CHAPTER IV

RESULTS AND DISCUSSION
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Figure 4.1 The structure of acpcPNA
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this work, pyrrolidinyl peptide nucleic acids (acpcPNA, Figure 4.1) carrying a
redox-active label or reporter were synthesized and employed as sensor probes for
electrochemical DNA sequence detection on a screen printed carbon paste
electrode (SPCE) in an immobilization-freg fashion. K is expected that this format
should reguire low cost of instrumentation, simple sample preparation and low
volume and concentration of sample. Details of which will be illustrated in this
chapter.

4.1 Synthesis and characterlzatlon of electrochemlcally -active labeled acpcPNA
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4-(Anthraquinone-l- 4-(Anthraguinone-2- Methylene blue butyric acid (MB)
yloxy)butyric acid (1AQ)  yloxy)butyric acid (2AQ)

Synthesis of pyrrolidinyl peptide nucleic acids carrying a redox-active label
requires modification of the PNA via a suitable chemistry such as amide bond
formation. Three organic redox-active labels were chosen for the modification. All of
which requires functionalization with a carboxyl group prior to the coupling to the
PNA These carboxy -functionalized labels including 4-(anthraquinone--yloxy)butyric
acid (1AQ), 4-(anthraquinone-2-yloxy)butyric acid (2AQ) and methylene blue butyric
acid (VB) were synthesized and characterized by NVR and mass spectrometry. Al
carboxyl-functionalized  electrochemically-active labels were activated as
pentafluorophenyl (Pf) ester prior to the coupling to the acpcPNA via acylation of
the free amino group, either at the V-terminal or internal position (via APCHinker).
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The successful attachment of the redox-active label onto the acpcPNA was

verified by MALDI-TOF MG analysis.

all cases, the labeled PNAs were purified to

more than 90% purity by reverse-phase HPLC (Figure A7-A20). Retention time and
yield of all labeled PNAS used in this study are summarized in Table 4.1.

Table 4.1 Retention time, m/z (MALDI-TOF), and yield of redox-active labeled

acpcPNA
PNA

QT
QT

VBT

1AQTY
2AQTY

VBT
T5-1AQ T4
T52AQT4
VB TA
2AQWESV-Lys
OAQWSSV-Ser
2AQWSSVGI
2AQBIS-Lys
2AQBISI3Lys

Sequence (N>C)

IAQTT-Lys
2AQTT-Lys
VBTT-Lys
LAQTTT TITTTT-LS
OAQTTTTTT TTT-Lys
VBTTTTIT TTT-Lys
ACTTT(LAQ)TT TTT-Lys
A ITTRAQTT 1i Flys
ACTITTIVBITT 1f-Lys
2AQ- TCA AAT TCA GALs
OAQ- TCA AAT TCA GASer
2AQ- TCA ANT TCA GAGIU
2MQOGC GCAGGT TCCLys
JA}GGA G0G QLA TOCLys

R

(min)

312
24.2
219
344
24.1
236
30.7
240
33.6
316
313
318
30.2
30.2

m/z

mlz

(caled)  (found)

9919
9919
1036.8
34291
34291
3476.6
3429.3
34293
3196
41343
40932
41352
43438
44182

991.3
991.3
10374
34320
3430.2
34175
34319
34364
3521.8
41316
40919
41338
43511
44156

%yield

22.8

212

250
203
142
19
162
95
168

1.6
0.6

64

6.8

* Yields of purified labeled PNA that are calculated based on original loading of the resin used for the PNA synthesis.

4.2 PNA-DNA binding properties

The PNA-DNA binding properties of redox-active labeled acpcPNAs were
studied by thermal dénaturation. This was performed spectrophotometrically by
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monitoring the absorbance at 260 nm at various temperatures ranging from 20 to %
°c. Heating disrupts of the hydrogen bonds and the base pairings, which results in
separation of the duplex into single stranded components. When the absorbance at
260 nm was plotted against with temperature, a sigmoidal curve is obtained. The
temperature at the midpoint of the S-curve which correspond to 50% dénaturation is
called melting temperature (Tim), which can be taken as an indication of the stability
of the duplex.  practice, this value can be obtained from the maximum of the first
derivative plot between normalized absorbance at 260 nm as a function of
temperature. Data in Table 4.2 reveal that the labeling at the A-terminus of acpcPNA
resulted in a more stable hybrid as shown by higher melting temperatures than the
corresponding  unlabeled acpcPNA The 7m increase was observed for both
complementary and single base mismatched hybrids. The increase in stability can be
explained by - interaction between the redox-active label with the terminal base
pair of the PNADNA duplex. contrast, hybrids of internally labeled acpcPNA with
DNA are less stable than the corresponding unlabeled acpcPNA. This suggests that
the redox-active label at the internal position does not stack well between the base
pairs or in the grooves of the duplex. Accordingly, the bulky labeling group interferes
with the base pairing of the PNADNA duplex, resulting in the observed
destabilization of the duplexes.  all cases, the melting temperatures of hybrids with
complementary DNA are 20-30 °c higher than hybrids with single base mismatched
DNA t can therefore be concluded that all labeled acocPNA exhibit high DNA affinity
as well as specificity as observed in unlabeled acpcPNA.

Table 4.2 Melting temperature of labeled acpcPNA

PNA DA Sequence (5“A37) ™o Am A&m
T AN AP APMA 80.0 : -
AP AIAAAA N0 00 -
1AQTY APAAMA AN 80.0 - 0.0
AN AIAAAA 81 319 319
2AQTY AN AR AMA 85.6 - 5.6
AN AIAAAA B8 268 22
VB9 AN APA APA 84.3 - 43
AN AIAAAA 84 D59 s
ATYNHTS AN AAA AR 765 -

AAAIAAAA 89 216
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PNA DNA Sequence (5'~"3) TmCo Arma Arnb

(A (c
ToTAQ-T4 AMA AMA AMA 609 §5)6
AMAAIA AMA 09 -0 456
To-2AQ T4 AMA AN AMA 603 162
AMAAIA AMA 219 -4 486
ToMB T4 AMA AN AN 01 14
AMAAIA AMA 315 316 300
2AQWSSVALYs TCT GMA 111 GA (Dcomp) 81 |
TCT GACTTT GA (DsmC) 605 =222
TCT GAGTTT GA (DsmG) M5 -282
TCT GALTTT GA (Bsml) 634  -193
CTAAGT CIGAATTTAGSGG >00.0
(Deompl9mer)
CTAAGT CTGAATTTAGSG G 83.7
(with 100 MNaCl)
CTAAGTCT GCATIT AG GGG 105 (-195)
(DsmCL9mer)
CIAAGTCTGEATITAG GGG 610 -227b
(with 200 miVi NecCl)

2AQ-BIS02-Lys CRAAXCTAC Q35 (DeompB1502) 810
GRATCG QBC TCC (DeompB1513) <20.0
AGOCTEOGGA ACCTROR0GG CTACTACAC. >0
(DeompB 1502-30mer)
AGOCTEOGGA ACCTROR0GG CTACTACAAC - 847
(with 100 mM NaCl)
2AQ-BISI3LyS GGATOG Q3 TAC (DeompB1513) 8L1
(GGA AOCTGC G3G (DecompB1502) <20.0
AAQCTGOGEA TOGOGCTAOG CTACTACAC. >%0
(DcompB 1513-30mer)
AACCTGOGEA TOROGCTAOG CTACTACAC. 818
(with 200 mVI NaCl)

afmduplex (mismatched) - Tmduplex (complementary)
bmduplex (labeled) - Tmduplex (unlabeled)



