CELLULOSE-SUPPORTED FLUOROPHORE AS METAL
ION SENSORS

Mr. Apiwat Promchat

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in Chemistry
Department of Chemistry
FACULTY OF SCIENCE
Chulalongkorn University
Academic Year 2021
Copyright of Chulalongkorn University



vigealsvlefuuaglaadmsuidludsuleseuTany

ao J a
HIYDNIANU NINUYIA

a

a a 22 & J & = @ a a o
'J‘VIEJ'luwuﬁuLﬂuﬁ')uﬁu\ieUﬂ\iﬂ?iﬁﬂi&l'l@'lll’ﬂaﬂq@ilﬁigig13ﬂ81ﬁ1ﬁﬁiﬂyaﬂmm@
a =~ a IS
A1V NIBUAN NIAIBUAN
a 4 4 a [
AUSINYIANTAT JWIINTUNNIINY1AY

Imsdnu 2564

a a £ J a [
AVANTUDIPNAINTUNVIINY QY



Thesis Title

CELLULOSE-SUPPORTED FLUOROPHORE AS
METAL ION SENSORS

By Mr. Apiwat Promchat

Field of Study Chemistry

Thesis Advisor Professor MONGKOL SUKWATTANASINITT, Ph.D.

Thesis Co Advisor Associate Professor THANIT PRANEENARARAT,
Ph.D.

Accepted by the FACULTY OF SCIENCE, Chulalongkorn University in

Partial Fulfillm

ent of the Requirement for the Doctor of Philosophy

Dean of the FACULTY OF
SCIENCE
(Professor POLKIT SANGVANICH, Ph.D.)

DISSERTATION COMMITTEE

Chairman

(Professor VUDHICHAI PARASUK, Ph.D.)
Thesis Advisor

(Professor MONGKOL SUKWATTANASINITT, Ph.D.)
Thesis Co-Advisor

(Associate Professor THANIT PRANEENARARAT,

Ph.D.)
Examiner

(Professor PAITOON RASHATASAKHON, Ph.D.)

__________________________________________________________ Examiner

(Associate Professor KANET WONGRAVEE, Ph.D.)
External Examiner

(Gamolwan Tumcharern, Ph.D.)



aAdtan navuana | vigeelsvesuwwag Taadmsuiudiuiloeoulans. (

CELLULOSE-SUPPORTED FLUOROPHORE AS METAL ION

SENSORS) o.iitf5numdn @ a. as.uena guiannding, o.isnwiw | sa. as.5iivg

a9

[ 4
I5181u5150

a a I { ) @ a 3 2
WgeasaaudaunuannmsousaiiuiauladmivmsinsgilooouTavznalunauniniay

a & A o v Y s o ' g s o )]
L‘Nﬂill'lﬂl mm@mmgﬂgﬂaﬁamuﬂuum@magiamwmzmyﬂiﬁmﬂuuwamWainmﬁJszﬂaﬂuaﬂﬂmu

o o

' a ¢ g o o 2 vy ' ao Ayw ¢
QWﬂiuﬂ’]i'ﬂﬂﬁ’]gﬂ U IAUNUAIBYIN Lla$ﬁ13l1§ﬂﬁ\1!ﬂ@]ﬂ']ﬁlﬂaﬂul!ﬂaﬁqﬂﬂjﬂﬂnﬂa'] Lluﬂ’]u'l flu.lﬂ AATIEN

o ¢ a ag. o 1 A qug ga ¢ o v v Y A g
ayusvedeziland luaugaluime l9ilungeosmwuadunuanasWanasuiuunszaume l4luns
o g9 a ¢ v oA s o ! a A s
asvdanlgazain lagensodnazinanlganlamseserauditszutananin TudimusnvodIneniinus

Yq Yam o 7 ' ] A Y Y s 7 Aq v 9 =
Nlﬂel‘lﬂ‘ﬁﬂ15ﬁ\‘11ﬂ§1$WLL‘]J‘]JQ"UHWU‘]JH‘U@QLL‘IN LWﬂGI,WU],@MWTFI‘JEI15LiﬂﬂigﬂWHWi%iuﬂWiﬂﬂﬂﬁﬂﬂuﬁ%ﬁﬂH1

v Y 4

o @ o : ) v o Y A o 2 o q Yo oo
ﬂ’JnJﬁiqu“ﬁizw’JWﬂﬂiQﬁﬂQGUEJWI’Ji‘UgLLaS“Hummﬂ@ﬁl@uia‘ﬂz mi’mlﬂ'ﬂx“ﬂm’nle”lﬂ@l’JS‘U’i!L‘U‘UEHiLSEJ‘VI

U

Aa a1 y A o & 7 o A \
Nallﬂuﬂmﬂ@guuﬁuW?mﬂ\ijﬁ@mﬂagiaﬁgf’lﬂwuﬁ31?]311?1“@]14?“%15'0@ﬁ’lﬂﬂﬂﬂﬁﬂ\i%uﬂmﬂq‘lﬂ@ﬂuiaﬁgafn\i

3 H a o A A ' A a A o P
59055 1945114 nazdinnzileooudansdiFalsnald diuiaessvedineiinus Idanyin1sdsunldeunny

Y @

' ¥ o & a a ay a T o o Za % v v Y A
”lwauuwmauwu‘ﬁ”lﬂamaazﬂﬂﬂﬂuauaﬂmﬂuizuu uazumuwuw%mwmuuﬂumsug‘uuﬂizmyw

@

a < A J 9 J o 4
ﬁ']ll']iﬂ'JLﬂi13141]511']3!‘1@'0@uiaﬂgﬁ]']ﬂigﬂgﬂ'lﬁwg’i)ﬂﬁ?ﬂclfuiﬂ Iﬂﬁli%ﬂ%’ﬂ'm‘ﬂ@filﬁuV\I@'ﬂﬂliﬁ!%uﬂ UNUD
o v A A o A&y $ A a4 g '
IﬂﬂiﬂiﬂﬂUﬂ?NTmﬂl@Qqﬂﬂﬂuﬁﬂﬂgﬁ waziwanmsasviantudunse Millyrmsaevauosnuidunswo
d’f (Y [l .’;’ v o Y a a a = a 7 A
nmvedleosu Tanziuegiuanu hirenihvesdrsui lnagaeziiland Tudu msinsgdlinalooou

o = o ¥ A a o a H Y u o Y o 9
mma“lumammmn NARNUNDINITIA TN LL@“I%’]JEJ ﬂﬂﬂ@?iﬂgﬂuﬂi%ﬂﬂdTﬂElﬂ1i’Jﬂ§$El$‘V]N!ﬁu‘V\|Qﬂﬁ)Liﬁ

wud Iwaansnueuien1anuitinasguildezaouiinuouyeswiuanlnInsaIndl

a = A A an
w1V1IM [$3bV} YUY UAA

s 2564 A010TD 0. NUTABINEN ceeeeeeeeeeeeeeeneeeeeennnns



# # 5972845023 : MAJOR CHEMISTRY
KEYWORD: metal ion sensor, paper-based sensor, Zn(Il) sensor, quinoline derivatives

Apiwat Promchat : CELLULOSE-SUPPORTED FLUOROPHORE AS METAL

ION SENSORS. Advisor: Prof. MONGKOL SUKWATTANASINITT, Ph.D.

Co-advisor: Assoc. Prof. THANIT PRANEENARARAT, Ph.D.

Organic fluorescent ligands are attractive for qualitative and quantitative analysis
of metal ions. Cellulose substrates, especially for filter paper, have been demonstrated as
one of the most economical and easy to use platform for fluorescent sensors applied in on-
site analysis with naked-eye observation. In this work, new series of amidoquinoline
derivatives were synthesized and investigated as the fluorescent ligands for developing
paper-based sensors. The sensors are used for convenient analysis either by simple naked-
eye observation or an image processing software. In the first part of this dissertation,
parallel solid-state synthesis on filter paper macroarray was used for rapid discovery and
structure-property relationships of metal ion fluorescent sensors. The ligands covalently
bound on the cellulose surface was used as an array of functional substrate-supported
sensors which offer rapid sensing screening, reusability, and enhanced sensitivity for metal
ion identification and quantitative analysis of Zn?*. The second part of the dissertation deals
with a systematic modification of hydrophobicity of glycyl amidoguinoline derivatives for
development of paper-based sensors having distance-based quantification capability. The
distance of the fluorescent lines created in the sensor showed linear relationships with the
amount of Zn?". The linear dynamic ranges depended on the hydrophobicity of the
amidoquinoline probes. The distance-based quantification of Zn?* in drinking water, dietary
supplement, and fertilizer samples by these paper-based sensors gave the results

comparable with the standard method using the atomic absorption spectroscopy.
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CHAPTER |

INTRODUCTION

A fluorescent sensor is attractive for chemical, biological, and environmental
analyses due to its high sensitivity and selectivity with capability in visualization and
imaging. The sensor requires a chemical component of which emission intensity or
wavelength can be altered upon interaction with an analyte. For metal ion sensor, the
fluorescence changes are related to a certain set of general mechanisms such as
photoinduced electron transfer (PET), intramolecular charge transfer (ICT) and
emission induced proton transfer (ESIPT). Our previous study found that an
aminoquinoline derivatized with a glycine unit was an efficient probe for Zn?* with
turn-on fluorescence signal. In this dissertation work, the amidoquinoline derivatives
were studied as chemosensing probes and utilized in development of paper-based
sensors. Along this line, background and literature survey are focused on fluorescent
chemosensors, especially for those related to amidoquinoline derivatives, colorimetric

and fluorescent sensors on cellulose substrate, and distance-based sensors.

1.1. Background and literature survey

1.1.1. Fluorescent chemosensors

Fluorescence spectroscopy has become one of the most sensitive analytical
techniques. It also allows simple visualization for detecting and monitoring chemical
and biological targets. The fluorescence processes that occur between the absorption
and emission of light are generally described by a Jablonski diagram as shown in
Figure 1.1. A photon absorption of a molecule, in UV or visible range, can induce
electronic transition of the molecule from its ground state to one of its excited states
(e.g. S2). After the initial excitation, the molecule rapidly and nonradiatively relaxes
to the lowest excited state (S1) by changing its geometry via vibration and rotation.
The following radiative relaxation from the lowest S1 state to the ground state is

called fluorescence. The length of time is often in the order of 10 to 10 seconds.
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Figure 1.1. Jablonski energy diagram describing fluorescence processes. *

Most of the fluorescent chemosensors are composed of two main components:
one is a receptor part for selective binding with the analytes, the other is a fluorophore
for transducing the binding result into fluorescence signal, whether by fluorescence
enhancement, quenching or wavelength shift (Figure 1.2). Besides, geometrical
relaxation, some known mechanisms creating the fluorescence responses include
PET?, ICT?® and ESIPT. In addition, a chemosensor may be designed by using more
than one sensing mechanism in order to enhance the fluorescent response. Quinoline
derivative are one of the most versatile fluorophores that their fluorescence signals

can be created via several mechanisms upon binding with metal ions.

a) Fluorescent enhancement 7 4
) = ¢) Wavelength shift

Analyte
Fluorophore Receptor

mO % =0 =0~

b) Fluorescent quenching \ .

=0 L mmQ = ==

Figure 1.2. Modes of fluorescence responses.

In 2009, Dong and coworkers* reported Cu?* ion sensor 1 from glycine-N-8-
quinolylamide which was grafted on multi-walled carbon nanotubes. This sensor
showed fluorescent quenching for the Cu?* ion with high selectivity and sensitivity
and significant fluorescence enhancement for Zn?*and Cd?* ions. From Figure 1.3, the
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fluorescence intensity of sensor 1 was gradually dropped with increasing Cu?*
concentration. The fluorescence intensity quenched by 95% with 10 uM of Cu?*. The

detection limit for Cu?* was claimed at 0.1 uM in 30% methanol aqueous solution.

(a) ()’

2+
1+Cu 5

Figure 1.3. (a) Proposed complexation between 1 and Cu?* ion and (b) bar chart
of relative fluorescence intensity of 1 in the present of various metal ions (1 x 107
M).

In 2013, Ma and coworkers® reported a simultaneous detection of Zn?" and
Cd?* in aqueous solution by using 2-((pyridin-2-ylmethyl)amino)-N-(quinolin-8-
yl)acetamide (2) as a turn-on fluorescent chemosensor. Cysteine was used as an
auxiliary reagent for distinguishing Cd?* from Zn?* ions by selective fluorescence

quenching of the solution containing the sensor and Cd?* (Figure 1.4).
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Figure 1.4. (a) Proposed complexation between 2 and metal ions, fluorescence
spectra and pictures of (b) Zn?* detection and (c) Cd?* detection by using cysteine as
an auxiliary reagent.
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In 2018, our research group® reported simple and effective amide derivative
sensor (3) from 8-aminoquinoline and glycine for Zn?* and Cd?* possessing distinct
fluorescence turn-on signal. The sensor showed selective fluorescence enhancement
with Zn?* with the limit of detection at 1.6 uM in aqueous solution. However, the
sensor exhibited fluorescence enhancement with both Zn?* and Cd?* ions in ethanol
solution and in solid form deposited on paper substrate. In Figure 1.5, the sensor was
thus used as a visualizing agent for simultaneous detection of Zn?* and Cd?" after
paper chromatographic separation. Moreover, the emissive color of the sensor is

effectively tunable by the extension of w-conjugation from the quinoline ring (3E).
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Figure 1.5. (a) Proposed complexation between 3 and a metal ion, (b) photographic
image of metal ion (0.1 mM) detected by 3 (I mM) on wax patterned filter paper, (c)
photographic image for simultaneous detection of Zn?* and Cd?* (1 nmol) by 3
(1 mM) after paper chromatographic separation and (d) images and normalized
emission spectra of the fluorophores 3 and 3E in the presence of Zn?* in ethanol.

