dengue shock syndrome (iNHU . 200c). During 
infection, DENV manipulates the host cell machinery to facilitate its 
own replication (Wals h <,11(\ 'd o hL 201;) and as such targeting 
these processes offer the potential for the development of thera­
peutic agents. 

• Corresponding author. Department of Microbiology. Faculty of Science. Chula ­
longkorn University. 254 Phayathai. 	Pathumwan. Bangkok. 10330. Thailand. 

E-mail addrcs~ : '.,\:t;:, r h ,1! ~w1 :.:htd7l .:1 l·.ih (W. Assclval ..lpsakul). 

0166-3542/~ 2017 Elsevier B.V. All rights reserved. 

RNA interference (RNAi) is a process by which small, non coding 
RNA molecules regulate gene expression through either attenua­
tion of mRNA transcription or by targeting mRNAs for degradation 
(Fr~ l ekki; and Deil;,s , :'[)Oh). Currently, three classes of small RNAs 
associated with silencing pathways have been described in mam­
mals, namely endogenous small interfering RNAs (endo-siRNAs), 
piwi-associated RNAs (piRNAs) and microRNAs (miRNAs). The first 
two classes of small RNAs are primarily involved in the repression 
of transposons as well as the nucleic acid of viruses (LM IlIC'! l c' \ <,1.. 
:~ OOJ: FM,V I (. [ lL . ~:O(J S), while the last class of small RNAs in 
particular regulates cellular gene expression (Fe lekki :; ('I .1 1. . 20 lU ). 
miRNAs are generated through transcription to generate a primary 
miRNAs (pri-miRNA) that is composed of exonic and intronic re­
gions ( Borcher( e t a L, 2006, Lee et ai. , 20()4 ). The stem loop region 
of the pri-miRNA is processed by a complex of proteins to yield 
70-80 nucleotide stern loop precursor rniRNAs (pre-miRNA) ( H.m 
(' I <I I. ~ (l04 : LZlll dt hJle r <.' 1 '\ i . :' [1114· Lee c:t " L 20 113 ), which are 
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further cleaved by DICER-l and subsequently recognized by Argo­
naute protein to form miRNA-RNA Induced Silencing Complexes 
(miR-R1SCs) (lee er .)1.. LOOt): MacRae et ;.1 . 20(8). The miR-RISC 
complex subsequently interacts with target sequences such as 
mRNA transcripts or DNA sequences in gene promoters. in order to 
modulate gene expression. miRNAs have been shown to modulate 
processes including cellular development. proliferation. apoptosis. 
the immune system and host-pathogen interactions (fk;nf'i. :'00'1: 
Fc'lekl< is <ind DdtJs. 2006: H?rfe. 200::). 

Studies have increasingly shown that miRNAs have functional 
roles during viral infection. For example. Hepatitis C virus (HCY) 
infection leads to the induction and extracel.lular release of miR-122 
and miR-885-5p without altering intracellular levels. whereas miR­
494 accumulates intracellularly ( EI -Diwarw et a!. . 2(1 5). Moreover. 
miR-373 was shown to be significantly upregulated in HCY­
infected primary human hepatocytes and HCY-infected liver bi­
opsy specimens. which induces the negative regulation of the type I 
IFN signaling pathway by suppressing JAKI and IRF9 (Mukhcrjer 
el aL, ::015). Interestingly. the knockdown of miR-373 could 
inhibit HCY replication by up-regUlating interferon-stimulated 
gene expression ( !Viukherjee el ai. 20 IS). In addition. the up­
regulation of miR-146a by Japanese encephalitis virus UEV) infec­
tion in human brain microglial cells contributes to the suppression 
of NF-ICB activity and disruption of anti-viral JAK-STAT signaling 
which helps the virus to evade the cellular immune response 
( Sl1arrn ~ ('r .11.. 201:-1). 

Although much attention has been pard to studying the inter­
play between miRNAs and viral infection. understanding the 
interaction of human miRNAs and dengue virus infection remains 
incomplete (beale r a· Cueto I? t aI. , 2015: Qi e t .1 1.. 2013, W u t" t Ji. 
lOU ). Therefore. this work has investigated' the differential 
expression of miRNAs during DENV 2 infection of HepG2 (liver) 
cells. with the candidate miRNAs being evaluated by RT-qPCR. 
While several miRNAs showed evidence of regulation during 
DENV infection. one miRNA. miR-21. showed differential expres­
sion at all time points examined. We further evaluated the role of 
miR-21 during DENV infection and established that miR-21 is a 
positive regulator of DENV 2 replication. 

2. Materials and methods 

2.l. Cells and culrure conditions 

The human liver cancer cell line. HepG2 (ATCC1i HB-S065 IM ) was 
cultured in Dulbecco's modified Eagle's medium-DMEM 
(HyClonen • Thermo Scientific. USA) with 10% heat-inactivated 
fetal bovine serum (FBS; GibcoTM Invitrogen). at 37 cC. 5%C02. 
The human lung carcinoma epithelial cell line A549 (ATCC' CCl­
IS5"1>1) was cultured in MEM (HyClonen.· Thermo Scientific. USA) 
with 5% FBS at 37 °C. The human monocytic cell line U937 (ATCC 
CRl-1593.2) was cultured in RPMI 1640 medium (RPMl : GibcoTM 
Invitrogen) supplemented with 10% FBS. The mosquito cell C6/36 
(ATCC" CRl-1660™) was cultured in MEM (Hy(lonen... Thermo 
Scientific. USA) with 10%FBS at 28 "c. The monkey kidney cell llC­
MK2 (ATCC CCl-7n !) was cultured in DMEM with 5% FBS at 37 0(, 

5%(02. All media were supplemented with 100 units/ml of peni­
cillin and 100 ).lg/ml of streptomycin (HyCioneB ' Thermo Scientific. 
USA). 

2.2. Viruses 

Dengue virus serotype 2 (DENV 2) strain 16681 and dengue 
virus serotype 4 (DENV 4) strain 1036 were propagated in C6/36 at 
a multiplicity of infection (MOl) of 1 at 2S °C for 6 days 
(SaKn("!lWi.}tJ llYUO <:t ,, 1 . lU()() after which th e culture medium was 

centrifuged to remove cell debris and the supernatants were stored 
as stock virus at - SO 0c. The viral titer was determined by plaque 
assay on llC-MK2 cells as previously described (PanYJsn','.:mi t t't .3 1. . 
)0 11 : Silhis,irn et il L. l 0(3 ). Zika virus (ZIKV) strain SVOOIO/15 used 
in this study was obtained from the Armed Forces Research Insti ­
tute of Medical Sciences (AFRIMS) and The Department of Disease 
Control. Ministry of Public Health. Thailand. It was passaged 7 times 
through C6/36 cells. 

2.3. Oligonucleotides 

The anti-miRNA-21 oligonucleotide (AMO-21) employed in this 
study was modified at the 2' -OH position to generate 2'O-methyl­
ation in the ribose residue of RNA ( '.:up pJemef\\<1 ry T;<hic S1. Inte­
grated DNA technologies. Coralville. IA). AMO-21 was resuspended 
in nuclease-free water to obtain a 10 JIM final concentration stoc k 
which was stored at-SO cC until required. 

Peptide nucleic acid-21 (PNA-21. St:PfJ iemenlJ ry li\hlt' ": ) was 
synthesized as previously described (V!I;ll v;m et <1:' , 2011 : ViiJ'\; ,ln. 

?O l 'i ) to obtain 15 nudeotides in length of which all the sequence 
was identical to the first 15 nudeotides of hsa-miR-21-5p 
(MIMATOOoo076). It was further modified at the N-terminus w ith a 
fluorescent label (FAM) to assist detection by fluorescence micro­
scopy. HPlC-purified PNA-21 was subsequently resuspended in 
nuclease-free water to obtain a 10 j.lM final concentration stock 
which was stored at -so °C until required. 

2.4. miR express ion profile during DENV 2 repli ca rion 

To investigate miR expression profiles. HepG2 cell were cultured 
and infected with DENV 2 as previously described ( :Ot tl , ',lIi P,l !~d J' 

f[ a l. . lU U9 : Thrpp,ml e! oll . ;.)OO.l). Briefly. HepG2 cells were 
seeded into G-well plates at a density of 106 cells/well and then 
cultured at 37 °C. 5%C02 overnight. Cells were mock infected or 
infected with DENV 2 at MOl of 10 for 2 h. Then. the culture me­
dium was replaced with fresh medium and cells cultured for 6. 12. 
24 and 4S h post infection (h.p.i.). At appropriate time points. all 
cells were harvested and total RNA extracted using the RiboZoln • 

RNA Extraction Reagent (AMRESCO. lCC.. USA ). RNA was quantified 
using a Nanodrop 2000 (Thermo Scientificn !. USA) or a Quantity 
One (BIORAD Laboratory Inc.. USA). 

To determine miR expression. 150 ng of total RNA was used as 
the template for synthesizing cDNA with specific primers (TJ bl t" 5; ) 
using RevertAidm Premium Reverse Transcriptase (Thermo Fisher 
Scientific inc.. USA) as described by others (V.l l i-; r,m:j C;;Si( et al .. 
:?O(7). miRNAs were amplified with specific primers (T,lb J(' S I) by 
quantitative PCR (qPCR) using lQTM SYBR Green Supermix (BIORAD 
Laboratory Inc.. USA). The CT values obtained from RT-qPCR were 
used to determine relative gene expression using the 2- d <l Ct 

method (Live1K J;1(j 5chiTlin;:t·n . 2!!f\1 ). All data was normalized 
against U6 small RNA. All nucleotide sequences of miRNAs are given 
in the supplementary information (T.l b!c Sl ). 

To test the whether the miR-21 expression is specifically 
induced by DENV 2. two other viruses. DENV 4 and ZIKV were used 
to infect HepG2 cells at MOl of 20 and A549 cells at MOl of 2. 
respect ively for 24 h following which total RNA was collected and 
analyzed for miR-21 using RT-qPCR as described above. 

To determine whether mi R-21 expression was specifically 
induced by DENV 2 under antibody-dependent enhancement 
(ADE) of infect ion. infection of U937 cells was undertaken as pre­
viously described (kiom porn (· t aL. )U"/ 1). Briefly DENV 2 (16681) at 
MOl 20 or DENV 4 at MOil was mixed with a 1 :200 final dilution of 
a pan-specific anti-dengue E protein monoclonal antibody (I':IBI14) 
in RPMI medium and incubated at 4 "C for 1 h with constant 
agitation. Then. the virus-antibody complexes were added to 
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Fig. 1. miRNA expression profile upon DENV 2 infeccion. HepG2 cells were infected with DENV 2 at MOl of 10 for 6. 12.24 and 48 h. respectively. miRNA expression was quantitated 
by RT.qPCR. (A) miRNAs (miR·21. miR-I06b. miR- 128 and miR·148a) showing up regulation at 24 h.p.i and (B) miRNAs (miR·30b. miR- 125a and miR-146a) showing down­
regulation at 12 h.p.i. Experiments were undertaken independently in triplicate. Data are shown as means with SO. The p-value < 0.05 ('): p-value < 0.01 ("): p-vaille < 0.001 
("' ) were considered to be statislically significant. 
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2 x 106 U937 cells in RPMI-1640 without FBS and incubated at 37 °C 
for 2 h with constant agitation. After incubation. the cells were 
resuspended to a final concentration of 3 x 105 cells/ml in RPMI­
1640 supplemented with 10% FBS and further incubated at 37 °C 
5% COz until required. At 2 days post-infection. expression of miR­
21 was determined by RT-qPCR as described above. 

2.5. Nucleic acid binding properties of PNA-21 

To ensure the complementary binding of nucleic acid between 
PNA-21 and AMO-21, AMO-21 alone (A). PNA-21 alone (P) and 
AMO-21 mixed with PNA-21 (AP) were prepared in culture medium 
and were analyzed by a gel mobility shift assay using 10% poly­
acrylamide gel electrophoresis (Das er "I. 20L' ) After electropho­
resis. the gel was stained with ethidium bromide. 

