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Abstract

Selective and spatiotemporally resolved monitoring of glutamate in the brain is essential for understanding its
role in many brain functions as well as in the progression of various mental disorders. However, achieving
accurate time resolved glutamate detection has been challenging due in part to the lack of glutamate-binding
receptors that can offer both target selectivity and continuous measurement capability. To address this
challenge, we have developed a novel polymer-based electrochemical biosensor designed to enhance
selectivity for glutamate. Our proposed biosensor incorporates an innovative templated polymer-based target
receptor, which selectively binds to the glutamate molecule. Furthermore, the reversible binding kinetics
enable continuous glutamate detection with a time resolution of approximately 1 minute and a detection limit
of 88.5 nM in artificial cerebrospinal fluid (ACSF) buffer. Additionally, due to the synthetic target-imprinted
receptors, the sensor exhibited high selectivity for glutamate in the presence of other interfering
neurochemicals GABA, glycine, and aspartate. These results indicate that the proposed sensor technology

holds potential for monitoring glutamate in real physiological samples with possible use in clinical settings.

Keywords: Glutamate; Electrochemical biosensor; Templated polymer; Stimuli-responsive polymer;
Neurotransmitter; Real-time biosensor
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1. Introduction

Glutamate (Glu) is the most abundant excitatory neurotransmitter in human brain, and its signaling
participates in a wide range of brain functions including learning, memory formation, long-term potentiation
and synaptic plasticity.'” Recent studies suggest that malfunction in glutamatergic signaling has pervasive
implications in many neurological and neurodegenerative disorders such as epilepsy,®’” Alzheimer’s disease,?
1 Parkinson’s disease,'>!* Schizophrenia,'*'¢ and even in drug addiction!”!® and cancer progression.!'®2°
Therefore, accurate and reliable monitoring of Glu is essential for understanding the various mechanics of Glu
transmission and their functionalities at the cellular level as well as their impacts on mental health conditions.

Currently, Glu measurement in brain tissue is done in several methods. A whole-cell patch clamp is the
gold standard technique for electrophysiology studies.?' 23 Patch clamp interprets glutamatergic synaptic
transmission by monitoring electrical changes that result as a consequence of the activation of ionotropic
receptors to glutamate. Although it has the fastest time resolution (milliseconds), this technique lacks chemical
selectivity and difficulty in spatial mapping in the extracellular space. Genetically encoded optical Glu sensors
such as iGluSnFR are able to map Glu activities in large area with excellent spatiotemporal resolution,?*2’
however imaging is limited to regions expressed with fluorescence-labeled proteins which are typically the
cell membrane and the intracellular regions making it difficult to measure Glu in the extracellular regions.
Microdialysis offers highly accurate detection of extracellular Glu in terms of chemical specificity and
quantification, however, this method has relatively low time resolution (on the order of minutes) and lacks
spatial mapping capability. Enzymatic biosensors are highly effective in measuring extracellular Glu,?8-3°
however, the downside is ensuring stability in enzyme activities during measurements for reliable long term
monitoring as well as difficulty in achieving multi-analyte detections.3! Therefore, there is a critical need for
the development of a new sensing technology that is reliable, selective, and can be miniaturized to achieve Glu
mapping in tissue samples with high spatial and temporal resolution.

Electrochemical sensing is a promising tool in neurochemical monitoring due to its fast response time and
its ease of miniaturization. Although electrochemical sensors have been successful in measuring electroactive

neurochemicals (e.g., dopamine and serotonin) with high spatiotemporal resolution,*?-3* non-electroactive
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species, such as glutamate and gamma-aminobutyric acid (GABA), have been difficult to measure because
they do not easily oxidize or reduce to give electrochemical responses. Recently, there has been a great interest
in developing non-enzymatic electrochemical sensors to address the challenges associated with enzymatic Glu
sensors.*> Recently, the author’s team has developed a new electrochemical sensing platform that can detect
non-electroactive neurochemicals using a polymer-based synthetic target receptors that can achieve rapid
response time (Figure 1).3%38 Our sensor platform is based on a linear chain stimuli responsive polymer that
exhibits high affinity toward the target molecule with which the polymer is templated. Furthermore, upon
target recognition, the polymer undergoes conformation change between folded/collapsed and unfolded/open
morphologies. This conformation change upon specific target recognition is due to the use of a stimuli-
responsive polymer that has the actuation capability upon a stimulus input (i.e., target binding). Also, each
receptor is made up of a single linear polymer chain without any interchain crosslinkers, the proposed polymer
architecture allows target molecules to easily access the binding sites thereby promoting faster response time.
This polymer-based target recognition approach is similar in concept to, and has been partially inspired by, the
electrochemical aptamer-based sensors.’** However, while aptamers are highly effective in detecting large
molecular weight targets (e.g., proteins and drugs), creating high performance aptamers for small molecules
such as Glu has been challenging.* Moreover, the proposed templated polymer’s simplistic molecular structure,
compared to aptamers, makes it effective in interacting with small molecule neurotransmitters such as
glutamate. This technology complements and further strengthens the aptamer-based sensors by providing an
additional library of synthetic receptors for small molecules that are currently difficult to monitor in real-time.
In summary, the key innovation of our proposed sensing technology is in the use of the self-actuating polymers
that are directly templated with the analyte molecule for enhanced target selectivity, combined with their
capability to achieve label-free detection due to the folding and unfolding of the polymer induced by the target
recognition (i.e., target binding). Therefore, this sensing platform further expands our capability, beyond
aptamer-based biosensors, to achieve continuous and real-time detection using electrochemical sensing