1.1.2. Colorimetric and fluorescent sensor on cellulose substrate

Cellulose is an attractive supporting material for optical chemosensors due to
its white color and chemically modifiable surface. Furthermore, cellulose is
commercially and economically available in various forms such as flat sheet and
elongated threads. Physical adsorption is the simplest methodology for sensor
immobilization on cellulose. Physical adsorption using simple deposition such as dip-
coating or drop-casting however often gives sensors with moderate sensing
consistency properties and lower sensitivity, when comparing to the solution-based
sensors, due to aggregation and dissolution upon usage. Reproducibility and
sensitivity can be significantly improved by covalent attachment of the sensing probes

because a more uniform monolayer is usually formed. The hydroxyl group at C6 of
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cellulose is the most accessible point for covalent attachment via esterification or
alkylation.

In 2014, Jiang and coworkers’ reported a method for modification of cellulose
paper via ester linkage between poly(carboxybetaine) (4) by using surface-initiated
atom transfer radical polymerization. Specific proteins such as anti-BSA and anti-Fb
were then immobilized to the poly(carboxybetaine) modified cellulose by EDC/NHS
coupling agent. In Figure 1.6, the functionalized cellulose paper was used as a paper-
based microfluidic device and gave very low background signal because super

hydrophilic property of poly(carboxybetaine) minimized non-specific protein binding.
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Figure 1.6. Schematic representation of activation and functionalization of PCB (4)
modified cellulose paper with specific proteins (anti-BSA and anti-Fb) and the
visualization of immobilized proteins via the detection of a fluorometric antigen
probe.

In 2014, Roman and coworkers® reported the synthesis of covalently attached
folic acid and a fluorophore (5) on cellulose nanocrystals (CNCs). The hydroxyl

group on surface of the cellulose nanocrystals was first converted to amino group by
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reacting with an excess of epichlorohydrin in ammonium hydroxide agqueous solution.
In this step, grafting of polymerized epichlorohydrin might occur but it is not
expected to hinder further functionalization as long as it does not lead to cross-
linking. A fluorescein fluorophore (5) and folic acid were consecutively attached to
the amino groups. The modified cellulose nanocrystals showed excellent cellular
uptake and was used for the targeted delivery of chemotherapeutic agents to folate
receptor-positive cancer cells demonstrated by immunofluorescence staining on

human and rat brain tumor cells (Figure 1.7).
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Figure 1.7. Surface modification of CNCs with fluorescent label (5) and folic acid for
improved cellular uptake demonstrated by fluorescent microscopic picture of
immunofluorescence staining on DBTRG-05MG cells.

The esterification and alkylation of native cellulose usually gives low degree
of functionalization due to its extensive intramolecular and intermolecular hydrogen
bonds restricting its solubility in all common organic solvents. Another alternative
reaction involves oxidative cleavage of C3-C4 bond to produce aldehydes. The
oxidized cellulose is more reactive than the native cellulose surface due to its reduced
hydrogen bonds and lower crystallinity. Periodate is a reagent of choice as it gives
high cheomoselectivity and can be used in water media.
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In 2011, Hormi and coworkers® reported effective oxidation of cellulose to the
dialdehyde cellulose with sodium periodate at elevated temperatures. The efficiency
of the periodate oxidation can be further improved be using LiCl and other metal
chlorides supposedly via a reduction of inter and intra molecular hydrogen bonds
between the cellulose polymers. By using LiCl at elevated temperatures, sufficient
aldehyde contents can be achieved within short oxidation times with reduced amount

of periodate.

In 2013, Krull and coworkers'® reported a multiplexed solid-phase QD-FRET
nucleic acid hybridization assay on a paper-based platform in Figure 1.8. The surface
modification of filter paper was prepared by using Hormi’s oxidation method
followed by functionalization with imidazole groups via reductive amination.
Subsequent immersion of the modified filter paper into a solution of green and red
quantum dots (QD) successfully immobilized the quantum dot on the paper surface
via imidazole binding. The QD immobilized filter paper was demonstrated for FRET
nucleic acid hybridization assays for simultaneous detection of multiple DNA

sequences.
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Figure 1.8. (a) Synthetic steps involved in the surface modification of cellulose with
imidazole ligands for QD immobilization. (b) Proposed multiplexed nucleic acid
hybridization working mechanism for simultaneous detection of multiple DNA
sequences.

In 2014, Chauhan and Kumari'! reported the new Schiff bases of oxidized
cellulose (6) as Hg?" sensor in Figure 1.9. Cellulose filaments were first alkylated

with different alkyl bromides in basic condition followed by periodate oxidation to
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generate dialdehyde moiety. Finally, imination between aldehyde moiety and L-lysine
monohydrochloride in buffer solution pH 7.2 to give the desired modified cellulose.
The synthesized material was investigated as a sensor-adsorbent for simple, rapid,
highly selective, and simultaneous detection and removal of Hg?* ion in aqueous
solution. Hg?" sensing was analyzed with naked-eye detection and fluorescence
spectroscopy. The sensing material were regenerated by treatment with HCI solution

and reused for 8 cycles.
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Figure 1.9. Synthesis of Cellulose—Lysine—Schiff base (6). Pictures and proposed
complexation between 6 and Hg?* ion

In 2005, Finney and coworkers'? reported a new and broadly applicable
approach for identification of new fluorescent chemosensors by using reversing
discovery paradigm via combinatorial search in Figure 1.10. The library of 198
spatially arrayed was created from solid synthesis between PEG-derivatized
aminomethyl polystyrene resin which was synthesized from Argogel ™-NH; resin
coupling with 2,6-biarylpyridine-4-carboxaldehyde (7) as a core sensor and various
amino acids with acylating end cap as a receptor. Library members were transferred to
96-well plates and evaluated in parallel for their response to 11 metal ions, as
evaluated with a microscope in a dark room using a hand-held TLC lamp as the
illumination source. A new class of chemosensors (7a - 7cc) for Hg* detection was

found from this array.
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Figure 1.10. (a) Synthesis of the chemosensor library and L-amino acid and acyl end
cap library components and representative solid-phase chemosensors for Hg?* and (b)
images of solid-phase chemosensors (7k-cc) before and after addition of HgCl».

1.1.3. Distance-based sensors

Distance-based sensors become intensively developed during the past decades
with potential application for on-site analysis due to its easy readout and instrument-
free quantification. Mostly, sensors were produced from cellulose substrate which can
carry and transport liquid via patterned channels using simple fabrications such as
hydrophobic barrier printing or paper cutting. The hydrophilicity and porosity of the
cellulose generate flow through capillary effect which allow the interaction between
an analyte and sensor occurs over a distance without a need of external pumps or
power sources.’® The length of visual signal corresponding with an amount of analyte
can be measured by either naked eye or photographic image, thus eliminating the need
for complicated instruments. The distance-based sensing device is low-cost, easy to
operate and can be developed into portable analytical devices for point-of-care testing
for example clinical diagnostics, environmental monitoring, and food safety assurance

at an exponential rate.

The development of distance-based sensing device was dated back at least

since 1985 reported by Litman and coworkers!* for determination of theophylline
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antiasthmatic drug in biological fluid via competitive immunoassay (Figure 1.11). The
mixture of sample and enzyme reagents was allowed to be developed on a paper strip
coated with antibody. The blue-grey color was generated on the paper strip by the
enzymatically catalyzed oxidation of 4-chloro-1-naphthol. The sample containing
higher amount of theophylline showed the longer distances of the color band due to
the antibody displayed stronger interaction with theophylline than the enzyme
reagents. Using this competitive immunoassay device, the theophylline in blood were
quantified within 15 min and reduced the effect of enzyme stability by determining

the distance of the enzyme dispersion instead of enzyme activity.

.
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Figure 1.11. Scheme of the theophylline detection based on competitive
immunoassay on enzyme immunochromatographic test strip.

In 2013, Henry and cowokers®® reported a portable paper-based device for
simple quantitative analysis of glucose, nickel, and glutathione using different
coloring reagents via enzymatic reactions, metal complexation, and nanoparticle
aggregation, respectively (Figure 1.12). The coloring reagents were coated in the wax-
printed fluidic channels. A lateral flow of the liquid sample in the fluidic channel
created coloring distance depended on the analyte concentration. The results showed
excellent gquantitative agreement with certified standards in complex sample matrices.

The linear dynamic ranges against the semi-log scale of the analyte concentration can
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be tuned by varying the amounts of coloring reagents coated in the wax-printed

fluidic channel.
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Figure 1.12. (a) Silver nanoparticles aggregated in the presence of glutathione.
Reaction kinetics were slow, so wax baffles were used to reroute flow in a twisting
pattern through the channel. Detection of glutathione within the concentration range
tested took approximately 10 min. (b) Formation of a brown precipitate product for
glucose detection in approximately five minutes. (c) Formation of a bright red
precipitate product from complexation of Ni?* in approximately 15 min.

In 2015, Henry and coworkers'® reported a distance-based quantification of
Ni2*, Cu?*, and Fe?* in aerosolized particulate matter using wax-printed microfluidic
paper-based analytical devices (Figure 1.13). Colorimetric reagents, chelating ligands,
were printed by inkjet printing for quantifying metals. Distance of colorimetric
response depended on the concentration of the metal ion. Limit of detections for Ni?*,
Cu?, and Fe?* in single and multi-channel devices were 0.10, 0.05, 0.10 ug and 5.0,
1.0, 5.0 pg, respectively. Distance-based device offered convenient and instrument-
free quantification, but it usually gave significant error at near the detection limit

level.
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Figure 1.13. (a) Schematic of distance-based sensor with a multi-layer device.
Masking and sensing agents were inkjet printed in the pretreatment and detection
zones. Passive timer was printed on the back of the device. Metal was quantified from
a complex of ligand-metal precipitated on the substrate that generated a band of color
with a length proportional to the amount of metal. Detection time in single and multi-
channel devices were accomplished in ~30 and ~40 min, respectively. (b) Ni%*, (c)
Cu?*, and (d) Fe?" distance-based detection in single channel devices.

In 2018, Dungchai and coworkers®’ reported a wax-printed distance-based
sensor for rapid determination of CI. The quantitative analysis is based on the
oxidative etching of red silver nanoparticles (AgNPs) to create a white color band of
AgCI in the presence of ClI" and H.O> (Figure 1.14). The concentration of CI" was
determined from the length of the white band using a ruler printed on the side of the
channel. This device showed reproducible and acceptable results comparing to a
commercial chloride test kit for measurement of CI" in real water samples without
external instrument. However, carbonate ion was a major interference when the

concentration ratio of CI- and COs% ion is < 1:3.



28

a) Detection Zone b) E*l)="jg=" =
g—u é—u E—u z-—u»
e M= E F
E-nw i S—» QS—2 E—xn
B | Bl | B E
= _J =, =_ =,

0 25 50 1,000 mgL"!
c) 35 4 20 uL
30 - :
25 4
E 3
E 20 _ 0 y=1r4020-21067
> E o R = 0.9984
E 15 4 5 b
Z i
a zZw
10 4 2%
LR
54 e " pL L) 40
? Log [Concentration of (1]
0 T T T T T J
0 200 400 600 800 1000 1200

Concentration of CI' (mg/L)

Figure 1.14. (a) Schematic of distance-based sensor designs and analytical methods.
(b) Distance-based sensor showed the increasing of white color band toward
concentration of CI". (c) Linear correlation in log scale of CI~ concentration between
25 and 1000 ppm, n = 3.

In 2020, Henry and coworkers'® reported the distance-based sensors using
turn-on fluorescence for AI** quantification. The devices were designed in a linear
format, measured the length of a fluorescent band, and a radial format, measured
fluorescent diameter, to determine the AI** concentration (Figure 1.15). The detection
limit and dynamic range of two devices cover concentrations in ppm level. The
authors suggested a use of portable digital calipers for providing accurate
measurements of single digit ppm. These devices could determine the concentration
of AI** in real water sample from a gold mine despite some interference from Fe** and
Cu?* which turn-off the fluorescence response due to a stronger binding affinity to the

ligand.
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Figure 1.15. Schematic of the (a) linear and (b) radial devices. Calibration plots
presenting the linear range, working range (inset), and photographic images (inset) of
(c) linear devices (n = 8) and (d) radial devices (n = 8) illuminated with a UV
flashlight with selected concentrations to highlight the changes in signal length. Inset
plot’s axes and units are the same as the enlarged plot.

