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ABSTRACT_: Glutamate (Glu) and .}}istamine (.His) are two ma_jor Target {\ Termpiate ‘\ Féescég:v\ibcell
neurotransmitters that play many critical roles in brain physiological B'gﬁg‘g{g‘ » s

functions and neurological disorders. Therefore, specific and sensitive “1{ '} "!o
monitoring of Glu and His is essential in the diagnosis and treatment of RAFT agent
various mental health and neurodegenerative disorders. Both being ‘TafgefRecePWSY"thES‘S‘ ‘ Redox labels

nonelectroactive species, direct electrochemical detection of Glu and His

. . . . . Target Bound Target R} Target
has been challenging. Herein, we report a stimuli-responsive polymer-based ! . arge :

(Polymer Folded) Bound Unbound

biosensor for the electrochemical detection of Glu and His. The polymer- @ ~
based target receptors consist of a linear chain stimuli-responsive templated (PZT;%e;réz?g:gsd) -(Of’g . ‘> e
polymer hybrid that is labeled with an osmium-based redox-active reporter v i 1Y SN |
molecule to elicit conformation-dependent electrochemical responses. The : . ' —

‘ Electrochemical Sensing ‘

polymers are then attached to a gold electrode to implement an
electrochemical sensor. The cyclic voltammetry (CV) and square-wave
voltammetry (SWV) results confirmed the polymers’ conformational changes due to the specific target (ie, Glu and His)
recognition and the corresponding electrochemical detection capabilities. The voltammetry results indicate that this biosensor can be
used as a “signal-on” and “signal-off” sensors for the detection of Glu and His concentrations, respectively. The developed biosensor
also showed excellent regeneration capability by fully recovering the initial current signal after being rinsed with deionized water. To
further validate the polymer’s utility as a target bioreceptor, the surface plasmon resonance (SPR) technique was used to characterize
the binding affinity between the designed polymers and the target chemical. The SPR results exhibited the equilibrium dissociation
constants (Kp) of 2.40 yM and 1.54 uM for the polymer—Glu and polymer—His interactions, respectively. The results obtained in
this work strongly suggest that the proposed sensing technology could potentially be used as a platform for monitoring
nonelectroactive neurochemicals from animal models.

KEYWORDS: Neurotransmitters, Templated polymers, Glutamate, Histamine, Electrochemical biosensor, SPR

1. INTRODUCTION organic framework (MOF)-based nanoparticles'"'* are show-
ing promising results for being used as alternative bioreceptors.

Stimuli-responsive polymers are a unique class of polymer
Among these, the stimuli-responsive polymer’s ability to

materials that have recently gained much attention in the

chemical and biological sensing applications because they can change conformation upon target binding has made this class
undergo a binding-induced conformational change, which is of polymers a rational alternative to DNA- or RNA-based
reminiscent of the folding of functional nucleic acids such as aptamers.

aptamers due to specific binding to the target molecules.' ™ Poly(N-isopropylacrylamide) (PNIPAM), as a merit exam-
Linear chain biomolecules such as aptamers have been widely ple of stimuli-responsive polymers, has gained popularity
used as key recognition element in many biomedical because it provides a clear phase transition in the water around
applications, especially in biosensing, due to their high the human body temperature.”> The lower critical solution

sensitivity, rapi<4i Tesponse, real-time detection capability, and temperature (LCST) phase behavior of PNIPAM gives rise to
easy operation.” ' However, the screening of highly specific

and selective aptamers in an acceptable period of time and the
difficulty in recognizing small molecules remain as main
challenges of aptamer-based biosensors.® Hence, many efforts
have been focused on finding alternative approaches to
creating specific target receptors. Among the potential
candidates introduced so far, the synthetic stimuli-responsive
polymers,' ™ elastin-like polypeptide (ELP),”'° and metal—
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Figure 1. Schematic illustration of the proposed target-selective biosensing platform. (A) A linear-chain stimuli-responsive polymer is templated
with a target molecule during RAFT polymerization to create target-specific affinity. (B) After polymer synthesis and template removal, the redox-
active molecules (osmium complex, Os(bpy),Cl) are attached to the vinylpyridine (VP) in the polymer backbone. (C) When the redox-labeled
polymers are grafted to the electrode, the target binding event induces a conformational change of the polymer from an extended to a folded state
resulting in a higher electron transfer rate compared to an unbound polymer chian due to the relative position of the redox labels with respect to
the electrode. (D) Applying voltammetry allows for target concentration-dependent sensor response due to the shape-changing behavior of the

polymer-based target receptors.

a conformational switch from a shrunken and coiled
conformation to a swollen and stretched chain conformation,
thereby leading to different behaviors, properties, and
responses for this polymer.* Various readout methods, such
as electrochemistry,'> colorimetry,'® chemiluminescence,'”
fluorescence,"® and surface plasmon resonance (SPR)," have
been considered to convert a conformational switch-induced
recognition response into a measurable signal in the literature
relating to the aptamer-based biosensor design. However, the
electrochemistry approach has gained particular attention
compared to other successful methods due to its high
sensitivity and rapid response. For this purpose, different
strategies have been developed and used to incorporate signal-
producing tags in the polymer backbone using polymerization
of the polymerizable redox tag’’ and postfunctionalization.”’
The use of the polymerizable monomers already connected to
the redox species, such as ferrocene and methylene blue,
during polymerization is known as a straightforward approach
to achieving a polymer with pendant redox labels.”””' In
another ap})roach, metal complex-based redox species such as
ruthenium™ and osmium”® have been grafted to the polymer
backbone through physical or chemical attachment.

In electrochemical biosensor design, the conformational
changes of the redox-tagged polymer chains caused by the
specific binding of the target molecules lead to a distance
variation between the redox species and the electrode surfaces,
thereby amplifying (signal-on) or quenching (si§nal—off) the
output signal produced by the redox probe.”**° However,
selective detection remains a challenge in the development of
this type of biosensor platform. The highly selective polymeric
receptor can be created by the conventional molecular
imprinting approach.”””® However, the permanent cross-
linking bonds between polymer chains produced by this
method result in a rigid polymer structure and therefore
restrict target recognition as well as the conformation
switching capability of the polymers.””** To address this
issue, our strategy is to remove or minimize interchain polymer
cross-linking to create a flexible and conformation changing
linear polymer chain templated with target molecules to create
a synthetic target receptor.”” In this regard, we synthesized a
single-chain stimuli-responsive templated PNIPAM-based
receptor in our previous work and investigated its capability
in the selective detection of nitrophenol derivatives." Our
findings supported the selective detection behavior of the
templated PNIPAM-based receptor in detecting the template
analyte used to synthesize the polymer and the polymer
conformation change capability of the synthesized polymer-
based receptor.'
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Neurotransmitters, as messenger chemicals in our body, play
many key roles in the functionalities of human physiology,
most notably in the central and peripheral nervous system,
brain activities, and mental health to name a few.>**° Thus, the
development of a technique that can quantify and monitor the
dynamics of neurotransmitters with high spatiotemporal
resolution has recently become one of the most interesting
and urgent areas of research. Literature review reveals that
many efforts had been directed toward measuring redox-active
neurotransmitters such as dopamine, serotonin, and adrenaline
by electrochemical analysis, which rely on their nature of redox
activity.”' In contrast, electrochemical detection of non-
electroactive neurochemicals such as glutamate (Glu)*>—3*
and histamine (His),>”*® have been challenging and often
relies on an enzymatic approach which has some limitations
such as lack of stability, susceptibility to environmental
changes, and high cost.