technique in combination with shape-changing target receptors.
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In our previous work,* we have shown that by incorporating redox-active osmium complex as a redox label
into the polymer chain, the conformation changes of the target receptor could be detected by square wave
voltammetry (SWV) in a perchlorate buffer environment. We have also discussed that the morphology of the

templated polymer is strongly influenced by the anionic content in the buffer according to the Hofmeister
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Figure 1. The schematic overview of the electrochemical sensing strategy for L-glutamate detection using a redox-
labeled polymer-modified electrode. (A) A commercial electrochemical sensing platform (MicruX Technologies) with a
disposable electrode chip mounted on the connector; (B) The 3-electrode chip contains the reference (RE), the working
(WE), and the counter (CE) electrodes. The sensor is prepared by polymer deposition onto the working electrode surface
followed by subsequent drying and rinsing steps to remove excess polymers. The polymer-modified electrode is then
exposed to the sample containing the target analyte for detection; (C) The polymer includes redox tags and undergoes
conformational changes upon target (L-glutamate) binding, altering the spatial orientation of the redox labels relative to
the electrode. In the absence of the target, the polymer remains folded, facilitating electron transfer; (D) In contrast, target
binding induces polymer unfolding, resulting in a limited redox charge transfer and, therefore, a decrease in the peak
current of square wave voltammetry (SWV); (E) This interaction can be quantitatively monitored via SWV where the
changes in the peak current correlate with analyte concentration.

effect.3845 Therefore, as an extension to our prior work, the objective of this study is to validate the feasibility
of'using our proposed polymer-based neurochemical sensor platform in a physiologically relevant environment
as well as of tracking the dynamic changes in the analyte concentration that may be occurring at the site of
interrogation. To this end, this paper aims to investigate our polymer-based neurochemical sensor’s capabilities
of monitoring Glu in artificial cerebrospinal fluid (ACSF), a common buffer used in preparing ex vivo brain
tissue samples, as well as in mice serum. Furthermore, we perform continuous monitoring of Glu and

characterize the sensor’s response to changes in Glu concentration in real-time.

2. Experimental Section

2.1. Materials
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N-isopropylacrylamide (NIPAM, 97%), Methacrylic acid (MAA, 99%), 4-vinylpyridine (VP, > 95%),
2,2-azobis(isobutyronitrile) (AIBN, 98%), 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid
(DDMAT, 98%), N-methyl-L-glutamic acid (N-mGlu), L-glutamic acid (Glu, 99%), Glycine ( > 99%), v-
aminobutyric acid (GABA, > 99%), Aspartic Acid ( > 99%), 1,4-dioxane (anhydrous, 98%), sodium
dithionite (Na,S;0,, > 99%), sodium hydroxide (NaOH, > 98%), K,OsCls (99%, Alfa Aesar), 2,2'-
bipyridine (bpy, 98%), ethyl ether ( > 99%), ethylene glycol (anhydrous, 99.8%), N,N-dimethylformamide
(DMF, 99.8%), 6-Mercapto-1-hexanol (CsH 408, > 98.0%, TCI), Sodium phosphate monobasic dihydrate
(>99%), Magnesium Chloride ( > 98%), Calcium Chloride ( > 97%), Dextrose, and Sodium bicarbonate
(NaHCOs3, > 99.7%) were purchased from Sigma-Aldrich and used without further purification. A thin-
film double-metal (platinum for the reference and the counter electrodes and gold for the working electrode)
single electrode from Micrux Technologies (Gijon, Spain) was used as a sensor chip for electrochemical

measurements.