1.2. Objectives

From the above literature survey, three summaries maybe drawn; 1) quinoline
derivatives have been demonstrated to be versatile and effective as sensing probe and
parts of binding sites for metal ion chemosensors; 2) combinatorial synthesis and
screening on cellulose surface maybe used to speed up discovery of new
chemosensors; 3) distance-based sensors allow simple naked-eye readout for
quantitative analysis. However, structure tuning of quinoline derivatives toward
development of metal ion sensor have not been systematically explored. Therefore,
the structure tuning of quinoline derivatives in this work was performed by varying
the substituents, on C2, C3, C6 and C8 position, using different types of amino acids.
The parallel combinatorial approach was used to speed up the synthesis and screening
of sensing properties. The aim for the first part of this dissertation is to generate a
macroarray sensor on filter paper to identify metal ion. The second part of the
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dissertation deals with a systematic modification of glycyl amidoquinoline derivative
having varied hydrophobic substituents. The objective for this second part is to
develop paper-based sensors with distance-based quantification capability. The
variation of hydrophobic properties of the ligands should provide systematic

modulation of the sensitivity and dynamic range of the sensors.
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CHAPTER I
Macroarray Synthesis on Filter Paper for Rapid Discovery and

Structure-Property Relationships of Metal lon Fluorescent Sensors

A macroarray synthesis of ligands on filter papers for metal ions sensor by in-
situ reductive amination and amide coupling reactions is reported. Chemometric
approaches exhibited a rapid discovery of array sensor that can synergistically
distinguish 12 metal ions with high prediction accuracies. Covalently bound of
ligands on filter paper can be developing to a practical paper-based sensors with great
reusability and sensitivity and achieving the limit of detection at low nanomolar level
with some repeating spotting method. Moreover, the discovered ligands were also
confirmed to be functional as unbound molecules, thus giving the faster way of

screening for sensing applications.

2.1. Introduction

The development of sensing ligands for metal ions detection is one of the most
active research subjects in chemical science due to its impact on several fields'®?,
Recent publication is aimed to detection methods that suitable for field testing, with
rapidness, simplicity and low cost detection are desired?. Several steps of a sensor
development have been geared towards achieving these properties. For example,
microfluidic paper-based analytical devices (uLPAD)?* 2° are a good platform that
extremely reduces the cost of detection by the economic cost of filter paper substrate.
Nevertheless, the readout methods for chemical or biochemical reactions achieved
from the paper support is also challenging to the success of the analysis. Those
methods that require sophisticated instrumentation or complicated interpretation are
less likely to be widely accepted and in fact contradict to the low-cost nature of the
paper-based platform. Among available methods, fluorescence detection remains an
attractive measurement, mainly due to its high sensitivity?® ’. To use this detection
method, sensing ligands which change in either intensity or emission wavelength are
required. In the case of complexation with metal ion, some known mechanisms are

generally utilized for observing fluorescence changes. Examples include PET and
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ICT?3L, Anyway, to effectively enhance the paper-based format, sensoring ligands
that can provide naked-eye visualization from excitation by commercial black lights
with visible-region emissions are essential. Aminoquinoline is a class of compounds
that can fit well with these requirements. With additional pendants, this type of
molecules can accommodate a metal ion, resulting in a change in fluorescence due to
PET or ICT®*38, Besides, this change is usually a “turn-on” fluorescence, which can
theoretically allow unlimited enhancement, thereby having potential to be very
sensitive. Hence, various research groups have developed a variety of quinoline
derivatives capable of sensing metal ions* 3%4°, These usually revealed Zn?* as the
main binding partner although some other metal ions were also discovered® #’.
Interestingly, these studies did not contain much information about structure-property
relationships. Our recent study thus aimed to retrace back to investigate the essential
core of binding and found that a mere glycine unit was sufficient to achieve clear

turn-on fluorescence sensing with Zn?* ion®.

In the current study, we aimed to synthesize an expansion set of quinoline probes
from the aforementioned essential core by “reversing the discovery paradigm”® and
thus anticipated to discover some new fluorescent probes in a systematic and rapid
manner. Notably, while solid-phase synthesis on polymer beads is a well-established
field, our current study was made possible by the use of a carefully-planned
macroarray synthesis®. This type of technique, originated from the peptide-only
synthesis (SPOT synthesis)®> *3, is a synthesis strategy for small molecules performed
on cellulose support. With the spatially addressable nature, macroarray synthesis
allows for the rapid synthesis of multiple compounds on one paper sheet without
complex deconvolution. In addition, as similar to other solid-phase techniques,
macroarray synthesis was relatively rapid due to the fact that unreacted molecules can
be easily washed away without any purification steps. With these unique advantages,
previous works have showcased various applications®° that were directly benefitted

from this rapid, low-cost, and reliable method.

Importantly, our current work highlights the first example of how macroarray

synthesis can be used to both get access to diverse molecular scaffolds and to perform
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metal ion sensing on-support without extra cleavage or post-synthesis steps. This
accelerated the discovery of sensing molecules even further, and resulted in a set of
compounds that, with an aid of chemometrics, can complementarily sense various
metal ions, a finding of which would otherwise be improbable or tedious to attain
with traditional synthesis. Last but not least, we also demonstrated the utilization of a
Zn?*-selective scaffold as a ready-to-use paper-based sensor with great sensitivity and
reusability. This was all made possible thanks to the permanent binding nature of the

compound to the cellulose support.

2.2. Experiment

2.2.1. General information

All reagents were purchased from commercial sources and used without
further purification. All metal ions used in this study were in the form of nitrate salts
except Fe?*, where the acetate salt was used instead. Paper used in this study was
Whatman™ Grade 1 Qualitative Filter Paper, which was used without further
treatment. Solutions were made with Milli-Q water from ultrapure water systems with
a Millipak 40 filter unit (0.22 pum, Millipore, USA). NMR spectra were acquired on a
Bruker NMR spectrometer at 400 MHz (*H) and 100 MHz (*3C). The high-resolution
mass spectra were obtained from an electrospray ionization MS (microTOF, Bruker
Daltonics). Absorption spectra were measured by using Varian Cary 50 UV-vis
spectrophotometer. Fluorescence spectra were recorded on a Varian Cary Eclipse
spectrofluorometer. Mass titration spectra were obtained from an electrospray
ionization MS (Thermo Scientific TSQ Quantum EMR triple quadrupole MS) with
the following parameters: positive mode; spray voltage at 3000 V; -capillary
temperature at 300 °C; tube lens offset at 84 V).

2.2.2. Generation of aldehyde functional groups on paper

Paper sheets were washed with a series of solvents (DMF, 10 min, 3x, then
MeOH, 10 min, 3x) prior to chemical functionalization. Thereafter, paper sheets were
immersed into a solution of NalO4 (10 mM) and LiCl (100 mM) premixed in 10 mL
H>0 at 55 °C for 1 h. This was followed by washing with Milli-Q water (10 min, 3x),
MeOH (10 min, 3x), and air-dried.
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2.2.3. Reductive amination with reagent X

A solution of each reagent X (amino acids or dipeptides, 1 mmol) with
NaBH(OACc)z (212 mg, 1 mmol) was prepared by adding 1 mL of 10-mM HEPES pH
8 solution into pre-weighed reagents, resulting in a 1 M solution. In the case of
incompletely soluble reagents (judged by observing precipitate after 20-min
sonication), only supernatant was withdrawn and used. The resulting solution was
spotted (2 pL) onto desired areas on aldehyde-terminated papers (surface 1 in the
main article). The sheet was incubated at room temperature for 10 min, and the
spotting was repeated two more times. After washing (Milli-Q water (10 min, 3x),
then MeOH (10 min, 3x)), the paper sheets were immersed into a solution of NaBH4
(100 mM) for 20 min at room temperature. This again was followed by a series of
washing (Milli-Q water (10 min, 3x), then MeOH (10 min, 3x)).

2.2.4. Carbodiimide coupling with reagent Y

A solution of each reagent Y (aminoquinolines or an aminonaphthalimide, 1
mmol) with HOBt (154 mg, 1 mmol) was prepared by adding 1 mL of DMF into pre-
weighed reagents. The resulting solution was mixed with DIC (126 pL, 1 mmol) and
the new mixture was immediately used for spotting (2 uL) onto desired areas on
carboxyl-terminated papers (surface 2 in the main article). The sheet was incubated at
room temperature for 5 min, and the spotting was repeated two more times. The
process ended by washing the sheets with HEPES buffer pH 5 solution (10 min, 1x),
HEPES buffer pH 7 solution (10min, 1x), DMF (10 min, 5x), and then MeOH (10

min, 3x). After air drying, the paper sheets were ready for metal ion sensing.

2.2.5. Final finishing with wax printing

If desired, finished sensors can be patterned with hydrophobic wax as shown in
our studies. This was done by a Xerox ColorQube 8870 wax printer to create circular
patterns (diameter at 7 mm) on paper (which was designed by Adobe Photoshop).
Heating at 110 °C for 30 sec on a hotplate was then performed to melt the wax and

create the final hydrophobic patterns (diameter of around 5 mm).

2.2.6. Probing fluorescence response with various metal ions
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First option (immersion method), each finished paper sheet was immersed in a
solution of a metal ion (10 uM in HEPES buffer pH 7). The solution was incubated
for 30 min. The sheet was air-dried and exposed to UV light. A handheld UV lamp

was used to illuminate directly on the paper for fluorescence observation.

Second option (spotting method), each desired area on a finished paper sheet was
spotted (2 pL) with a solution of a metal ion (10 uM in HEPES buffer pH 7). The
sheet was incubated for 10 min. The sheet was air-dried and exposed to UV light. A
handheld UV lamp was used to illuminate directly on the paper for fluorescence

observation.

2.2.7. Digital conversion and quantitative analysis of fluorescence signals
Fluorescence signals were captured by using a digital camera (model Panasonic
DMC-GF7) with the following camera setting: 1SO-200, /5.0, and 2 s exposure time.
The illuminator (TCP-20.LM, Vilber Lourmat, Germany) provided the source of 365-
nm light. Similar to other reaction steps, photos were taken under ambient condition,
with a handmade cardboard box with a hole to fit the front lens of the camera. These
images were then extracted for their RGB values and analyzed with ImageJ
(http://imagej.nih.gov/ij/). Since the areas to be analyzed were usually circular, we
employed the circular region of interest (ROI) to measure the signal intensity. Note
that the area was smaller than the average size of each signal area (by 78%) to ensure
that all measured area contained some signal intensity. The integrated density as
calculated by ImageJ can then be obtained. For chemometric experiments, all raw R,
G, and B values were used, while the LOD experiment instead made use of mean grey

values and their difference values.

2.2.8. Chemometrics

ImageJ software was used to extract all red, green, and blue color intensity from
each reaction data points. These RGB values were then used to calculate for
percentage of each color by using the formula: %R = (R/(R+G+B)x100. The same

can be done for %G and %B.
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Linear discriminant analysis (LDA) was used with a data set consisting of 180
samples (17 metal ions and blank x 10 replicates) and 12 variances (3 sets of %RGB
x 4 fluorophores). The calculation and plotting were performed using in-house codes
based on MATLAB R2018a. Linear discriminant analysis (LDA) for the Jackknife
classification provided percent classification accuracies. This is represented in the
tables below (Table S1 and S2).

2.2.9. Synthesis of representative fluorophores
2.2.9.1. Synthesis of (2-amino-N-(quinolin-8-yl)acetamide) (Gly.8AQ).

o =
N Ot-Bu S =z
HOJV 35 N TFA, CH,Cl,
= o HN_ O rt, 16 h N
S . followed b HN__O
N EDC-HCI, DMAP,CH ,Cl, ollowed by
NH, 0°C2h->rt,16 h HN extraction with
NaHCO; H,N
t-BuO (o]

A mixture of 8-aminoquinoline (500 mg, 3.47 mmol), DMAP (21.18 mg,
0.17mmol) and Boc-Gly-OH (1.22 g, 6.94 mmol) in dichloromethane (30 mL) was
stirred in ice bath (~0 °C) for 30 minutes, followed by an addition of EDC-HCI (1.33
g, 6.94 mmol). The reaction mixture was stirred at 0 °C for 2 hours and stirred
overnight at room temperature. The crude was extracted with NH4ClI (aq). The organic
layer was dried over MgSQg, filtered and concentrated under vacuum. The crude
product was purified on a column chromatography using ethyl acetate: hexane (2:3) as
an eluent to afford (2-Boc-amino-N-(quinolin-8-yl)acetamide) as a white solid (910
mg, 3 mmol, 87%). This compound was stirred overnight with trifluoroacetic acid
(0.46 mL, 6 mmol) in dichloromethane 20 mL at room temperature. The crude was
extracted with saturated NaHCOs. The organic layer was dried over MgSOyg, filtered
and concentrated under vacuum. The crude product was purified on a column
chromatography using ethyl acetate as an eluent to afford (2-amino-N-(quinolin-8-
ylacetamide) as a yellow solid (free base form, 437 mg, 2.2 mmol, 72%). *H NMR
(400 MHz, DMSO-dg) 8 11.62 (s, 1H), 8.92 (dd, J = 4.0, 1.1 Hz, 1H), 8.75(d,J=7.5
Hz, 1H), 8.39 (d, J = 8.2 Hz, 1H), 7.67 — 7.54 (m, 3H), 3.41 (s, 2H), 2.40 (s, 2H). °C
NMR (100 MHz, DMSO-ds) 6 172.2, 148.9, 138.1, 136.4, 134.2, 127.8, 127.0, 122.0,
1215, 115.3, 45.6, 39.5. MS (ESI); m/z calculated for [C1:H11N3O + Na]® is
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224.07943; found 224.07959 [M + Na]*. The spectra images of *H, 3C NMR and
HRMS can also be found in Appendix Figure A1-3.