2.6. Repression of miR-21 expression by AMO-21 

To suppress miR-21 in HepG2 cells. reverse transfections were 
undertaken using the DharmaFECf4 reagent (Thermo Fisher Sci­
entific Inc.. USA) according to the manufacturer's protocol. Briefly. 
the requisite oligonucleotides and 1 III of DharmaFECT4 were pre ­
pared in 100 III of DMEM. All transfections were undertaken in a 
final volume of 500 III with either 100 nM of AMO-21(A). 200 nM of 
PNA-21(P) or mixture of AMO-21 and PNA-21 (AP). After a 40-min 
incubation at room temperature. transfection mixtures were added 
to a sllspension of 1 x 105 HepG2 cells. and then the cell-complex 
mixtures were seeded to single wells of a 24 well-plate and 
cultured under standard conditions for 24 h. At 24 h post trans­
fection. transfecred HepG2 cells were harvested to extract total RNA 
and to determine the amount of miR-21 using qPCR as described 
above. In a parallel experiment cytotoxicity of the synthetic oligo­
nucleotides was investigated by 3-( 4.5-dimethylthiazol-2-yl )-2.5­
diphenyl tetrazolium bromide (MTT) assays. 

2.7. Expression of MYD88 and lRAKl transcripts after miR-21 
repression 

To investigate whether miR-21 promotes DENY replication 
directly or indirectly by suppressing the type I interferon response. 
the expression of myeloid differentiation primary response 88 
(MYD88) and Interleukin-I receptor-associated kinase 1 (IRAKI) 
was investigated by RT-qPCR. Briefly. 150 ng of total RNA from 
transfected HepG2 cell was converted to cDNA by using Rever­
seAidT>I Reverse Transcriptase (Thermo Fisher Scientific inc .. USA). 
One microliter of cDNA was used as template to quantitate by qPCR 
using gene-specific primers (TJbie 5 I). The CT values were 
normalized with glyceraldehyde-3-phosphate dehydrogenase 
(GADPH) and determined as previously described. 

2.8. Influence of AMO-21 on DENV 2 replication 

Approximately 105 HepG2 cells were reverse-transfected with 
appropriate concentrations of transfection mixtures as described 
above. At 24 h post transfections. the transfected cells were infected 
with DENY 2 at MOl of 10 for 2 h. At 24 h.p.i .. the supernatants were 
harvested for determination of the DENV titers by standard plaque 
assay as previously described ( P<1I1Yosri ':,1I1I t L'l <11.. jO ll). 

2.9. Fluorescent microscopy 

HepG2 cells were either tr<lnsfected or non-transfected with 
oligonucleotides as described above (Method 2.7). At 24 h post­
transfection. cells were washed twice with PBS. Transfected 
HepG2 cells were fixed with 4% formaldehyde for 10 min and then 

washed twice with PBS. Cells were mounted with anti-fade Mowiol 
reagent (EMD Chemical Inc. Germany) and observed under a fluo­
rescent microscope. 

2.10. Starisrical analysis 

All analyses were performed using the GraphPad Prism program 
version 5.03 (GraphPadSoftware Inc.. CAl. Data were compared by 
Student's t-test or One-way ANOYA. The p-value < 0.05 (0); p­
value < 0.01 ("); p-value < 0.001 (0") were considered to be sta­
tistically significant. Results are expressed as means ± SO from at 
least three independent replicates. 

J. Results 

3.1. Regularion of miRNAs in DENV 2 infwed HepC2 cells 

To identify miRNAs with a possible role in DENV infection. a 
panel of miRNAs selected based on prior knowledge (miRbase and 
literature search) were evaluated for amplification from HepG2 
cells. A number of candidate miRNAs failed optimization for rea­
sons including mUltiple bands (e.g. miR-30a. miR-I22. miR-lSS. 
miR-149, miR-218. and miR-37Sa) and failure to amplify (e.g. 
miR-23b and miR-221). However. seven miRNAs. namely miR-21. 
miR-106b. miR-128. miR-148a. miR-30b. miR-125a and miR-146a 
all gave optimized amplification profiles. To investigate the 
expression profile of these miRNAs during DENV infection. HepG2 
cells were infected with DENY 2 or mock infected and at 6. 12. 24 
and 48 h.pj. the expression levels of 7 miRNAs assessed by RT­
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Fig. 2. miR-21 expression profile in different viral infe<:ted cells. (A) HepG2 ctlls 
were infected wilh DENV 2 (MOl of 10) or DENV4 ( MOl of 20 ) for 24 h. whereas 
A549 celts were infecred ZIKV (MOl of 2) for 24 h. (B) U937 cells were infected with 
DENV 2 (MOt o(20) or DENV 4 (MOl of I) under conditions of ADE of infection for 48 h. 
miR-21 expression was quantitated by RT-qPCR. Experiments were undenaken inde­
pendently in triplicate. Data are shown as means with SO. The p-vaille < 0.05 (') : p ­
value < 0.01 (--): p-value < 0.001 ("-) were considered to be statist ically significant. 
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Fig. 3. Inhibition of DENV 2 replication by AMO-2I. HepG2 cells were reverse-transfected with AMO-21 (0. 50 and 100 nM) for 24 h before DENV 2 infection. (Aj miR·2 1 expression. 
(8) MYD88 expression and (C) IRAKI expression of transfected HepG2 cells were assessed by RT-qPCR. (D) DENV 2 production was assessed by plaque assay. Experiments were 
undertaken independently in triplicate with duplicate plaque assay. Data are shown as mean with SO. The p-value < 0.05 (' ): p·value < om ("): p-value < 0.001 ("') were 
considered to be statistically significant . 

qPCR. The result revealed that all seven miRNAs were differentially 
expressed during infection (Fig. I ). The first four miRNAs (miR-21. 
miR-106b. miR-128 and miR- 148a) generally showed up-regulation 
at 24 h .p.i. (fig. l A). while the three remaining miRNA (miR-30b. 
miR-125a. and miR-146a) were generally down-regulated at 
12 h.p.i. (Fig. IB). Surprisingly. only one miRNA. miR-21. exhibited 
Significant changes in terms of gene expression level at every time 
point examined ( Fj.~ . lA). Therefore. miR-21 was selected for further 
investigation into its function during DENV 2 infection. 

3.2. Specificiry oj miR-21 up-regulation by DENV 2 

To determine the specificity of the up-regulation of miR-21 . total 
RNA of HepG2 cells infected with DENV 2. DENV 4 and ZIKV was 
isolated and used as a template for monitoring expression of miR­
21 . qPCR analysis showea that miR-21 was significantly up­
regulated during DENV 2 infection ( F1)~ . :' ). consistent with the 
previous results (h g. lA). ln ZIKV infection miR-21 was significantly 
up-regulated. albeit it to a lower extent than DENV 2. while no 
significant regulation of niR-21 was seen in DENV 4 infection 

(f ig. LA). 
To determine whether the speCific up-regulation of miR-21 also 

occur under conditions of ADE infection. U937 cells were infected 
with DENV 2 and DENV 4 separately under a previously established 
protocol ( Klnl11po!r1 e t "i. ~ (n 1). Results showed that consistent 
with direct infection of HepG2 cells. miR-21 was significantly IIp­
regulated in ADE mediated infection of U937 cells during DENV 2 
infection. but not in DENV 4 infection (Fi ~;. 2B). 

3.3. miR-21 promotes DENV 2 replication 

To determine the role of miR-21 during DENV infection. we first 
establi shed whether an anti-miR-21 oligonucleotide (AMO-21) 
with a nucleotide sequence complementary to the mature hsa­
miR21-Sp was able to reduce expression of miR-21. HepG2 cells 
were therefore transfected with 50 and 100 nM of AMO-21 . and the 
expression of miR-21 quantified at 24 h post-transfection by RT­
qPCR. The results s howed that transfection with AMO-21 signifi­
cantly reduced expression of miR-21 by approximately half 
( F~;: ·1 A). showing that AMO-21 can suppress miR-21 expression. To 
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Fig. 4. Nucleic acid binding property of PNA-21. Oligonucleolide medium which used 
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cOnlrol. iane A is 100 nM of AMO-21. lane P is 200 nM of PNA-21 and iane AP is a 
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analyze the expression of possible miR-21 target genes. MYD88 and 
lRAK1 . the relative expression of MYD88 and lRAKl was measured 
by usmg RT-qPCR. Although AMO-21 could suppress miR-21 
(Fif; . 3A). the MYD88 and lRAK1 transcripts were not significantly 
changed after transfection in HepG2 cells (Fig. 3 Band C. respec­
tively). These results indicated that the MYD88 and IRAKl are not 
directly affected as a resllit of miR-21 repression. 

In order to determine if miR-21 is functionally involved in DENV 
2 replication. AMO-21-transfected HepG2 cell was infected with 
DENV 2 in parallel with mock transfected cells. and at 24 h.p.i.. the 
culture media were collected to determine DENY 2 titer by standard 
plaque assay. As shown in Fig. 3D. viral titers showed a significant 
and dose-dependent decrease in response to infection in the 
presence of AMO-21 C- i~~ 3D). 

3.4. Transfection of AMO-21. PNA-21. and AMO-21/PNA-21 in 
HepC2 

Peptide nucleic acids (PNAs) are polynucleotides where the 
sugar-phosphate backbone has been substituted with electrostati­
cally neutral peptide backbones (Ni<'! ,f' n , 2(10). Many variants of 
PNA exists. and the PNA used in this work is the conformationally 
constrained pyrrolidinyl PNA with (2RAR)-proline-2-amino­
cyclopentanecarboxylic acid backbone (acpcPNA) that reportedly 
shows stronger and more specific nucleic acid binding than the 
original PNA (Vi)"iv,]ii ilml Srisuw;)nn;)ker. 200G; ViIJiv;1l1. :'(1 5). 
The peptide nucleic acid-21 (PNA-21) was synthesized to have a 
sequence complementary to AMO-21. To confirm that PNA-21 
could hybridize with AMO-21. polyacrylamide gel electrophoresis 
(PAGE) was used to determine the mobility shift of the AMO-21/ 
PNA-21 hybrid. As shown in Fi y, .\. PNA-21 could specifically 
anneal to AMO-21 as shown by the mobility shift of the band lAP 
lane) at the position close to 50 bp. We next determined that the 
AMO-21/PNA-21 complex and PNA-21 per se can enter into HepG2 
cell after transfection. As shown by fluorescent microscopy. specific 
internalization of AMO-21/PNA-21 and PNA-21 into HepG2 cells 

was observed. while no internalization"of AMO-21 alone was seen 
(Fig. 5A). Additionally. there is no signal observed with either PNA­
21 and AMO-21/PNA-21 in the absence of the rransfection reagent 
(Fi i!. 5B). These results indicated that synthetic PNA-21 can bind to 
AMO-21 and that the resultant complex can enter into HepG2 cells 
after transfection. 

3.5. Specific inhibition ofAMO-21 by PNA-21 in the DENV 2 infected 
HepG2 cell 

To rule out any possibility that the oligonucleotide and the 
peptide nucleic acids were deleterious to cells. AMO-21 (A). PNA-21 
(P). and AMO-21/PNA-21 (AP) were transfected into HepG2 cells. 
which were then and assayed for cell cytotoxicity. The results 
showed that AMO-21. PNA-21. and AMO-21/PNA-21 did not exert 
significant cytotoxicity towards HepG2 cells (Fi;7,. ti A). To determine 
if PNA-21 can speCifically inhibit AMO-2l, HepG2 cells were 
transfected with AMO-21. PNA-21. and AMO-21/PNA-21 separately. 
At 24 h post-transfection. cells were collected and levels of miR-21 
quantitated by RT-qPCR.. As shown in f·ig . (; B. miR-21 expression in 
AMO-21 treated cells was significantly reduced. whereas miR-21 
expression in PNA-21 treated cells was significantly increased . 
AMO-21/PNA-21 treated cells showed a slight. but non-significant 
increase in levels of miR-21 ( rtg. \iB). 

Finally. HepG2 cells transfected either with AMO-21. PNA-21 or 
AMO-21/PNA-21 were subsequently infected with DENV 2 at MOl 
10. At 24 h.p.i .. the culture media were collected and virus titer 
measured by standard plaque assay. Results (Fig. 6C) showed that 
AMO-21 treatment significantly reduced DENV titer to about 50%. 
consistent with the reduction in miR-21 expression (hg. I'i B). while 
PNA-21 significantly increased DENV titer. again consistent with 
the expression of miR-2L AMO-21/PNA-21 treatment had no sig­
nificant effect on DENV titer. again consistent with the expression 
of miR-21 (Fig. f, ). 