30

4.3 Preparation and characterization of screen-printed carbon electrode (SPCE)

4.3.1 Preparation of the unmodified, positively and negatively charged polymer
modified SPCE

The SPCE was prepared as previously described [26], Three major
complements in the SPCE are working electrode (screened with carbon ink mixture),
counter electrode (screened with carbon ink mixture) and reference electrode
(screened with Ag/AgCl ink). An insulator is screened to limit the area of the
electrode so as to minimize the volume of the sample required. As the analyte is
prepared in agueous solution, the insulator used in this work must be hydrophobic
such as nail polish. The unmodified working electrode consisted of carbon ink and
graphite in the optimized amounts (: ¢ carbon ink 0.2 g graphite) obtained from an
earlier study [26]. The AyAgCl was first screened as the reference electrode. After
that, the carbon ink mixture was screened as the working and counter electrodes.
Lastly, the insulator was screened. The pattern of the SPCE used in this work is

shown as Figure 4.2.
Insulator
L Reference electrode

-

Figure 4.2 The pattern of the screen printed carhon electrode used | this work
[26]

The polymer-modified SPCE was prepared similarly to the unmodified SPCE
electrode, but with a positively charged or negatively charged polymer mixed in the
carbon ink mixture. There are several possible ways to modify an electrode with a
charged species (usually a polymer). Firstly, the polymer is added to the carbon ink
solution before the electrode screening [26], Secondly, a solution of the polymer or
its monomer may be dropped or coated onto the unmodified electrode [21], Finally,
carbon-paste electrodes can be electrochemically pre-treated (with strong base
solution such as sodium hydroxide) to oxidize its surface into carboxyl groups [35], in
this work, the first way is preferred over the other because no additional coating step
IS required, and it is easier to control the amount of the polymer to be added to the
electrode. The modified carbon ink was prepared by mixing the commercial carbon
ik with graphite powder in the proportion that had been determined earlier 1 ¢
carbon ink 0.2 g graphite) [26], Next, the polymer solution (1% wiv) was added to
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the solution. Finally, the binding solution containing diethylene glycol monobutyl
ether and ethylene glycol monobutyl ether acetate was added in order to form a
well dispersed paste with sufficient stickiness to allow efficient screening.

Various types of positively charged polymer including chitosan (CHT),
A-[(2-hydroxyl-3-trimethylammonium)propyl])chitosan  chloride (HTACGCHT) and
poly(quarternized(dimethylamino)ethyl methacrylate) (PQDMAEMA), as well as
polyacrylic acid (PAA) as a representative negatively charged polymer were
investigated to maximize the difference between the signals of the label on the PNA
probe before and after hybridization with the complementary DNA target,

4.3.2 Performance of the unmodified, positively charged and negatively charged
SPCE

To assess their suitability of the modified SPCE as a platform for DNA
sequence determination, the electrochemical behavior of the unmodified,
PQDMAEMA (positively charged) and PAA (negatively charged) modified SPCE was
studied. The experiments were carried out by determining the current of
[Fe(CNis [c at diifferent scan rates by cyclic voltammetric (cV) method. The results
showed that the ferrifferro cyanide gave reversible peaks on all electrodes.
Moreover, the anodic peak currents of [Fe(CNiejs /a increases linearly as a function of
square root of the scan rates on all kinds of SPCE (see Figures 4.3).

The linearity of the anodic peak currents against the square root of the scan
rates on the PODMAEMA unmodified and PAA modified SPCE is in the range of 200-
600 mv 1 with a correlation coefficient (R) = 0.9974, 0.9994 and 0.9987 for
reduction peak and R =0.9986, 0.9987 and 0.9997 for oxidation peak respectively.
The results imply that the oxidation and reduction of the redox-active reporter on
these modified electrodes is diffusion controlled [72],
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Figure 4.3 Cyclic voltammograms of 1 mM [Fe(CN)6]3-/4- in 0.5 MKC (20 pl)
and the linear relationship between anodic peak currents and scan rates on (A),
1% PQDMAEMA (positively charged) (B) unmodified and (C) 5% PAA
(negatively charged) modified SPCE
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4.4 Characteristic of electrochemical signal of labeled acpcPNA

Before the labeled acpcPNA can be used as an electrochemical probe, the
electrochemical signals of the synthesized redox-labeled acpcPNA were first
measured by square wave voltammetry (V) on the unmodified SPCE Different
redox-active reporter gave different redox peaks depending on the nature of the
label and types of electrode. Electrochemical signals of the 1AQ, 2AQ- and MB-
|abeled acpcPNA T2 were measured on unmodified electrodes in order to find the
most suitable label that provides strong signal and sharp peak.  order to measure
the signal, the labeled acpcPNA samples (50 pM in 10 mM phosphate buffer pH 7.4)
were dropped onto the unmodified SPCE electrode which was pre-treated in 05 M
NaOH at a potential of 13 Vfor 30 . The labels 1AQ 2AQ and MB gave signals at
.75, -0.71 and -0.24 V respectively. The highest signals were obtained from 2AQ and
VB labeled PNA suggesting more efficient electron transfer processes than the 14Q
label. Therefore, 2AQ- and MB-labeled acpcPNA were selected for further studies.

14.00 10.00

12.00
§.00

10.00

8.00 6.00

I/pA
I/pA

6.00 i
1.00

400

200

2.00
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Figure 4.4 SWV signals of labeled acpcPNA (50 pM, 20 pii (A) 1AQ-T2 (yellow)
2AQ-T2 (orange) and (B) MB-T2 in 10 mM phosphate buffer (pH 74)
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4.5 Proof of principle for immobilization-free DNA sequence detection
employing labeled acpcPNA

It is known for some times that the electrochemical signal of redox-active
DNA probes can change in response to the hybridization with the correct DNA targets.
The signal may increase (Figure 4.5(A)) or decrease (Figure 4.5(B)) after the
hybridization, depending on the relative efficiency of the electron transfer process
between the label and the electrode. This may be controlled by choosing a right
combination of the probe and the label [73)]

4 >0 Al <0
J ]

A B
Figure 4.5 DNA Biosensors based on redox labeled probe immobilization with
(A) a classical probe and (B) a hairpin probe [73].