These findings motivated us to design a redox-labeled
templated poly(NIPAM)-based biosensor to monitor neuro-
transmitters Glu and His (Figure 1). In this work, the osmium-
based redox label was chosen because of its oxidation at a safe
potential window of 0—0.6 V vs Ag/AgCl, which is highly
compatible with gold electrodes. Furthermore, another key
benefit of using osmium complex as a redox label is that it can
be grafted to the polymer after the templating step is complete,
thereby eliminating the risk of the redox labels interfering with
the target templating procedure. This ensures that target
binding sites are formed with high fidelity with minimum
contamination or corruption. We have synthesized a target-
templated and redox-tagged poly[NIPAM-VP-MAA]-g-Os-
(bpy),Cl hybrid that consists of NIPAM, vinylpyrridine
(VP), and methacrylic acid (MAA) that form the molecular
binding site and have the capability to undergo conformational
changes upon target recognition. In addition, the osmium
complex Os(bpy),Cl attached to the polymer generates a label-
free electrochemical response when the polymer conformation
changes (Figure 1). After the polymer synthesis, we have
confirmed and characterized the effective binding affinity
between the polymer-based receptor and the target analyte
using electrochemical analysis and the surface plasmon
resonance (SPR) techniques.

2. EXPERIMENTAL SECTION

2.1. Materials. Methacrylic acid (MAA, 99%, Sigma-Aldrich), 2,2-
azobis(isobutyronitrile) (AIBN, 98%, Sigma-Aldrich), 4-vinylpyridine
(VP, >95%, Sigma-Aldrich), N-isopropylacrylamide (NIPAM, 97%,
Sigma-Aldrich), 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic
acid (DDMAT, 98%, Sigma-Aldrich), N-methyl-L-glutamic acid (N-
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mGlu), L-glutamic acid (Glu, 99%, Sigma-Aldrich), histamine (>97%,
Sigma-Aldrich), serotonin hydrochloride (S-HT, Sigma-Aldrich),
dopamine hydrochloride (DA, Sigma-Aldrich), 1,4-dioxane (anhy-
drous, 98%, Sigma-Aldrich), sodium sulfate (>99%, Sigma-Aldrich),
y-aminobutyric acid (GABA, >99%, Sigma-Aldrich), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, Sigma-Aldrich), 5,5'-
dithio-bis(2-nitrobenzoic acid) (DTNB, 99%, Sigma-Aldrich), sodium
perchlorate (NaClO,, Fisher Scientific), phosphate buffered saline
(PBS, Fisher Scientific), bovine serum albumin (BSA, Sigma-Aldrich),
dimethyl sulfoxide (DMSO, >99.9%, ethanol (Fisher Scientific),
sodium hydroxide (NaOH, >98%, Sigma-Aldrich), K,0sCls (99%,
Alfa Aesar), 2,2-bipyridine (bpy, 98%, Aldrich), ethyl ether (>99%,
Sigma-Aldrich), ethylene glycol (anhydrous, 99.8%, Sigma-Aldrich),
and N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich) were
used without further purification.

2.2. Electrochemical Instrumentation. A three-electrode
electrochemical cell consists of a gold electrode with diameter of 3
mm (BASi) as a working electrode, a platinum wire (BASi) as a
counter electrode, and Ag/AgCl as a reference electrode (BioLogic:
RE-1B) was set up within a Faraday cage (Gamry) to perform
electrochemical analyses. A BioLogic VSP potentiostat was used to
study the CV and SWV analyses.

2.3. Synthesis of Os(bpy),Cl, Complex. The Os(bpy)ZClz
complex was synthesized based on previously reported procedure.”
2,2'-Bipyridine (0.62 mmol, 97 mg) and K,0sCl; (0.31 mmol, 150
mg) were dissolved in 10 mL of DMF and stirred at 140 °C for 3 h.
The KCI crystals that appeared upon cooling to room temperature
were removed by paper filtration. Afterward, ethanol (S mL) and ethyl
ether (40 mL) were added to the remaining solution to precipitate the
Os(bpy)Cl;.H,0 complex powder. Then, the Os(bpy)Cl.H,O
powder was collected by centrifugation and dried in the air overnight.
This powder was again dissolved in a mixture of H,0/DME/
methanol (20 mL:2 mL:1 mL). Next, a saturated Na,S,0, solution
was added to this solution to precipitate and obtain the Os(bpy),Cl,
complex powder. Finally, the Os(bpy),Cl, powder was dried in a
vacuum oven at 50 °C for 48 h.

2.4. Synthesis of Poly(NIPAM-VP-MAA) Copolymers. A
PNIPAM-based random copolymer was synthesized based on the
previously described protocol.”> NIPAM (3.2 g, 28.5 mmol), MAA
(0.32 mL, 3.75 mmol), VP (0.56 mL, 5.25 mmol), N-mGlu (64 mg,
0.39 mmol), and DDMAT (0.136 g, 0.37 mmol) were added to 25
mL of dioxane. This mixture was degassed and backfilled with N, gas
for S min. Afterward, the AIBN initiator (30 mg, 0.18 mmol) was
added to the mixture followed by placing this solution into an oil bath
at 80 °C to start copolymerization and stirring at this temperature for
24 h. The poly(NIPAM-VP-MAA) copolymer powder was then
precipitated into cold ethyl ether and collected by centrifuging. The
copolymer powder was washed with cold ethyl ether several times
until the ethyl ether solvent was colorless. The copolymer powder was
dried under reduced pressure at 40 °C. For further purification, the
copolymer powder was dissolved in deionized (DI) water and poured
into the dialysis tubing with a molecular weight cutoff (MWCO) of 1
kDa. Then, the dialysis tubing was immersed in DI water for 3 days,
and the water bath was changed every 4 h. After this step, the polymer
solution was stirred at 50 °C to remove water and placed in a vacuum
oven at 40 °C for 24 h.