2.2.9.2. Synthesis of (2-amino-N-(quinolin-6-yl)acetamide) (TFA salt of Gly.6AQ).
(o) (o]

N N

t-BuO” "NH F;C~ "0 NH;*

o K‘f K‘f
H o o
N_ _OtB
NH HOJ\/ o NH NH
= 2 o = TFA, CH,Cl, =
NS ~ _— ~
N EDC - HCI, DMAP,CH ,Cl, N rt, 16 h N

0°C,2h-->rt,16 h

A mixture of 6-aminoquinoline (500 mg, 3.47 mmol), DMAP (21.18 mg,
0.17mmol) and Boc-Gly-OH (1.22 g, 6.94 mmol) in dichloromethane (30 mL) was
stirred in ice bath (~0 °C) for 30 minutes, followed by an addition of EDC-HCI (1.33
g, 6.94 mmol). The reaction mixture was stirred at 0 °C for 2 hours and stirred
overnight at room temperature. The crude was extracted with NH4Cl (aq). The organic
layer was dried over MgSOs, filtered and concentrated under vacuum. The crude
product was purified on a column chromatography using ethyl acetate as an eluent to
afford (2-Boc-amino-N-(quinolin-6-yl)acetamide) as a white solid (700 mg, 2.32
mmol, 67%). Thereafter, this compound was stirred overnight with trifluoroacetic
acid (0.36 mL, 4.64 mmol) in dichloromethane 20 mL at room temperature. The crude
product was left under vacuum for about 2 hours at 60 °C to afford 2-0xo0-2-(quinolin-
6-ylamino)ethan-1-aminium 2,2,2-trifluoroacetate as a yellow solid (400 mg, 1.27
mmol, 55%). 'H NMR (400 MHz, DMSO-ds) & 11.20 (s, 1H), 9.09 (d, J = 4.7 Hz,
1H), 8.92 (d, J = 8.2 Hz, 1H), 8.58 (d, J = 1.2 Hz, 1H), 8.35 (s, 3H), 8.22 (d, J = 9.2
Hz, 1H), 8.05 (dd, J = 9.2, 1.6 Hz, 1H), 7.89 (dd, J = 7.5, 5.6 Hz, 1H). **C NMR (100
MHz, DMSO-ds) 6 165.9, 159.0 (q, J = 36.5 Hz, TFA), 145.3, 143.0, 138.2, 137.5,
129.3, 126.6, 124.4, 122.4, 116.1 (q, J = 292.2 Hz, TFA), 115.4, 41.4. MS (ESI); m/z
calculated for [C11H11N3sO]" is 202.09749; found 202.09820 [M + H]*. The spectra
images of *H, *3C NMR and HRMS can also be found in Appendix Figure A4-6.

2.2.9.3. Synthesis of (2-amino-N-(quinolin-3-yl)acetamide) (Gly.3AQ)
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Ot-Bu
o 4 HN” 0 o NH,
HOJ\/N\H/Ot'Bu oﬁ) TFA, CH,CI, ﬁ)
HoN o HN rt, 16 h HN__
| N EDC'HCI, DMAP, CH,Cl, | N followed by \@
0°C,2h-->rt, 16h extraction with

NaHCO,

A mixture of 3-aminoquinoline (500 mg, 3.47 mmol), DMAP (21.18 mg,
0.17mmol) and Boc-Gly-OH (1.22 g, 6.94 mmol) in dichloromethane (30 mL) was
stirred in ice bath (~0 °C) for 30 minutes, followed by an addition of EDC-HCI (1.33
g, 6.94 mmol). The reaction mixture was stirred at 0 °C for 2 hours and stirred
overnight at room temperature. The crude was extracted with NH4ClI (aq). The organic
layer was dried over MgSOs, filtered and concentrated under vacuum. The crude
product was purified on a column chromatography using ethyl acetate as an eluent to
afford (2-Boc-amino-N-(quinolin-3-yl)acetamide) as a white solid (420 mg, 1.39
mmol, 40%). Thereafter, this compound was stirred overnight with trifluoroacetic
acid (0.22 mL, 2.78 mmol) in dichloromethane 20 mL at room temperature. The crude
was extracted with saturated NaHCOs. The organic layer was dried over MgSQea,
filtered and concentrated under vacuum. The crude product was purified on a column
chromatography using ethyl acetate as an eluent to afford (2-amino-N-(quinolin-3-
ylacetamide) as a yellow solid (free base form, 193 mg, 0.97 mmol, 70%). *H NMR
(400 MHz, DMSO-ds)  9.00 (d, J = 2.5 Hz, 1H), 8.73 (d, J = 2.4 Hz, 1H), 7.98 —
7.86 (m, 2H), 7.66 — 7.50 (m, 2H), 3.39 (s, 2H). *C NMR (100 MHz, DMSO-ds) &
173.2, 144.7, 144.2, 132.6, 128.6, 127.9, 127.8, 127.7, 127.1, 122.0, 45.6. MS (ESI);
m/z calculated for [C11H12N30]" is 202.0975; found 202.0972 [M + H]". The spectra
images of H, 3C NMR and HRMS can also be found in Appendix Figure A7-9.

2.2.9.4. Synthesis of 2-amino-N*-(quinolin-8-yl)succinamide) (Asn.8AQ)
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N Nl TFA, CH,Cl, N
| 0 | N rt, 16 h |
/ > _— ~
N “ N
EDCHCI, DMAP, CH,Cl, N followed by
NH O._NH

2 0°C,2h -->rt, 16h OxNHy gy  extraction with
P NaHCO,
H
H,N" 0 H,N™ ~0

2 2

A mixture of 8-aminoquinoline (500 mg, 3.47 mmol), DMAP (21.18 mg,
0.17mmol) and Boc-Asn-OH (1.61 g, 6.94 mmol) in dichloromethane (30 mL) was
stirred in ice bath (~0 °C) for 30 minutes, followed by an addition of EDC-HCI (1.33
g, 6.94 mmol). The reaction mixture was stirred at 0 °C for 2 hours and stirred
overnight at room temperature. The crude was extracted with NH4ClI (aq). The organic
layer was dried over MgSOs, filtered and concentrated under vacuum. The crude
product was purified on a column chromatography using ethyl acetate as an eluent to
afford tert-butyl(4-amino-1,4-dioxo-1-(quinolin-8-ylamino)butan-2-yl)carbamateas a
white solid (995 mg, 2.78 mmol, 80%). Thereafter, this compound was stirred
overnight with trifluoroacetic acid (0.43 mL, 5.56 mmol) in dichloromethane 20 mL
at room temperature. The crude was extracted with saturated NaHCOz. The organic
layer was dried over MgSQg, filtered and concentrated under vacuum. The crude
product was purified on a column chromatography using ethyl acetate as an eluent to
afford 2-amino-N*-(quinolin-8-yl)succinimide as a yellow solid (free base form, 890
mg, 3.45 mmol, 62%). 'H NMR (400 MHz, DMSO-ds) & 11.61 (s, 1H), 8.94 (dd, J =
4.2,1.7 Hz, 1H), 8.72 (dd, J = 7.6, 1.4 Hz, 1H), 8.40 (dd, J = 8.3, 1.7 Hz, 1H), 7.71 —
7.55 (m, 3H), 3.90 (dd, J = 7.4, 4.8 Hz, 1H), 3.37 (s, 2H), 3.07 (ddd, J = 16.8, 4.8, 0.8
Hz, 1H), 2.90 (ddd, J = 16.8, 7.5, 0.8 Hz, 1H), 2.74 (s, 2H). *C NMR (100 MHz,
DMSO-ds) 6 171.3, 149.1, 138.1, 136.6, 133.9, 127.9, 127.0, 122.2, 122.1, 119.1,
115.5, 52.6, 23.2. MS (ESI); m/z calculated for [C13H1sN4O2]" is 259.1190; found
259.1191 [M + H]*. The spectra images of 'H, *C NMR and HRMS can also be
found in Appendix Figure A10-12.
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2.3. Results and Discussion

The synthesis, after some optimizations and/or consideration based on previous
other works, can be summarized as follows (Figure 2.1). The first step was the
treatment of cellulose with NalOs and LiCI* ° This reaction resulted in the
conversion of diol at position 2 and 3 of the glucose repeating unit into the dialdehyde
Al.

.COzH
X 2

Xo !
O._H 1) H,N"" "CO,H HN

HO HO, §|/ NaBH(OAc); j
5 NalOy, LiCl 57\2 5 | HEPES pH 8 |
—— —_—
HO o) 'H0,5°C o=/ ~LO 2) NaBHg, H,0
n

HO n (o)
cellulose paper Al A2
(o]
Y
Ay
HN . ; ’
Y—NH, j — O I incubation with
—_— - metal ions
DIC, HOBt | o o
DMF arrays of fluorescent instant identification of
A3 sensors binding partners
(called as X.Y)

Figure 2.1. Macroarray synthesis of fluorescent sensors and a subsequent sensing
process. DIC = N,N’-diisopropylcarbodiimide; HOBt = 1-hydroxybenzotriazole;
DMF = N,N’-dimethylformamide; HEPES = N-(2-hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid)

Thereafter, A1 was subject to reductive amination with a variety of amino acids
(reagent X, see Figure 2.2), followed by NaBHa. treatment to reduce unreacted
surface-bound aldehydes to alcohols. This library X consists of readily available
amino acids along with some variations to also probe other effects such as chirality or
steric effect due to extended carbon skeletons. The resulting modified surfaces A2
with free carboxyl groups then under-went carbodiimide-mediated couplings with

various aminoquinolines and an aminonaphthalimide (reagent Y, Figure 2.2).
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Figure 2.2. Structures of Reagent X and Reagent Y used in this study.
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After washing unbound materials off, A3 can be directly incubated with a solution
of a metal ion of interest. Fluorescence response of each surface-bound compound
with a metal ion can be easily probed by subjecting the paper sheet with direct
illumination from a handheld UV lamp or a transilluminator, thereby revealing active
compounds by comparing fluorescence intensity and color hue with the controls.
Also, while the exemplary synthesis in Figure 16 utilized the spotting method for
synthetic steps with the whole-sheet immersion in the sensing step, this overall
process can be swapped. This may be more suitable and efficient in certain cases, e.g.,
the screening for metal ion partners (by spotting) within a single sheet containing only
one sensing scaffold of interest. An example of the exact protocol for the sensing step
can be found in the method section. Notably, all synthesis steps could be performed at
ambient condition, and the finished cellulose sheets could be kept under a desiccator
at ambient temperature for up to at least 2 weeks without deterioration in sensing

performance (

a)Figure 2.3). This reflected a fairly high vetgatile and durable nature of the whole
methodology.
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150 150
100 100
A
o ]
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+ Milli-Q + Milli-Q +Cr +Zn*
Gly.6AQ  mRed wGreen mBlue Gly.8AQ mRed WGreen mBlue

Figure 2.3. Bar graphs representing intensities of each color channel from a)
Asn.8AQ, b) Gly.3AQ, c) Gly.6AQ, d) Gly.8AQ in responding to Milli-Q water,
Cr¥*, and Zn?* over the period of two weeks.
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In this proof-of-concept experiment, we commenced with the screening of the X
counterpart while keeping the Y component to be 8AQ to allow some comparison
with our previous study®. The evaluation was performed by observing any
fluorescence change when incubated with metal ions including Li*, Na*, K*, Mg®*,
Ca?", Ba?*, AI**, Cr¥*, Fe?*, Co?", Ni?*, Cu?*, Zn?*, Ag®, Cd?", Pb?", and Hg*". After
obtaining a preliminary result (Figure 2.4), the X components Gly and Asn were
selected for the Y-component screening.

Gly.8AQ

none MQ

bAla.8AQ Ala.8AQ

none  MQ

1le.8AQ Phe.8AQ __Met.8AQ

none  MQ ¥ 1 1 P “  none MQ

Ser.8AQ Thr.8AQ Tyr.8AQ

none  MQ ¥ i % % *  none MQ

Asp.8AQ Glu.8AQ Asn.8AQ

none  MQ ¥ ' Y p *  none MQ
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GlyPhe.8AQ

Trp.8AQ GlyGly.8AQ

none  MQ Li*

Figure 2.4. Preliminary fluorescence screening of all scaffolds synthesized via
macroarray synthesis against selected metal ions.