2.2. Instrumentation

The Bio-Logic VSP potentiostat (Seyssinet-Pariset, France) was employed to perform the cyclic
voltammetry (CV) and the square wave voltammetry (SWV) for evaluating the sensor’s performances.
The Nicoya OpenSPR localized surface plasmon resonance (LSPR) benchtop system (Kitchener, ON,
Canada) was used to analyze the polymer’s binding affinity the target molecules. An Eppendorf 5910
centrifuge (Hamburg, Germany) was utilized for polymer purification and sample preparation. All working

electrode potentials (voltages) are given with respect to the reference electrode (RE) of the chip.

2.3. Software
EC-Lab software (Bio-Logic, Seyssinet-Pariset, France) used for electrochemical measurements,
OriginPro (OriginLab Corporation, Northampton, MA, USA) was utilized for post-processing, including

plotting electrochemical data, performing curve fitting, and statistical analysis. TraceDrawer (Ridgeview
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Instruments, Uppsala, Sweden) was used for analyzing the SPR sensorgram’s real-time responses, curve-

fitting the measured data, and extracting the parameters for the polymer’s binding kinetics.

2.4. Preparation of Artificial Cerebrospinal Fluid (ACSF)

NaCl (3.65 g), KCl1 (0.112 g), NaH,PO, (0.085 g), MgCl, (0.0475 g), CaCl, (0.11 g), and dextrose
(0.36 g) were added to 450 mL of DI water, and the mixture was stirred for about 10 minutes until fully
dissolved. Separately, NaHCO3 (1.09 g) was measured and dissolved in 50 mL of DI water to ensure
complete dissolution. Prior to experimental use, the two solutions were mixed and stirred thoroughly.
Finally, the solution was purged with carbogen (5%C0,/95%0,) to stabilize the pH to about 7.4. and the

mixture was stirred for 30 minutes.

2.5. Synthesis of Poly (NIPAM-VP-MAA) Copolymer

The polymer was prepared in the same manner as described previously.3® Briefly, in a three-neck
round-bottom flask, NIPAM (3.2 g), MAA (0.32 mL), VP (0.56 mL), DDMAT (0.136 g), N-mGlu (0.064
g), and AIBN initiator (0.03 g) were added to 25 mL of dioxane. All openings in the flask, except for the
condenser, were sealed with Parafilm. Nitrogen was flown into the flask for 5 minutes to remove all oxygen.
Afterward, the flask was completely sealed and was submerged in the oil bath. The bath temperature was
ramped up to 80°C to initiate the RAFT polymerization for 24 hours. Once the reaction is complete, the
flask was cooled to room temperature, and the mixture was purified using diethyl ether, a non-solvent,
three times. A centrifuge was used to separate the polymer from the non-solvent. Purification was repeated
until the solution became clear. The purified polymer was then dehydrated under a hood and transferred to
a 50°C oven for drying, completing the polymer synthesis. The polymer powder was dissolved in DI water
and transferred into a dialysis tube with a MWCO of 1 kDa. The tube was immersed in DI water for three
days, with the bath water changed every four hours. To remove excess water from the polymer, it was
stirred at 50°C and then placed in a vacuum oven at 40°C for a day. It should be noted that, although our
sensor’s target analyte is L-Glutamate (L-Glu), N-mGlu was used as a substitute template during our

polymer synthesis. The reason for this substitution is because L-Glu has poor solubility in dioxane and
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using it as a template resulted in a low yield of the synthesized polymers. However, due to the similarities
in the molecular structure between the two, our polymers templated with N-mGlu have shown high

selectivity toward both N-mGlu as well as L-Glu.3#

2.6. Synthesis of Os(bpy),Cl, Complex

Following the previously described protocol,*® the Os(bpy),Cl, complex was synthesized. Briefly,
K,0sClg (150 mg) and 2,2 -Bipyridine (97 mg) were dissolved in 10 mL of DMF and agitated for three
hours at 140 °C. For removing the KCl crystals developed during the cooling step, a paper filtration method
was used. The Os(bpy)Cl;.H,O complex powder was precipitated by adding 40 mL of ethyl ether and 5
mL of ethanol to the residual solution. Centrifugation was used to gather the Os(bpy)Cl;.H,O powder,
which was then left to dry overnight. A solution of HO/DMF/methanol (20 mL: 2 mL: 1 mL) was used to
dissolve this powder. This solution was mixed with a saturated Na,S,0, to precipitate and produce the
powdered Os(bpy),Cl, complex. The Os(bpy),Cl, powder was then dried for 48 hours at 50 °C in a vacuum

oven.