2.5. Synthesis of Osmium-Grafted Copolymer Poly(NIPAM-
VP-MAA)-g-Os(bpy),Cl. The synthesized poly(NIPAM-VP-MAA)
copolymer (300 mg) and the Os(bpy),Cl, complex (180 mg) were
dissolved in 5 mL of ethylene glycol and stirred at 140 °C for 24 h
under a blanket of N, gas. This resulted in the attachment of the
osmium complex on the copolymer backbone due to PVP-osmium
chelation. After completing the reaction, the solution was poured into
the dialysis tubing with a 1 kDa molecular weight cutoff (MWCO) to
remove the unreacted Os(bpy),Cl,. Then, the dialysis tubing was
inserted into DI water for 3 days. The water bath was changed every 4
h. The polymer solution was stirred at 40 °C to remove water, and
then, osmium-grafted polymer powder was placed into a vacuum oven

at 40 °C for 24 h.
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2.6. Ellman’s Assay. The free thiol content of the synthesized
poly(NIPAM-VP-MAA) was estimated by Ellman’s assay method.””
Once the free thiol concentration is known, then the number of
polymer chains that can be immobilized onto the electrode surface via
thiol cross-linking can be estimated. DTNB (4 mg) was dissolved into
1 mL of 1X PBS buffer solution of pH 7.2 to prepare the Ellman’s
reagent. The poly(NIPAM-VP-MAA) powder (10 mg) was also
dissolved into 5 mL of 1X PBS buffer solution separately, and then
100 uL of the prepared Ellman’s reagent was added to the polymer
solution. This solution was stirred for 45 min at room temperature,
and then, one aliquot of this solution was taken at regular intervals
and diluted with 9 mL of distilled water. The absorbance of these
solutions was recorded by UV—vis analysis at 412 nm. Finally, the
concentration of free thiol was calculated by the following equation.

(1)

where A is the absorbance, € is the molar extinction coefficient of 2-
nitro-S-thiobenzoic acid at 412 nm (14 250 M~ cm™), b is the length
of the cuvette cell (cm), and ¢ is the free thiol concentration (mol
L.

2.7. Preparation of the Sensor Electrode and Electro-
chemical Measurements. The gold electrode was cleaned by the
following protocol.>® All electrode potentials are given with respect to
the Ag/AgCl reference electrode saturated with 3 M KCI. The gold
electrode was first polished with a nylon-based substrate and a
mixture of DI and 1 ym diamond suspension (1 ym diamond polish,
BASi) for 2 min and then gently rinsed with ethanol for a few seconds.
Afterward, the gold electrode was polished again with a fine micro
cloth and a 0.05 ym alumina slurry (0.05 gm diamond polish, BASi)
to obtain a smooth surface for the gold electrode. Then, further
cleaning was carried out by performing the oxidation and reduction
reactions in both basic and acidic solutions. The electrochemical
cleaning was first performed under a basic solution of 0.5 M NaOH
with a potential range of 0.35—1.35 'V for typically 300 cycles with a
scan rate of 2 V s™'. Then, the gold electrode was polished with a
micro cloth and 0.05 ym alumina slurry for 1 min and rinsed with
ethanol and DI water, respectively. Afterward, the NaOH-based
cleaning was repeated once again for 1000 cycles. Next, electro-
chemical cleaning was then performed in an acidic solution of 0.5 M
H,SO, by applying a potential of 2 V for S s and then the potential of
—0.35 V for 10 s, respectively. The electrode cleaning was then
followed by scanning the potential from 0.35 to 1.5V, typically for 20
cycles at a scan rate of 4 V s™" and then 20 more cycles at a scan rate
of 0.1 V s™" in the same solution. Finally, the gold surface was cleaned
by performing the electrochemical oxidation and reduction in a 0.01
M KCl/0.1 M H,SO, in the potential range of 0.2—1.5 V (5 scans at a
scan rate of 0.1 V s7'). The prepared electrode was thoroughly rinsed
with DI water for a few seconds and kept in DI water before use.

A desired amount of poly(NIPAM-VP-MAA)-g-Os(bpy),Cl and
TCEP (1:1 mass ratio) was dissolved in a 1:1 mixture of 1X
PBS:DMF. The surface of a cleaned gold electrode was first dried with
a nitrogen gas stream, and then, 10 uL of the prepared polymer
solution was dropped onto its surface and kept under vacuum
overnight. Prior to performing the sensing experiments, after rinsing
the polymer-modified electrode with DI water and NaClO,, at least
15 runs of CV were performed (with each run consisting of 10 cycles)
to ensure that a stable CV curve was obtained. The cyclic
voltammetry (CV) analysis was performed in the potential range of
0—0.6 V with a scan rate of 100 mV/s in 10 mM NaClO, solution for
all experiments. This step was repeated, until a stable current intensity
was achieved. The square-wave voltammetry (SWV) analysis was
carried out in the potential range of 0—0.6 V with a pulse height of 50
mV and a pulse width of 300 ms. The electrode was gently rinsed with
DI water before the electrochemical analyses were performed, and a
fresh electrolyte was used for each experiment. For all sensing
experiments, the electrode was exposed to a given concentration of
analyte with an incubation time of 1 min before collecting either CV
or SWV measurements.

2.8. Sample Preparation for SPR Analysis. 2.8.1. Immobiliza-
tion of N-mGlu Ligand. For SPR analysis, an OpenSPR instrument

A = ebc
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was used (Nicoya Lifesciences, Kitchener, ON, Canada). For ligand
immobilization, amine-functionalized SPR sensor chips (Nicoya
Lifesciences Inc.) were used to attach N-mGlu to the sensor chip’s
surface. The carboxyl group of N-mGlu was attached to the amine
group on the surface of the chip through EDC/NHS chemistry, where
PBS buffer (1, pH 7.2) was used as a running buffer for the ligand
immobilization step.

In the ligand immobilization step, 150 uL of 10 mM HCI (pH 2)
was first injected at a flow rate of 150 yL/min to clean and activate
the amine functional group of the amine chip. N-mGlu (20 mg) was
dissolved in 300 L of MES buffer, pH 6. EDC (4.5 mg) and NHS
(2.3 mg) were also dissolved in 300 uL of MES buffer, and then,
EDC/NHS solution was added to N-mGlu solution and stirred for 1 h
to activate the carboxylate groups of N-mGlu. The immobilization of
the N-mGlu ligand on the chip surface was subsequently followed
using an injection of 150 uL of the prepared N-mGlu/EDC/NHS
mixture at a flow rate of 20 yL/min. Then, 30 uL of a 2-bromoethanol
dissolved into a 1X borate buffer (1 mL) was injected into both
channels at a flow rate of 20 uL/min to deactivate the unreacted
amine groups of the amine chip. A poly(NIPAM-VP-MAA)-g-
Os(bpy),Cl (50 M) was diluted by a 1,250 ppm BSA solution
(prepared in 1x PBS, pH 9) to prepare the dilute polymer solution of
0.5, 1,3, 5,7, and 10 uM to be used for studying the polymer/N-
mGlu binding interactions. A 1250 ppm BSA solution (prepared in
1X PBS, pH 9) was used as a running buffer for this step.