After compiling obtained results, a set of interesting fluorescent compounds was
revealed (Figure 2.5). Interestingly, these scaffolds, generally weak or non-fluorescent
in water, showed obvious increase in fluorescence upon binding to certain metal ions
such as Zn?*, AI**, and Cr3*, while some metal ions, e.g., Hg?*, can further decrease
the fluorescence intensity of certain fluorophores, likely due to the inherent quenching
attributes of Hg?* such as enhanced spin-orbit coupling.®® >° More importantly, the
responses of these scaffolds were dependent on specific chemical features present in
each scaffold. For example, while the modified surface Gly.8AQ exhibited strong
fluorescence upon binding with Zn?* (believed to be due to a combination of reasons
such as the prevention of non-radiative relaxations, e.g., photoinduced electron
transfer from the nitrogen of the -CH>-NH- moiety to the quinoline ring, and the
restriction of bond rotation), trivalent AI** and Cr3* seemed to give better fluorescence
increase with Gly.3AQ and Gly.6AQ, whose aminoquinoline scaffolds are merely
regioisomers to that of Gly.8AQ. Asn.8AQ, on the other hand, showed strong
preference towards both Zn?* and Cd?*, the latter of which was never discovered as a
metal ion capable of turning on fluorescence of related compounds before. In essence,

the ability to obtain such useful information in a relatively short amount of time
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clearly underscores the fact that macroarray synthesis is indeed an efficient method in

revealing new kinds of fluorescent sensors.

o H,0 Zn?* Hg?* Ag* Cu?* AI** Cr3* Ccd*
1 L

Figure 2.5. Structures and sensing profiles of four selected fluorophores discovered
from the macroarray synthesis against a variety of metal ions.

To capitalize on the observed signals, chemometric approaches were used to glean
more information. First, all fluorescence signals were captured into a digital camera,
which were then processed by the imaging software Imagel. The percentage of red,
green, and blue intensities were calculated, and the resulting data were used to create
a multidimensional data set with 180 samples (17 metal ions and a blank x 10
replicates) and 12 variances (3 sets of %RGB x 4 fluorophores). Thereafter, the data
were analyzed by Linear Discriminant Analysis (LDA) and the resulting score plots
for all metal ions are shown in Figure 2.6, with each group representing the sensing
capability of the combination of four sensors (Asn.8AQ, Gly.3AQ, Gly.6AQ,
Gly.8AQ) on each analyte. The LDA score plot showed that most tested ions
including Ba?*, AI¥*, Cr3*, Fe?*, Co?*, Ni%*, Cu®*, Zn**, Ag*, Cd?*, Pb?*, Hg?* can be
clearly discriminated by this combined sensing system. Only a handful of group 1A
and 11A metal ions (Li*, Na*, K*, Mg?*, Ca?") could not be distinguished in this
system — this is likely due to the well-documented properties of these metal ions such

as the harder acid characters and the lack of n-bonding formation capabilities.



46

1 * Ag’
05 ' * Cd**
0 ' 0 F1(61.79%) - pp?*

F2 (25.94%) < Hg**

1.5
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Figure 2.6. Three-dimensional LDA score plots of the combination of four
fluorophores (Asn.8AQ, Gly.3AQ, Gly.6AQ, Gly.8AQ) in discriminating a) 17
analytes and one blank, and b) 12 analytes with one blank. Ten replicates were
performed for each analyte.

The resulting analysis provided classification accuracies of four fluorophores (and
their various combinations) for predicting 18 analytes. This is represented as a heat
map as shown in Figure A13, where the same colors between each cell to its reference
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color on the right panel means the system predicted the metal ion correctly. Any
different color means the system predicted it to be some other metal ions as shown
exactly in each color. This heat map confirm that the highest classification accuracies
was achieved with sensing array containing four fluorophores. In addition, LDA with
the Jackknife (Leave-One-Out) approach was performed to investigate the predictive
ability of the sensing array on the ions. The Jackknife classification yielded 72.35%
accuracy in placing all ions into the sensing system (

Table 2.1), while the successful prediction was raised up to 93.64% with the
exclusion of the aforementioned group IA and I1A metal ions (Table 2.2). This is in
good agreement with the LDA score plots.

Table 2.1. A Jackknife (leave one out cross-validation) classification table for the
ions based on the discrimination performance of the combined sensors (Asn.8AQ,
Gly.3AQ, Gly.6AQ, Gly.8AQ) in discriminating 17 metal ions and a blank. The

prediction accuracy was determined to be 72.35%.
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Table 2.2. A Jackknife (leave one out cross-validation) classification table for the
ions based on the discrimination performance of the combined sensors (Asn.8AQ,
Gly.3AQ, Gly.6AQ, Gly.8AQ) in discriminating 12 metal ions and a blank. The
prediction accuracy was determined to be 93.64%.

Analytes | H.O | Ba* | APF* | Cr* | Fe? | Co? | Ni** | Cu? | Zn* | Ag® | Cd?* | Pb* | Hg* | %Class.
H20 9 0 0 0 0 0 0 0 0 0 0 1 0 90
Ba> 0 7 0 3 0 0 0 0 0 0 0 0 0 70
AP+ 0 1 9 0 0 0 0 0 0 0 0 0 0 90
cr 0 1 0 8 0 0 0 0 0 0 0 1 0 80
Fe? 0 0 0 0 10 0 0 0 0 0 0 0 0 100
Co? 0 0 0 0 0 10 0 0 0 0 0 0 0 100
Ni2* 0 0 0 0 0 0 10 0 0 0 0 0 0 100
cu® 0 0 0 0 0 0 0 10 0 0 0 0 0 100
Zn* 0 0 0 0 0 0 0 0 10 0 0 0 0 100
Agr 0 0 0 0 0 0 0 0 0 10 0 0 0 100
Cd* 0 0 0 0 0 0 0 0 0 0 10 0 0 100
Pb? 0 0 0 0 0 0 0 0 0 0 10 0 100
Hg* 0 0 0 0 0 0 0 0 0 0 0 10 100

(Yoclass. = %classifications)

Apart from the multiple detections of metal ions by chemometric approaches, a
ready-to-use, paper-based device for detecting a single metal ion with naked-eye
observation was also fabricated and evaluated for its sensitivity. Specifically,
Gly.8AQ was in-situ synthesized on paper support as usual, followed by wax printing
to generate confined channels for sample dropping. Thereafter, several concentrations
of Zn?* ion were dropped to each channel containing covalently bound Gly.8AQ,
followed by a data collection process (Figure 2.7a-b, numerical data in Table 2.3).
The digitized data were then used to create a calibration curve, which then revealed
that Gly.8AQ gave a good linear response to the Zn?* concentrations between 0-1
uM. At higher concentrations, the responses reached a plateau. Interestingly, the limit
of detection (LOD), obtained from the calibration curve, was found to be about 200
nM (13 ppb), which is comparable to several works using more complicated methods
in determining Zn?* ion® %, In addition, the maximum concentration tested, which
gave very clear change by naked eyes, was still well below the minimum tolerable
limit in bottled waters based on the Code of Federal Regulations at 5 ppm®2. This
cellulose-bound sensor also offers two additional benefits for sensing application.

First, repeating steps of spotting and drying the analyte solution on the detection zone
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should increase the amount of the analyte in contact with the sensing unit without
washing it away. This was found to be a practical way to boost the sensitivity of the
sensor by least 10 times (LOD = 13 nM, Figure 2.7c-d) when the photographic image

was analyzed after 10 cycles of spotting and drying steps.
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Figure 2.7. Representative images, along with scattered plots, of fluorescence
changes of Gly.8AQ when incubated with different concentrations of Zn?* ion via one
spotting (a, b) and 10-time repeated spotting (c, d) of each solution. Calibration plots
are also shown as insets in each graph.

Table 2.3. Numerical data of graphs shown in Figure 2.7.

Single spotting 10-time spotting

[Zn?1] Difference of [Zn?1] Difference of Mean
(uM) Mean Gray Value SEM (uM) Gray Value SEM
0.20 6.21 0.78 0.00 5.91 241
0.40 10.93 1.54 0.01 5.96 2.44
0.60 13.89 2.26 0.02 7.53 3.07
0.80 19.53 2.46 0.04 6.99 2.85
1.00 23.10 1.94 0.06 7.42 3.03
2.00 36.83 1.61 0.08 7.36 3.01
4.00 51.27 3.08 0.10 7.35 3.00
6.00 65.94 7.00 0.20 7.14 291
8.00 71.82 5.10 0.30 7.41 3.02
10.00 78.54 4.32 0.40 7.98 3.26
20.00 106.55 2.37 0.50 7.87 3.21
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The proof of principle here should also be applicable to improve sensitivity of
other cellulose-bound sensors or any dryable surface-bound sensors. Second, a
reusability test was conducted to exploit the surface-bound nature of the sensor. By
simply incubating the Zn?*-bound sensor with EDTA, a chelator for Zn?*, followed by
aqueous washing, the sensor was free and ready to sense Zn?" again. Using this
washing process, the cellulose-bound Gly.8AQ can be easily reused at least 10 times
(Figure 2.8).

Gly.8AQ 2Zn?* EDTA Zn** EDTA Zn* EDTA Zn?* EDTA Zn?* EDTA

-+ - - - - -+ - - - >

Zn?* EDTA Zn?* EDTA Zn* EDTA 2Zn?* EDTA 2Zn** EDTA Zn%*

-> > -> - - - - -+ -> ->

Figure 2.8. Fluorescence responses of Gly.8AQ in sensing Zn?* after ten times.
The sensor was recovered by sequestering Zn?* with EDTA, a known chelator for

Zn%*

In addition, the same concept was applied to two other prominent examples
including Asn.8AQ with Zn?* and Cd?* (Figure 2.9), where the determination of LOD

could be done in a similar manner.
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Figure 2.9. Response curves for Asn.8AQ in sensing (a) Zn?" and (b) Cd?*.
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Taken together, this level of performance is considered to be superior to previous
paper-based sensors for Zn?* (Table 2.4). Clearly, all of them showed higher LOD
values/working concentrations while only few studies reported the reusability of their
sensors. Hence, the whole process very well demonstrated the utility of the
macroarray synthesis in expediting the discovery of compounds with great practicality

in sensing applications.

Table 2.4. Comparison of paper-based, fluorescent sensors for Zn?* ion.

Working -
Reference concentration (uM) LOD (uM) Reusability
63 5,000 N. R. N. R.
EDTA wash
64 > RNE: demonstrated
65 1 N. R. N. R.
66 N/A 20 N. R.
67 1,000 N. R. N. R.
68 200 N R. EDTA wash
demonstrated
This 0.01-1.0 0.01 for 10x EDTA wash,
work ' ' repeated spotting at least 10 cycles

Working concentration is the concentration of Zn?* ion used for demonstration in each
study. This value is used for comparison due to the absence of LOD values in these
studies. N/A = not applicable; N. R. = not reported.

To further confirm the success of the synthesis, and to indirectly characterize the
immobilized molecules on support, selected compounds containing the suggested
scaffolds from the results in Figure 2.5 were synthesized, fully characterized by NMR
spectroscopy and MS, and studied fluorescence and UV-vis properties. For instance,
2-amino-N-(quinolin-8-yl)acetamide (surface-free version of Gly.8AQ) did show

preferential increase in fluorescence upon binding to Zn?* (Figure 2.10).
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Figure 2.10. Fluorescence spectra of surface-free Gly.8AQ (10 uM with/without 50-
uM Zn?* - excited at 300 nm) and Gly.6AQ (10 uM with/without 50-uM Cr3* -
excited at 365 nm). Inset: the images of the cuvettes containing the same solutions
(but with 100-uM fluorophores with/without 500-uM metal ions) under the
illumination of 365-nm light. Note: the photos of Gly.6AQ solutions were taken with
1-s longer exposure time than that of Gly.8AQ due to lower fluorescence intensities.
The fluorescence titration in Figure 2.11 also confirmed the gradual decrease of
the fluorescence at the emission maximum around 420 nm with concomitant increase
in the fluorescence intensity at 500 nm under the higher concentrations of Zn?*. UV-
vis titration (Figure 2.12), on the other hand, showed that the absorption maximum
around 300 nm was decreased in absorbance with a slight increase in the region
around 330-400 nm when the concentrations of Zn?* was increased. On the contrary,
it was shown that the fluorescence of 2-amino-N-(quinolin-6-yl)acetamide (surface-

free version of Gly.6AQ) was increased upon incubation with Cre*.
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A similar fluorescence titration (Figure 2.13) revealed that there was a single

emission maximum (450 nm) in this case, whose fluorescence intensity was increased

in a direct relationship with the increasing Cr®* concentrations. UV-vis titration

(Figure 2.14) of this sensor-metal ion pair appeared to be slightly complicated, with a

general trend being that the absorption around 270-320 nm was significantly

increased with higher Cr3* concentrations.
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Gly.6AQ (30 puM) with Cr* (0 - 36 uM)
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——+Cr 30 pM —+Cr 33 uM —+Cr 36 yM

Figure 2.13. Fluorescence titration of Gly.6AQ with Cré* (excited at 365 nm).
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Figure 2.14. UV-vis titration of Gly.6AQ with Cr®*.

This behaviour was also found to be similar for the interaction between the same
ligand and AI** ion (Figure 2.15 and Figure 2.16). Interestingly, although surface-free
Gly.8AQ could give much higher fluorescence intensity when bound to Zn?* than did
all other cases, the turn-on ratio (the fluorescence ratio of Cr¥*-Gly.6AQ complex
over free Gly.6AQ) was slightly higher than that of Gly.8AQ with Zn?* (ca. 25 folds
vs 22 folds) due to much lower background in free Gly.6AQ. This indicated that both
could function well as sensors for their respective metal ion partners and suggested
that the synthetic strategy used in this study was an effective one to rapidly evaluate

fluorescence properties of a variety of molecular scaffolds.
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Figure 2.15. Fluorescence titration of Gly.6AQ with AI** (excited at 365 nm).
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Figure 2.16. UV-vis titration of Gly.6AQ with AI®*.