2.7. Synthesis of Osmium-grafted Copolymer Poly(NIPAM-VP-MAA)-g-Os(bpy),Cl

Poly (NIPAM-VP-MAA)-g-Os(bpy),Cl was made according to the procedure described previously.3®
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 purged with N, gas for about 5 minutes, then stirred at
140 °C for 24 hours. After cooling down the solution, it was poured into a dialysis tube with a 1 kDa
molecular weight cut-off (MWCO) to remove the remaining Os(bpy),Cl,. The dialysis tubing was inserted
into DI water for 3 days, with the water bath being changed every 4 hours. The polymer solution was
stirred at 40°C to remove water followed by placing it in a vacuum oven at 40°C for 24 hours to obtain a

fully dried osmium-grafted polymer powder.

2.8. Preparation of the Sensor Electrode and Electrochemical Measurements
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The gold working electrode was cleaned by dropping DMF on the surface of the sensors and was
allowed to sit for about 30 minutes. Then the surface of the electrode was thoroughly washed using DI
water and blow dried with an air gun. 1 mg of poly(NIPAM-VP-MAA)-g-Os(by),Cl and 1 mg of DTT
(Dithiothreitol) were dissolved in 30 uL. DMF and stirred for about 90 minutes. Afterward, 5 puL of the
MCH was added to the polymer solution and stirred for 15 minutes. Then, 5 pL of the prepared solution
was dropped on the working electrode of the chip and dried overnight. Prior to the experiment, at least 15
runs of cyclic voltammetry (CV) were performed (with each run consisting of 10 cycles) to ensure that a
stable CV curve was obtained. The CV analysis was performed in the potential range of -0.5 V to +0.5 V
vs. RE with a scan rate of 100 mV/s in ACSF solution for all experiments unless mentioned otherwise.
This step was repeated until stable current measurements were achieved.

After achieving equilibrium, square wave voltammetry (SWV) was performed in the potential range
of -0.6 V to +0.6 V vs. RE with a pulse height of 10 mV, a pulse width of 100 ms, and a step height of 10
mV. The process was repeated until a stable peak current was consistently obtained. For L-Glu detection
experiments, ACSF solutions containing 1 nM, 20 nM, 100 nM, 200 nM, 500 nM, and 1 uM of L-Glu
were each prepared through serial dilution. Then, 20 pL of the prepared sample L-Glu solution was
dropped on the surface of the sensor chip, and the results were recorded using EC-Lab. For each SWV
measurement, the peak current (i.e., Al) value was obtained after performing the background subtraction

on OriginPro software. A fresh electrolyte solution was used for each experiment.

2.9. Sample Preparation for the SPR Analysis

For the SPR experiments, the target molecules (N-mGlu) were immobilized onto the SPR sensor chip
while flowing the solution containing the polymers over the surface of the chip to allow the interaction
between the polymer and the analyte. Since the polymers have a higher molecular weight (~8 kDa) than
the target molecules (~0.16 kDa), the polymer binding to the N-mGlu molecule anchored on the chip
caused a significant increase in the SPR’s sensorgram response. To immobilize the ligand molecules (N-

mGlu) to the SPR chip, the amine-functionalized SPR sensor chip, provided by the instrument’s
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manufacturer, was used according to the company's user manual. The polymer solution was prepared by
dissolving PNIPAM-PMMA-PVP polymer (1.2 mg) in 10 mL of ACSF to achieve a concentration of 20
uM as a stock solution, followed by continuous stirring for 24 hours. ACSF was also used as the running
buffer during the SPR measurements.

Initially, the running buffer was injected into the SPR system at the maximum flow speed of 150
pL/min. The bubble removal step was completed by injecting 80% isopropanol. The ligand solution was
prepared by dissolving 4.5 mg of EDC, 2.7 mg of NHS, and 20 mg of N-mGlu into 350 pL of the activation
buffer (provided by Nicoya Lifesciences) and incubating the mixture for 1 hour. This allowed the carboxyl
groups of the N-mGlu to be coupled to the chip’s amine groups. Once the ligand solution is activated, the
flow rate was then reduced to 20 uL./min, and the ligand was injected into the instrument. Afterward, a
blocking solution (provided by Nicoya Lifesciences) was introduced, followed by a regeneration buffer
(100 mM NaOH) with a flow rate of 100 uL/s. To measure the interaction between the polymers and the
ligands, the polymer solution was introduced to the SPR chip with a flow rate of 20 pL/s. After each analyte

injection, the regeneration buffer was injected to remove the bound polymers.