2.8.2. Immobilization of Histamine Ligand. The high-sensitivity
carboxylated SPR sensor chip (Nicoya Lifesciences Inc.) was used for
immobilizing histamine onto the chip’s surface. To clean and activate
the carboxyl group, 150 uL of 10 mM HCI was first flown to the
chip’s surface at a flow rate of 150 yL/min. A mixture of EDC (4.5
mg) and NHS (2.7 mg) dissolved into 300 L of MES buffer (pH 6)
was injected at a flow rate of 20 yL/min. Then, the EDC/NHS coated
surface was further functionalized by injecting a histamine solution
(35 mM) at a flow rate of 20 yL/min. The intact carboxylic acid
groups of the chip were then deactivated by the injection of 150 uL of
the blocking solution (Nicoya Lifesciences Inc.). The different
concentrations of poly(NIPAM-VP-MAA)-g-Os(bpy),Cl solutions
were prepared by following the above protocol, and the same running
buffer was used for studying the polymer/histamine binding
interaction.

2.9. Characterization. Proton nuclear magnetic resonance
spectroscopy ("H NMR) by Bruker 500-MHz 'H NMR instrument
and attenuated total reflection (ATR) by a Thermo Nicolet iS10
FTIR with a wavenumber resolution of 0.4 cm™ were used to
characterize the chemical structure of the synthesized polymer
samples. Thermogravimetric analysis (TGA) (Mettler Toledo) and
UV—vis spectroscopy by a PerkinElmer Lambda 800 were used to
detect osmium complex in the synthesized polymer samples. For
TGA, a desired amount of samples were heated from 25 to 600 °C
under an Ar gas atmosphere at a heating rate of 10 °C/min. The
molecular weight and polydispersity index (PDI) of the synthesized
polymer were determined by gel permeation chromatography (GPC)
(Waters Alliance 2695).

3. RESULTS AND DISCUSSION

3.1. Polymer Characterization. '"H NMR analysis was
used to identify the chemical structure of the synthesized
polymer. As shown in Figure 2, characteristic signals for the
protons belonging to the poly(4-vinylpyridine) (PVP) rings
are observed at 7 and 8.4 ppm. In addition, the peaks at 1—1.2
ppm and 1.25 ppm are assigned to the protons of the methyl
groups of the PNIPAM and poly(methacrylic acid) (PMAA)
segments, respectively. The other peaks can be attributed to
CDCl;, H,0, and acetone solvents. The molar ratio of each
polymer segment was calculated according to the following
equations.
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Figure 2. 'H NMR spectra of the synthesized poly(NIPAM-VP-
MAA) copolymer.

PNIPAM (%) = 1/6 X 100
Y e + (4, + 1)/4 + 1,/3)
2)
PVP (%) = Uy + 1)/4 X 100
(L/6 + (I, + 1) /4 + 1,/3) 3)
L/3
PMAA (%) = 100
%) {(1,/6 + (I, +L)/4+ Id/3)] X (4)

Based on the above calculations, the molar ratios of PNIPAM,
PVP, and PMAA segments in the poly(NIPAM-VP-MAA)
copolymer were determined to be 68.70%, 17.60%, and
13.70%, respectively. Furthermore, the GPC analysis showed
that the poly(NIPAM-VP-MAA) copolymer was successfully
synthesized by the RAFT polymerization method. The average
molecular weight (MW) and the polydispersity index (PDI) of
the synthesized copolymer as analyzed by GPC were 6258 g
mol™' and 1.49, respectively (Figure S1 in Supporting
Information). Although there may be other possible methods
to estimate the MW of the polymers, the GPC technique
appears to be the most reliable and accurate method to
measure this parameter. With GPC, in addition to MW, one
can also obtain other information about the polymers such as
number-average molecular weight (M,) and PDI among
others.

Fourier-transform infrared (FTIR) analysis was also carried
out as further evidence to confirm the successful synthesis of
poly(NIPAM-VP-MAA) and Os(bpy),Cl,, and the grafting of
Os(bpy),Cl, to the polymer backbone to form poly(NIPAM-
VP-MAA)-g-Os(bpy),Cl (Figure 3A). For the poly(NIPAM-
VP-MAA) sample, a group of peaks that appears near 1,400
cm™ is attributed to the aromatic rings of vinylpyridine. A
characteristic peak assigned to C=O group is observed at
1560 cm™ and 1720 cm™ for PNIPAM and PMAA,
respectively. The main index peak associated with the pyridine
ring (—C=N-C-) of the Os(bpy),Cl, complex sample is
shown at 3400 cm™.

For the polymer and the modified polymer samples, the
peaks belonging to the aliphatic C—H bonds have appeared
around 2850—2950 cm™, confirming the presence of polymer
sample in the poly(NIPAM-VP-MAA)-g-Os(bpy),CL. In
addition, the peaks related to carbonyl groups of PNIPAM
and PMAA (C=0) were observed in the range of 1500—1700
cm™. For the poly(NIPAM-VP-MAA)-g-Os(bpy),Cl sample, a
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Figure 3. Characterizing the molecular compositions of the stimuli-responsive polymer, poly(NIPAM-VP-MAA), the osmium complex,
Os(bpy),Cl,, and the stimuli-responsive polymer labeled with osmium complexes, poly(NIPAM-VP-MAA)-g-Os(bpy),Cl, using (A) FTIR and (B)

UV—vis spectra.

new peak that appeared at 750 cm™" can be attributed to the

C—C bond of the pyridine ring. These peaks manifested
evidence that the Os(bpy),Cl, complex has been successfully
grafted to the poly(NIPAM-VP-MAA) backbone through PVP
segments. One important note is that when Os(bpy),Cl, reacts
with PVP to form a bond, one Cl is replaced by the
vinylpyridine ring. Thus, after grafting to the polymer, the
osmium complex loses one Cl to form poly(NIPAM-VP-
MAA)-g-Os(bpy),CL