this work, an immobilization-free method for PNA-based DNA sequence
detection is proposed. Although PNA is normally uncharged, it is anticipated that by
suitable modification of the PNA and the electrode by some charged species it
should be possible to immobilize the PNA by electrostatic attraction. Upon binding
to the DNA target, the electrochemical signal should change according to the
mechanisms shown in Figure 4.5 analogously to DNA [21],
To prove the principle of immobilization-free method for electrochemical
DNA detection proposed in this work, the electrochemical signal of the labeled
acpcPNA probes before and after hybridized with complementary DNA on the pre-
treated unmodified SPCE were compared. The free terminally-labeled AQ- and MB-
|abeled acpcPNA probes (2AQ-T9 and MB-T9) (50 pMin 10 M phosphate buffer pH
7) were dropped onto the unmodified SPCE electrodes and the signal was measured
by SWV. The signal of MB-labeled PNA appeared at -0.24 V (Figure 4.6), which was in
good agreement with the MB-T2 (Figure 4.6). Importantly, when the complementary
was added to the solution, the signal completely disappeared (Figure 4.6). When the
DNA contained a single mismatched base, the signal was suppressed to a smaller
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extent when compared to complementary DNA Similar results were obtained with
2AQTY. The disappearance of the signal can be explained by the differential ability
of PNA and DNA (or PNADNA hybrids) to electrostatically interact with the SPCE
electrodes. Since the PNAs contain a positively charged lysine as a solubility
enhancer, it carries a net positive charge which can electrostatically attract the
negatively charged pre-treated electrode. This results in efficient electron transfer
process. Upon binding with the complementary DNA target, the negatively charged
PNADNA duplex and the negative charge on the surface of the electrode will repulse
each other. This will separate the labeled probe from the electrode, and therefore
the electron transfer process should be less efficient. On the other hand, if sequence
of DNA is non-complementary, some PNA strand can still electrostatically attract to
the electrode and thus the signal is visible. These preliminary results had proven the
concept and were the basis for designing of the immobilization-free PNA-based DNA
sensor in this work (Scheme 4.1).

100 77 7} 100
w—MEB.TY Lys ' | —2AQ-TY-Lys
e B-T9-Lys_Dconyp | —2AQ-TY Lys_Devap
|

043 033 025 015 003
EN

Figure 46V of (left) MB-T9-Lys and (right) 2AQ-T9-Lys (50 pM, 20 pL) before
and after hybridized with complementary DNAin 10 mM phosphate buffer
(pH 7.4)
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Scheme 4.1 Working hypothesis of the present immobilization-free
electrochemical DNA sensor

4.6 Comparison of performance of terminally and internally-labeled acpcPNA
probes

The performances of two types of 2AQ- and MB-labeled acpcPNA, ie. at
internal and terminal positions, with the same T9 sequence were compared by
measuring the electrochemical signal of the labeled PNA before and after hybridized
with complementary and mismatched DNA The PNA and PNADNA solution (50 pM
in 10 M phosphate buffer pH 7.4) was dropped onto the unmodified SPCE
electrode and the signal was measured by V. The results are illustrated in Figure
4.7, all systems, the complementary and multiple mismatched DNA targets were
clearly distinguished. However, in three systems including MB-labeled (both internal
and terminal labeling) and 2AQ-labeled (internal labeling only) PNA discrimination of
single mismatched from fully complementary DNA targets were not possible since
both types of DNA completely suppressed the probe signal. Nevertheless, clear
difference between the signal of complementary and single mismatched DNA targets
could be observed with the terminally 2AQ-labeled PNA The different performance
between the four systems does not correlate with the Tm difference between the
complementary and mismatched PNADNA hybrids (Table 4.2). Although the reason
is still unclear, 2AQ-labeled PNAwas chosen for the next studies.
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Figure 4.7 The selectivity of labeled PNA probe (50 pM, 20 pL) (A) MB-T9-Lys
(terminal) (B) 2AQ-T9-Lys (terminal) (C) T5-MB-T4-Lys (internal) (D) T5-2AQ-T4-
Lys (internal) on unmodified, pretreated SPCE in 10 mM phosphate buffer

(pH 7.4)

4.7 Effects of buffer

To study the effect of buffer, various types of buffer including acetate buffer
pH 46, citrate buffer pH 4.6, MES buffer pH 7.0, phosphate pH 7.4, TrisHC pH 80
and Tris-Borate pH 9.0 were investigated. The PNA 2AQ-T2 (50 pM in 30 mM acetate
buffer or 10 mM for other buffers) were dropped onto the pre-treated unmodified
SPCE electrode the signal measured by V. From Figure 4.8, the following
observation can be made. At low pH (acetate and citrate buffers, both at pH 4.6), the
signals were weak and the potential of the anthraquinone label shifted to -0.60 V,
while still maintaing a good shape. At neutral pH (VES buffer pH 7.0 and phosphate
buffer pH 74), the signal was stronger and the potential of anthraquinone label
shifted to -0.90 V/ with severe broadening of the peaks. The best signal strength and
shape were observed in high pH buffers (Tris-HCI buffer pH 8.0 and Tris-Borate buffer
pH 9.0) whereby the potential of the anthraguinone label was -0.70 V. It appears that
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in basic buffers, the carboxyl groups on the electrode surface exist in the
deprotonated form and can attract more strongly to the lysine-modified PNA.
However, the effects of counter ions cannot be completely ruled out.

14.00
— Acetate buffer pH4.6
12.00 Citratebuffer pH4.6
—MES buffer pH 7.0
10.00 ——Phosphate buffer pH 7.4
——Tris-HCl buffer pH 8.0
8.00 —Tris-Borate buffer pH 9.0
= 6.00
4.00
2.00
0.00
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4
EIV
500
|
4.00 1
3.00
= 200 |
1.00
om ) - — - — - - ——
Acetate Citrate MES Phosphate Ins HC! Ins-Borate
pH 46 pH46 pH 7.0 pH 7.4 pH 8.0 pH 9.0
Typesofbuffer

Figure 48 (Top) vV of 2AQ-T2 (50 pM, 20 pL) on unmodified, pretreated SPCE
in various buffers and (Bottom) bar graph of the signal received
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Table 4.3 Redox potential and peak width at half height of 2AQ-T2 in various
buffers

Type of buffer ~ Redox potential (V) 1A Peak width at half
height (V)

30 Macetate -0.624 0.98 0.101
pH46

10 mM citrate -0.664 111 0.091
pH46

10 mM MES -0.916 191 0.262
pH 7.0

10 mM Phosphate -0.845 241 0.211
PHT74

10 mM TrisHO 0.704 417 0.151
pH 8.0

10 mM Tris-Borate -0.664 391 0.161
pH9.0

Next, the specificity of the mixed sequence PNA probe 2AQ-WSSV-Lys was
measured in various buffers. No discrimination between complementary and single
mismatched DNA targets were observed in citrate (B) and MES (O buffers because
both complementary and mismatched DNA targets completely suppressed the 2AQ
signal. On the other hand, the signals resulting from complementary and single
mismatched DNA can be clearly distinguished in the cases of acetate (A), phosphate
(D), TrisHO (B) and Tris-Borate (F) buffers. According to Figure 4.9, the TrisHJ (B and
Tris-Borate (F) buffers gave much better results than the other two systems because
the signal from single mismatched DNA target was almost the same as that of single
stranded 2AQ-PNA Incidentally, the two Tris buffers provided the best signal strength
and shape as shown in the aforementioned study. However, only Tris-HCI buffer was
chosen for subsequent studies because it can be prepared to have a wider pH range
covering neutral and basic pH
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Figure 4.9 Selectivity of 2AQ-WSSV-Lys (50 (jM, 20 pL) on unmodified, pretreated
SPCE in various buffers (A) 30 mM acetate buffer (pH 4.6) (B) 10 mM citrate
buffer (pH 46) (C) 10 mM MES buffer (pH 7.0) () 10 mM phosphate buffer (pH
7.4) (E) 10 mM Tris-Cl buffer (pH 8.0) (F) 10 mM Tris-Borate buffer (pH 9.0)

4.8 Reusability of the unmodified SPCE

Next, the reusability of the unmodified SPCE was studied. The used SPCE
electrode was washed with water followed by 10 M NaOH solution and 20%
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aqueous MeCN (washing with water is required after each step, and then dried at
room temperature). The NaOH washing alone could not remove all the MB-T9 PNA
thus subsequent washing with aqueous acetonitrile was required. [16]. After this
treatment, no signal due to the VB label was observed when the blank buffer was
measured indicating that the PNA was completely removed. The SPCE can be
reused for at least 5 times without noticeable degraded performance (Figure 4.10).