3. Results and Discussion

3.1. Polymer Characterization

To confirm the polymer’s molecular composition, NMR and FTIR were performed. The NMR analysis
(Figure S1 in Supporting Information) resulted in the molar ratio of the NIPAM, VP, and MAA is 71.3%,
10.6%, and 18.1%, respectively, indicating that the polymers were synthesized as designed and are
consistent with our previous reporting.’® The FTIR analysis (Figure S2 in Supporting Information) also
verified the successful synthesis of poly(NIPAM-VP-MAA), Os(bpy).Cl,, and the grafting of Os(bpy).Cl,
onto the polymer backbone to yield poly(NIPAM-VP-MAA)-g-Os(bpy),Cl.373®% Furthermore, the
polymer’s average molecular weight (MW = 6.258 kDa) and the polydispersity index (PDI = 1.49)
obtained by gel permeation chromatography (GPC) as well as the surface chemistry analysis of
immobilizing the polymers on the gold electrode using x-ray photoelectron spectroscopy (XPS) have been

extensively studied in our previous work.37-38
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Based on the polymer’s average molecular weight, each polymer is expected to have on average 1 — 2
target binding sites. However, adjusting the length of the polymer chain can significantly influence the
polymer’s sensing performances. For example, as the polymer becomes longer, the sensor response will
become more sensitive due to a 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.
Conversely, as the polymer becomes 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.

Our previous XPS analysis suggests that the polymer immobilization on gold electrode using reducing
agents such as TCEP and DTT to form thiol bonding leads to mostly chemisorbed and covalently bound
polymers.3” Also, RAFT polymers can be easily attached to gold electrodes via thiol chemistry because
the RAFT chain transfer agent (DDMAT), which is the crosslinking molecule between the polymer and
the electrode, contains three sulfur atoms (trithiocarbonate). Upon its reduction, multiple Au—S covalent
bonds can be formed between the RAFT agent of the polymer and the gold surface resulting in a high yield
of chemisorbed polymers. The SEM imaging of the working electrode surface (Figure S3 in Supporting
Information) further confirms the successful immobilization of the polymer-based glutamate-binding
receptors on the electrochemical sensor.

Although the synthesis procedure of the polymer may appear to be complex and time consuming at
first, the protocol is actually quite straight forward and can be batch processed in large scale. Also, the
majority of the synthesis time is spent on purifying the polymers using dialysis which could take a few
days. One of the benefits of using RAFT polymerization technique is that it is a highly controlled and
reproducible process resulting in high yield of polymerization with uniform molecular weight distribution.
In summary, the polymer synthesis procedure can be streamlined into a simplified batch process with
minimum human labor to produce polymers with high yield and low cost.

3.2. Characterization of the Templated Polymer’s Binding Affinity to Glutamate in ACSF Buffer
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To verify the synthesized polymer’s affinity to the template molecule N-mGlu (which has a similar
molecular structure to our target analyte L-Glu), the real-time Surface Plasmon Resonance (SPR)
measurement was performed on the polymer against N-mGlu. In the SPR analysis, the osmium complexes
were not incorporated into the polymers because they do not actively participate in the target binding
mechanism, and furthermore, the presence of these redox-active molecules could potentially interfere with
the SPR sensorgram measurements. Our previous work has reported that the inclusion of the osmium-
based redox tags can negatively impact the target affinity of the polymers,3® and therefore, to achieve the
desired sensing performances (e.g., target selectivity and sensitivity), optimizing the molar ratio of the
osmium complex in the polymer may be required. The SPR sensorgram’s concentration dependent
response indicates that specific bidning between the templated polymers and N-mGlu molecules are
occuring as shown in the binding phase in Figure 2A. Furthermore, upon injecting the running buffer
(ACSF) to the sensor chip, the dissociation between the templated polymers and the target can be observed
in the unbinding phase. This suggests that the binding kinetics between the templated polymers and N-
mGlu is highly specific and reversible where the association and dissociation is occurring simultaneously
to establish an equilibrium binding constant (Kp). To validate the effectiveness of molecular templating
during the polymer synthesis step, the SPR sensorgram for the non-templated polymers, which were
synthesized in the absence of the template, is also shown (Figure 2B) where a significantly reduced

responses to N-mGlu injection is observed compared to the templated polymer’s case. Based on the curve-
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and Kp = 5.85 uM were obtained (Figure 2C) for the templated and non-templated polymers, respectively,
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indicating that the templating process significantly enhances the polymer’s affinity to N-mGlu molecules.
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Figure 2. Surface Plasmon Resonance (SPR) analyses of the polymer-based Glu receptors in ACSF buffer. (A) Real-time SPR
sensorgram responses for the templated polymers; and (B) the non-templated polymers when interacting with N-mGlu; and (C)
the corresponding Hill-Langmuir binding affinity curves for both polymers.