4. Discussion 

Since their discovery in C elegans in 1993 (i. ee et ,11.. J9~13 ). 

miRNAs have been shown to regulate a number of biological pro­
cesses. and more than 2000 human miRNAs have been identified 
(Friecl\ ,ln cicr ct <11. , 2.0 14 ). miRNAs are known to exert their effects 
through regulation of mRNA translation (Fe kkkl.' ef ,I i .. ~(ij(! ) as 
well as by interacting with mRNA binding proteins ( ~I,l ir~ ;in d 
CJlzmh, ~' U 13 ) resulting in the modulation of numerous biological 
processes ( JCrlc kkis e\ aI., 2010: H,l r ip. 200~ ). 

The role of miRNAs in DENV infection remains poorly described . 
Previous studies have shown contradictory mechanisms. with 
specific miRNAs either enhancing (Wu <'t il l.. 20 i'j ) or suppressing 
(? hu et ,1 1.. 201-1 ) DENV replication. and expression of specific 
miRNAs may be either increased U2i f·t ;:: 1., :~()n : W I , 1' 1 ;1: , ',' (i H: 

!:hu (' I ~i.. 201-1) or decreased (c:.)·;riil() c i ;;I .. 20 Il, : (,!i er :11 .. ,;(11'3 ) 
during DENV infection. miRNAs that have been shown to suppress 
DENV replication include Let-7c (l:',cak' id -Cu,' (o n ai.. 2Ub ) and 
miR-30e* (/h u (: 1 ai, ~~'(ll':; ) which are both up-regulated during 
DENV infection whereas miR-133a (Cilst il Jo f: l ,-,I , ~ (I1(;) and miR­
233 ( \<\'\1 e l .1 1, 2(; i-'1 ) are decreased during DENV infection. miR­
146a has been shown to be increased in DENV infection and 
expression facilitates DENV replication (W l1 et ;>. 1.. leJl :J). 

In this study we have shown that miR-21 is significantly 
increased upon DENV 2 infection and that expression of this miRNA 
promotes DENV replication. similar to the effect of miR-146a (W u 
f? [ ..]1., 20 i 3). Despite the limited number of studies of the role of 
miR-21 in terms of viral infection. our results are in congruence 
with the results of others as miR-21 was found to be lip- regulated 
in serum from patient infected with DENV 1 (\'llV,1J1g ct· 011. , ;> (l ]f'i ). 
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Fig. 5, fluorescence microscopy oftransfected HepC2 cells. HepC2 cells were either transfected (A) or non-transfected (B) with no nucleotide. AMO-21. PNA-21 and AMO-21/PNA­
21 complex and were subsequently observed under a nuorescence microscope. Representative images are shown. 

Interestingly, miR-21 was shown to be significantly increased in infection of monocytic U937 cells by DENV 2, but not by DENV 4. 
ZIKV infection, but not in DENV 4 infection. Moreover, miR-21 was This would suggest that miR-21 has a broad involvement in f1avi­
also shown to be significantly up-regulated in ADE mediated viral infections, but that this can be modulated by virus and strain 
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type factors. Particularly for DENV the specific up-regulation of 
miR-21 in both primary and secondary DENV 2 infection, but not for 
DENV 4 under any conditions, may help explain the observed var­
iations in pathogenicity seen between different DENVs (Rl co' !'!e,st' 
et aI., J9~ )7). 

Recent studies have also shown that higher expression of miR­
21 helped HCV mute the innate immune response by modulating 
IFN-ct through inhibition of MYD88 and lRAK1, resulting in 
increased levels of the virus in the human hepatoma cell line Huh7 
(Che n ,'t j l.. 2013 ). In contrast, in our stud~, MYD88 and IRAKl were 
not regulated by the repression of miR-2l via transfected AMO-21 
in HepG2 cells, suggesting that this pathway is not the primary 
way in which miR-21 regulates DENV 2 replication in HepG2 cells. 
In addition to a role in HCV infection, miR-21 levels were signifi­
cantly increased after infection by EBV, and miR-21 was responsible 
for facilitating EBV replication through enhancing pAKT expression 
(AilJstaS IJdoli et ,,1.. :201 5 : RClsJm et al .. ~OI2). 

Previous studies have shown that miRNAs may modulate DENV 
infection through either directly targeting the DENV genome 
(!:.sc;; iera -Cuct() d ai. , ~u h ) or by targeting innate immune 
response genes (Chen I.' t .1 1. 20 '14; W u e\ ,II " 2013: Zhu ~r ,d .. 20 !4). 
While the mechanism of how miR-2l enhances DENV replication 
remain unknown, it is possible that miR-21 may directly target NSl 
sequences in the DENV 2 genome (iVl Jr-l nda L' ! J) .. ;!OUb ) and 
labk 52, Interestingly, this particular region of the DENV 2 genome 
showed 100% conservation in more than 100 DENV 2 isolates when 
subjected to a BLAST search as of August 2016, reflecting the strong 
conservation of these sequences. The importance of miRNAs 
binding to the viral genome and enhancing replication has been 
described for other viruses. For example, the binding of miR-122 to 
the 5' region of the HCV genome promotes HCV genome stability 
and replication ( l s l~e l"\V el dl .. 20 !,.); Mrortl lll t' f' and DOlld nd. 20!'3). 
In addition, miR-485 binds to the genomic IAV-PBl of influenza 
virus in order to promote viral replication (i ns;i<-' e l ,Ii ., 2 (1 5 ). 
Interestingly, we observed that the miR-21 expression level was not 
affected by a 2 fold increase in the dose of AMO-21 (Fig. 3A), 
although there was a 50% decrease in the titer of DENV 2 (Fi;:>: 3D), 
suggesting that AMO-21 could directly affect DENV 2 replication, 
and additionally given that there is an increase of miR-21 in 
response to transfection with PNA-21, it is possible that there is an 
endogenous inhibitor, such as an anti-miR-21 me.diating some of 
the effect. 

In summary, we have shown that miR-21 mediates DENV 2 

infection by enhancing DENV replication. Knock down of miR-21 
with AMO-21 reduced virus replication. suggesting that AMO-21 
is a promising antiviral therapeutic agent against DENV infection. 
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ARSTRACT: The development of simple fluorescent and col­
" 

, , " 
orimetric assays that enable point-of-care DNA and RNA ," , 
detection has been a topic of significant research because of 

the utility of such assays in resource limited settings, The most 
 ,,, ,common motifs utilize hybridization to a complementary detec­ , , , 

, L _ ___ _________ _ ____, _.,.-.J • 
tion strand coupled with a sensitive reporter molecule. Here, , .... '" a paper-based colorimetric assay for DNA detection based , 
on pyrrolidinyl peptide nucleic acid (acpcPNA)-induced nano­
particle aggregation is reported as an alternative to traditional 
colorimetric approaches. PNA probes are an attractive alterna­
tive to DNA and RNA probes because they are chemically and 
biologically stable, easily syntheSized, and hybridize efficiently 
with the complementary DNA strands. The acpcPNA probe 
contains a single positive charge from the lysine at C-terminus 
and causes aggregation of citrate anion-stabilized silver nanoparticles (AgNPs) in the absence of complementary DNA In the 
presence of target DNA, formation of the anionic DNA-acpcPNA duplex results in disperSion of the AgNPs as a result of 
electrostatic repulSion, giving rise to a detectable color change. Factors affecting the sensitivity and selectivity of this assay 
were investigated, including ionic strength, AgNP concentration, PNA concentration, and DNA strand mismatches. The method 
was used for screening of synthetic Middle East respiratory syndrome coronavirus (MERS-CoV), My.obacterium tuberculosis 
(MTB), and human papillomavirus (HPV) DNA based on a colorimetric paper-based analytical device developed using the 
aforementioned principle. The oligonucleotide targets were detected by measuring the color change of AgNPs, giving detection 
limits of 1.53 (MERS-CoV), 1.27 (MTB), and 1.03 nM (HPV). The acpcPNA probe exhibited high selectivity for the com· 
plementary oligonucleotides over single-base·mismatch, two-base-mismatch, and noncornplementary DNA targets. The proposed 
paper-based colorimetric DNA sensor has potential to be an alternative approach for simple, rapid, sensitive, and selective DNA 
detection, 

I nfectious diseases represent a major threat to human health (HPV) are examples of infectious diseases caused by bacterial 
in developed and developing countries alike, DNA alterations and viral infections that benefit greatly from DNA detection, 

contribute to different types of diseases; therefore, the detection TB is an infectious disease caused by mycobacteria, usually 
of specific DNA sequences plays a crucial role in the develop ­ M. tuberculosis (MTB) in humans,l HPV has been shown to be 

l 
ment method for early stage treatment and monitoring of a major cause of cervical cancer. Middle East Respiratory 
genetic.related diseases. DNA diagnostics can provide sequence­ Syndrome coronavirus (hlERS·CoV) has recently emerged as 

specific detection, especially for single· nucleotide polymorphisms an infectious disease with a high fatality rate in humans,' 

(SNPs),' which critical for a range of applications including the 
diagnosis of human diseases and bacterial/viral infections, Reccin'J : January 20, 20J7 

Middle East respiratory syndrome (MERS), tuberculosis Ac<eptcd: April 10,2017 
(TB), and cervical cancers related to human papilloma virus PublisheJ : April 10, 2017 
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Diagnostic methods developed for these infectious diseases 
include reverse transcription polymerase chain reaction (RT­
PCR) for MERS-CoV,' sputum smear microscopy, culture of 
bacilli, and molecular species diagnostics for MTB,;-ll and 
Digene Hybrid Capture assay (HC2) and Pap smear test for 
HPV_I: ,1, While these techniques have been used for successful 
detection, they are difficult to implement in point-of-care 
clinical diagnostics particularly in developing countries lacking 
specialized medical facilities and skilled personnel. Therefore, 
simple, rapid, low-cost, and highly accurate on-site diagnostic 
platforms amenable to nucleic acid detection remain a chal­
lenge for early detection of infectious diseases for better patient 
management and infection control. Although DNA amplifica­
tion is still needed with the current method to provide high 
sensitivity, we seek to further improve selectivity and assay 

Table l. List of Oligonucleotide Used in This Study 

oligonucleolide sequence (5' -3') 

MERS-CoV 

complcmenlary DNA 5 ' -CGATTATGTGAAGAG·3' 

two-b,,<e-mismatch 5' -CGATTAT£;TGA~GAG- 3 ' 

noncomrlementary DNA 5' -TTCGCACAGTGGTCA-3' 

MTB 

complementary DNA 5' -ATAACGTGTTTCTTG-3' 


single-base-mismatch 5' -ATAACGT£;TTTCTTG-3 ' 


noncomplemcntary DNA I S' -TGGCTAGCCGCTCCT-3' 


noncomplcment,'ry DNA Z S'-CACTTGCCTACACCA-3 ' 


HPV 


complementary DNA (HPV type 16) j'-GCTGGAGGTGTATG·3' 


noncomplcmcntJry DNA I (HPV type 18) S'-GGATGCTGCACCGG-3' 


noncomrlcmentary DNA Z (HPV type 31) S'-CCAAAAGCCCAAGG ·3' 


noncomplemenl.ry DNA 3 (HPV type 33) S'-CACATCCACCCGCA-3 ' 


simplicity to give immediate and quantitative responses in 
resource limited settings. 

Paper-based analytical devices (PADs) are a pOint-of-use 
technology that recently received renewed interest because 
they are simple, inexpenSive, portable, and disposableH 

-
lt

• To 
date, PADs have been exte~sivelyused for applications r~~~i~~ 
from enVIronmental analYSIS to clInIcal dIagnostIc assays .. , 
Colorimetric assays are particularly attractive when coupled 
with PADs due to their ease-of-use, lack of complicated external 
equipment and ability to provide semiquantitative results. 19 

- : i 

Moreover, quantitative analysis of colorimetric assays can be 
accomplished using simple optical technologies such as digital 
cameras2~-' .1 and office scanners:n

,25 combined with image 
processing software to carry out color, hue, and intensity mea­
surements. In the field of clinical diagnostics, the advantages of 
simplicity, sensitivity, and low-cost are key reasons that make 
PADs coupled with colorimetric detection an effective 
diagnostic tool relative to traditional methods. 