Figure 3B depicts the UV—vis spectra of the samples
dissolved in 1x PBS. Both the Os(bpy),Cl, and osmium-
grafted polymer displayed a strong and sharp peak at around
290 nm, while the unmodified polymer sample does not show
this peak at this particular wavelength. These absorbance peaks
originate from osmium and reveal the presence of the osmium
complex in the synthesized poly(NIPAM-VP-MAA)-g-Os-
(bpy),Cl copolymer sample. The electrochemical character-
ization of these samples was also performed to reveal the
electroactivity of the synthesized osmium complex and the
osmium-grafted polymer (Figure S3 in the Supporting
Information) prior to sensor development. The osmium
complex displayed an oxidation/reduction peak around 0 V
vs Ag/AgCl In contrast, the electrochemical behavior of this
complex, when grafted to a polymer, exhibits oxidation/
reduction peaks appearing at a significantly higher potential
voltage at 0.27 V. This result is in agreement with the previous
reporting that the polymer backbone can affect the redox
behavior of the redox tag, which is incorporated as a side chain
or an adjacent group in the polymer chains.”” The polymer
chains can affect kinetic aspects such as reducing diffusional
access and attractive/repulsive interactions, thereby modifying
the redox behavior of the electroactive species.””” The
polymer backbone property, such as polarity, can also be
affected by electroactive species, especially those that show
significant electrostatic charge differences in the oxidation/
reduction states.”’ The attached polymer on the electrode
surface can also alter the electron tunneling and transport on
the electrode surface, which radically changes the electro-
chemical behavior of the attached redox labels when compared
to their untethered or ungrafted state. However, the degree to
which such changes in their electrochemical properties are
exhibited is highly dependent upon a few key factors, including
the polymer chain length (or the molecular weight) and
polymer crowding on the electrode surface. As shown in Figure
S3, the electrochemical behavior of the poly(NIPAM-VP-
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MAA)-g-Os(bpy),Cl attached to the electrode shows similar
trend as the polymer dispersed in solution. This suggests that
the polymer density and molecular weight are appropriate such
that the polymers are well-dispersed without any significant
crowding or entanglement. This matching electrochemical
behavior between polymer-grafted electrode and bare electrode
immersed in polymer-dispersed solution would not be
observed in the case of high molecular weight polymers even
in low polymer density (i.e., concentration) due to
entanglements caused by long polymer chain lengths.
Furthermore, the electrode sensors fabricated following the
protocol mentioned above displayed good electrochemical
activity and stability over time. The electrochemical behavior
of the fabricated electrode was investigated by attaching the
synthesized electrode onto the gold electrode surface through
the thiol chemistry (Au—S bond)." Optimization of the
amount of TCEP required to convert the disulfide bond S—S
to the S—H group, which comes from the RAFT agent used for
polymer synthesis, was carried out by UV—vis analysis (Figure
S4 in the Supporting Information). The amount of free thiol
group measured by Ellman’s assay was found to be 23 uM
using eq 1 in section 2.6 and thiol absorption spectra (Figure
S4b in Supporting Information).

Thermogravimetric analysis (TGA) was also carried out as
supplementary analyses to provide evidence of the grafting of
Os(bpy),Cl, to the polymer backbone (Figure S2 in
Supporting Information). The TGA thermograms indicate
that the synthesized polymer and the polymer modified with
the osmium complex demonstrated good thermal stability up
to 250 °C. For both samples, the weight losses observed below
250 °C are attributed to the evaporation of the residual solvent
trapped in the samples. The higher char content of
poly(NIPAM-VP-MAA)-g-Os(bpy),Cl compared to poly-
(NIPAM-VP-MAA) confirms that grafting of the amorphous
compound to the polymer backbone was successful.
Furthermore, the poly(NIPAM-VP-MAA)-g-Os(bpy),Cl
shows a char content of around 45 %w/w, which is much
larger than that of the poly(NIPAM-VP-MAA). The differ-
ences between the char content of the osmium-grafted polymer
and that of the polymer can be attributed to the char from the
Os(bpy),Cl, complexes.

3.2. Optimization of the Polymer Surface Coverage
of the Electrode. Different concentrations of poly(NIPAM-
VP-MAA)-g-Os(bpy),Cl solution were investigated to deter-
mine the optimum surface coverage (i.e., density) of the
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Figure 4. CV (A) and SWV (B) of the modified electrode with different concentrations of poly(NIPAM-VP-MAA)-g-Os(bpy),CL

polymer on the electrode to achieve high-sensitivity detection.
To accomplish this, the signal intensity was optimized by
changing the density of the polymer attached to the electrode.
The electrodes were fabricated following the protocol
described in section 2.6, and all CV and SWV measurements
were recorded after attaining a stable current, which was
obtained by repeating at least 15 runs in this case. It should be
noted that the fabricated electrode was gently rinsed with DI
water to remove the unattached polymer chains and unreacted
Os(bpy),Cl, from the gold electrode surface before each run.
As shown in Figure 4, both anodic and cathodic currents have
gradually risen as polymer concentrations increased to 550
UM.

In contrast, significant signal suppression was observed at
the highest concentration (800 yM) investigated. This finding
is consistent with the results reported previously.”” The high
density of the polymer chain on the electrode surface can
diminish electron diffusion and transport, thereby suppressing
signaling. Since the electron transfer rate can also be affected
by the conformational change of the polymer, the attached
polymer chains are likely to be pushed away from the electrode
surface densely packed and crowded with polymers due to the
electrostatic repulsion among them. In other words, the
conformation of the polymer chains can facilitate or hinder
electrons from reaching the electrode surface. Although it
appears from Figure 4 that the 400 uM polymer concentration
has a higher peak compared to the 550 uM concentration, after
baseline subtraction, the 550 M concentration shows a
slightly higher current peak than the 400 M concentration
(Figure S7 in Supporting Information). From these CV and
SWV results, 550 uM poly(NIPAM-VP-MAA)-g-Os(bpy),Cl
solution was chosen as the optimum polymer concentration for
preparing the biosensor and was used for the subsequent
procedures.

It is also possible to estimate the number of polymers
attached to the electrode by counting the total charge passed
through the electrode during the forward sweep of CV (Figure
S8 in the Supporting Information) and by calculating the
average number of osmium complexes per polymer chain.
Based on our calculation, we estimate the polymer density to
be 7.8 X 10'° polymers/mm?.

3.3. The Effects of lons on the Polymer’s Conforma-
tion. Since the proposed sensing mechanisms are dependent
upon the conformational changes of the stimuli-responsive
polymers, it is important to discuss how various types of anions
in the solution interact with the polymer. The salt effect on the
stability of the solutes in an aqueous solution is known as the
Hofmeister effect, which is more pronounced for anions than
cations.””™** The Hofmeister effect is a result of several ionic
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properties, such as the partition coefficient, hydration
energetics, polarizability, and size, which can vary from one
ion to another. In other words, this effect is ion-specific and
heavily dependent on the ingredients in the buffer solution.
Based on the Hofmeister phenomenon, the anions are
categorized into two main groups: strongly hydrated (or
kosmotropic) anions and weakly hydrated (or chaotropic)
anions.”*~** The following lists the anions in the order of their
hydration strength, where CO5>~ is the most kosmotropic and
SCNT is the most chaotropic. Also, the anions listed to the left
of ClI” are considered to be kosmotropes, while the anions to
the right of CI™ are considered to be chaotropes.*’~*

CO,>” > 8O,>” > $,0,>” > H,PO,” > F~ > CI”
> Br” ® NO;” > 1 > ClO,” > SCN™

This list reveals the ion—water interaction in a solution. The
strongly hydrated anions can make a more robust ion—water
interaction than a water—water interaction, while the weakly
hydrated anions show the opposite behavior.