3.3. Electrochemical Detection of Glutamate in ACSF Buffer

To implement the electrochemical Glu sensor, the templated polymers are first immobilized on the
gold working electrode by drop casting the polymer solution following the protocol described in the
previous section. The concentration of the polymer solution was optimized to be 400 uM based on our
prior studies.?® Once the sensor electrode is prepared, square-wave voltammetry (SWV) was performed on
the electrode after exposing it to Glu. Figure 3A shows that, as the exposed Glu concentration increases,
the voltammetry current peak decreases suggesting that, upon target binding, the polymer conformation
changes from a folded to an unfolded configuration. This results in a decrease in the SWV peak current,
and therefore a “signal-off response,” because the redox labels (i.e., the osmium molecules) in the polymers
have moved away from the electrode due to the unfolding of the polymers (Figure 1E). Furthermore,
unlike the SWV curves of the templated polymer-based sensor which shows a Glu concentration-
dependent voltammetry signal change, the non-templated polymer showed minimal Glu-dependent SWV
responses as evidenced by the similar peak heights for all Glu concentrations tested. The calibration curves
(SWV peak values) in Figure 3B show that the developed biosensor is able to detect Glu in the
concentration range of 10 nM — 500 nM while the electrode immobilized with non-templated polymers
showed no significant differences in the response for the same concentration range. To characterize the
sensor’s target selectivity, the templated polymer-based Glu sensor was exposed to various neurochemicals

that could potentially interfere with Glu detection, and the peak SWV currents were observed. As can be
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seen in Figure 3C, our sensor is most responsive to Glu while it also shows moderate levels of responses
to other chemicals tested. These non-specific sensor responses to other neurochemicals can be attributed
to the similarities in the molecular structures between the target and the other molecules tested. The main
interfering species to Glu is gamma-aminobutyric acid (GABA), the primary inhibitory neurotransmitter
in the brain that often works to modulate or suppress the excitatory functions of Glu.*® One possible
approach to minimize the interference and/or false-positive sensor responses from non-target species

during Glu measurements in tissue samples is to employ various pharmacological techniques such as
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Figure 3. Electrochemical sensing of glutamate (Glu) using the polymer-based sensor platform. (A) Square-wave voltammetry

48 (SWV) curves of the templated vs. non-templated polymer-immobilized electrodes after exposure to various concentrations of

49 Glu in 1X ACSF buffer; (B) The calibration curves (SWV peak current) for the templated vs. non-templated polymer-based Glu

50 biosensors in ACSF. Error bar is 1 standard deviation (n = 4); (C) Chemical selectivity characterization of the templated

51 polymer-based Glu biosensor against potential interfering species. Error bar is 1 standard deviation (n = 3); and (D) SWV curves
of the Glu biosensor response in mice serum spiked with various concentrations of Glu. The inset shows the sensor’s calibration

g ; curve in mice serum. Error bar is 1 standard deviation (n = 3).

54

55

56

57

58

59

(o))
o


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an01088h

A D w W wQueAgess sl euPubliredond3 Kebryan,236n\Dqunlioaded an 2/25/20264:46:25 AM.. . 0 oo N O L1 A W N —
- e \0_ i arti cfRis R c&Rsed'uer 3 Crearte Commons RitfbuitbriN At mniéda ﬂ)ﬁ%poned Licence.

ocouvuuUuuuuuuUuuudsdBNIAEDNANDNRN
SVWoONGOOULBDWN_OOVONOULDWN

Analyst Page 14 of 26

View Article Online
DOI: 10.1039/D5AN01088H

introducing receptor blockers to temporarily reduce or suppress the release of unwanted interfering
chemicals.

For further validation of the proposed glutamate sensor in real physiological samples, the templated
polymer-based sensor was tested using mice serum (Sigma-Aldrich) spiked with various concentrations of
Glu. As shown in Figure 3D, a concentration-dependent “signal-off” behavior similar to that observed in
ACSF (Figure 3A) was obtained in mouse serum samples. The corresponding calibration curve (inset in
Figure 3D) further demonstrates the capability of the developed sensor platform to detect glutamate in
real biological samples within the 10-500 nM range, indicative of its practicality. The SWV response
suggests that the polymer layer maintains a similar morphological state in mice serum as in the ACSF
environment with the ability to undergo phase transition between folded and unfolded configurations. In
addition, it is worth noting that the SWV curves in mice serum were more stable and consistent than when
tested in ACSF. This improved stability of our Glu sensor in mice serum can be attributed to the serum’s
excellent buffering capability in maintaining the pH of the fluid compared to that of ACSF where the pH
could possibly drift as the oxygen content gradually changes over time. Indeed, the pH of the serum sample
was measured to be 7.6 throughout the duration of the experiment with no noticeable changes even after
spiking with glutamate.