Colorimetric assays based on the aggregation of silver (AgNPs) 
and gold nanoparticles (AuNPs) have attracted increasing 
attention in biomedical applications. The optical properties 
of these nanomaterials depend on their size and shape. , .. , _ .1 1 

AgNPs are known to have a higher extinction coefficient com­
pared to AuNPs,02- ·. '; leading to improved optical sensitivity. 
Chemical reduction of silver salts is frequently used to syn­
thesize AgNPs; while specific control of shape and size dis ­
tribution is achieved by varying the reducing agents and 
stabilizers.-' :' - ,7 Among stabilizing agents, negatively charged 
citrate has been widely used.'~"" Recently, colorimetric assays 
based on AgNPs aggregation for DNA detection has been 
reported.,·1 Colorimetric DNA detection using AgNPs usually 
involves modifying the particles with a DNA probe and mixing 
them with the DNA target containing the complementary 

Scheme l. (A) Design and (B) Operation of Multiplex Paper-Based Colorimetric Device 

A Top IByer 

Colorimctri( 
tktL~clion 2unc 
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Scheme 2. Process of acpcPNA-Induced AgNP Aggregation in the Presence of DNA.:om and DNA", 

~ "- ' 

- ,--;, 
. ...,<;; . .y­.. 

r.rJ\ 

Complementary DNA 

acpcPNA probe NJ"'\. NDn-complemenlaf)' DNA 

Citrate-stabilized AgNPs 

MERS-CoV ,\1"1"8 UPV 

Figure \. Photograph of visual color changes obtained from detection 
of MERS·CnV, MTB, and HPV in the presence of DNA"om' 

sequence. When the hybridization of probe and target DNA 
occurs, the AgNPs aggregate and change color: :·1,\~ The assay 
principal has been further adopted using charge-neutral peptide 
nucleic acids (PNA),, '"oj as the hybridization agent: PNA causes 
aggregation of metal nanoparticles in solution without 
immobilization, thus, simplifying the assay." .. " Finally, PNA· 
based nanoparticle aggregation assays also provide a high 
hybridization effiCiency of PNA·DNA duplexes leading to a 
rapid color change ... · 

Recently, Vilaivan 's group proposed a new conformation· 
ally constrained pyrrolidinyl PNA system which possesses an 
a,p·peptide backbone derived from D-proline/2·aminocycio. 
pentanecarbo},:ylic acid (known as acpcPNA).""" ' .' Compared to 
Nielsen's PNA, \I) acpcPNA exhibits a stronger affinity ana 
higher sequence specifiCity binding to DNA acpcPNA exhibits 
the characteristic selectivity of antiparallel binding to the tar · 
get DNA and low tendency to self·hybridize. Moreover, the 

nucleobases and backbone of acpcPNA can be modified to 
increase molecular functionality. These combined properties 
make acpcPNA an attractive candidate as a probe for biological 
applications.~ - " 

Here, the multiplex colorimetric PAD for DNA detection 
based on the aggregation of AgNPs induced by acpcPNA is 
reported. acpcPNA bearing a positively charged lysine modifica· 
tion at C ·terminus was designed as the probe. The cationic 
PNA probe can interact with the negatively charged AgNPs 
leading to nanoparticle aggregation and a significant color 
change. Tills proposed sensor was used for simultaneous detec· 
tion of MERS-CoV, MTB, and HPV. The developed paper· 
based DNA sensor has potential as an alternative diagnostic 
device for simple, rapid, sensitive, and selective DNA/ RNA 
detection . 

• EXPERIMENTAL SECTION 

Chemicals and Materials. Analytical grade reagents, 
including AgNOj, NaBH4, and sodium citrate from Sigma· 
Aldrich, KHZP04 and KCI from Fisher Scientific, NazHPO. 
from Mallinckrodt, and NaCI from Macron, were used without 
further purification. A total of 18 M n.. cm- 1 resistance water 
was obtained from a Millipore Milli ·Q water system. Synthetic 
DNA oligonucleotides were obtained from Bioscarch Tech· 
nologies. The sequences of DNA oligonucleotides are shown in 
T ab le I. 

Synthesis of AgNPs. The AgNPs were syntheSized using 
the citrate·stabilization method. '" Briefly, 4 mL of 12.6 mM 
sodium citrate and SO mL of 0.3 mM AgNO J were mixed 
together. Then, I mL of 37 mM NaBH4 was added to the mix· 
ture under vigorous stirring and the solution turned yellow. 
The fo rmation of AgNPs and their size distribution were 
verified by dynamic light scattering measurement, and the 
average size of AgNPs was found to be 19 nm (FI gLlr~ S1). 

Synthesis of acpcPNA Probes. The acpcPNA probes 
were designed to detect the synthetic oligonucleotide targets 

0 0 1: 1('. 1') 2. ; ','C \ .':nikl-'·;f!" .' JJ").)::.~ 
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Figure 2, Influence of (A) AgNPs/PBS ratio and (B) acpcPNA probe concentration on color intensity for MERS-CoY, MTB, and HPV detection, 
The error bars represent one standard de\~alion (SD) obtained from three independent measurements (II =3), 

with sequences corresponding to MERS-CoY, MTB, and HPY 
type 16, The sequences of acpcPNA probes are as follows: 

MERS-CoY: CTCTTCACATAATCG-LysNHz 
MTB: CMGAAACACGTTAT-LysNH! 
HPY type 16: CATACACCTCCAGC-LysNHz 
*(written in the N -> C direction) 
The acpcPNA probe was synthesized by solid-phase peptide 

syntheSiS using Fmoc chemistry, as previously described. 'i At 
the C-terrninus, lysinamide was included as a positively charged 
group that could induce nanoparticle aggregation_ All PNA 
were purified by reverse-phase HPLC (CIS column, 0.1% (v/v) 
trifluoroacetic acid (TFA) in Hp-MeOH gradient)_ The 
identity of the acpcPNA was verified by MALDI-TOF MS 
analysis (Figure S~) , and the purity was confirmed to be >90% 
by reverse-phase HPLC 

Design and Operation of Paper-Based Multiplex DNA 
Sensor_ A wax-printing technique was used to create PADs."" 
The sensor was designed using Adobe Illustrator. The wax 
colors were selected to be complementary to the colorimetric 
reactions to enhance visualization, For paper-based device fab­
rication, the wax design was printed onto Whatman grade 1 
filter paper (VWR) using a wax printer (Xerox Phaser 8860), 
The wax pattern was subsequently melted at 175°C for SO s to 
generate the hydrophobic barriers and hydrophilic channels, 
The sensor was based on Origami concept consisting of two 
layers,S', 2 A.~ shown in S.:h':l1lc lA, the base layer contains four 

wax· defined channels extending outward from the sample 
reservoir (6 mm i.d.) and the top layer contains four detection 
and control zones (4 mm i.d.), Sd\emc lB illustrates operation 
of the multiplex sensor. First, the sample reservoir of the top 
layer was punched to provide a solution connection directly 
from the top to the bottom layer, and then the device 
was assembled by folding the top layer over the base layer to 
create the three-dimension origami paper-based device_ A poly­
dimethylsiloxane (PDMS) lid was used for holding the two 
layers together. The lid consisting of one 6 mm diameter hole 
over the sample reservoir and eight 4 mm diameter holes over 
thc colorimetric detection and control zones was aligned ovcr 
the device to provide consistent pressure across the surface of 
the device. Next, the acpcPNA probe and AgNPs solution were 
added onto the detection and control zones, Finally, the sample 
solution was added onto the sample reservoir and flow through 
the channels to wet the colorimetric detection zones, 

Colorimetric Detection of MERS-CoV, MTB, and HPV 
DNA Target, According to the concept of PNA-induced 
AgNPs aggregation,"""' acpcPNA was designed as a specific 
probe for quantitative detection of synthetic MERS·CoY, MTB, 
and HPY DNA targets , For colorimetric detection, the detec­
tion zone was prepared by adding 10 J./C of AgNPs in 0.1 M 
phosphate buffer saline (PBS) pH 7.4 in a ratio of 5:1 (AgNPs: 
PBS), followed by 1 jJL of specific acpcPNA probe. Control zones 
were prepared using the same conditions as the colorimetric 

5431 001: !:..: Ie) :; !·"1 :::' \ ~j:'l :,k h:-!T'. 7 t:.,)t) ~· ~. 5 
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Figure 3. Color intensity of (A) MERS·CoV, (B) MTB, and (C) HPV detection after hybridization of DNA",I' DNA",~, and DN.,\". The error bars 
represent one standard deviation (SD) obtained from three independent measurements (M = 3). 

detection zones. Next, 25 ~L of DNA target was added to the 
open sample reservoir. Upon sample addition, solution moved 
outward through the channels to wet the colorimetric detection 
zone of the top layer. FinaUy, the AgNPs aggregation occurred 
and the color intensity was measured. 

Image Processing. The detection images were recorded 
using a scanner (XEROX DocuMate 3220) and saved in )PEG 
format at 600 dpi. Image) software (National Institutes of 
Health) was used to analyze the mean intensity of the color for 
each colorimetric reaction zone by applying a color threshold 
window for removing the blue background. Images were then 
inverted, and the mean intensity was measured.~"·'<' 

III RESULTS AND DISCUSSION 

acpcPNA-lnduced AgNPs Aggregation. The process of 
acpcPNA-induced AgNPs aggregation is shown in Schem(' 2. 
The anionic AgNPs are initially well dispersed due to electro­
static repulsion. On addition of the cationic acpcPNA, the elec­
trostatic repulsion is shielded, resulting in nanoparticle aggrega· 
tion. When complementary DNA (DNJ\:om) is present, the 
speCific PNA-DNA interaction outcompetes the less specific 
PNA-AgNPs interaction, resulting in a negatively charged 
PNA-DNJ\om duplex and deaggregation of the anionic nano­
particles. Upon addition of noncomplementary DNA (DNI\,J, 
the acpcPNA should remain bound to the AgNPs and no color 

5432 

change occurs. To prove the concept, we designed and syn­
thesized acpcPNA probes to detect synthetic oligonucleotide 
targets with sequences corresponding to MERS-CoV, MTB, 
and HPV type 16. The photographs of the results are shown in 
Figure 1. The yellow AgNPs turned red when the acpcPNA was 
added. When the solution contained of the acpcPNA and 
DNA"" the color also changed to red due to aggregation of the 
AgNPs. On the other hand, the color changed from red 
(aggregated) to yellow (nonaggregated) in the presence of 
DNAw"" with the intensity dependent on the DNA concentra­
tion. Next, the sequence of adding the PNA probe and DNA 
target was investigated. As shown in Fi~urc S . .", when equimolar 
DNl\,om was added either before or after the addition of 
acpcPNA probe into the AgNPs, the same color intensities 
were obtained indicating that the sequence of adding acpePNA 
and DNl\,om did not impact the final signal. 

Critical Coagulation Concentration (CCC). The influence 
of electrolyte solution on the aggregation behavior of citrate­
stabilized AgNPs was investigated based on the CCC''' 'The 
CCC represents the electrolyte concentration required to cause 
aggregation of the nanoparticles in the absence of acpcPNA. 
In FiguH' 54, the color intensity of citrate-stabilized AgNPs 
in the absence of acpcPNA probe is shown as a function of 
NaCI concentration. The intensity and, therefore, the degree 
of aggregation, increased with the concentration of NaCI, 
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Figure 4_ Change of probe color intensity vs DNA target concentration (61) and calibration graph between 6/ and log DNA target concentration 
(inset) for (A) MERS-CoV, (B) MTB, and (C) HPV detection. The error bars represent standard deviation (SD) obtained from three independent 
measurement (n = 3). 

Table 2. Summarized Analytical Perfonnance of the 
Multiplexed 3DPAD for Colorimetric DNA Assay 

DNA larget linearity (nM) LOD (nM) %RSD (n = 3) 

MERS·CoV 20-1000 I.S3 0.17-0.50 

MTB 50-2500 1.27 0.12-0.67 

HPV 20-2500 1.03 0.43-0.93 

indicating that increasing ionic strength led to enhanced 
aggregation. " We believe that the ionic strength can decrease 
the electrostatic repulsion of citrate-stabilized AgNPs as a result 
of shielding, accelerating the AgNPs aggregation_ The CCC was 
obtained when the degree of aggregation reached a maximum 
and became independent of NaCI concentration. In this experi­
ment, the CCC of citrate-stabilized AgNPs was found to be 
30 mM. Above this concentration, PNA-induced aggregation 
was not observed. 