Last but not least, titration experiments via MS and NMR were also conducted to
further confirm the binding interactions between selected pairs of ligands and metal
ions. For MS titrations, as shown in Figure 2.17, surface-free Gly.8AQ exhibited both
1:1 and 2:1 binding modes (ligand:metal ion) when Zn?" ion was sub-stoichiometric
amounts, and 1:1 binding seemed to be dominant when the molar ratio was around
1:1.
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Figure 2.17. MS titration between surface-free Gly.8AQ and Zn?".
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On the other hand, Gly.6AQ interacted with Cr®* in a more complicated manner,

showing only 3:2 binding mode (ligand:metal ion) once the molar ratio reached 1:1

(Figure 2.18).
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Figure 2.18. MS titration between surface-free Gly.6AQ and Cr**.

For NMR titration, the set of Gly.8AQ and Zn?* showed several apparent shifts,
with the most notable one being the methylene protons (starting at around 3.5 ppm)
when more metal ion was added into the solution (Figure 2.19). All of these evidence
clearly pointed out that there were indeed some significant bindings between the

ligands and the metal ions used in this work.
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Figure 2.19. NMR titration between surface-free Gly.8AQ and Zn*".

2.4. Conclusions

The macroarray synthesis approach was implemented herein to rapidly generate a
variety of fluorophores, which were readily amenable to direct screenings to discover
metal ion sensors. Using chemometric approaches, combined fluorophore systems
could predict several metal ions with high prediction accuracies, while the fabrication
of a single fluorophore to detect Zn?* gave a practical paper-based sensor with great
sensitivity and reusability. Lastly, this information could be reversed to yield typical
solution-based sensors, hence demonstrating that the synthesis methodology is also a
very useful tool for rapid discovery of even larger and more diverse libraries of

fluorescent sensors.
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CHAPTER Il
Synthesis of Quinoline Ligands with Tunable Hydrophobicity for
Distance-Based Quantification of Metal lon on Paper-Based

Fluorescent Sensors

Five amidoquinoline derivatives with different N-substitution were synthesized
and used for the development of paper-based fluorescent sensing platform. In aqueous
solution, the quinoline ligands selectively show strong green fluorescence upon
binding to Zn?* — this was clearly observed by naked eyes under blacklight irradiation.
The paper-based sensor was prepared by depositing an amidoquinoline derivative in a
wax-printed channel on filter paper. Developing of a Zn?* sample, deposited below
the ligand spot, with an aqueous buffer solution creates an intense green fluorescent
line suitable for distance-based quantification. The ligands with a tertiary amino group
showed better defined fluorescent line than did those ligands containing primary and
secondary amino groups. The linear relationships between the length of the
fluorescent lines, measured by naked-eye observation or image processing software,
and the amounts of Zn?* can be achieved in the range of 2.5-80 nmol. The
hydrophobicity of the ligands increases the dynamic range of detection with an
expense of the sensitivity and the detection speed. Importantly, the paper-based sensor
was able to quantitatively analyze drinking water, dietary supplement, and fertilizer

samples containing 0.04-64% (w/v) Zn?* without multiple dilutions.

3.1. Introduction

Filter paper works as an excellent platform for reagent carrying and fluid
transportation due to capillary action from hydrophilic and porous surface of non-
woven cellulose fibers. Paper-based sensors are thus very attractive analytical devices
for economical on-site chemical analysis of liquid samples.®®*”® Distance-based
quantification on paper-based sensors gains considerable attention as it offers simple
naked-eye quantification. Currently, this method has been demonstrated with some

success for a few analytes™ 17 778 including limited number of metal ions.!® 7982 The
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development of paper-based sensing platforms with distance-based quantification
capability requires not only a selective sensing probe but also suitable interface
interaction involving the probe, analyte, stationary phase and mobile phase that is

largely remained unexplored.

Zinc ion (Zn?") is an essential mineral playing crucial roles in living systems and
environment.8® Although zinc is generally perceived as a relatively nontoxic
element, either an excess or a deficiency of Zn?* can be harmful for microorganisms,
plants, animals, and human.%®- Therefore, Zn?* has been incorporated in dietary
supplement for human and micronutrient fertilizer for plants. Recently, we have
demonstrated that amidoquinoline is a convenient building block for constructing
simple turn-on fluorescent probes for Zn?*. % 8 To apply the quinoline probes in a
paper-based sensing platform with distance-based quantification capability, we
decided to synthesize and investigate a series of amidoquinoline derivatives
containing various alkyl substituted glycine side chain. This new series of quinoline
fluorophores should provide systematic modulation of intermolecular interactions
among the probe, cellulose substrate, and eluent. The fluorophores were evaluated and
optimized for distance-based quantification of Zn?* on paper-based sensing platform.
The distance observed by naked eyes correlated well with distance determined by an
image processing software. Using these paper-based sensors, the quantitative analysis
of real samples containing Zn?* at subpercentage to percentage level gave reliable

results without multiple dilutions in the sample preparation.

3.2. Experimental section

3.2.1. General information

8-Aminoquinoline, pyrrolidine, Boc-glycine, Boc-N-methylglycine, N,N-
dimethylglycine, N-ethyl-N'-(3-dimethylaminopropyl)carbodiimideand hydrochloride
(EDC-HC1) were purchased from TCI Tokyo Chemical Industry (Japan). 4-
Dimethylaminopyridine (DMAP), triethylamine (TEA), chloroacetyl chloride,
piperidine, ammonium chloride, trifluoroacetic acid (TFA) and sodium bicarbonate
were purchased from Sigma Aldrich (USA). In anhydrous reactions, solvents such as

dichloromethane and acetonitrile were dried before use. All column chromatography
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was run on Merck silica gel 60 (70-230 mesh). Thin layer chromatography (TLC)
was performed on Merck F245 silica gel plates. Solvents used for extraction and
chromatography such as dichloromethane, hexane and ethyl acetate were commercial
grade and distilled before use. All metal ions used in this study were in the form of
nitrate salts. All aqueous solutions were made with Milli-Q water from ultrapure
water systems with a Millipak 40 filter unit (0.22 pum, Millipore, USA). Whatman
grade 1 qualitative filter paper was used for wax printed channel paper platform. The
amount of Zn?* in the drinking water, dietary supplement, and fertilizer samples was
quantified according to the standard method (ASTM D1691-17) using Agilent 280FS
atomic absorption spectrometer. NMR spectra were acquired on a Jeol NMR
spectrometer at 500 MHz (*H) and 125 MHz (*3C). The high-resolution mass spectra

were obtained from an electrospray ionization MS (micro-TOF, Bruker Daltonics).

3.2.2. Synthetic procedures
3.2.2.1. 2-amino-N-(quinolin-8-yl)acetamide (Q1)
0

X
HO)LH/BOC |\/ |
A N
| TFA, CH,Cly, 1t, 16h "
) Bocx ~__NH
N {, EDC, DMAP.TEA 2 m“orr HzN“for
2 CH,Cl,, 0°C 2h/ rt 8h
Qi-Boc, 75% Q1, 96%

8-aminoquinoline (500 mg, 3.47 mmol), DMAP (21.18 mg, 0.17 mmol) and
triethylamine (0.97 ml, 0.70 mmol) were dissolved in dry CH.Cl, (30 mL) Boc-
glycine (1.22 g, 6.94 mmol) was added to the mixer in ice bath (~0 °C) followed by
the addition of EDC-HCI (1.33 g, 6.94 mmol). The reaction mixture was stirred at 0
°C for 2 hours and stirred at room temperature for 8 hours. The reaction mixture was
extracted with ammonium chloride. The combined organic layer was dried over
MgSQyq, filtered, and concentrated in high vacuum. The crude product was purified by
column chromatography using silica gel (70-230 mesh) using 40% ethyl acetate in
hexane as an eluent to afford compound Q1-Boc (784 mg, 75%) as a white solid. The
deprotection of Boc protecting group of Q1-Boc (784 mg, 2.60 mmol) was achieved
by using trifluoroacetic acid (1.0 mL, 13.3 mmol) in dichloromethane (10 mL). The
stirring was continued at room temperature for 3 hours. Solvent and excess TFA were

removed under high vacuum and then the reaction mixture was neutralized by
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saturated sodium bicarbonate solution followed by an addition of dichloromethane (10
mL). The organic layer was separated and dried over MgSOg, filtered, and
concentrated in high vacuum. Q1 was obtained as a yellow solid (502 mg, 96%). *H
NMR (400 MHz, DMSO-ds) 6 11.62 (s, 1H), 8.92 (dd, J = 4.0, 1.1Hz, 1H), 8.75 (d, J
=7.5Hz, 1H), 8.39 (d, J = 8.2 Hz, 1H), 7.67-7.54 (m, 3H), 3.41 (s, 2H), 2.40 (s, 2H).
13C NMR (101 MHz, DMSO-ds) § 172.2, 148.9, 138.1, 136.4, 134.2, 127.8, 127.0,
122.0, 121.5, 115.3, 45.6, 39.5. MS (ESI); m/z calculated for [C1:H1:NsO + Na]* is
224.0794; found 224.0796 [M + Na]*. The spectra images of ‘H, *C NMR and
HRMS can also be found in Appendix Figure A14-16.

3.2.2.2. 2-(methylamino)-N-(quinolin-8-yl)acetamide (Q2)
0

N
HO)LT/BOC A \ N
X N
‘ TFA, CH20|2, rt, 16h NH
e Boc< NH >
N EDC, DMAP,TEA  —° Y N Y
NH, CHyCl,, 0°C 2h/ 1t 8h q
Q2-Boc, 80% Q2, 95%

Using a similar procedure in the synthesis of Q1 but replacing Boc-glycine with
Boc-N-methylglycine, Q2 was obtained as a yellow solid (568 mg, 95% vyield). H
NMR (500 MHz, DMSO-ds) 5 11.31 (s, 1H), 8.93 (dd, J = 4.2, 1.7 Hz, 1H), 8.73 (dd,
J=17.7,1.4Hz, 1H), 8.40 (dd, J = 8.3, 1.7 Hz, 1H), 7.69 — 7.55 (m, 3H), 3.34 (s, 2H),
2.40 (s, 3H). *C NMR (126 MHz, DMSO-dg) & 171.1, 149.7, 138.6, 137.1, 134.6,
128.4, 127.6, 122.7, 122.2, 116.0, 56.2, 37.1. MS (ESI); m/z calculated for
[C12H13N3O + H]* is 216.1131; found 216.1132 [M + H]*. The spectra images of *H,
13C NMR and HRMS can also be found in Appendix Figure A17-19.

3.2.2.3. 2-(dimethylamino)-N-(quinolin-8-yl)acetamide (Q3)

bt
HO "N~ [
B | N
g - NH
N EDC, DMAP,TEA Tﬂg
NH2  cH,cl,, 0°C 2h/ rt 8h

Q3, 89%

Using a similar procedure in the synthesis of Q1 but replacing Boc-glycine with
N,N-dimethylglycine without Boc deprotection, Q3 was obtained as a brown solid
(708 mg, 89% yield). *H NMR (500 MHz, DMSO-dg) & 11.02 (s, 1H), 8.94 (dd, J =
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4.3,1.7 Hz, 1H), 8.71 (dd, J = 7.7, 1.4 Hz, 1H), 8.41 (dd, J = 8.3, 1.7 Hz, 1H), 7.70 —
7.61 (m, 2H), 7.59 (t, J = 7.9 Hz, 1H), 3.21 (s, 2H), 2.37 (s, 6H).2*C NMR (126 MHz,
DMSO-ds) & 168.9, 149.3, 138.0, 136.6, 134.0, 127.9, 127.0, 122.2, 121.9, 115.6,
64.0, 45.7. MS (ESI); m/z calculated for [C13H1sNsO + H]* is 230.1288; found
230.1289 [M + H]*. The spectra images of 'H, *C NMR and HRMS can also be
found in Appendix Figure A20-22.