10.00

8.00

6.00
4.00 1 |
200
000 e i —— -

MB-T9 wash  1st Wash 2nd wash 3rd  wash  4th wash75

I/pA

Figure 4.10 Reusability of the unmodified SPCE. The SVW signal of MB-T9 PNA
(50 pM, 20 pL) was measured on unmodified, pretreated SPCEin 10 M
phosphate buffer phi 7.4,

4.9 Positively-charged modified SPCE

Although the proof-of-principle experiments work well, there are two
limitations. Firstly, the concentration of the PNA probe/DNA target required to get a
reasonable signal was high (in the micromolar levels). Secondly, the detection was in
a signal-off mode, whereby the signal was decreased in the presence of the correct
DNA target. It is more preferable to develop a signal-on detection since the signal
change can be detected more readily, it was proposed that both aspects might be
controlled by modulation of the charge on the surface of the electrode. Since the
electrode is made of a carbon paste, the charge modulation could be easily
achieved by adding some charged polymers into the carbon paste mixture used for
the screening of the electrode (section 4.3). Frst of all, CHT was initially chosen as
the polymer for modification of the SPCE since this had been done before [Jampasa
et al., 2014], although the original purpose in that work was to use the amino group
of the CHT as a handle for covalent immobilization of the probe.
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To test whether the positively-charged electrode can switch the detection to
signal-on mode, the electrode prepared from carbon paste mixture consisting of : %
wiv CHT was tested. The 2AQ-WSSV-Lys PNA and PNADNA solutions (50 pM in 10

Mphosphate buffer pH 7.4) were dropped onto the CHT-modified SPCE electrodes
and the signals obtained were compared. As shown in Figure 4.11, the positively-
charged electrode can indeed switch the detection mode to signal on as shown by
the absence of signal in the case of PNA probe alone, and a signal was regained in
the presence of DNA The absence of signal from single stranded PNA probe can be
explained by the repulsion between the positively-charged lysine-modified PNA and
the also positively-charged electrode. Upon hybridization with the DNA the PNA-DNA
hybrid became negatively-charged and thus attracted to the electrode, allowing an
efficient electron transfer from the anthraquinone label as shown in Scheme 4.2

PNA DNA
hhamh Redox signal

‘ \
ﬂé‘? ++ 4+t /\
PNAprobe

GE | PNAprobe

+ + + + + &E No signad
o i ol 3.
Non target DNA ‘
o + 4 + 4+ ’

e, i /

Scheme 4.2 Principle of immobilization-free DNA detection on the positively
charged modified SPCE
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Figure 4.11 The signal of 2AQ-WSSV-Lys (50 pM, 20 pL) in 10 mM phosphate
buffer pH 7.0 on the CHT modified SPCE
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However, CHT has a limited solubility in water and can generate positive
charge only at a pH well below neutral (< 55) [74-76]. To overcome these
limitations, other positively-charged polymers including HTACGCHT and PQDMAEMA
were also compared with CHT. Structures and properties of the polymers used in this
study are summarized in Figure 4.12 and Table 4.4 respectively.

CHT HTACC-CHT PQDMAEMA

OH O%
Q, & 1 o no
H NH, . NH 7

O,
OH
/N\
7 | N ‘
Figure 4.12 Structures of CHT, HTCAA-CHT and PQDMAEMA

Table 4.4 Characteristics of the three positively-charged polymers used in this
study

Polymer Working pH range Source Water solubility
CHT below 55 semi-synthetic poor
(only in acidic solution)
HTACGCHT all pH semi-synthetic good
PCOMAEMA al pH synthetic excellent

Firstly, three different electrodes modified with each of the three polymers at
1% wlv in the carbon ink paste before the screening were prepared. The signals
obtained from 2AQWSSV-Lys PNA as well as its hybrids with complementary and
single-mismatched DNA (50 pMin 10 M phosphate buffer, 20 pL) were compared
for each electrode. The effect of pH of the buffer was also studied at the same time
by varying the pH of the phosphate buffer in the range of 55, 7.0 and 8.0. The
results summarized in Figure 4.13 show that the highest signal of complementary
PNADNA duplex was obtained on PODMAEMA-modified SPCE at pH 80.  addition,
the signal from single base mismatched PNADNA duplex completely disappeared.
Under the same conditions, CHT and HTACGCHT gave lower signals for
complementary duplex, and higher signals for single base mismatched duplex.
Accordingly, PODMAEMA-moaified SPCE at pH 8.0 was chosen for the next studies.

The signal on CHT modified SPCE was quite high in acidic condition. It can be
explained by protonation of the amino group on CHT in acidic solution (pH < 55)
HTACCCHT and PODMAEMA modified SPCE gave signals with poor shapes suggesting
inefficient electron transfer process. Under neutral and basic conditions, the signal
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shapes and strengths were good for HTACGCHT and PQDMAEMA but not CHT
because of the deprotonation.
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Figure 4.13 Comparison of the 2AQ-WSSV-Lys (50 pM, 20 pL) before and after
hybridized with single base mismatched and complementary DNA in 10 mM
phosphate buffer (A) pH 5.5, (B) pH 7.4 and (C) pH 8.0
on various positively charged modified SPCE the (left)
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4,10 Effect of type and pH of buffer

From above results, the pH of the buffer seemed to have significant
influences to the electrochemical signal. As previously shown in section 4.6 on the
unmodified electrode, the nature of the buffer itself can also have dramatic effects
on the signal strength and shape, the effect of the buffer type was also re-
investigated on the PQDMAEMA-modified positively-charged electrode at pH 7 and 8,

agreement with the previous study, TrisHC buffer consistently showed a better
performance than phosphate buffer. Importantly, the clear differentiation between
complementary and single mismatched DNA targets could be obtained both at pH 7
and 8, even when the concentration of the PNADNA was decreased from 50 pM to
5 pM TrisHO buffer pH 8 was chosen for the next experiments because it gave
higher signal for complementary duplex and lower signal for single mismatched
duplex compared to pH 7.