Optimization of Assay Parameters. For a colorimetric 
assay based on acpcPNA-induced AgNPs aggregation, assay 
parameters including 0.1 M PBS (pH 7.4) ratio and acpcPNA 
concentration were optimized using a simple paper-based design. 
The degree of AgNPs aggregation was determined by measuring 
the color intensity of the resulting solution in the presence of 
acpcPNA without target DNA First, the impact of the PBS 
concentration on AgNPs aggregation was measured. The dif­
ferential color intensity (~ intensity, ~I) obtained before and 

after addition of acpcPNA as a function of AgNPs to PBS ratio 
is shown in Figure 2A ~I increased until the ratio of AgNPs/ 
PBS reached 5: 1 and then decreased until it plateaued at 5:2. 
Thus, the ratio of 5: 1 AgNPs / PBS was selected as the optimal 
condition because it gave the largest ~I. Another important 
aspect for the DNA assay is probe concentration. The influence 
of acpcPNA probe concentration on absolute intensity was 
studied. As shown in fi);ure 2B, the acpcPNA concentration 
was varied within a range of 0-2.5 11M, and the highest 
aggregation was obtained at the concentration of 1.0 11M. At 
this concentration, the aggregation became independent of 
acpcPNA concentration, which was desirable for simplifying the 
assay. Higher concentrations of AgNPs were not tested in order 
to minimize reagent consumption. As a result, the optimal 
conditions consisting of AgNPs/PBS ratio of S: 1 and acpcPNA 
concentration of 1.0 /lM were selected for further experiments. 

Selectivity of MERS-CoV. MTB, and HPV Detection. To 
investigate the selectivity of this system, the color intensity 
obtained from the DNA.:om of MERS-CoV, MTB, and HPV was 
compared to that of Single-base mismatch (DNA",,), two-base 
mismatch (DNA",z), and DNA.c sequences. The color intensity 
decreased Significantly in the presence of DNA.:om; whereas, the 
intensity did not change for the mismatched and noncom­
plementary targets (hglll't' 3). We believe the affinity of 
PNA-DNA hybridization was reduced due to the contribution 
of one- and two-base mismatches, leaving free PNA to aggregate 
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the n3nopartides. PNA-DNA"om complex can retard the ability 
of PNA to induce AgNPs aggregation as discussed above 
and result in different color intensities. These results suggest 
that the fully complementary DNA selectively hybridized the 
acpcPNA probe and yielded measurable signals. In addition, 
bovine serum albumin (BSA), which is commonly used in cell 
culture protocols, was used to investigate the protein inter­
ference of the proposed system. The DNA target was prepared 
in the presence of 3% BSA solution. It was observed that the 
color intensities of the DNA targets for MERS-CoV, MTB, and 
HPV in 3% BSA solution were statistically identical to the ones 
without BSA (Figure SS). Hence, common proteins should not 
negatively affect the analysis of this system. 

Analytical Performance. To assess the sensitivity of the 
proposed method for DNA quantification, the intensity as a 
function of the target DNA concentration was determined. The 
color intensity decreases with the target DNA concentration. 
The calibration curves for each species are shown in Figmc 4A, 
B, and C for MERS-CoV, MTB, and HPV, respectively. The 
linear range for each DNA target using a logarithmic DNA 
concentration and color intensity (Figllrc 'I, inset) was also 
obtained. The analytical performances for all three DNA targets 
are summarized in T,\blc 2. It can be seen that a sufficiently low 
detection limit could be obtained for MERS-CoV, MTB, and 
HPV detection without the need for multiple PCR cycles. 
Moreover, this multiplex system can provide sensitive and 
selective detection for simultaneous analysiS of multiple DNA 
targets in a Single device, which simplifies the analysis com­
pared to traditional diagnostics.')·:;~- ;i 

Device Design. Next, a multiplex device (S,:h~mC' i) was 
designed for simultaneous detection of l'vLERS-CoV, MTB, 
and HPV. The top layer contained four detection zones and 
four control zones. Each zone contained AgNPs with a single 
acpcPNA probe to provide selectivity for DNA The base layer 
contained four wax-defined channels extending outward from a 
sample inlet. After the device was folded and stacked together, 

:vIERS-CoY 	 MTB 

IIPV 

Figure 5. Selectivity of 100 nM MERS-CoV, MTB, and HPV 
detection using multiplex colorimetric PAD (1, C,= AgNPs + MERS­
CoY acpcPNA probe; 2, C2 = AgNPs + MTB acpcPNA probe; 3, C) = 
AgNPs + HPV .cpcPNA probe). 

the channels of the base layer were connected to four detection 
zones of the top layer. Upon sample addition, the solution 
moved outward through the channels of the base layer to wet 
the colorimetric detection zones of the top layer and lead to 
color change. Figure .~ illustrates the ability of the proposed 
sensor for detection of 100 nM MERS-CoV, MTB, and HPV. 
Only the colorimetric detection zones that contained the 
selective probes changed color compared to their control zones. 
This result indicated that the multiplex paper-based colori­
metric sensor is promising for simultaneous determination of 
MERS-CoV, MTB, and HPV. 

• CONCLUSIONS 

A multiplex colorimetric PAD was developed for simultaneous 
detection of DNA associated with viral and bacterial infectious 
diseases, including Middle East respiratory syndrome corona­
virus (MERS-CoV), Mycobacterium tuberculosis (MTB), and 
human papillomavirus (HPV). AgNPs were used as a color­
imetric reagent for DNA detection based on acpcPNA-induced 
nanoparticle aggregation. This colorimetric DNA sensor exhib­
ited high selectivity against single-base mismatch, two-base 
mismatch and noncomplementary target DNA Under the 
optimized condition, the limit of detection for MERS-CoV, 
MTB, and HPV were found to be I.S3, 1.27, and 1.03 nM, 
respectively. As a result, this developed multiplex colorimetric_ 
PAD could be a low-cost and disposable alternative tool for 
rapid screening and detecting in infectious diagnostiCS. 
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Cell Membrane Permeiltlon acpcPNA Hydrophilic acpcPNA 

acpcPNA Hydrophilic acpcPNA 

ABSTRACT: Peptide nucleic acid (PNA) is a nucleic acid mImIc in which the deoxyribose-phosphate was replaced by a 
peptide-like backbone. The absence of negative charge in the PNA backbone leads to several unique behaviors including a 
stronger binding and salt independency of the PNA-DNA duplex stability. However, PNA possesses poor aqueous solubility and 
cannot directly penetrate cell membranes. These are major obstacles that limit in vivo applications of PNA In previous strategies, 
the PNA can be conjugated to macromolecular carriers or modified with positively charged side chains such as guanidinium 
groups to improve the aqueous solubility and cell permeability. In general, a preformed modified PNA monomer was required. 
In this study, a new approach for post-synthetic modification of PNA backbone with one or more hydrophilic groups was pro­
posed. The PNA used in this study was the conformationally constrained pyrrolidinyl PNA with prolyl-2-amino­
cyclopentanecarboxylic acid dipeptide backbone (acpcPNA) that shows several advantages over the conventional PNA 
The aldehyde modifiers carrying different linkers (alkylene and oligo(ethylene glycol» and end groups (-OH, -NH2t and 
guanidinium) were synthesized and attached to the backbone of modified acpcPNA by reductive alkylation. The hybrids between 
the modified acpcPNAs and DNA exhibited comparable or superior thermal stability with base-pairing specificity similar to those 
of unmodified acpcPNA Moreover, the modified apcPNAs also showed the improvement of aqueous solubility (10-20 folds 
compared to unmodified PNA) and readily penetrate cell membranes without requiring any special delivery agents. This study 
not only demonstrates the practicality of the proposed post-synthetic modification approach for PNA modification, which could 
be readily applied to other systems, but also opens up opportunities for using pyrrolidinyl PNA in various applications such as 
intracellular RNA senSing, speCific gene detection, and antisense and antigene therapy. 

• INTRODUCTION 

Peptide nucleic acid (PNA) is an interesting DNA mimic 
that shows very strong and sequence-specific hybridization to 
complementary Single-stranded DNA and RNA as well as to 
double -stranded DNA by triplex formation or duplex invasion.' 
These properties, together with excellent resistance to nucleases 
and proteases, make PNA useful for antigene and antisense 
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therapy, as tool for molecular biology, and as probe for DNA- or 
RNA-based diagnosis. '·; The structure of PNA is chemically very 
different from DNA, whereby the deoxyribose phosphodiester 
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backbone of DNA was replaced by a peptide-like backbone. Scheme 1. Structures of acpcPNA, apcPNA, and Hydrophilic 
Following the original design of N-2-aminoethylglycine Modified Pyrrolidinyl PNA 
(aeg) PNA backbone,· several other PNA structures have 
been proposed such as cyclopentyl,i cyclohex}'l,' y-position,' 
pyrrolidinyloxy.)' pyrrolidine-amide oligonucleotide mimics,~ 
and pyrrolidinyl PNA with alternating proline and cyclic 
p·amino acids.ltl-l· These new PNAs displayed varying DNA 
binding affinities and selectivities, but only a !ew of them 
outperfonned the original aegPNA, with y-PNA and certain 
pyrrolidinyl PNA (acpcPNA)' and acbcPNA) 14 as the most­
notable examples. Although several applications of PNA 
have been demonstrated, one practical limitation that prevents 

. widespread acceptance ofPNA in various applications is its poor 
aqueous solubility relative to DNA as well as the tendency to 
exhibit nonspecific interactions with nonpolar molecules such as 
proteins and organic dyes.!.' In addition, unmodified PNAs are 
not readily cell-penetrablc,16 although lipophilic PNA can 
be delivered into cells using cationic lipids i-'-, l' or am phi­
pat hie peptides 1" as carriers. Alternatively PNA has been also 
conjugated to macromolecules such celllenetrating p'e~tides 
(CPP),zo,,' polyethylene glycol (PEG),' or DNA- ' -'" to 
improve the solubility along with the cellular membrane 
penetration. Other approaches to improving aqueous solubility 
and cellular uptake of PNA oligomers include terminal or 
internal modification with charged or hydrophilic moieties such 
as lysine or arginine." "" For example, yPNA bearing a diethylene 
glycol side chain (R.MPyPNA)l;' showed improved DNA and 
RNA hybridization and water solubility compared to the original 
PNA Modification of yPNA with cationic guanidinium group 
enabl~ the PNA to traverse cell membranec' and has been used. 
for targeting epidermal growth factor receptor (EGFR) in 
pre~:~ical models. '9 Modified ae~~NA carrying ami~omethy­
lene . or ammopropylene groups- at a· or y-poslhons have 
been recently reported. These amino-modified PNA showed 
enhanced DNA affinity due to the combination of electrostatic 
interaction and stereopreferred confonnational preorganization 
and could also penetrate cells such as HeLa or MCF·7. Although 
displaying several favorable properties, 1(1 the hydrophobic nature 
of acpcPNA contributes to its poor aqueous solubility (at least 
one order of magnitude less soluble than aegPNA,l' even with 
the inclusion of C·tcnninal lysine as a solubility enhancer). 
In addition, similar to other PNAs, unmodified acpcPNA is non­
cell-permeable, and therefore, an external carrier such as carbon 
nanospheres '2 or a commercial transfecting agent; ; is required to 
deliver acpcPNA for cellular applications. Accordingly, a reliable 
modification that can increase both water solubility and cellular 
uptake of acpcPNA is highly desirable. Recently, we reported 
the synthesis and the DNA- and RNA·binding properties of 
pyrrolidinyl PNA'carrying polar backbone by the replacement of 
the cyclopentane ring in the backbone of acpcPNA with 
tetrahydrofuran (atfcPNA),'" oxetane (aocPNA), " or pyrroli­
dine (apcPNA) moieties."",; ·' Among these modifications, the 
apcPNA bearing a pyrrolidine ring in place of the cyclopentane 
ring in acpcPNA is the most promising in terms of DNA.binding 
affinity. Importantly, the nitrogen atom of the pyrrolidine ring in 
the ape spacer provide a convenient handle for attaching label or 
other functional groups to the PNA backbone via acylation, 
reductive alkylation, or click chemistry.J~ 

In this study, we report the synthesis and DNA·binding 
properties of novel hydrophilic backbone-modified pyrrolidine 
PNA The hydrophilic modifiers with different end groups 
(-OH, -NHz, and guanidine) were attached to the backbone of 
pyrrolidinyl PNA via an alkylene or oligo(ethylene glycol) linker 

• Base • "yBas 

O"'~' ~ o=e~,- "~~ K1 

y 


x= CH2 : acpcPNA 
 Modified-apcPNA
X = NH . apcPNA 

1: A2EG ; n = 1. R = NH2 9: AE : n = 1. R = NH2 

2: A3EG . n =2. R =NH2 10: AB, n = 2. R= NH2 

3: A4EG; n = 3, R = NH2 11 : HE.n = 1. R =OH 

12: HB . n = 2. R = OH 
Y = : ~~~~ : ~ :;: :: ~~ 13: GB ; n =2, R = Guanidine 

6: H4EG , n =3, R = OH 

7: G2EG : n = 1. R = Guanidine 

8: G3EG . n = 2. R = Guanidine 

by reductive alkylation of the ape backbone, as shown in 
Schl'mc l. Furthermore, water solubility and in vitro cellular 
uptake of modified PNA were also investigated. 