Previous studies have suggested that the Hofmeister series
can tune the conformation change of a thermal-responsive
polymer through anion interaction with the polymer and the
polymer’s adjacent hydration shell (Figure SS in Supporting
Information). It has been reported that kosmotropic anions
decrease the stability of PNIPAM in a solution and its LCST
due to the competition of these anions with polymer for
hydration.”~* In addition, this instability is caused by the
repelling of these anions from the PNIPAM backbone and its
isopropyl group (salting-out) due to the increase of the surface
tension of these polymer regions as a result of polymer
hydration disrupted by the anions.*’ In contrast, the
chaotropic anions tend to bind to the N—H group of this
polymer (salting-in) and enhance the polymer stability in the
solution, thereby raising its LCST in a nonlinear manner.**
Thus, these anions can be accumulated at the polymer surface
due to the absence of bulk hydration of the polymer through
ion-induced electrostatic interaction with the N—H moieties
with a partial positive charge.*”**

Regarding the choice of electrolyte to be used for sensing
applications, sodium perchlorate (NaClO,) solution was
selected since CIO,” is a highly chaotropic anion, and thus,
the polymers are expected to exhibit stable conformations in
this environment. Furthermore, a larger zeta potential value for
the polymer dissolved in NaClO, solution compared to that in
other solvents reveals the effective stabilization of polymer
chains through a repulsive electrostatic force in the NaClO,
solution (Table S1 in Supporting Information). The polymer
modified with osmium complex also shows a similar trend with
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electrolyte.

almost identical zeta potential values to the unmodified
polymer in the NaClO, solution, indicating a negligible impact
on the polymer conformation due to the addition of osmium
complexes to the polymer.

3.4. Electrochemical Sensing of Glutamate. Since N-
mGlu, an organic soluble derivative of glutamate, was used as a
template molecule during the polymer synthesis instead of L-
Glu due to the insolubility of L-Glu in the dioxane solvent to
synthesize the designed polymer, the performance of the
developed polymer-based biosensor was investigated by
exposing different concentrations of both N-mGlu and L-Glu
in NaClO, electrolytes. As shown in Figure S, the polymer-
based biosensor shows a similar trend when exposed to
bacterial N-mGlu and L-Glu molecules in 10 mM NaClO,
solution. The peak intensity or current was increased as the N-
mGlu and L-Glu concentrations were raised, and the oxidation
potential shifted slightly toward positive values. This behavior
verifies the polymer’s capability of conformational change from
extended (target unbound) to folded (target bound) shape due
to the absence and presence of the target molecules,
respectively. It is interesting to note that although the
polymers are templated with N-mGlu and therefore are
expected to exhibit the highest sensitivity in N-mGlu detection,
L-Glu detection shows better sensitivity. One possible
explanation is that changes in the pH level caused by the
addition of the analyte in the buffer may impact the sensor’s
sensitivity. When N-mGlu and L-Glu are dissolved in solutions,
because of the differences in the ammonium groups, these two
solutions result in different pH levels (if the same amounts
were dissolved) with the L-Glu solution being slightly more
acidic than the N-mGlu solution. Since our polymer is pH-
sensitive, this would yield slight differences in the polymer
conformation and therefore differences in sensor responses.
The presence of L-Glu in the buffer shifts the pH in a more
acidic direction that causes the polymers to undergo a greater
conformation change than they would in a buffer with N-
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mGlu. The limit of detection (LOD) of this sensor can be
calculated following the formula: LOD = 3.3 X ¢/S, where o is
the standard deviation of the response and S is the slope of the
calibration curve. We found that the LOD for the Glu
biosensor is approximately 0.3 yM.

In a related study, Zajforoushan et al. studied the effects of
chaotropic and kosmotropic anions on the stability and
conformation of PNIPAM in bulk solution and at the gold-
aqueous interface.”’ Based on the quartz crystal microbalance
with dissipation (QCM-D) measurement, the attached soft
polymeric film illustrates a high dissipation (damping) value,
indicating deforming polymeric film during oscillation. In
contrast, the attached rigid polymeric film shows no significant
deformation, exhibiting a small damping factor. Moreover, a
lower collapse temperature was found for the polymers
confined at the solid—liquid interface than that in bulk
solution.*’ Based on Zajforoushan’s finding, the physically
adsorbed PNIPAM film on the gold surface has shown the
partially collapsed film with more rigidity by changing the
solvent from water to the NaF solution (water containing the
kosmotropic anion (F~)),” while an opposite behavior has
been reported for PNIPAM film in contact with the water
containing chaotropic anion (SCN™').** The swelling of the
PNIPAM film in the presence of a chaotropic anion can imply
the strong affinity of this anion to accumulate at hydrophobic
groups of PNIPAM (or the direct anion-PNIPAM inter-
actions), thereby diminishing the hydrophobic hydration of
polymer, which results in polymer chain stability.

Recognizing the “signal-on” bahavior of the sensor when it is
exposed to either N-mGlu or L-Glu in NaClO, solution, our
findings strongly confirm the importance of polymer chain
conformation on its sensing performance which is controlled
by the determining factors such as solvent quality and its
additives. The PNIPAM-based polymer chains are open and
unfolded in NaClO, solution, thereby facilitating polymer—
analyte interaction and polymer conformational change. A
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highly chaotropic anions (such as perchlorate ions) tend to
bind to the NH groups of the polymer promoting stability and
raising its LCST. This leads to the polymer changing its
conformation from a tightly collapsed and folded state to an
open and unfolded state. Also, from the literature,*™*° the zeta
potential in the range of —30 to +30 indicates that the polymer
has low stability and therefore is in a collapsed morphology
with low solubility. Conversely, the zeta potential outside of
this range indicates high stability which means the polymer has
a semiopen to open morphology with high solubility.
Generally, when the polymer conformation is in the swelled
and stretched state, a high detection performance (in terms of
both sensitivity and selectivity) is observed for our polymer-
based biosensors, regardless of whether the receptor-analyte
interaction is repulsive (signal-off) or attractive (signal-on).