2.00 1

m PhosphatepH 7.0

m PhosphalepH 8.0
150 - mThis-HC It 7241

m Tris-HCIpH 8.0

1.00

0.50 -

No DNA Dcomp DsmC

Figure 4.14 Effect of buffer to the 2AQ-WSSV-Lys (5 pM, 20 pL) signal (left)
before and after hybridized with (center) complementary and (right) single
base mismatched DNA in 10 M phosphate buffer pH (purple) 7.0 and
(blue) 8.0 and Tris-HCI buffer pH (green) 7.4 and (red) 8.0.

4.11 Effect of accumulation potential

All results above suggest that it was possible to use PODMAEMA-modified
SPCE for a highly specific signal-on detection of DNA sequence using 2AQ-labeled
acpcPNA probes. However, another major problem of low sensitivity still remained.
all previous experiments, the concentration of PNA and DNA required to give
acceptable signals was in micromolar range (5 to 50 (jM. This is far too high to be
useful for detection of real DNA samples. Subsequent experiments were designed
with the attempt to improve the sensitivity of the detection.
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Accumulation of applied potential is another attractive option to increase the
signal. The potential accumulation at positive value is commonly used to increase
positive charge of the working electrode [77, 78], This can increase the amount of the
negatively charged PNADNA duplexes onto electrode surface by electrostatic
adsorption and may result in a more efficient electron transfer.

To test this hypothesis, a 2AQWSSV-Lys PNADNA sample 5 pMin 10 M
TrisHC buffer pH 8.0) was dropped onto the PODMAEMA modified SPCE electrode.
The AQ signal was measured at varying accumulation potential of 0.1, 0.3, 0.5, 0.7
and 0.9. As expected, the more accumulation potential applied, the higher signal was
obtained. From Figure 4.15, the maximum signal was observed at the accumulation
potential of 0.7 V by increasing from 10 pAto 31 pA At higher accumulation
potentials, the signal was decreased because these potential is over the potential
working range of carbon electrode. Therefore, the accumulation potential at 0.7 V
was enhanced the signal 3 times to the original signal and chosen for the next
experiments. From accumulation effect, the concentration of PNADNA can be
decreased to 500 M
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Figure 4.15 Effect of accumulation potential to the signal of hybrid of 2AQ-
WSSV-Lys with complementary DNA (5 pM in 10 mM Tris-HCI buffer pH 8.0,
20 pb) on 1% PQDMAEMA modified SPCE

4.12 The effect of amounts of polymer

The amounts of the polymer in the SPCE, which may be controlled by the
amount of the polymer added in the carbon ink paste mixture before screening of
the working and counter electrodes, should have significant effects on the sensitivity
because it determines the “positiveness” of the electrodes. This was the next
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parameter to be investigated. PQDMAEMA was prepared as aqueous solution (0.5,
10, 5.0, 10.0, 15.0 and 20.09% wiv) before mixing with the carbon ink mixture to give
the final concentration of the polymer at 0.13, 0.26, 13 26, 39 and 52% (before
screening). The electrode prepared from each carbon ink mixture with different
concentration of PODMAEMA was used to detect the signals of 2AQ-WSSV-Lys and its
hybrids with complementary and single mismatched DNA to select the best system
providing optimized result in signal. The optimal electrode should give low signal
before hybridization and high after hybridization with complementary DNA Ideally,
the signal after hybridization with single mismatched DNA should be the same as
before hybridization. The PNA and PNA-DNA samples (500 and 50 nMin 10 MTris-
HJ buffer pH 8.0, 20 pb) was dropped onto the SPCE electrodes prepared from
carbon ink mixtures with 0.13, 0.26, 13, 26, 39 and 529 wiv PODMAEMA The
signals were measured and compared. The results are shown in Figure 4.16. The
data revealed that increasing the amounts of the polymer resulted in stronger
electrochemical signals. Unfortunately, at the concentration of 5% or above, the
background signal (PNA without DNA) became so high that it outweighed the
increased signal of the PNADNA hybrid. Nevertheless, the in all cases, the single
mismatched hybrid gave signals that were not 3|gn|f|cantly different from the
background signal of single stranded PNA indicating the high specificity. From Figure
4.16, 0.26% PQDMAEMA modified SPCE exhibits the best compromise between the
signal and background. Therefore, 0.26% PQDIMAEMA modified SPCE was chosen for
further studies.
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Figure 4.16 Effect of the amounts of PQDMAEI\/IA in the modified SPCE to the
2AQ-WSSV-Lys signal ((Top) 500 and (Bottom) 50 nM in 10 mM Tris-HCI buffer
pH 8.0, 20 pL). The % polymer is expressed as the amount of the polymer (wiv)
in the carbon ink mixture used for the electrode screening.

4.13 Optimization of SWV parameters

The square-wave voltammetric technique (swv) used in the detection of the
electrochemical signal of anthraguinone-labeled PNA has a few parameters to
optimize including frequency, step potential and amplitude. These parameters can
affect the kinetic rate of redox-active species on the redox reaction and hence
should have significant effects to the signal strength. The 2AQ-WSSV-Lys PNADNA
samples (50 M in 10 mM Tris-HCI buffer pH 8.0, 20 pL) and dropped onto the 0.26%
PODMAEMA modified SPCE. The frequency of the applied potential was varied in the
range of 10, 20, 30, 40, 50 and 60 Hz, the step potential was varied in the range of
10, 26, 50, 75, 100 and 125 mV and the amplitude was varied in the range of 100,
250, 500, 750, 1000, 1250 and 1500 m\V. The order of optimization is frequency, step
potential and amplitude respectively. Firstly, step potential of 0.100 V and amplitude
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of 0.050 Vwere used in the frequency optimization. The optimized frequency was
then fixed and used for optimization of the step potential. After the frequency and
step potential were optimized, the amplitude was finally optimized to yield all
optimized  V/ parameters as shown in Table 4.5. Consequently, the  V signal of
the complementary duplex at 50 M in 10 mM TrisHO buffer pH 80 on 0.26%
PODMAEMA modified SPCE is increased from 09 pA (before swv parameters
optimization) to 2.4 pA (after swv parameters optimization).

Table 45 Optimization of SW parameters

Parameters Optimized range ~ Optimized value
Frequency (Hy) 10-60 40
Step potential (V) 0.001-0.0125 0.0075

Amplitude (V) 0.010-0.150 0.100
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Figure 4.17 Optimization of SWv parameters for the detection of the signal from
2AQ-WSSV-Lys PNA-DNA sample on 0.26% PODMAEMA modified SPCE (50 nM,
10 mM Tris-HCl buffer pH 8.0, 20 pL)
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4.14 Effect of analyte composition