• RESULTS AND DISCUSSION 

Synthesis of HydrophiJic Modifiers and Modification of 
PNA. The preparation of all hydrophilic modifiers started form 
commercially available a,(j)·alkanediols (ethylene glycol and 1,4­
butanediol) or oligo(ethylene glycol) (n = 2-4) (Scheme :.). 
Monoamino derivatives of oligo(ethylene glycol) were prepared 
by treatment of the parent diols with limited amounts of 
p-toluenesulfonyl chloride (TsCI), and the monotosylate was 
subsequently reacted with NaN) to afford the corresponding 
azido-alcohol derivatives (Sc and 6c) following a modified 
literature protocol. 

lq 
Hydrogenation over Pd/C catalyst 

followed by protection with Fmoc-OSu gave the corresponding 
N-Fmoc-amino alcohols. These were subsequently oxidized 
with 2-iodoxybenzoic acid (IBX) to get the desired novel Fmoc­
protected amino aldehydes (2b and 3b). Compound Ib was 
syntheSized starting from the commercially available 2·amino­
ethoxyethanol (7a) via Fmoc protection and oxidation. 
IH nuclear magnetiC resonance (NMR) suggested that this is a 
cyclized product, but this compound underwent subsequent 
reductive alkylation lvithout problems, presumably due to 
the presence of acetic acid in the reaction condition. However, 
Fmoc- or Boc-protected amino-C4 aldehyde could not be 
cleanly obtained by this procedure. The "problem was solved by 
employing the phthalimido group, which completely blocked the 
nitrogen atom from the subsequent cyclization reaction. 
According to this method, 4-chloro-l-butanol was first re~cted 
with phthalimide to give the known phthalimido alcohol" and 
then subsequently oxidized to phthalimido aldehyde (lObr! 
with IBX. The Fmoc.protected amino·C2 modifier (Fmoc­
aminoacetaldehyde; 9b) was prepared from 3-amino·l,2­
propanediol according to a literature procedure .· ':: 

The guanidine derivatives (7b, Rb, and 13b) :' were 
syntheSized by the reaction of amino alcohol anl!' bis-Boc­
thiourea'" followed by IBX oxidation. For the hydroxyl deriv· 
atives, alkanediol or poly(ethylene glycol) were protected with 
trityl chloride (TrCI) in pyridine under N2 atmosphere to get the 
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Scheme 2. Synthesis of Hydrophilic Modifiers" 

(CH,CH,Oln linkers 
1I 

1. TrCI. pyr 
1. FmocOSu. OlEA. 

-.--.-------~.--~HO~O~'OH nCH,C~ 2. IBX. OMSO -_._- - -- ---:.. 
4a: n = 1 4b: n = 1 (H2EG) 139% 
Sa: n = 2 5b: n = 2 (H3EG) 58.9% 

lb: (A2EG) 16.5% 6a: n = 3 

2. IBX. OMSO 

6b: n = 3 (H4EG) 47.5% 

I 1. TsCI. NaOH. THF. SoC 

+ 2. NaN3' EtOH. 900 C 

HO~O~n NH, 1. Bis·Boc-thiourea. ~ , 1. 20% mol PdlC 

OMF A.J.0~ 
 ___ ~.~~9._~__.___.. -~ H n R 

7a: n = 1 
2.IBX. DMSO 2. FmocOSu. OlEA. 

8a: n = 2 
5e: n = 2 CH2CI2 2b: n = 2 (A3EG) 10.5% (from Sa)NBoc 7b: (G2EG) 12.2% 

, )l 6e: n = 3R= 3. IBX. OMSO 3b: n = 3 (MEG) 16.9% (from 6a) (N NHBoc 8b: (G3EG) 49 .3% 

H 


oOH Ref. 42 
HO~NH2 ---- - H~NHFmoc 

9b11 b: Commercially available 

o
Condition I) or ii) or iii) J, 'R• H' M J 

then IBX~OMSO 

lOa: R = CI lOb: R = NPht ; (AB) 35.7% From condition i) 

12a: R = OH 12b: R = OTr : (HB) 42 .0% From condition ii) 
NBoc 13a: R = NH, 

13b: R = .. ~ NHBoc : ( ) ." rom con Itlon III? )l GB 53 5" F d" ... ) 

dReagents and conditions: (i) phthalimide, K!CO" DMF; (ii) TrCI, pyridine, CH2C1,; (iii) Bis-Boc-thiourea, DMF. 

monoprotected diols by employing large excess of the diols. ''''" 
Oxidation of the alcohols in DMSO afforded the novel trityloxy­
aldehyde derivatives (4b, 5b, and 12b )4 <ready for attachment 
to the backbone of acpcPNA Due to the instabilities of the 
aldehydes, some needed to be freshly prepared and used directly 
without further purification. The details of synthesis are reported 
in the SUPI'orting I nform atioH. For the hydroxy-C2 modifier, the 
commerCially available glycolaldehyde dimer (11 b) was directly 
used as a masked aldehyde. 

All PNAs were synthesized manually by Fmoc solid-phase 
peptide syntheSiS, as described previously. 12 To provide a handle 
for Site-specific modification with the hydrophiliC groups, the 
acpc spacer of the acpcPNA was site-speCifically replaced with a 
Tfa-protected apc spacer.36 The PNA sequence was end-capped 
by acetylation or benzoylation or with a fluorescence dye 
[S(6)-carboxyfluorescein]' Deprotection of the nucleobase 
side chain by ammonia treatment resulted in simultaneous 
deprotection of the Tfa group. This was followed by post­
synthetic modification with the aldehyde-containing hydrophilic 
modifier via the reductive alkylation strategy previously reported 
by our group" then by an appropriate treatment for the removal 
of the protecting group of the modifier (none for Boc, piperidine 
in DMF for Fmoc, and 40% aqueous methylamine solution 
for Pht). Analyses of crude products suggest that the reductive 
alkylation step was practically quantitative. Subsequent cleavage 

from the solid support by treatment with trifluoroacetic acid 
(TFA) afforded 30 modified apcPNAs. The base sequences were 
either homothymine (T9) or a mixed-base lO-mer sequence 
(GTAGATCACT). The number of modifier attached on' 
the PNA sequence was varied between one and three per PNA 
sequence. The number and pOSitions of the modification are 
arbitrarily chosen on the basis of the fact that multiple modifi­
cations are usually required to achieve cell permeability in other 
PNA systems2~· .r to preliminarily explore whether the same 
strategy can increase the cellular uptaking of acpcPNA A total 
of three PNA sequences with the apc spacer but without 
hydrophilic modification were also prepared as controls. These 
modified apcPNAs were purified by reverse-phase high-perform­
ance liquid chromatography (RP-HPLC) . All unlabeled PNA 
sequences gave a single peak in their analylical HPLC chro ­
matograms (estimated purity of >90%). Fluorescein-labeled 
PNA29- PNA33 carried two isomeric fluorescein labels, which 
should give the maximum of two peaks in the chromatogram. 
This is generally true except for PNA29 and PNA32, whereby 
additional minor peaks were observed in the HPLC chromato­
grams. The identities of all PNA sequences were confirmed 
by matrix-assisted laser desorption-ionization time-of- flight 
(MALDI-TOF) mass spectrometry, which showed the molecular 
ion peak that were in a good agreement with the expected values. 
The fact that MALDI-TOF analyses showed the correct mass for 
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Table 1. Base Sequence, MALDI-TOF Spectrometric, and Thermal Melting Data of the Modified apcPNA 

erNA sequence (N - e) modifier (X) t, min" m/z «.Jed)" mlz (found)' Tm., (Oe) tJ.Tm" ("C) Tm' n (oe) tJ. Tm'" ee) 