Regarding the choice of buffer solution, since neuro-
chemicals are usually measured in the brain region, our
sensor’s ultimate sample environment would be the
cerebrospinal fluid (CSF) for in vivo measurements and
artificial CSF (ACSF) for ex vivo and in vitro measurements.
Due to the Hofmeister effect, buffers that contain high
concentrations of carbonate and phosphate ions generally are
not compatible with the proposed polymer formula as the
polymers tend to collapse into a closed form in those
environments. However, since our polymer is also salt
sensitive, the adverse effects of carbonate and phosphate ions
can be minimized by utilizing a mixture of various salts to
counter the effects of kosmotropic anions. In our recent
preliminary studies, we have found that oxygen-saturated
artificial cerebrospinal fluid (ACSF) provides an excellent
environment for our templated polymers to not only bind with
the target molecules but also undergo a conformation change
upon target recognition, which is a promising sign that the
proposed sensing platform can detect neurochemicals in a real
physiological environment.

3.5. Target Selectivity Characterization. The target
selectivity of the fabricated electrochemical biosensor was then
tested with different concentrations of other potential
interfering species, namely, histamine (HIS), serotonin (S-
HT), dopamine (DA), and gamma aminobutyric acid
(GABA). As shown in the CV results in Figure 6, no obvious
response was observed for the serotonin and GABA molecules.
The current intensity has mainly remained constant in the
different concentrations of these molecules, while dopamine
resulted in a slight increase in the sensing current (Figure 6B).
Another interesting finding is that the sensing response of this
biosensor was converted from “signal-on” to “signal-off” upon
exposure to the HIS. Figure 6D and Figure 6E demonstrate a
gradual suppression of current with a distinct potential shift
toward the negative potential with an increasing concentration
of HIS. A decrease in the sensing response reveals that
histamine prevents polymer chain folding, thereby hindering
electron transfer between the redox tag and the electrode
surface. In fact, the designed polymer can exhibit varying
polymer chain conformations based on the electrostatic self-
assembly induced by nontarget molecules. The sensor’s
selectivity against a potential interfering species will highly
depend on the similarities in its molecular structure to the
target molecule. Indeed, when the sensor was exposed to
molecules that closely resemble glutamate, such as aspartate, a
significant sensor response was observed (approximately 60—
70% of sensor response to L-Glu of the same concentration). If
the sensor is to be used in real physiological conditions, such as
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Figure 6. Characterization of the chemical selectivity for the
developed biosensor. The cyclic voltammetry (CV) responses of the
polymer-modified electrode under exposure to serotonin (A),
dopamine (B), GABA (C), and histamine (D). The square-wave
voltammetry (SWV) responses (E) and its calibration curve (F) for
histamine detection show the “signal-off” behavior of the biosensor.
The electrolyte used was 10 mM NaClO,.

a brain tissue environment, one effective strategy to minimize
false positive responses would be to apply pharmacological
techniques by introducing drugs that block the release of
potential interfering species. Therefore, it is worth noting that
the experimental setup and the sensor’s specific location within
the tissue sample will largely determine the selectivity
requirements and the interfering species of concern that
need to be addressed in order to achieve a successful
measurement of the analyte.

3.6. Effects of Polymer Chain Length on the Sensor
Response. It is reasonable to anticipate that the polymer
chain length (i.e., the molecular weight) will play a major role
in the sensor’s response. As the polymer chain length increases,
the sensor response will become more sensitive due to the
greater change in the conformation and therefore the greater
displacement of the redox-active labels. However, the sensor’s
response time may increase due to the potential interchain
interactions and the “tangling” of the polymers which may
delay the target-induced conformation change. On the other
hand, if the polymer length is shorter, a faster response may be
expected due to reduced interchain interaction and the target’s
easy access to the binding sites. However, the sensitivity may
be reduced due to the polymer’s shorter actuation distance.
Therefore, optimizing the chain length is required for the
practical applications of this sensor platform.
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3.7. Effects of Redox Labels (Osmium Complexes) on
the Sensitivity of Target Detection. One of the advantages
of the proposed redox-labeled templated polymers is that it
allows for the inclusion of multiple numbers of redox reporters
to each polymer chain, thereby amplifying the voltammetric
responses as opposed to having only a single redox tag per
target receptor probe (which is typically the case for redox-
tagged aptamers). However, the locations of these redox
reporters in the polymer chain play a critical role in generating
a highly sensitive detection response. The polymers synthe-
sized in this work consist of randomized sequences of NIPAM,
MAA, and VP and since the osmium complexes are bound to
VP, the location of the redox tags are randomly distributed
along the polymer chain. For maximum sensitivity in sensor
responses, it would be preferential to attach the osmium
complexes near the end of the polymer chain opposite the
RAFT agent. In this way, when the polymers are attached to
the electrode, the redox labels are the farthest from the
electrode, assuming that the polymers are in an open and linear
morphology. As the target molecules bind with the polymers,
causing them to fold, a highly sensitive voltammetry response
could be observed.

3.8. Sensor Regeneration Capability. After exposure to
each concentration of N-mGlu, L-Glu, and HIS, the
regeneration capability of the prepared electrode biosensor
was investigated by washing the electrode in a bath of DI water
with gentle agitation and then inserting it into 10 mM NaClO,,
for 10 min followed by running a CV. Since the polymers are
securely attached to the gold surface via a strong thiol bond,
gently rinsing the electrode in DI water is not expected to
cause any removal of the polymers from the electrode surface.
After rinsing with DI water, the polymer conformation may
have been altered, as DI water does not contain any chaotropic
anions needed to restore the polymer conformation into a
stable state. Therefore, the electrode was immersed in NaClO,
solution to ensure that the polymer conformation is returned
to its stable partially open morphology before reusing. The
biosensor exhibited excellent regeneration behavior (Figure S7
in Supporting Information) when the electrode was exposed to
0.5—10 uM of either N-mGlu, L-Glu, or HIS, as the sensor was
able to fully recover the initial CV curve after rinsing with DI
water and keeping in the NaClO, solution. This demonstrates
the reusability and continuous monitoring capabilities of the
developed sensor platform. The target recognition event that
occurs between the binding sites in the templated polymers
and the target molecules is reversible with the forward binding
(i.e., association) rate and the reverse unbinding (i.e.,
dissociation) rate reaching a certain equilibrium, similar to
the aptamer’s target binding mechanism. Due to this
reversibility in target-receptor interaction, DI water is sufficient
to disrupt the bond between the target and the polymer to
achieve regeneration of the polymers. Moreover, DI water,
having little ionic content compared to NaClO,, is likely to
cause mild conformation changes in the polymer which may
further help free the bound target molecules from the binding
sites of the templated polymers. The reversibility of our
polymer’s binding kinetics suggests that the proposed
biosensing platform may be able to achieve continuous
monitoring of the analyte without the need for an active
regeneration of the sensor.