After the quantity of polymer in the modified SPCE was optimized, the
composition of the analyte (PNADNA duplex) was investigated.  previous
experiments, the PNA and DNA amounts were kept equal.  this experiment, the
amount of DNA was varied to higher than, equal to and lower than the amount of
the PNA  the first experiment, the PNA solution was prepared to give the final
concentration of 0.5 pM in 10 mM Tris-HCI (pH 8.0) and the DNA was varied to give
the final concentration of 0.05 05 and 5 pM  the other experiment, the
concentration of the PNA was varied (0.05, 0.5 and 5 pM) but the DNA concentration
was fixed at 05 pM The samples were dropped onto the 0.26% PQDMAEMA
modified SPCE and the signals were recorded and compared. The results from the
first experiment (varied concentration of DNA) in Figure 4.18(A) showed that the
maximum signal was obtained at equimolar amounts of PNA and DNA This is not
surprising as lower amount of DNA means the formation lower amounts of PNADNA
hybrid - which is responsible for the detected signal. On the other hand, when the
concentration of DNA was higher than PNA the excess DNA which is also negatively
charged can competitively adsorb onto the electrode and thus reducing the amount
of the adsorbed PNA-DNA hybrid thereby decreasing the electrochemical signal. This
phenomenon had been reported before on positively charged modified MO
electrodes 1]

another experiment, the concentration of DNAwas fixed at 0.5 pM and the
concentration of PNA was varied from 0.05 to 5 pM as shown in Figure 4.18(B). The
same results as in the previous experiment were obtained at low amount of PNA At
high amount of PNA the signal did not change from when the PNA and DNA were
present in equal amounts. This means that the excess PNA does not increase the
signal and is therefore unnecessary. Accordingly, the suitable ratio of PNA to DNA is
11
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Figure 4.18 Eﬁect of analyte composition (A) DNA (B) PNA on the 0.26%
PODMAEMA modified SPCE (0.5 pM in 10 mM Tris-HCI buffer pH 8.0, 20 pl)

4.15 Calibration curve

To investigate the analytical performance of this system, the relationship
between the concentration of the sample (PNA-complementary DNA duplex) and the
electrochemical signal was studied. this experiment, the concentration of the 2AQ-
WESSV-Lys PNA was fixed at 50 nM and the concentration of DNA was varied in the
range of 0.1, 0.35, 1 35, 50, 10, 35 50, 100 and 350 nM The PNA or PNADNA
samples were dropped onto the 0.26% PQDIVAEMA modified SPCE and the signal
was measured and compared. The calibration curve was obtained by plotting the
current () of the PNA probe signal against DNA concentrations. From Figure 4.19
(top), the current increased linearly (R = 0.997) as a function of concentration of the
PNADNA duplex in the range of 35-50 nM At DNA concentrations > 50 nM the
signal decreased because the excess DNA prevented the PNA to access to the
electrode (section 4.14). At low DNA concentrations (<3.5 nM), the signal appeared to
be decreased rapidly and down to zero at 0.1 nM or less. Thus, limit of detection
(LOD) should be 3.67 nM as calculated from 3.3SD/m, where SD = residual standard
deviation of the linear regression and m = slope of the calibration curve [79], Limit of
quantitation (LOQ) can be calculated similarly, using the equation LOQ = 10SD/im. As
a result, this system shows LOQ of 11.12 nM The LOD and LOQ in this range should
be sufficient for analysis of PCR-amplified DNA samples. Consequently, this
immobilization-free electrochemical DNA detection by acpcPNA should be suitable
be for using as a DNA sensor.
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416 Selectivity of the PNA probe

Selectivity of the 2AQ-WSSV-Lys probe was studied by comparing the signal of
PNA Dbefore and after hybridization with complementary and various single
mismatched DNAwith the following sequences.

DsmCs 5-TCT GAEn T AG3 DsmAd
DsmGs 5-TCT GAGTTT AG3 DsmT4
DsmTe 5-TCT GATTIT AG3 DsmA7
DsmC5 5-TCT GCATIT AG3 DsmC/
DsmG5 5-TCT GRATIT AG3 Gf
DsmT5 5-TCT GIATTT AG3 DsmAl
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The PNA and PNADNA samples (50 nM in 10 mM Tris-HCl buffer pH 8.0, 20
pL) were dropped onto the 0.26% PQDMAEMA modified SPCE and the signal
measured and compared. As expected, the signal of the anthraguinone was very
small when the PNAwas hybridized with single base mismatched DNA  most cases
the signal was almost the same as single stranded PNA The only exception is the
DNA DsmAll carrying the mismatched base at the terminal position, which gave
similar signal to the complementary hybrid. This is not unexpected due to the
similarity of the mismatched and the complementary DNA sequences. This
experiment suggests that the 2AQ-WSSV-Lys PNA probe exhibits excellent selectivity
in distinguishing between complementary and mismatched DNA
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Figure 4.20 Selectivity of 2AQ-WSSV-Lys (50 nM, 20 pL) on 0.26% PQDMAEMA
modified SPCE in Tris-HCl buffer at pH 8.0

4,17 Effect of non-complementary DNA

Although the PNA probe exhibits very high selectivity between
complementary and mismatched DNA it is interesting to challenge this by increasing
the concentration of the mismatched DNA relative to the complementary DNA The
2AQWSSV-Lys and its hybrid with complementary DNA were prepared to give the
final concentration of PNA and DNA =50 nMin 10 mM TrisHOl buffer (pH 8.0), and
the amount of non-complementary DNA was varied in the range of 50 nM, 05 and
5 pMwhich are 1, 10 and 100 times of the complementary DNA The samples were
dropped onto the 0.26% PQDMAEMA modified SPCE and compared the signal. As
shown in Figure 4.21, the signal decreased according to the amount of non-
complementary DNA added. This can be explained by a competitive hinding of the
complementary PNADNA hybrid by the excess non-complementary DNA which
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resulted in less amounts of adsorbed PNADNA hybrid and thus lower signal
Nevertheless, a clear signal can still be observed even when the single mismatched
DNA was present at 100 times higher than the complementary DNA  the absence
of the complementary DNA the signal due to the mismatched DNA is virtually
indistinguishable from the background at all concentrations, confirming the high
specificity of the PNA probe.
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Figure 4.21 Effect of non-target DNA (Single base mismatched DNA) to the signal
of PNA-DNA hybrid (50 nM, 20 | |U) on 0.26% PQDMAEMA modified SPCE
in 10 mM Tris-HCI buffer pH 8.0
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4.18 Effect of long and double-stranded DINA targets

So far the DA detection experiments were carried out with single stranced
synthetic DNAwhich has exactly the same length as the probe. This is very different
from the real situation whereby DNA samples are present as duplexes and are
usually much longer than the probe. To assess the possibility of detection of long
and double-stranded DNA targets, two 19 base pairs DNA targets (DcomplImer,
DsmC19mer) were designed to have complementary or non-complementary
sequence to the 2AQ-WSSV-Lys PNA probe (see Table 4.2). The sequence were
chosen to be similar to the real WSSV DNAand the region of PNA binding was placed
at the central part of the DNA duplex so that there were 4 bases pairs on each side
of the PNADNA duplex.

To compare the signal and specificity with long, single stranded DNA the PNA
and PNA-DNA samples (50 nM in 10 mM TrisHC buffer pH 8.0, 20 pL) were dropped
onto 0.26% PQDMAEMA modified SPCE and the signals were measured every 10 min
until the signal was stable. The results in Figure 4.22 showed that the signal was
almost the same as that obtained from the DA target with identical length to the
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probe. It indicated that the length of target DNA has no effects to the electron
transfer process.