PNAI Ac-TITT,N\)TITTT-lysNH, none 36.2 3180.4 3180.3 77.7 71.9 


PNAl Ae-TTTT' NXITITTT_LysNH, AlEG 34.6 3267.5 3268.3 79.7 +2.0 71.9 0.0 


PNAJ Ae-TTTT1NXlTlTTT-lysNH, AJEG 35.2 3311.5 3309.5 78.7 +1.0 72.9 + 1.0 


PNA4 Ae - TITT' NX)TTTTT-lysNH, A4EG 28.9 3355.5 3356.0 78.7 + 1.0 70.9 
 -1.0 

PNA) Ae-TTTT'NX 'TrTrr-lysNH, AE 31.1 3224.4 3228.0 81.9 +4.2 73.8 +1.9 

PNA6 Ae-TTTT'NX)TITTT-LysNH, AB 31.8 3251.5 3250.3 79.7 +2.0 71.9 0.0 

PNA7 Ae-TTTT1NX)TITTT-LysNH, H2EG 34.8 326S.4 3266.4 71.9 -5 .8 68.0 -3.9 

PNAS Ac-TTTTI.x)TTTTT-LysNH, H3EG 30.7 3312.5 33 14.5 70.9 -6.~ 67.1 -4.8 

PNA9 Ac-TTTT'N\)TITTT-LysNH, H4EG 36.5 3356.5 3355.5 70.9 -6.8 67.1 -4.8 

PNAIO Ac- TTTT'N"TTTIT-LysNH, HE 32.9 3225.4 3228.5 71.5 -6.2 67.0 -4.9 

PNAII Ac-TTTT1 NX)TTTTT-LysNH, HB 31.9 3252.4 3253.5 71.9 - 5.S 67. 1 -4 .~ 

PNAI2 Ac-TTTT'N\'TTTTT-LysNH, G2EG 29.8 3309.5 3313.4 79.7 +2.0 68.0 -3.9 

PNAI3 Ac-TTTT' NX)TTlTT-lysNH, G3EG 28.6 3353.5 3351.6 79.7 +2.0 70.9 -1.0 

PNAI4 Ac-TTTTINXJTITTT-LysNH, GB 33.2 3293.5 3293.6 80.6 +2.9 72.9 +1.0 

PNAI5 Bz-GTAGAI~XITCACT-lysNH, none 29.9 3621.9 3619.5 57.4 51. 5 

PNAI6 Ac-GTAGA1 NX)TCACT -Ly,NH, AJEG 29.2 3690.9 3691.3 63.2 +5.8 SSA +3.9 

PNAI7 Ac-GTAGA1NX'TeACT-LysNH, AE 29.6 3603.8 3604.7 65.4 +8.0 58.4 +6.9 

PNA18 Ac-GTAGA1NXlreACT-LysNH, AB 25.2 3630.9 3628.1 66.1 +8.7 58.3 +6.8 

PNAI9 Ac-GTAGA(NXITCACT-Ly'NH, H3EG 29.4 3691.9 3690.8 56.4 -1.0 53.5 +2.0 

PNAlO Ac-GTAGA,NXlTCAeT-LysNH, HE 29.8 3604.8 3605.4 58.7 +1.3 5U +2 .7 

PNAlI Ac-GTAGA1 NX'TCACT-LysNH, HB 29.1 3631.9 3629.9 59.3 +1.9 53.5 +2.0 

PNAl2 Ac-GTAGA(NX'TCACT-LysNH, GB 29.7 3672.9 3671.0 67.1 +9.7 58.3 +6.8 

PNA23 Bz-GT"xIAGA''''\)TeA' ''''''eT-LysNH, none 28.5 3623.9 3617.2 60.3 52.5 

PNAl4 Ac-GT"'X'AGA,NXlTeA(NX'CT_Ly,NH, AJEG 27.0 3954.7 3955.9 74.8 + 14.5 63.2 +10.7 

PNAl5 Ac-GT'''-''AGA(NX1TCA(NXI CT_LysNH, AB 29.9 3775.2 3776.9 1S.7 + I S. ~ 65. 1 + 12.6 

PNAl6 Ac-GT,N,\IAGA'NXlrCA(N\'CT-LysNH, H3EG 2SS 3958.0 3958.4 58.3 - 2.0 53.5 + 1.0 

PNAl7 Ac-GT''''AGA(NXITCAINX)CT-LysNH, HB 27.4 3778.0 3779.2 61.2 +0.9 54.4 +1.9 

PNAl8 Ac_ GT, N·>!Aa,NX'TCA( N·"CT-LysNH, GB 263 3901.1 3898.6 78.7 +18.4 66.8 + 14.3 

PNAl9 Flu-GT(NX)AGA1'lX' TCA1NX)CT-LysNH, H3EG 30.9 4274.3 4274.9 50.0' -10.3 46.7 -5.S 

PNAJO Flu-GT("'X)AGA' NXlTCA, NX ICT_LysNH, AJEG 30.7 427 1.3 4271.8 67.1 +6.8 56.4 +3.9 

PNAJI Flu-GT' '''AGA'NX'TCA1NXICT-LysNH, HB 30.3 4094.2 4095.9 53.5 -6.S 48.6 -3.9 

PNAJ2 Flu-GTIN,S) AGAINX TCAIN>leT_Ly,NH, AB 30.6 4091.3 4089.5 70.0 +9.7 57.4 +4.9 

PNAJ3 Flu-GT(NX'AGAINXlTCA(~XICT-LysNH, GB 29.6 421 7.3 4217.3 68.0 +7.7 56,4 +3.9 

uHPLC conditions: C 18 column, 4.6 X ISO mm, 3 I', gradienl 0.1 % TFA in H20 / MeOH 90: 10 for 5 min then linear gradient to 10:90 over 30 min, 
flow rate 0.5 mL/ min, 260 nm. bAverage mass of M + H'. cMALDI-TOF. dlsolated yield aft er HPLC purification, spectrophotometrically 
determined. "With complementary DNA (dA, for PNAI-PNA14; dAGTGATCTAC for PNA15-PNA33). fConditions : 10 mM sodium 
phosphate buffer, pH 7.00,0 mM NaC!, [PNA1 = 1.0 }IM, and [DNA] =1.2 JIM. gt!:, T m=Tm{modified PNA) - Tm(unmodified PNA). Unmodified 
PNA refers to .pc·modified 'cpcPNA (X: none). I'Conditions: 10 mM sodium phosphate buffer, pH 7.00, 100 mM NaCI, [PNA] = 1.0 JIM, and 
[DNA] = 1.2 }IM. 

PNA29 and PNA32 without other high-molecular-weight peaks 
suggests that the impurities are non-PNA related and should 
not interfere with the results. The sequences and characterization 
data of all modified acpcPNA successfully syntheSized are sum­
marized in T.lbk l. 

Thermal Stability of Modified acpcPNA, Melting temper­
atures of the modified apcPNAs (PNAI-PNA33) are reported 
in '1" ,1blc l. The Simplest homothyminc sequence (T9 ) was 
chosen as a model sequence for initial studies. It should be 
noted that homothymine acpcPNA binds to DNA to form only 
duplexes, and not as triplexes as observed in aegPNA. jll Thermal 
stability (Tm) of hybrids between the homothymine PNA singly 
modified with hydroxyl modifiers attached to various linkers 
(PNA7-PNAll) and their complementary DNA sequence 
(ciJ\,) were in the range of 70.9-71.9 °c at a low salt concen­
tration (0 mM NaCl) and 67.0-68.0 °C at a high salt 
concentration (100 mM NaCI), which were approximately 
4-7 °C lower than that of unmodified apc/ acpcPNA (PNAl, 
77.7 and 7 1.9 °c at 0 and 100 mM NaCI, respectively), 
irrespective of the n:lture of the linker. This could be explained by 
the steric effect of the modifiers .that interferes with the DNA 
binding. However, amino-modified PNA (PNA2-PNA6) and 

guanidine-modified PNA (PNA12-PNA14) showed compara­
ble or even slightly increased Tm values compared to the 
unmodified PNA This suggests that the amino and guanidino 
groups, which are likely to be fully protonated at neutral pH, can 
electrostatically interact with the negatively charged phosphate 
groups in the DNA backbone as previously observed in the 
case of similar cationic PNAsr ,.',),-u7 

•• , " This was confirmed 
by the salt dependence of Tm values. The amino and guanidino­
modified PNAs showed much larger C!. Tm at low-salt than 
high-salt conditions (C!. Tm ,. + 1.0 to +4.2 °C at low salt and 
-3.9 to +1.9 °c at high salt). Much smaller difference was 
observed in the case of hydroxy-modified PNAs (c!'Tm =-6.8 to 
-5.8 °c at low salt and -4.9 to -3.9 °c at high salt). At a high 
salt concentration, electrostatic interactions between the 
protonated amino and phosphate groups are expected to be 
diminished, which is fully consistent with the results. In view of a 
similar sterie effect between the amino and hydroxyl modifiers, 
it is interesting to note that this electrostatic stabilization 
even dominated the steric effect, resulting in net stabilization of 
the PNA-DNA duplexes. The number of repeating units 
(2EG, 3EG, or 4EG) and type of linker (-CH2CH2- or 
-OCH1CH2-) in the modifiers do not seem to have Significant 
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effects to the thermal stability of PNA-DNA hybrids. In 
addition, CD spectra of complementary DNA hybrids of PNA6, 
PNA8, and PNAll (rigurc S.'>o-S.'>8) are similar to the CD 
spectra of unmodified PNA·DNA hybrids, suggesting that 
different modifiers did not significantly change the structures 
of the hybrids. 

T(;l data of singly modified mixed sequence PNA (GTA­
GA' X)TCACT, PNAI5-PNAl2) with complementary DNA 
(Table 1) showed the same trend observed in homothymine 
PNAs (PNAI-PNAI4), i.e., hydroxyl modifiers destabilize, 
whereas amino and guanidino modifiers stabilize the PNA- DNA 
duplexes. The data suggest the positively charged modifiers 
generally increase the binding affinity of the PNA to its com­
plementary DNA regardless of sequence context. Importantly, 
the stabilizing effect is additive. As shown in a series of triply 
modified apcPNAs (PNAl3-PNAl8), increasing the number of 
amino or guanidino modifiers on the acpcPNA backbone 
significantly increased the thermal stability of its DNA hybrids 
in comparison to singly modified PNA. For example, the DNA 
hybrids of triply amino-modified PNAl5 (3 X AB) is thermally 
more stable than that of singly modified PNAl8 (1 X AB) at both 
low- and high-salt conditions (tlTm =: + 12_6 and +6.8 DC, 
respectively). Similarly, the DNA hybrid of PNAl8 carrying 
three guanidino groups (3 X GB) is more thermally stable than 
that of PNAl2 with only one guanidino group (I X GB) (tlTm =: 

+ J 1.6 and +8.5 DC, respectively) . It could be noted that this 
additive effect is more clearly observed at low salt concentrations. 
However, triply and singly modified PNAs with hydroxy 
modifiers showed similar Tm values (Table 2). 

Table 2_ Thermal Melting Temperature (Tm) of Selected 
Singly and Triply-Modified Mixed-Sequence PNAs 

o rnM NaCl 100 rnM N.el 

PNA" modifiers (X) Tm (0C)" LlTm (Oe)' Tm (Oe)" LlTm (Oe) ' 

PNA21 HB 59.3 +1.9 535 +0.9 


PNA27 3 X HB 61.2 54.4 


PNAI9 H3EG 56.4 ... 1.9 53.S 0.0 


PNA26 3 X H.'EG S83 53~ 


PNAI8 AB 66.1 ... 12.6 58.3 +6.8 


PNA25 3 XAB is.! 65.1 


PNAI6 AlEC 63.2 +11.6 55.4 +7.8 


PNA24 3 xAJEG 74.8 63.2 


PNA22 GB 67.1 +11.6 58.3 +8.5 


PNA28 3 X GB 78.7 66.8 


"PNA sequence = Ac-GTAGA(NX)TCACT-LysNH 2 or Ac­
GT(i'lX)AGA(NX)TCAl NX lCT_LysNH2· "Conditions: 10 mM sodium 
phosphate buffer, pH 7.00, 0, or 100 mM NaCI, [PNA] = 1.0 JIM, and 
[DNA] = 1.2 JIM. <~Tm = Tm(triply modified PNA) - Tm(singly 
modified PNA). 

Because the additional stabilization from electrostatic 
interaction in the cases of amino or guanidino-modified PNAs 
is nonspecific in nature, it was important to determine whether 
this may have negative impacts on the DNA binding specifiCity of 
the modified PNA. Tm values of hybrids between cationic 
PNAs with single mismatched DNA were also determined and 
compared with those of complementary DNA. From Figure 1, 
Tm of hybrids between the singly modified mixed sequence PNA 
with various linkers (butyl or ethylene glycol) and modification 
(hydroxy-, amino-, or guanidino-) (PNAI6, PNAI8, PNAI9, 
PNAlI, and PNAl2) and single-mismatched DNA showed 
the same trend, whereby very low Tm values were observed 

(the maximum Tm was 32.1 °C for some sequences). For triply 
modified PNA, the hydroxyl-modified PNAl6 (H3EG) and 
PNAl7 (HB) showed Tm of single mismatched hybrids of 
<30°C, similar to singly modified PNAl3. However, amino­
modified PNAl4 (AJEG), PNAl5 (AB), and guanidino­
modified PNAl8 (GB) showed higher Tm values for single­
mismatched hybrids (up to 46.8 DC). These results revealed 
that while amino- and guanidino-modified PNAs showed 
higher DNA affinity due to the electrostatic attraction, the 
same interaction can also stabilize the mismatched hybrids as well 
as the complementary hybrids. Nevertheless, when tlTm values 
were considered, it can be concluded that the modified PNA 
can still distinguish between full complementary and single 
mismatched in any cases with high speCifiCity. This phenomenon 
was also observed in both low and high salt concentration 
(for the 0 mM NaCI result, see the Supporting Inform.Hion)_ 
As shown in Figure I, the presence of one mismatched base in 
the DNA strand resulted in substantial decrease in Tm values 
(~Tm range: -18.3 to -35.6 DC), indicating the high speCificity 
of the DNA recognition by the modified PNA similar to unmodified 
PNA (tlTm range: -25.2 to -29.1 °C)_ 

Solubility Measurement. The solubility of representative 
modified PNAs were evaluated by dissolving the PNA to a 
saturating concentration in water, and the concentration was 
determined by UV-vis spectrophotometry after centrifugation 
to remove excess PNA and appropriate dilution.' S T.1blc ::; 
showed the saturating concentrations of representative modified 
PNAs compared to unmodified PNA. In general, all modified 
apcPNAs showed improved water solubility by more than 
lO-fold compared to unmodified acpc12NA, although in some 
cases, the amount of PNA obtained was too small to obtain a 
saturating concentration; thus, only the lower limit of solubility 
was reported. To compare the influence of modifier to hydro­
philicity, selected PNA with various modifiers were tested. 
Modified PNAs with poly(ethylene glycol) side chains (PNAJ 
and PNA8) were about 2-fold more soluble than the modified 
PNAs with alkyl side chains (PNA6, PNAll, and PNAI4) 
regardless of end groups (amino or alcohol). It can therefore be 
concluded that the oligo ( ethylene glycol) linker can enhance the 
water solubility more effectively than Simple alkyl linkers. Thus, the 
modifier AJEG seems to be a good combination in terms of water 
solubility and DNA binding properties. This is in contrast to the 
case of atfcPNA,: 1 whereby the complete replacement of the 
cyclopentane ring in acpcPNA by tetrahydrofuran ring in atfcPNA 
did not provide significant improvement in the water solubility. 

In Vitro Cellular Uptake of Modified acpcPNA. The 
cellular uptake of various modified PNAs carrying an N-terminal 
fluorescein label by HEK293T cells, a human embryonic kidney 
cell line, were observed by confocal laser scanning microscope 
(CLSM) and further quantified using flow cytometry. As shown 
in Figure 2, PNA33 with guanidinobutyl (GB) side chain showed 
the highest cellular uptake followed by PNAJ2 with aminobutyl 
(AB) modification. The CLSM image of the cells incubated with 
PNAJ3 in ri~lI"c ~ also showed an obvious green fluorescence 
signal of the fluorescein label in the cells, whereas the control 
cells (no PNA added) showed no detectable signal. The signal of 
the unmodified PNA sample was very weak, indicating a vel)' low 
uptake level. Thus, the fluorescence images conformed well to 
the flow cytometry results. 