Due to the inherent pH responsiveness of the polymer (polyNIPAM) used in our glutamate receptor,
the sensor may exhibit sensitivity to local pH changes. However, this regional pH sensitivity of the polymer
can be beneficial for promoting selectivity of the sensor because other structurally similar species will
protonate or deprotonate differently than glutamate resulting in poor binding to the polymer. It should be
noted that, while regional pH changes near the polymer can assist in improving target selectivity, overall
pH changes in the whole sample fluid can adversely impact our sensor’s performance, and therefore it is
critical to maintain the overall pH of the sample solution to a constant value. Fortunately, oxygenated
ACSF, which is often used for measurements in sectioned brain slices, has the buffering capability to main

its pH to a constant level. Also, the overall pH levels in the extracellular area of in vivo models are not
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expected to change dramatically. Therefore, the pH responsiveness of our polymer-based receptor should
not be a major concern for its use in biological models.

In our previous work, we demonstrated that our polymer-based biosensors exhibited a “signal-on”
response in perchlorate (NaClO,) buffer where the SWV peak current increased as the glutamate
concentration increased. This suggests that the polymer is normally in an unfolded conformation but
transitions to a folded shape upon target binding when ClO,4 ions are present. However, in the ACSF
environment, the polymer exhibits the opposite behavior (i.e., “signal-off”) indicating that the polymers
are normally in a folded morphology due to the type of anions present in ACSF. The Hofmeister effect
suggests that kosmotropic ions tend to cause our polymer to collapse into a globular form while chaotropic
ions tend to open up the polymer into an untangled form.*#74% Since ACSF is kosmotropic while
perchlorate buffer is chaotropic, our polymer-based sensor’s detection mechanism, whether signal-on or -

off, depends on the type of buffer used during the measurement.

3.4. Frequency Dependence on the Electrochemical Signaling of the Polymer-Based Receptors

In addition to the influences by the anions in the buffer, the templated polymer’s signaling mechanism
(i.e., signal-on or -off) is also affected by the frequency of the SWV. For example, the signaling mechanism
at high frequencies may be inverted (from signal-on to -off and vice versa) compared to that at low
frequencies.® The kinetic differential measurement (KDM) is a well-known technique for aptamer-based
electrochemical sensors that takes advantage of this phenomenon and measures SWV at two different
frequencies to eliminate the drift in the signal that is common at both frequencies.*' To characterize the
frequency dependent signaling behavior of our polymer receptors, the SWV of the Glu sensor was
conducted under different frequencies ranging from 1 Hz to 100 Hz. As shown in Figure 4, the signaling
behavior of the templated Glu-binding polymer is “signal-on” at low frequencies (mostly between 1 — 5

Hz) and “signal-off” at high frequencies (10 — 100 Hz). To achieve both reasonably fast sampling time as
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well as sensitive Glu detection, we chose 5 Hz as a frequency for all SWV measurements in this work (for

both static and continuous measurements).
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Figure 4. The frequency-dependent kinetic response of the polymer-based Glu sensor. (A) SWV responses at various
frequencies (1 Hz — 100 Hz) before (dashed lines) and after (solid lines) exposure to 1uM of Glu in ACSF; (B) Plot of Alpcak
(peak SWV current after Glu binding — peak SWV current before Glu binding) as a function of the frequency. Error bar = 1
standard deviation (n = 4).

3.5. Continuous Real-Time Monitoring of Glutamate in ACSF

To evaluate our biosensor’s ability to monitor Glu continuously in real-time, the SWV was applied
repeatedly, and the peak current value was tracked for each SWV cycle. The same SWV parameters used
in the static Glu measurements were used in the continuous monitoring experiments. While SWV was
running repeatedly, droplets of ACSF solution with increasing concentrations of Glu (0, 1, 20, 100, 200,
500 nM, and 1 uM) were sequentially placed on the working electrode of the sensor with each sample
droplet having a volume of 20 puL. At least 10 seconds were allowed between each addition of the sample
droplet to ensure that equilibrium in Glu concentration had reached.

Upon a step change in the Glu concentration, the sensor’s readout responded immediately as indicated
by the sudden change in the peak current value of the SWV. However, reaching a stable response took
substantially longer on the order of 1 minute (Figure 5A). One possible reason for such prolonged

stabilization time is that the polymer may be undergoing adjustments in the morphology due to the
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changing ionic environment caused by the instant Glu concentration change. Also, there may be interchain
interactions among neighboring polymers due to the overcrowding of the polymers on the electrode
surface. We expect that further miniaturization of the electrode into microscale and precise controlling of
the polymer surface coverage (both density and uniformity) will significantly improve the response time
and stability of this early-stage exploratory sensor platform. While it is important to acknowledge that
enzymatic electrochemical sensors are able to achieve much faster response times (on the order of
seconds), the target-templated polymer-based sensor offers features that complement some of the
challenges that exist with enzymatic sensors such as limited lifetime, stability issues to changing enzymatic