Next, the experiment was repeated with complementary and mismatched
long, double-stranded DNA targets. The DNA duplexes were formed by mixing two
complementary DNA strands together. The formation of the desired DNA duplexes
was Verified by melting temperature analysis (s6.s °c for B1502 duplex and 65.4 °c
for B1513 duplex with or without salt) The PNA and PNA-GsDNA samples (50 nM in 10

MTris-HCI buffer pH 8.0, 20 pL) were dropped onto the 0.2% PQDMAEMA modified
SPCE electrode. The signal was detected every 10 min until the signal was stable.
The time required for the signal to reach maximum in this experiment was
significantly longer (up to 40 min) than in the case of single strand DNA (Figure
4.23(A)). The appearance of the signal, albeit rather slowly, in the case of
complementary DNA duplex suggested that binding of the PNA to the csDNA
presumably by duplex invasion, could occur. After 40 min, the signal was stable and
was similar to the signal obtained from single stranded DNA target with equal length
to the probe. On the other hand, no signal was observed with the non-
complementary DNA duplex even after 40 min (Figure 4.23(B)), suggesting the high
selectivity between complementary and mismatched long, duplex DNA targets.
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Figure 4.22 Effect of long length target DNA to the signal of PNA-DNA hybrid (50
nM, 20 |jL) on 0.26% PQDMAEMA modified SPCE in 10 mM Tris-HCl buffer
pH 8.0
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Figure 4.23 Invasion of AQ-WSSV-Lys PNA (50 nM) to the 19bp double-stranded

(A) complementary and (B) single base mismatch DNA (50 nM) on 0.26%
PQDMAEMA modified SPCEin 10 MTris-HCI buffer pH 8.0
(total volume =20 pL)

Furthermore, the presence of salt such as NaCl is an important factor that can
stabilize dsDNA by decreasing the electrostatic repulsion of the negatively-charged
phosphate of the DNA backbones. Therefore, the effect of NaCl to the detection of
double strand DNA was studied. The 2AQ-WSSV-Lys PNA and PNA-GsDNA samples
(50 M in 20 mM Tris:HO buffer pH 8.0 with or without 100 mM NaCl, 20 pL) were
dropped onto the 0.26% PQDMAEMA modified SPCE electrode and the signal was
detected every 10 min until it was stable. As expected, the time required to obtain

the maximum signal was longer in the presence of NaCl.

the case of

dsDcomplOmer, 50 min was required to obtain the maximum signal. This can be
explained by the increased stability of DNA duplexes at high salt concentrations.
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Figure 4.24 Invasion of PNA (50 nM) on the long double strand target DNA (50
nM) in the presence of 100 M NaCl on 0.26% PQDMAEMA modified SPCE
in 10 mM Tris-HCl buffer pH 8.0 (total volume = 20 pL)

To improve the invasion Kinetics, the double-stranded DNA was separated
into their single stranded components. This could be achieved by dénaturation of
the DNA duplex by heating to 90°c to break the hydrogen bonds.  the case of
denatured dsDcompl9mer, the signal appeared and reached maximum immediately
after addition of the PNA under both conditions with and without NaCl. No signals
could be observed with the denatured dsDsmC19mer.
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Figure 4.25 Invasion of PNA (50 nM) on the long double strand target DNA (50
nM) by using thermal dénaturation method on 0.26% PQDMAEMA modified
SPCE in 10 mM Tris-HCI buffer at pH 8.0 (total volume =20 pL)
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4.19 Detection of blind samples

To test the reliability of the new technique for DNA sequence detection, the
detection of blind samples were conducted. Six blind samples, which consisted of a
synthetic WSSV DNA (Dcomp or DsmC) were prepared. These samples were diluted
to give the final concentration of 50 nM in 10 mM TrisHC! buffer (pH 8.0) and
dropped onto the 0.26% PQDMAEMA modified SPCE electrode before the signal was
measured. After that, the concentrated PNA stock solution was added to the sample
solution on the electrode to give the final PNA concentration of 50 nM without
causing significant volume change and the signal was measured again. ifa signal was
observed, then the sample is positive.  case of no signal, there were still
possibilities of negative samples, or malfunctioned electrodes. To distinguish
between the two possibilities, the complementary DNA (Dcomp) was added to this
solution at 50 nMwithout changing the volume. Ifthe signal appeared, the electrode
was working properly.  the first measurement (without PNA), no signal was
observed for all samples, which means that there was no false positive results. After
adding the PNA probe, only in samples #2 and #4 that the signal was observed
similar to the positive control experiment, indicating that they were WSSV positive
samples. For the remaining samples, the signal was observed after adding WSSV
positive DNA (Dcomp), indicating that they are WSSV negative samples (DsmC) and
that the electrodes and the probe were functioning properly. The results illustrated
in Figure 4.26 are fully consistent with the key provided by Prof. Dr. Tirayut Vilaivan
who prepared the blind samples (positive: #2, #4; negative: #1, #3, 45, #s),
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Figure 4.26 Detection of blind DNA samples using 2AQ-WSSV-Lys probe (50 nM)
on the 0.26% PQDMAEMA modified SPCE in 10 mM Tris-HCl buffer pH 8.0
(20 MU
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4.20 Detection of LAMP-amplified DNA samples

To test the applicability of the technique for detection of real DNA samples,
DNA samples were extracted from infected shrimps and amplified by LAWP
technique [80] using a set of primers that were specific for amplification of the WSSV
DNA sequence (ection 335). Since the concentration of the LAVP samples is
unknown, the samples were also diluted to 10, 100 and 1,000 times in order to avoid
having excessive amounts of DNA that would interfere with the detection (Section
4.14). The mixture of PNA with heat-denatured DNA sample (50 nM PNA various
dilution of DNAin 10 MTrisHC buffer pH 80, 20 pl) was dropped onto 0.26%
PODMAEMA modified SPCE electrode and the signal was measured. As shown in
Figure 4.27, the signal was observed at both 10-fold and 100-fold dilutions, but not
at 1,000-fold dilution. Only weak signal was observed in the undiluted sample.
Interestingly, the maximum signal was observed at 100-fold dilution rather than in
more concentrated samples, which suggest that the 100-fold diluted LAVP sample
contains approximately the same amount of DNA samples to the PNA probe used in
the experiment (50 nM). The results confirmed that it is possible to use the
developed immobilization-free technique for electrochemical detection of real DNA
samples that was amplified by LAVP technique.
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Figure 4.27 (A) Detection of heat-denatured LAVP WSSV samples at no, 10-fold,
100-fold and 1,000-fold dilution using 2AQ-WSSV-Lys (50 nM) compared with
non-template sample and negative control (100 dilution) on 0.26% PQDMAEMA
modified SPCE in 10 mM Tris-HCI buffer pH 8.0 (20 pL) (B) comparison of the
signal at various dilution of LAMP samples
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4.21 Specificity test with real DNA samples

After the successful detection of LAMP-amplified WSSV DNA DNA samples
from other common of shrimp viruses including IHNNVSV, YHV and TSV were used to
study the selectivity of this probe in real samples. As shown in Figure 4.28, this
system exhibits an excellent specificity. No signals could be detected in all samples
except WSSV.
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Figure 4.28 Specificity of 2AQ-WSSV-Lys (50 nM) in detection of heat-denatured
LAVP samples on 0.26% PODMAEMA modified SPCE in 10 mM Tris-HCl buffer
pH 8.0 (20 pb)