• CONCLUSIONS 

In summary, we demonstrated a facile and general reductive 
alkylation strategy for post-synthetic modification of pyrrolidinyl 
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Figure L "I:hermal melting temperature (Tm) of modified acpcPNA (PNAl,S-PNA28) with complementary DNA (comp DNA) .;md single 
mismatched DNA (sme, smG, and smT). Conditions: La mM sodium phosphate buffer. pH 7.00, 100 mM NaCI, [PNA] = 1.0 11M, [DNA) = I.2J,M, 
heating rate 1 °C / min; and C1 T .. = Tm - Tm(complementary hybrid). Mismatch positions in the DNA sequences are indicated by underlining. 

Table 3. Aqueous Solubility of Modified acpcPNAs 

"runted 
modifier saturated COnCcnlr.ltion 

PNA (X) concenlration (mM) (mg/mL) 

llnmodified· l 

3.3 ± 0.2 10.5 ± 0.6 

PNAJ AJEG 59.6 ± 2.4 197.4 ± 7.9 

PNA6 All > 12.0 ± 0.2 >39.0 ± 0.7 

PNA8 H3EG 64.1 ± 0.5 21 2,3 ± 1.7 

PNAII HB 3\.8 ± 0.9 103.4 ± 2.9 

PNAI4 GB >13.3 ± 0.4 >43.8 ± 1.3 

~Unmodified acpcPNA; Ac-TTTTTTTTT- LysNH!. 

f 17 .110 

c 
~ I ~ . no 
~ 

~ I ~.()O 
G:i 11.110 

~ ()I)() 

": .I}I) 

h, ••: h.' 
" ,d 

Figure 2. Cellular uptake levels of various PNA samples into the 
HEK293T cells after 6 h of incubation at the PNA concentration of 500 
nM. In control cells, water w,S used in place of an aqueous PNA 
solution. PNA fluorescence intensity was obtained from flow cytometry 
analysis. Data represented means ± SD (n = 3, from three independent 
experiments). Bar graphs with different superscript are significantly 
different (p < O.OS), per analysis by one·way analysis of variance with a 
Duncan test. 

PNA backbone with hydrophilic modifiers consisting of a 
polar end group (hydroxy·, amino·, or guanidino·) and a linker 
(alkylene or oligo(ethylene glycol)) to provide a new class 
of hydrophilic pyrrolidinyl1'>NA. The advantage of this post· 
synthetic approach is that there is no need to separately 
syntheSize new PNA buildinpblocks, as generally required in 
other related reports/ :·"~~·w. :< and various modifications can be 

easily made without having to resynthesize the whole PNA 
sequence. The DNA binding affinities of these hydrophilic PNA 
were investigated by Tm measurement and compared with the 
unmodified PNA. The amino· and guanidino.modified PNAs 
bind more strongly to DNA than unmodified and hydroxyl . 
modified PNA, regardless of the linker type. This could be 
explained by electrostatic interaction between the positively 
charged protonated amino or guanidino groups and phosphate 
groups in the DNA, which was supported by the negative effect of 
salt concentration to the thermal stability of the PNA·DNA 
hybrids. The electrostatic interaction could also partly stabilize 
the mismatched hybrids, but the specificity of the DNA 
recognition by these modified PNAs is still retained as confirmed 
by the large decrease in Tm of mismatched compared to com· 
plementary hybrids in all cases. In addition, water solubility was 
increased by at least 10·fold in comparison to unmodified PNA. 
Furthermore, in vitro cellular uptake experiment demonstrated 
the cell permeable ability of these modified PNA. Triply modified 
PNA with positively charged guanidinobutyl (GB) and amino­
butyl (AB) side chains showed enhanced cellular uptake relative 
to unmodified PNA or other triply modified PNAs. It can be 
further envisioned that a similar strategy can be used to add 
other functionalities to PNA and other related biomolecules. 
The ability to make small PNA that is intrinsically cell.penetrable 
without having to rely on other cell·permeable carrier would 
open up opportunities for pyrrolidinyl PNA to be used in cellular 
applications such as intracellular RNA sensing, specific gene 
detection, or antisense and antigene therapy. 

• 	 EXPERIMENTAL SECTION 

General Procedures. All reagent·grade chemicals and 
solvents were purchased from standard suppliers and were 
used without further purification . 'H and \3C NMR spectra were 
recorded on Bruker Avance 400 NMR spectrometer operating at 
400 MHz for 'H and LOa MHz for Be. RP·HPLC experi· 
ments were performed on a Waters Delta 600 HPLC system. 
Oligonucleotides were obtained from Pacific Science (Thailand) 
or BioDesign (Thailand). 

Synthesis, Purification, and Characterization of Modified 
apcPNA. The apc/acpcPNAs, Ac-TTTT(,pc)TTTTT-LysNH2J 
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Figure 3. Confocal fluorescence images of HEK293T cells after being incubated with water (left), PNA33 (middle), and unmodified Flu-PNA (right) 
and then being fixed and stained with 4',6·diamidino.2.phenylindole (DAPI). Fluorescence detection was carried out with excitation and emission 
wavelengths of 405/450 (DAPI, shown in blue) and 488/525 nm (fluorescein· labeled PNA, shown in green); images shown are the merge of the bright 
field and the other two channels. Identical adjustments were applied to all images to allow a fair comparison. It should be noted that the DMI staining 
was ineffective in the presence of a high concentration of PNA. 

Bz-GTAGA (,pc)TCACT - LysNH2J and Bz-GT('pc)AGA(,pc)_ 

TCA(,pc)CT-LysNHz were syntheSized via solid·phase peptide 
synthesis on Tentage! S RAM resin according to the previously 
published protocol ". (ape denotes substitution of acpc with 
apc spacer). Lysinamide was also included at the C-terminus to 
allow a fair comparison with previous unmodified PNA After the 
reaction was completed as monitored by MALDI·TOF mass 
spectrometry, the N·terminal Fmoc group was removed and the 
PNA was end·capped with acetyl or benzoyl group. In case of 
fluorescence·labeled PNA, the N-terminus of the PNA was 
coupled with S(6)·carboxy·fluorescein N·hydroxysuccinimidyl 
ester on the solid·support. The nueleobase protecting groups 
(Bz, rhu) for A, C,..and G, and ape spacer protection (Tfa) were 
removed by heating with I: I aqueous ammonia-dioxane at 
60°C overnight. The apc/acpcPNA was then reductively 
alkylated on the solid support with the aldehyde derivatives of 
modifier (X) in the presence of NaBH3CN (2 equiv) and HOAc 
(2 equiv) in MeOH solution at rt for 4 h. The trityl. and 
Boc-protecting groups were deprotected in a cleavage step from 
solid support. The phthalimide protecting group was sub· 
sequently deprotected by 40% aqueous methylamine solution at 
rt for 3 h. The modified PNA was cleaved from the resin by 
treatment ,vith triJluoroacetic acid (TFA) in dichloromethane 
and \0% triisopropylsilane (TIS) (500 }JL X 30 min X3). 
The cleavage solution was combined and dried under nitrogen 
gas, and the crude PNA was preCipitated by addition of diethyl 
ether. The crude PNA was purified by RP·HPLC with linear 
gradient conditions using 9: 1 of mobile phase A/B (A is 0.1 % 
TFA in H~O and B is 0.1% TFA in MeOH) for S min and 
gradient to 1:9 for 60 min. The combined purified PNA frac· 
tions were character:ized by MALDI·TOF mass spectrometry 
(Microflex, BrukerDaltonics) using a·cyanoA-hydroxy·cinnamic 
acid (CCA) as a matrix. 

UV Melting Experiments. The thermal stability (Tm) of all 
PNA-DNA hybrids was studied under the follOwing conditions: 
[PNA], 1.0 pM and [DNA], 1.2}1M in 10 mM sodium phosphate 
buffer at pH 7.0 in the absence or presence of 100 mM NaCI. 
The A260 was measured on a CARY 100 Bio UV-vis spectro· 
photometer in steps from 20 to 90°C with a temperature 
increment of 1.0 °C/min. The melting temperatures were 
obtained from first derivative plots between absorbance at 
260 nm as a function of temperature. 

Solubility Determination. The procedure for solubility 
determination was adapted from the literature. I· The aqueous 
solubility was measured by adding a minimum amount of water 
into a microcentrifuge tube containing the lyophilized PNA at 

20°C, making sure that the solution is saturated with the PNA 
(some remaining insoluble solid was observed) and left until the 
dissolution reached equilibrium (the absorbance at 260 nm 
was no longer changed). Then, the sample was centrifuged at 
14000 rpm for 10 min to remove the excess insoluble PNA. 
The concentration of the supernatant was determined by mea· 
suring the UV absorption at 260 nm using a Nanodrop 2000 
Spectrophotometer, and the solubility was calculated from the 
concentration and the initial volume of water added. 

In Vitro Cellular Uptake of PNA, The cellular uptake of 
PNA into HEK293T cells was investigated using flow cytometry. 
HEK293T cells wcre seeded onto 24 well plates at a density of 
7.S X 104 cells per well and left to adhere overnight at 37°C 
under S% of CO2 in the incubator. Then, the tested sample 
was added into the cells at final concentration of 500 nM and 
incubated at 37°C for 6 h. After incubation, the old media was 
removed, and the cells were washed twice with phosphate· 
buffered saline (PBS). The cells were then harvested and resus· 
pended in SOO pL of PBS. The suspension of cells was centri­
fuged at 3000g for S min at 4 0c. The supernatant was removed, 
and the cell pellet was resuspended with 100}lL of PBS. Finally, 
the obtained cell suspension was subjected to flow cytometry. 
The intracellular fluorescence signal of PNA was detected by flow 
cytometer (Cytomics FCSOOMPL, Beckman Coulter Inc., NY) 
using A."a,,/A,mit values of 488/S2S nm, of which 10 000 cells were 
bcing measured. The data were analyzed by FlowJo software (Tree 
Star, Inc.). Standard deviations were calculated from three replicates. 
Statistical analysis of data was performed by one-way analysis of 
variance with Duncan test (SPSS [nc., Chicago, IL) Differences 
were considered to be statistically Significant at a level of p < 0.05. 

To confirm the cellular uptake ofPNA, the intracellular PNA was 
monitored using a CLSM. The HEK293T cells were seeded on an 8 
well cell culture chamber slide at a density of7.S X 10" cells per well 
and left to adhere overnight. After that, the PNA sample was added 
into the cells at the final concentration of SOO nM and incubated at 
37°C for 6 h in the incubator. The cells were then washed twice 
with DMEM media containing 10% fetal bovine serum and fixed 
with 4% w/v paraformaldehyde for 10 min followed by washing 
with PBS. After that, 4',6-diamidino·2·phenylindole solution was 
added, and washing was carried out twice with PBS. Finally, 
intracellular PNA was imaged by CLSM (Nikon, Tokyo, Japan). 
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• ABBREVIATIONS 

peptide nucleic acid, PNA; aegPNA, N-2-aminocthylglycine 
PNA; acpcPNA, 2·amino cyclopentanc carboxylic acid PNA; 
apcPNA, 3·aminopyrrolidine-4-carboxylic acid PNA; acbcPNA, 
2' ami'l0 cyclobutane carboxylic acid PNA; atfcPNA, 2·amino 
tetrahydrofuran carboxylic acid PNA; aocPNA, 3·amino: 
oxetane-2·carboxylic acid PNA; RMPyPNA, (R)-diethylene glycol 
(,mini. PEG') y PNA; CPP, cell·penetrating peptides; EGFR., 
epidermal growth factor receptor; MCF-7, human breast 
adenocarcinoma cell line; Fmoc-OSu, N-(9-f1uorenylmethox· 
ycarbonyloxy) succinimide; IBX, 2·iodoxybenzoic acid; TrCI, 
trityl chloride; DMF, N,N-dimethylmethanamide; Pht, phthali­
mide group; Tfa, trifluoroacctyl group; lbu, isobutyryl group; Bz, 
benzoyl group; DAPI, 4',6-diamidino-2·phenylindole; PBS, 
phosphate·huffered saline; TIS, triisopropylsilane; CCA, (1. 

cyano·4-hydroxy-cinnamic acid; Dl\I1.EM, Dulbecco's modified 
Eagle medium; CLSM, confocal laser scanning microscope; CD, 
circular dichroism; T m' melting temperature; A260, absorbance 
at 260 nm 
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