activities, and device miniaturization.
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Figure 5. Continuous real-time monitoring of Glu using the templated polymer-based sensor. (A) normalized responses (peak SWV
current) as a function of time during sequential step changes in the Glu concentration (0, 1, 100, 200, 500 nM, and 1pM). The line
indicates the average value of 10 consecutive SWV peak current values for each concentration; (B) Continuous responses of the polymer-
based biosensor when exposed to glycine, aspartic acid, Glu, and GABA. The line indicates the average value of the SWV peak current
for each concentration. The shaded region represents 1 standard deviation (n = 3). The inset is the magnified plot for glycine, aspartic

acid,

and GABA.

The selectivity of the real-time glutamate sensor was also evaluated by operating our sensor under
continuously repeating SWV measurements under 3 other neurochemicals, glycine, aspartic acid, and vy-
aminobutyric acid (GABA), that may act as potential interfering species. Each of these non-target
chemicals was prepared in ACSF and tested under the same conditions used for the Glu detection. The

current changes observed upon introducing glycine and aspartic acid were negligible, indicating that these
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molecules did not interact significantly with the templated polymer receptor (Figure 5B). A minor
response was observed with GABA; however, the magnitude of this response was substantially lower than
that elicited by glutamate, even at equivalent concentrations. A notable concern for the real-time
measurement is the inherent variability of the sensor’s response to Glu as indicated by the shaded area in
(Figure 5B). This can be attributed to, among other factors, the inability to calibrate the sensor during the
continuous real-time mode. We also believe that, as mentioned above, miniaturization and polymer density
control would further enhance the reproducibility of the real-time monitoring. Furthermore, as a future
direction, incorporating an advanced machine learning algorithm into our sensing methodology may be
the next logical step to improving our sensor’s reliability and accuracy and to bring this technology closer
to in vivo measurements in physiological models.

Table 1 summarizes the spatial and temporal resolutions of the conventional techniques for measuring
glutamate. Since our polymer-based Glu sensor is in its early exploratory stage, its resolution is not quite
comparable to the techniques presented in the table. However, due to the sensor’s simple design and
architecture, the proposed sensor platform has the potential to achieve significantly improved

spatiotemporal resolution through device miniaturization and finetuning of our polymer-based receptors.

Table 1. Comparison of the spatiotemporal resolutions of established glutamate sensing techniques.

. Temporal Spatial
Technique Resolution Resolution Pros Cons
Patch - High spatiotemporal L?C.k ofp hf:mlcal .
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Microdialysis>?->* 5 — 15 minutes ~250 um an?;ilfsr eglii/nllllll?;/rllzcg)us resolution, limited spatial
multi-analyte sampling mapping
Enzymatic . o
. Good spatiotemporal Enzyme stability issues,
clectrochemical 2 10seconds =30 um resolution Signal dri
encoded snsor High spaiolemporal 08 e
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(1GluSnFR)?*2> view genetic modification of the
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4. Conclusion

A new stimuli-responsive, polymer-based biosensor was developed for the non-enzymatic measurement
of the neurotransmitter glutamate (Glu). The templated polymer employed was poly (NIPAM-MAA-VP)-g-
Os(by),Cl. This polymer was synthesized using the RAFT polymerization method, and an osmium complex
was grafted onto it to serve as a redox tag. It was observed that in ACSF, a moderately kosmotropic solution,
the polymer exhibited a signal-off response upon interaction with the target molecule. The electrochemical
measurements suggest that, in the absence of the target, the polymer remained folded and closed, while specific
target recognition caused the polymer to unfold and expand. Minimal responses were observed when the sensor
was exposed to other interfering neurotransmitters including GABA, aspartic acid, and glycine, demonstrating
the polymer’s high selectivity toward Glu. Both static (fixed Glu concentration) and dynamic (Glu
concentration changing in real-time) measurements were explored, and the biosensor was able to track the step
changes in Glu concentration with reasonably rapid response time, highlighting its potential suitability for
continuous real-time monitoring applications. The sensor also exhibited reliable Glu measurement in mouse
serum with the detection range of 10 — 500 nM demonstrating its utility in real physiological samples.
Additionally, SPR results revealed that the templated polymer exhibited a higher affinity toward the target
compared to the non-templated version of the polymer indicating that the templating process improves target
selectivity. In conclusion, this work demonstrated the developed biosensor’s feasibility to be used in
monitoring Glu in physiologically relevant environments and conditions. For measurements in physiological
samples such as tissue slices, this technology could be further applied to the development of a wire-like
implantable probe modified with our polymer-based receptors for the direct monitoring of Glu from biological

samples.
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