3.2.2.4. 2-(pyrrolidin-1-yl)-N-(quinolin-8-yl)acetamide (Q4)

0 » »e
N C|)K/C| (D H N

| - NH
P N N/\n/
N TEA, CH20|2, rt, 8h itri 0 C/
NH, Cl/\[rNH Acetonitrile, 82°C, 16h (0]
(0] Q4, 81%
Q-Cl, 96%

8-aminoquinoline (500 mg, 3.47 mmol) and triethylamine (0.58 ml, 4.16 mmol)
were dissolved in dry CH2Cl> (30 mL). Chloroacetyl chloride (0.55 ml, 6.94 mmol)
was gradually added to the solution mixer. The reaction mixture was stirred at room
temperature for 8 hours followed by extraction with water. The organic layer was
dried over MgSOy, filtered, and concentrated in high vacuum. The crude product was
purified by column chromatography using silica gel (70-230 mesh) using 10% ethyl
acetate in hexane as an eluent to afford compound Q-CI (735 mg, 96%) as a white
solid. The substitution of pyrrolidine group of Q-CI (735 mg, 3.33 mmol) was
achieved by using pyrrolidine (0.56 mL, 6.66 mmol) in acetonitrile (10 mL). The
solution mixture was refluxed at 82 °C for 16 hours. Solvent and excess pyrrolidine
were removed under high vacuum and the reaction mixture was neutralized by
saturated ammonium chloride solution followed by an addition of dichloromethane
(30 mL). The organic layer was separated and dried over MgSOa, filtered, and
concentrated in high vacuum. Q4 was obtained as a yellow oil (689 mg, 81%). *H
NMR (500 MHz, DMSO-de) 6 11.12 (s, 1H), 8.91 (dd, J = 4.0, 1.6 Hz, 1H), 8.67 (d, J
= 7.4 Hz, 1H), 8.40 (dd, J = 8.2, 1.6 Hz, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.64 — 7.55 (m,
2H), 3.38 (s, 2H), 2.68 (g, J = 4.5, 3.0 Hz, 4H), 1.86 — 1.80 (m, 4H). *C NMR (126
MHz, DMSO-de) 6 169.7, 149.8, 138.6, 137.1, 134.5, 128.4, 127.6, 122.8, 122.3,
116.1, 60.2, 54.4, 24.2. MS (ESI); m/z calculated for [C1sH17N3O + H]" is 256.1444;
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found 256.1446 [M + H]*. The spectra images of *H, 3C NMR and HRMS can also
be found in Appendix Figure A23-25.

3.2.2.5. 2-(piperidin-1-yl)-N-(quinolin-8-yl)acetamide (Q5)

X
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® cr-Cl [ OIH g\

_ N/ N/\n/

N TEA, CH,Cl,, 1t, 8h o 0 Q
NH, Cl/\[rNH Acetonitrile, 82°C, 16h (6]
(0]
Q5, 79%
Q-Cl, 96%

Using a similar procedure in the synthesis of Q4 but replacing pyrrolidine with
piperidine, Q5 was obtained as a brown oil (482 mg, 79% yield). *H NMR (500 MHz,
DMSO-ds) 6 11.36 (s, 1H), 8.93 (dd, J = 4.2, 1.7 Hz, 1H), 8.66 (dd, J = 7.2, 1.2 Hz,
1H), 8.41 (dd, J = 8.3, 1.7 Hz, 1H), 7.69 — 7.55 (m, 3H), 1.68 (p, J = 5.6 Hz, 4H), 1.48
(0, J = 6.0 Hz, 2H). °C NMR (126 MHz, DMSO-ds) & 169.6, 149.7, 138.6, 137.1,
134.6, 128.4, 127.6, 122.8, 122.3, 115.9, 63.1, 54.8, 26.4, 24.0. MS (ESI); m/z
calculated for [C16H19N3O + H]" is 270.1601; found 270.1603 [M + H]". The spectra
images of H, 3C NMR and HRMS can also be found in Appendix Figure A26-28.

3.2.3. Measurement of photophysical properties

Absorption spectra were obtained from aqueous solution samples using a 1.4 mL
quartz cell with 1 cm optical path length and recorded in the wavelength range of
200-1000 nm at ambient temperature. Each sample was prepared from a stock
solution of the compound in methanol and diluted to the desired concentration with
aqueous Tris-HCI buffer pH 7.4. All final solutions contained less than methanol (1%,
v/v). The fluorescence spectra were acquired from the aqueous solution samples using
an excitation wavelength at 340 nm and recorded in the wavelength range of 350—
700 nm.

3.2.4. Preparation of the paper-based fluorescent sensing platform and analysis
performance
The layout of the sensing platform consisting of unwaxed channels with 1.5-mm
wide and 56-mm long was printed on a Whatman Grade 1 filter paper by a wax
printer (Xerox ColorQube 8870). The printed channels were heated in an oven at 150

°C for 90 seconds for melting the wax and creating hydrophobic barriers in the paper
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sheet. The ligand and metal ion samples were deposited from 0.5 pL of their solutions
at the loading zone of a channel on the filter paper. The loaded paper-based sensor
was dipped vertically into an aqueous solution in a closed chamber for
chromatographic development. For naked-eye quantification, the distance of a
fluorescent line travelling in the channel was observed against a ruler scale. For image
analysis, the images were captured by using a digital camera (Panasonic DMC-GF7)
with the following camera setting: 1SO-3200, /5.6, and 1/250 s exposure time in a
cover box under a 365-nm UV light ambient (TCP-20.LM Vilber Lourmat
illuminator, Germany). The mean grey value of the image was extracted from the
center area covering ~70% width of the channel to avoid color interference from the
wax barrier, using the ImageJ program (http://imagej.nih.gov/ij/). The mean gray
values were plotted against the pixel positions, starting from 0.50 cm above the ligand
loading spot. The distance was then determined from a boundary of the fluorescence
line having a threshold value of 10x standard deviation (SD) of the mean gray value
of the pure ligand (blank). The limits of detections were calculated from 3xSD (of the

shortest observed distance)/slope (of the calibration line).

3.3. Results and Discussion

To systematically modulate the intermolecular interactions among the sensing
probe, cellulose substrate, and the eluent, the structures of amidoquinoline ligands
Q1-Q5 (Figure 3.1) were designed to have different alkyl substituents on the terminal
amino group of the glycine side chain. This variation provides tuning of hydrogen
bonding and hydrophobicity of the sensing probes. The target probes were
synthesized, evaluated for metal ion sensing properties, and developed into paper-

based sensors for quantitative analysis of Zn?* in real samples.

3.3.1. Synthesis and characterization

The target amidoquinoline derivatives (Q1-Q5) were successfully synthesized
from amide coupling reactions and N-alkylation according to Figure 3.1. The coupling
of 8-aminoquinoline with glycine derivatives in the presence of TEA, DMAP and
EDC gave Boc-protected precursors Q1-Boc, Q2-Boc and the target compound Q3 in
high yields. The deprotection of Boc group with TFA gave Q1 and Q2 in excellent
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yields. The condensation of 8-aminoquinoline with chloroacetyl chloride gave
precursors Q-CI followed by nucleophilic substitutions with pyrrolidine and
piperidine cleanly gave Q4 and Q5, respectively. The chemical structures and purity
of Q1-Q5 were confirmed by 'H, 3C NMR and MS (Figure A14-A28). Clean H
NMR spectra of Q2-Q5 showed similar pattern of aromatic proton signals to that of
Q1 reported in our previous work.® The additional *H signals of the aliphatic protons

in Q2-Q5 were located in the range of 1.0-4.0 ppm.

Q 2 X
Ho' R (0 (L7
R TFA, CH,Cl,, 1t, 16h

N 1
RL NH RL NH
EDC, DMAP,TEA N“O;r N?Or
CH,Cly, 0°C 2h/ rt 8h R? R
.pi_R2 o
Q1-Boc: R'= Boc, R2= H, 75% Q1: R1= R2= 2H 96%
[ _ Q2-Boc: R'= Boc, R?= Me, 80% Q2: R'=H, R®= Me, 95%
N Q3: R'= R%= Me, 89%
NH,
2 ¢ {Hn »
NH Ny
TEA, CHZC|21 rt, 8h CI/\[O]/ Acetonitrile, 8200, 16h C(_/)n O
Q-CI, 96% Q4 (n=1), 81%
Q5 (n=2), 79%

Figure 3.1. Synthesis scheme of target aminoquinoline derivatives (Q1-Q5)

3.3.2. Metal ion sensing study

The fluorescence responses of Q1-Q5 to various metal ions (Li*, Na*, K*, Mg?",
Ca?*, Ba?*, AP**, Cr¥*, Fe?", Co?, Ni%", Cu?, Zn*, Ag*, Cd?*, Pb?" and Hg?") were
tested in Tris-HCI buffer solution pH 7.4. In the aqueous solution, all ligands showed
low fluorescence that was considerably enhanced in the presence of only Zn?*. The
strong blue-green fluorescence was clearly observed by naked eye and the
fluorescence spectra showed strong emission peak at Aem ~ 500 nm with over 10 times

of the enhancement ratio (I/1o) (Figure 3.2).
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Figure 3.2. Fluorescence spectra and photographic images of Q1-Q5 (10 uM in 20
mM Tris-HCI solution) tested with various metal ions (100 uM) and their fluorescence

intensity enhancement ratios (I/1o measured @500 nm, excited @340 nm).

The pH dependence of the fluorescence response of the ligands toward Zn?* in
aqueous media was also studied. All compounds showed no pH dependence of the
emission intensity in the pH range of 4.0-9.0. In the presence of Zn?*, the emission
intensity (@500 nm) was enhanced starting from pH ~6.5 reaching the maximum
plateau at the pH range of 7.4-8.0 and gradually dropped at higher pH (Figure 3.3).
The initial rise of the fluorescence enhancement signifies the stronger complexation
between the ligand and Zn?* at higher pH that is promoted by the deprotonation of the
amidic proton.® °-°2 The fluorescence drop at the pH higher than 8.0 is likely due to

the competitive formation of Zn(OH)..
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Figure 3.3. Fluorescence intensity (@500 nm) of Q1-Q5 solution (10 pM in 20 mM

Tris-HCI buffer solution) in the absence (—) and presence (---) of Zn?* (100 pM) at
various pH.

The 1:1 complexation constants (Ka) between the ligand and Zn?* were
determined from host-guest UV titration data using the BindFit v0.5 online tools
(supramolecular.org).®® Interestingly, the Zn?" complexation constants with the
ligands containing cyclic amine (Q4 and Q5) were relatively lower than those with
other ligands (Figure 3.4), probably due to geometrical constraint of the ring that

reduce the chelation of the amino lone pair to the metal ion..
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Figure 3.4. Absorption spectra of (a) Q1, (b) Q2, (c) Q3, (d) Q4 and (e) Q5 (40 uM)
with gradual increment of Zn?* concentration (0-800 uM) in Tris-HCI solution (20
mM) and (f) association constants of Q1-Q5 with Zn?",

3.3.3. Preparation and optimization of paper-based sensors

In the preparation of a paper-based sensing platform, Q4 was selected as an initial
probe model for optimization due to its lowest background fluorescence. The sensing
platform was produced by wax-printing to generate channel pattern on filter paper and
heated to create wax barrier (Figure 3.5a). An ethanolic solution of the ligand Q4 was
deposited at the lower end of the channel. To test the sensing properties, a solution of
each metal ion was deposited just below the ligand spot. The paper-based platform
was then dipped into a Tris-HCI buffer solution (pH 7.4) in a closed chamber where
the solution was allowed to elute upward until the solvent front reached the top of the
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platform (Figure 3.5b). After air drying (Figure 3.5Error! Reference source not
found.c), strong blue-green fluorescent line was observed under blacklight
illumination selectively in the channel of Zn?* (Figure 3.5d) — this is consistent with

the selectivity observed in the solution test.

For quantification of Zn?* via distance measurement, the length of the fluorescent
line was either observed by naked eye against a ruler scale or evaluated from the
photographic image by ImageJ processing software (Figure 3.5e). The mean gray
values of pixels were plotted as a function of the distance. The length of the
fluorescence line was determined from the distance that the mean gray value of the

pixels equal to the threshold value set at 10 times of noises (SD of blank signals).
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Figure 3.5. Experimental process for distance-based quantification of Zn?* by paper-
based sensor, a) drawing of paper-based channel sensing platform showing deposited
point for ligand (L) and sample (S), (b) photographic image of paper-based sensor
dipped into a Tris-HCI buffer solution (pH 7.4) in a closed chamber, (c) drying
method of paper-based sensor after the solvent was reached the top of the platform
(d) photographic images under black light illumination of paper-based sensor Q4 (100
nmol) tested with various metal ions (20 nmol) eluted with Tris-HCI buffer solution
pH 7.4 (0.20 M).

All 5 synthesized ligands were comparatively evaluated on a paper-based sensing
platform. Q1 and Q2 showed little dependence to the amount of Zn?* tested (Figure
3.6). Moreover, the fluorescent lines of Q1 appeared to be separated into 2 sections.

Q3, Q4 and Q5 showed fluorescent line with the length dependence to the amount of
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Zn?*. The results clearly indicated the superiority of the ligands containing tertiary
amine (Q3, Q4 and Q5) over the primary amine ligand (Q1) and secondary amine
ligand (Q2) as distance-based fluorescent sensors. The hydrophilicity and hydrogen
bonding present in the primary or secondary amine of the ligands are largely
responsible for the fast and non-uniform elution of both the free ligands and their
complexes. Being more hydrophobic, the tertiary amine ligands (Q3-Q5) tended to
adsorb more strongly to the filter paper that only their zinc complexes can be eluted.
The hydrophobic ligand also exhibited shorter fluorescent line that affected the

dynamic range of the sensor in Zn?* quantification.

Q1

Zn*0 10 20 40 nmol

zZn*0 10 20 40 nmol QMZn>*0 10 20 40 nmol

Figure 3.6. Photographic images of Q1-Q5 (100 nmol) deposited on wax barrier
printed filter paper channel tested with various amounts of Zn?* deposited from
Zn(NO3), solutions eluted with Tris-HCI buffer pH 7.4 solution (0.20 M). Images
were taken under black light illumination.