Upon oxidation, the net charge of the polymer chain is
expected to be partially positive due to the electron loss of the
osmium metal. The charge variation of the polymer chains
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during electrochemical measurement improves the attractive
interaction between the polymer chain and anion analytes
(glutamate derivatives). However, this charge variation can
give rise to a repulsive force between the polymer chains and
the cationic analytes, such as HIS, thereby unfolding the
polymer chains upon cationic analyte exposure. In addition, no
significant variation in the sensing response of the designed
biosensor was observed due to a strong ion pair that exists
between the positively charged quaternary ammonium group
and its counterion (chloride anion). This phenomenon can
interfere with the effective interaction between the polymer
and the target analyte and cause a certain degree of polymer
chain folding in the case of exposure to DA. Another possibility
is that the oxidation of the electroactive species (such as DA
and S-HT) may interfere with the redox response of the
osmium redox label of the polymer.

3.9. SPR Analysis. The SPR analysis was carried out to
validate the polymer’s binding affinity with N-mGlu, and HIS
ligands. For this purpose, N-mGlu and HIS ligands were
immobilized on the amine-coated and carboxyl-coated chips,
respectively, through amide linkages, and the unreacted
functional groups were deactivated by a blocking agent. The
SPR sensorgram showed a more significant response in the
reference (buffer only) channel than in the sample (polymer in
buffer) channel when PBS buffer was used to prepare both the
polymer solution and the running buffer, indicating that a
strong interaction exists between the polymer and the
unreacted amine and carboxylic acid groups on the chip
surface (i.e, nonspecific bonding). Various strategies were
applied to minimize the nonspecific binding on the surface of
the SPR chip, including changing the pH and adding additives
such as salt, surfactants, and BSA (bovine serum albumin). The
association and dissociation kinetics for the poly(NIPAM-VP-
MAA) and poly(NIPAM-VP-MAA)-g-Os(bpy),Cl when ex-
posed to SPR chip functionalized with N-mGlu are shown in
Figure 7A—D. The concentration dependent calibration curves
shown on the right column of Figure 7 are obtained using the
“Affinity/EC50” curve-fitting model in TraceDrawer software
(Ridgeview Instruments, Uppsala, Sweden) based on the SPR
sensorgrams. It is worth mentioning that a significant amount
of nonspecific adsorption of polymers occurs in addition to the
specific binding between the polymers and the target
molecules on the SPR chip’s surface. As a result, the SPR
response appears to be larger than expected. However,
applying the proper curve-fitting model, the calibration curves
that follow the Langmuir adsorption model are obtained giving
a more accurate representation of the equilibrium affinity
between the polymer and the target during the association
phase.

Upon flowing the polymer solution, the polymer—analyte
interaction is expected to lead to a measurable change in the
refractive index near the sensor surface. From 25 to 250 s in
Figure 7A,C, the N-mGlu pre-immobilized surface was exposed
to a solution of different concentrations of the polymer to
observe the polymer—analyte binding (association phase).
After this period, the flowing solution was replaced with PBS
buffer containing BSA (running buffer) to induce target release
from the chip’s surface (dissociation phase). From the
calibration curves in Figure 7B,D, the polymer without an
osmium redox tag (i.e, poly(NIPAM-VP-MAA)) exhibits a
higher binding affinity than the redox-labeled polymer (i.e.,
poly(NIPAM-VP-MAA)-g-Os(bpy),Cl). This result reveals
that the presence of the osmium complex on the polymer
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Figure 7. Characterization of the binding kinetics of polymer-based
target receptors templated with N-mGlu. The figure shows the real-
time association/dissociation curves and the corresponding equili-
brium binding affinity plot for poly(NIPAM-VP-MAA) with SPR chip
functionalized with N-mGlu (A, B); poly(NIPAM-VP-MAA)-g-
Os(bpy),Cl, with SPR chip functionalized with N-mGlu (C, D);
and poly(NIPAM-VP-MAA)-g-Os(bpy),Cl, with SPR chip function-
alized with histamine (E, F). The calibration curves were obtained
based on the “Affinity/ECS0” model of curve fitting of the SPR
sensorgrams.

has a significant impact on the polymer—analyte binding
affinity.

Furthermore, the equilibrium dissociation constant (Kp),
which represents the concentration at which half of the ligands
binding sites on the polymer is occupied, was evaluated using a
one-to-one fitting model (Figure 7A,C) and a steady-state
affinity model (Figure 7B,D) in the TraceDrawer software . As
shown in the polymer/ligand binding assay (Figure 7B,D), the
Kp of polymer/N-mGlu binding was estimated to be 390 nM
and 2.40 uM for the redox-free polymer and the osmium-
grafted polymer, respectively. Moreover, the SPR demon-
strated a similar association/dissociation behavior as the
polymer was flown over the histamine (His)-immobilized
SPR chip, confirming the affinity and specific binding of His to
the synthesized polymer (Figure 7E,F). From the steady-state
affinity fitting model, the Ky, of the osmium-grafted polymer/
His binding was estimated to be 1.54 uM. It is important to
note that while SPR provides valuable information in terms of
the affinity between the polymer and the target as well as the
real-time binding kinetics, it is not able to confirm the type of
conformational changes (whether folding or unfolding) that
the polymer undergoes as it binds to the analyte. Therefore,
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similar parameters for binding kinetics were obtained for both
N-mGlu and His even though the polymer exhibits signal-on
(folding) and signal-off (unfolding) behaviors, respectively.

4. CONCLUSION

A novel stimuli-responsive polymer-based electrochemical
biosensor was developed to determine glutamate and
histamine neurotransmitters. To achieve this, a poly(NIPAM-
VP-MAA) hybrid labeled with the osmium complex as a redox
tag was synthesized by RFAT polymerization and utilized as a
polymeric target recognition element to implement an
electrochemical biosensor. '"H NMR, FTIR, UV—vis, TGA,
and electrochemical analyses confirmed the successful syn-
thesis of the designed poly(NIPAM-VP-MAA)-g-Os(bpy),Cl
as a synthetic receptor. The CV and SWYV results revealed a
concentration-dependent behavior for the fabricated biosensor
to glutamate and histamine exposure, demonstrating the
polymer’s capability as a selective target receptor and a label-
free electrochemical biosensor. The electrochemical analysis
reveals that the designed biosensor exhibited a “signal-on”
mechanism when detecting glutamate (i.e., polymer folds when
target is bound) while a “signal-off” mechanism was observed
when detecting histamine (i.e., polymer extends when target is
bound). The developed sensor also exhibited excellent target
selectivity due to the polymers being templated with analyte
molecules, and no significant sensor response was observed
when exposed against DA, S5-HT, and GABA. The SPR
technique was further utilized to validate the electrochemical
results and binding affinity between the polymer-based
receptor and the analyte (i.e, glutamate or histamine).
Furthermore, the SPR results indicate that polymers without
the osmium-based redox label possess stronger affinity to
glutamate compared to the polymers labeled with osmium
complex. Finally, the sensor demonstrated excellent regener-
ation capability, suggesting that the proposed sensing
technology has a potential to be used in real-time analyte
monitoring applications.
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