4.22 Sensitivity of LAVP samples

To test the sensitivity of the technique, the samples were amplified with
starting with different number of DNA copies (106, 105 104 103 102 10 and (). The
undiluted LAVP samples were compared with the 10 and 100 times undiluted
samples. The samples were prepared and measured as described in 4.20. According
to Figure 4.29, the signal was observed at 106 10s and 104 copies for 100-fold
dilution and at 106, 105 104 103 102 and 10 copies for 10-fold dilution. On the other
hand, the signal was present only at 10 copies in undiluted samples. This can be
explained by the presence of too much DNAin the undiluted samples that interfered
with the detection (Section 4.14). It confirmed that the LAVP sample is powerful
technique to amplified DNA sample and also confirmed the low limit of detection in
this method.
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Figure 4.29 Sensitivity in detection of heat-denatured LAVP samples at different
dilutions (A) 100-fold, (B) 10-fold and (C) no dilution with 2AQ-WSSV-Lys
(50 nM) on 0.26% PQDMAEMA modified SPCE in 10 mM Tris-HCI buffer pH 8.0
(20 pM)
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4.23 Detection of PCR-amplified DNA samples

DNA samples prepared by PCR are different from LAVP in such a way that
PCR sample is a faithful copy of a particular region of the entire DNA sequence of the
subject of interest that is usually several hundred base pairs in length. On the other
hand, LAVP sample consists of much shorter DNA region that is repeating many
times in the same DNA strand. This difference makes effective concentration of the
DNA region of interest in the LAVP sample much higher than the PCR sample. To
further demonstrate the application of the present technique in detection of PCR-
amplified samples, two sets of clinically relevant human DNA samples (HPV and HA
B1502/1513) were prepared by PCR As heat-denaturation was found to be inefficient,
the PCR sample was denatured by chemical dénaturation method instead (ection
335). The PNA (LAQHPV for detection of HPV and 2AQ-BI502 for detection of
B1502) and PNA-DNA samples (50 nM PNA 10-fold dilution of DNAin 10 mM Tris-HC
buffer pH 8.0, 20 pL) were dropped onto 0.26% PQDMAEMA modified SPCE and the
signal was measured. The results shown in Figure 4.30 clearly demonstrate that the
technique is also applicable for detection of PCR-amplified DNA samples.
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Figure 4.30 Detection of PCR (A) HPV type 16 (HPV-negative C33 was used as
negative control sample) and (B) B1502 samples (HLA B1513 was used as
negative control sample) on 0.26% PQDMAEMA modified SPCE
in 10 mM Tris-HCI buffer pH 8.0 (20 pL)
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4.24 Understanding the interaction of charges on the SPCE and PNA

The charge on the surface of the SPCE is one of the key elements of
immobilization-free method presented in this work. However, another important
factor that had not been considered in details is the charge on the PNA probe. To
understand more on the interaction of charges on the SPCE and PNA
electrochemical behaviors of differently charged PNA (neutral, positively-charged and
negatively-charged) on differently charged SPCE electrodes (unmodified, positively-
charged and negatively-charged) were investigated. The differently charged PNA were
synthesized by replacing the positively charged lysine in 2AQ-WSSV-Lys with serine
(neutral) or glutamic acid (negatively charged) to form 2AQ-WSSV-Ser and 2AQ-WSSV-
Glu, respectively. The preparation of the neutral and positively-charged (PQDMAEMA
0.26%) SPCE was the same as previously described (section 43.1), but no pre-
treatment was performed on the neutral electrode to avoid formation of the
negatively-charged carboxyl groups on the electrode surface. The negatively-charged
electrode was prepared by mixing polyacrylic acid (PAA 13%) to the carbon ink
mixture used for the electrode screening. The PNAsamples (50 nMin 10 MTris-HCI
pH 80, 20 pb) were dropped onto the electrodes and the electrochemical signals
were measured and compared,

As shown in Figure 4.31, the charges on both PNA and SPCE critically affect
the electrochemical signal of the 2AQ"WSSV PNA probes obtained before and after
hybridization with DNA The results are fully consistent with the working hypothesis
previously shown in Schemes 4.1 and 4.2. The positively-charged single stranded
PNA 2AQ:WSSV-Lys yielded the signal only on the negatively-charged P.AA-modified
electrode. The negatively-charged single stranded PNA 2AQ-WSSV-Glu yielded the
signal only on the positively-charged PQDMAEMA-modified electrode. Unexpectedly,
the supposedly neutral PNA 2AQWSSV-Ser gave the signal on both positively-
charged and negatively-charged electrodes. This suggests additional binding modes of
PNAto the electrode that cannot yet be identified. The non-pre-treated unmodified
(neutral) electrode gave no signal with all three PNA systems, confirming that the

charge modification Is essential for the present immobilization-free DNA detection
method.
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Figure 4.31 Comparison of the 2AQ-WSSV-Lys, 2AQ-WSSV-Ser and 2AQ-WSSV-Glu
(all at 50 nM) on the (A) positively-charged (B) unmodified (C) negatively-
charged modified SPCE in 10 mM Tris-HCl buffer pH 8.0 (20 pU)

The signal change in the presence of DNA was also explored with all three
types of PNAand three types of electrode. The PNAand PNADNA samples (50 nMin
10 mM TrisHO pH 80, 20 pU) were dropped onto the electrodes and the
electrochemical signals were measured and compared. On the positively-charged
modified SPCE (Figure 4.32A), the signal was suppressed when the DNAwas present
in the case of negatively-charged (2AQ“WSSV-GIU) and neutral PNA (2AQ-WSSV-Sr).
Since the negatively-charged PNADNA hybrids are supposed to be present on the
electrode due to the favorable electrostatic interaction, the lower signal in these two
cases may reflect the poorer electron transfer from the PNA-DNA hybrid compared to
the free PNA  the case of positively-charged PNA (2AQ-WSSV-Lys), the same level
of signal was observed. However, since the single stranded PNA gave no signal, this
result in the net signal increase in the presence of DNA which is in agreement with
our previous results (sections 4.9-4.23). The results were completely opposite on the
negatively-charged modified SPCE The addition of the DNA caused disappearance of
the signal in all cases. However, since the single-stranded negatively-charged PNA
(2AQ-WSSV-GIu) gave no signal originally, no net signal change could be detected. On
the other hand, a clear reduction of the signal was observed in both the positively-
charged (2AQWSSV-Lys) and neutral PNA (2AQWSSV-Ser).  all cases, no
signalisignal change on the neutral SPCE could be observed. Again, all of these
results emphasize that the charge modification is essential for the present
immobilization-free DNA detection method. Furthermore, it also suggests the
possibility of using a combination of neutral or positively-charged PNAwith negatively
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charged electrodes for detection of DNA in a signal-off mode. This possibility will be
explored in the future.
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Figure 4.32 Comparison of the 2AQ-WSSV-Lys, 2AQ-WSSV-Ser and 2AQ-WSSV-Gu
before and after hybridized with complementary DNA on the (A) positively-
charged (B) unmodified (C) negatively-charged modified SPCE
in 10 mM Tris-HCI buffer pH 8.0 (20 pl )
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