To evaluate the effect of the ligand amount on the sensor performance, various
amounts of Q4 were used for the preparation of the sensor. With 1 nmol of Q4, the
fluorescent lines appeared relatively weak and the gray value profiles were irregular
probably due to the insufficient amount of ligand for complete complexation with
Zn?*. When the amount of the ligand increased, the fluorescent lines became stronger
and the gray value profiles became more consistent (Figure 3.7). Nevertheless, it is
important to note that increasing the ligand amount generally requires longer time to

complete the elution. For further optimization, 100 nmol of Q4 was used as it
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produced the most consistent gray value profiles within acceptable elution time (less
than 30 min).

Q4, 1.0 nmol

10 20 40 80 nmol : ; 25 3 35

107 207 40 807 nmol 3 ; 25 3 35
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Figure 3.7. Photographic images under black light illumination of Q4 paper-based
channel sensors tested with various amounts of Zn%" (» 0, « 5, * 10, - 20, - 40, * 80
nmol) and their mean gray values measured at various distances along the channel.
Deposited amounts of Q4 are a) 1.0, b) 10, ¢) 100 and d) 1000 nmol. Mean gray
values were averaged from 10 pixels across each channel of 3 sensor replicates.

For further optimization, the sensor was evaluated for its performance in different
pH ranging from 5.0 to 8.0. At the pH lower than 7.0, the fluorescence lines and gray
value profiles were rather irregular (Figure 3.8). The most uniform fluorescent line
and gray value profile was obtained at pH 7.4. At pH 8.0, the fluorescent lines were
considerably shortened probably due to the formation of Zn(OH).. The effects of pH
observed in these paper-based sensing platform are consistent with the results

observed in solution described in the previous section.
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Figure 3.8. Photographic images under black light illumination of Q4 (100 nmol)
paper-based channel sensors tested with various amounts of Zn?* (= 0, * 5, 10, - 20,

40, » 80 nmol) and their mean gray values measured at various distances along the
channel. Eluent pH were a) 5.0, b) 6.0, ¢) 7.0 d) 7.4 and e) 8.0. Mean gray values
were averaged from 10 pixels across each channel of 3 replicates.

To evaluate the effect of channel width, the sensing channels were created with
varied widths and tested for Zn?* sensing. Interestingly, increasing the channel width
from 1.5 to 4.5 mm insignificantly affected the length of fluorescent lines indicating
that the quantitative analysis has a good toleration to the channel width variation
(Figure 3.9). However, the wider channels slightly deteriorate the fluorescence
uniformity in the channel and the gray value profiles, especially at higher
concentration of Zn?*. In this work, the most uniform fluorescent line was obtained

with the narrowest channel having the width of 1.5 mm.
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Figure 3.9. Photographic images under black light illumination of Q4 paper-based
channel sensors tested with various amounts of Zn?" (¢ 0, * 5, * 10, - 20, - 40, * 80
nmol) and their mean gray values plotted as a function distance along the channel.
Channel width are a) 1.5 mm, b) 3.0 mm and c) 4.5 mm. Mean gray values were
averaged from 10 pixels across each channel of 3 sensor replicates.

Next, Q3-Q5 were evaluated for sensitivity and applicability for distance-based
quantification of Zn?* using optimal sensing condition presented above. The
fluorescence distances observed by naked eye and those determined by image analysis
were virtually equal as shown in the scattered plots (Figure 3.10). The results indicate

that the distance-based quantification with these sensors can be performed either by

naked eye observation or image analysis.
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Figure 3.10. The scatter plots of fluorescent distance observed by naked eye against a
ruler scale (A) and image analysis using a threshold line at the 10 times of noises
(D), 3 replicates.
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Ligands Q3, Q4 and Q5 showed different linear ranges between the distance and
the amount of Zn?*, 0-30, 0-60 and 0-70 nmol, respectively (Figure 3.11). The
detection limits for Q3, Q4 and Q5, determined from 3xSD (of the shortest observed
distance)/slope (of the calibration line) were 1.87, 1.32 and 1.57 nmol, respectively.
Interestingly, the more hydrophobic ligand increased the dynamic linear range of Zn?*
quantification. Adjusting hydrophobicity of the ligands can thus be used to tune the

dynamic range of the sensors.
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Figure 3.11. Photographic images under black light illumination of a) Q3, b) Q4 and
¢) Q5 (100 nmol) paper-based channel sensors tested with various amounts of Zn?*
eluted with Tris-HCI buffer pH 7.4 solution (0.20 M) and their calibration plots
obtained from fluorescent distance that have mean gray value more than threshold
level (10xSD of mean gray value of controlled images, n = 10) 3 replicates.

3.3.4. Real sample analysis

To demonstrate the applicability of our paper-based sensor for real samples, the
amounts of Zn?* in drinking water, dietary supplement, and micronutrient fertilizer
were determined by these paper-based sensors in comparison with a standard method
(ASTM D1691-17) using atomic absorption spectroscopy (AAS). As shown in Table
3.1, the amounts of Zn?* in drinking water were below the detection limit of the
paper-based distance channel sensors. Therefore, known amounts of Zn?* were spiked
into these samples. The analysis by both AAS and our sensors gave high recovery

(93-97%). For the real samples, the analysis results of a dietary supplement and a
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fertilizer by the AAS and paper-based channel sensors were in good agreement
confirmed by the paired sample t-tests at the 95% confidence level (tcarculated Of Q3, Q4
and Q5 = 1.57, 0.55, 1.42, respectively < teriticat = 2.02). It is important to note that the
analysis of the samples with high content of Zn?* such as dietary supplement and
fertilizer by AAS requires multiple dilutions while these samples can be analyzed by
the paper-based sensors without or with single dilution. These paper-based sensors are
thus convenient and reliable tools for on-site quantification of Zn?* at subpercentage-

percentage levels.

Table 3.1. Determination of Zn?* with distance-based sensor (Q3-Q5) in real
samples.

% (w/v) of Zn?* (mean * SD)
Sample . Image analysis
Spike AAS 03 Q4 05
Drinking . < 1x10% BD* BD* BD*
water
Drinking 0.040 | 0.0385 + 0.0002 | 0.0387 +0.0030 | 0.0388 + 0.0023 | 0.0373 + 0.0130
water 0 96.3% recovery | 96.8% recovery | 97.0% recovery | 93.3% recovery
Drinking 38.00 35.97 £ 0.06 37.0+0.9 36.2+4.1 37.0+1.9
water ' 94.7% recovery | 97.4% recovery | 95.3% recovery | 97.3% recovery
Dietary - | 0.0506 +0.0001 | 0.0511 +0.0020 | 0.0525 +0.0033 | 0.0504 + 0.0138
Supplement
Fertilizer - 63.31+0.14 OoD* 63.1+04 64.4+0.8

*Note: BD = Below detection limit, OD = Over detection limit.

3.4. Conclusion

The amidoquinoline derivatives containing N-substituted glycine side chain were
successfully synthesized and demonstrated as a selective turn-on fluorescent probe for
Zn?*. In the paper-based channel sensor, the ligands containing N,N-disubstituted
glycine side chain showed more uniform fluorescent line than did the unsubstituted
and monosubstituted glycine side chain. Three N,N- disubstituted ligands deposited on
wax-printed filter paper gave sensors with reliable distance-based quantification of
Zn?*. The dynamic range of detection could be increased, with an expense of the
sensitivity and detection speed, by increasing the hydrophobicity of the ligands. The

quantification can be done conveniently by either simple distance measurement or
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image processing software. Using these paper-based sensors, the quantitative analysis
of real samples containing 0.04-100% (w/v) Zn?* gave reliable results without

multiple dilutions in the sample preparation.
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CHAPTER IV

CONCLUSION

In this dissertation, new series of amidoquinoline derivatives were synthesized
and investigated for fluorescence sensing properties to expand the set of the
fluorescent probes from our previous quinoline platform. This work includes two
topics i.e., 1) macroarray synthesis on filter paper for rapid discovery and structure-
property relationships of metal ion fluorescent sensors, 2) synthesis of quinoline
ligands with tunable hydrophobicity for distance-based quantification of metal ion on

paper-based fluorescent sensors.

In the first topic, a parallel solid-state synthesis on filter paper was used for rapid
synthesis of over 20 amidoquinoline derivatives. Using this technique, multiple
compounds could be simultaneously synthesized. The purification of multiple
products was also easily achieved by simultaneous washing of unreacted materials
and byproducts without complex deconvolution. The probes covalently bound on the
cellulose surface was used as an array of functional substrate-supported sensors which
offer rapid sensing screening, reusability, and enhanced sensitivity for metal ion

identification and quantitative analysis of Zn?*.

In the second topic, a series of 5 amidoquinolines with tunable hydrophobicity
were synthesized. The synthesized compounds were studied as sensing probes in both
aqueous solution and on paper-based platform. The paper-based sensors were also
developed for distance-based quantification of metal ion. The distance of the
fluorescent lines created in the sensor was directly related to the amount of the metal
ion. The linear dynamic ranges of the sensors were depended on the hydrophobicity of
the amidoquinoline probes. The distance-based quantification of Zn?* in drinking
water, dietary supplement, and fertilizer samples by these paper-based sensors gave
the results comparable with the standard method using the atomic absorption

spectroscopy.
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Figure Al. *H NMR spectrum of 2-amino-N-(quinolin-8-yl)acetamide (Gly.8AQ) in
DMSO-ds.
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Figure A2. 3C NMR spectrum of 2-amino-N-(quinolin-8-yl)acetamide (Gly.8AQ) in
DMSO-ds.



Mass Spectrum List Report

Analysis Info Acquisition Date  8/10/2018 10:59:35 AM
Analysis Name  D:\Data\Data Service\180810_pos_Glycine-8AQ.d

Method NV_pos_0.3min_profile_1segment_lowNubulizerDrygas.m Operator CU.

Sample Name 180810 _pos_Glycine-8AQ Instrument / Ser# micrOTOF-Q Il 10335
Comment

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Not active Set Capillary 4000 Vv Set Dry Heater 200C
Scan Begin 50 m/z Set End Plate Offset -500V Set Dry Gas 4.0 l/min
Scan End 1500 m/z Set Collision Cell RF 150.0 Vpp Set Divert Valve Waste
Intens. +MS, 0.2-0.3min #(10-15)|
X105
i 22407959
1 =
1.5 =
i N
HN o

¥

m/z calculated for [C11H11N3O + Na]* is 224.0794

107 HsN

0.5
145.07594
] l l 456.09870
0.04 b % B Y : : . .
200 400 600 800 1000 1200

79

Figure A3. HRMS (ESI) spectrum of 2-amino-N-(quinolin-8-yl)acetamide

(Gly.8AQ).
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Figure A4. 'H NMR spectrum of 2-amino-N-(quinolin-6-yl)acetamide (unbound,

TFA salt of Gly.6AQ) in DMSO-ds.



80

~-39.5 Dimethyl Sulfoxide-dé

6

5¢

5

5¢

5¢
—1453
—143.0
_~1382

1375
—a414

VN N—

T T T T T T T T T 1

00 190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 O
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TFA salt of Gly.6AQ) in DMSO-ds.
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Figure A6. HRMS (ESI) spectrum of 2-amino-N-(quinolin-6-yl)acetamide (unbound,
TFA salt of Gly.6AQ).
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Figure Al2. HRMS (ESI) spectrum of 2-amino-N-(quinolin-8-yl)succinamide
(Asn.8AQ) in DMSO-ds.

1= Asn.8AQ, 2 = Gly.3AQ, 3 = Gly.6AQ, 4 = G1y.8AQ
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each cell to its reference color on the right panel means the system predicted the metal
ion correctly. Any different color means the system predicted it to be some other
metal ions as shown exactly in each color.
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DMSO-dé.



86

Intens. +MS, 0.2-0.3min #(10-15)
x105-

224.07959

15

HN. O

T

m/z calculated for [C11H11N3O + Na]™ is 224.0794

1.0 HoN

0.5
145.07594
U 456.09870
00 2 L T = = T = T T T T
200 400 600 800 1000 1200 1400 m/z
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Figure A18. C NMR spectrum of 2-(methylamino)-N-(quinolin-8-yl)acetamide
(Q2) in DMSO-d6.
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Figure A19. HRMS (ESI) spectrum of 2-(methylamino)-N-(quinolin-8-yl)acetamide
(Q2).
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Figure A23. 'H NMR spectrum of 2-(pyrrolidin-1-yl)-N-(quinolin-8-yl)acetamide

(Q4) in DMSO-d6.
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Figure A24. 3C NMR spectrum of 2-(pyrrolidin-1-yl)-N-(quinolin-8-yl)acetamide
(Q4) in DMSO-d6.
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Figure A25. HRMS (ESI) spectrum of 2-(pyrrolidin-1-yl)-N-(quinolin-8-yl)acetamide
(Q4).
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Figure A26. 'H NMR spectrum of 2-(piperidin-1-yl)-N-(quinolin-8-yl)acetamide
(Q5) in DMSO-d6.
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Figure A27. C NMR spectrum of 2-(piperidin-1-yl)-N-(quinolin-8-yl)acetamide
(Q5) in DMSO-d6.
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Figure A28. HRMS (ESI) spectrum of 2-(piperidin-1-yl)-N-(quinolin-8-yl)acetamide
(Q5).
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