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ARTICLE INFO ABSTRACT

Keywords: Diabetes is a chronic disease characterized by elevated blood glucose levels resulting from absent or ineffective
Glucose-stimulated insulin secretion insulin release from pancreatic f-cells. f-cell function is routinely assessed in vitro using static or dynamic
Diabetes‘ glucose-stimulated insulin secretion (GSIS) assays followed by insulin quantification via time-consuming, costly
l;?;lccreatm prcell enzyme-linked immunosorbent assays (ELISA). In this study, we developed a highly sensitive electrochemical

sensor for zinc (Zn?"), an ion co-released with insulin, as a rapid and low-cost method for measuring dynamic
insulin release. Different modifications to glassy carbon electrodes (GCE) were evaluated to develop a sensor that
detects physiological Zn?" concentrations while operating within a biological Krebs Ringer Buffer (KRB) medium
(pH 7.2). Electrodeposition of bismuth and indium improved Zn?*+ sensitivity and limit of detection (LOD), and a
Nafion coating improved selectivity. Using anodic stripping voltammetry (ASV) with a pre-concentration time of
6 min, we achieved a LOD of 2.3 pg/L over the wide linear range of 2.5-500 pg/L Zn?". Sensor performance
improved with 10-min pre-concentration, resulting in increased sensitivity, lower LOD (0.18 pg/L), and a
bilinear response over the range of 0.25-10 pg/L Zn>*. We further characterized the physicochemical properties
of the Zn®* sensor using scanning electron microscopy (SEM), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). Finally, we demonstrated the sensor’s capability to measure Zn>" release from
glucose-stimulated INS-1 p-cells and primary mouse islets. Our results exhibited a high correlation with secreted
insulin and validated the sensor’s potential as a rapid alternative to conventional two-step GSIS plus ELISA
methods.

Electrochemical sensor
Anodic stripping voltammetry

1. Introduction

Diabetes, a chronic disease characterized by elevated blood glucose
levels, affects more than 37 million people in the United States (Centers
for Disease Control and Prevention, 2022). Uncontrolled blood glucose
levels result in chronic hyperglycemia, a condition which, over time,
causes complications such as chronic kidney disease and peripheral
neuropathy (DiMeglio et al., 2018; Nathan et al., 2014). Dysregulation
of glucose homeostasis results from either i) an autoimmune attack of
insulin-producing p-cells (type 1 diabetes) or ii) peripheral insulin
resistance and progressive functional loss of p-cells (type 2 diabetes).

Pancreatic p-cells are located in clusters of cells (islets of Langerhans) in
the pancreas (Eizirik et al., 2020) (Fig. 1A). Physiologically, p-cells act as
the body’s glucose sensors, secreting the hormone insulin in response to
elevated blood glucose levels. Insulin, in turn, promotes glucose uptake
into peripheral tissue cells and maintenance of glucose homeostasis (Fu
et al.,, 2013b) (Fig. 1B). When p-cells lose the capacity to adequately
secrete insulin endogenously, the conventional standard of care relies on
daily exogenous insulin therapy. Unfortunately, discrete injections fail
to adequately replace dynamic glucose control, and despite decades of
research, there is still no cure for diabetes (DiMeglio et al., 2018; Pettus
et al., 2019). Experimental B-cell replacement therapies aim to restore
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physiological glucose-stimulated insulin release by transplanting func-
tional islets or stem cell-derived p-cells into individuals with diabetes.
While such approaches have shown some success in Phase 3 clinical
trials, remaining challenges have prevented FDA approval (Gamble
et al., 2018; Hering et al., 2016; Velazco-Cruz et al., 2019; Witkowski
et al., 2021). Thus, an immense amount of translational research con-
tinues to focus on functional quality-control measures for replacement
B-cell populations in addition to basic mechanistic research targeting
diabetes pathophysiology. Assessing p-cell function rapidly and accu-
rately is critical to bringing novel therapies to individuals with diabetes.

The standard method for measuring p-cell function in vitro is the
static Glucose-Stimulated Insulin Secretion (GSIS) assay. Static GSIS
evaluations involve the following: i) suspending whole islets or p-cells
within a physiologic buffer, ii) exposing the cells serially to different
glucose concentrations, and iii) later quantifying the amount of insulin
secreted using an enzyme-linked immunosorbent assay (ELISA) (Inte-
grated Islet Distribution Program, 2020). ELISAs detect targets of in-
terest (i.e., insulin) by sandwiching the target protein between two
antibodies, with one attached to the well-plate and the other attached to
a fluorescent molecule. By taking advantage of antibody-antigen bind-
ing, ELISAs offer high sensitivity and accuracy but require long incu-
bation times and significant material cost, approximately 2 h and $450
per 96-well plate, respectively. For more advanced p-cell function
testing, GSIS may be measured dynamically via perifusion. Dynamic
GSIS measurements provide more physiologically relevant information
regarding the time-dependent, biphasic response of insulin release
through frequent medium sampling (Alcazar and Buchwald, 2019).
However, commercial perifusion machines needed to perform dynamic
GSIS assays are costly, require extensive training, and still rely on
expensive, follow-on insulin detection methods (i.e., ELISA). Recently,
microfluidic devices have been explored as alternatives to bulky peri-
fusion machines, most of which also require ELISAs (Adewola et al.,
2010; Bauer et al., 2017; Jun et al., 2019; Misun et al., 2020; Patel et al.,
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2021; Schulze et al., 2021; Xing et al., 2016). Therefore, there is a
critical need for an easy-to-use, rapid, and low-cost way of quantifying
B-cell function in a continuous, dynamic manner.

Biosensors represent a potential alternative to conventional immu-
noassays, owing to their ability for rapid target detection and
application-specific customization (Akhavan et al., 2012; Bansod et al.,
2017; Chen et al., 2013). Furthermore, biosensors may be readily inte-
grated into microfluidic device formats, with the potential to support
real-time insulin monitoring without repeated sampling or complex
secondary assays (Kratz et al., 2019). To date, several fluorescent insulin
biosensors have been reported for quantification of dynamic insulin
secretion from B-cells (Dishinger et al., 2009; Glieberman et al., 2019;
Lomasney et al., 2013). Although these optical biosensors detect insulin
immediately within the microfluidic device, they rely on antibody
binding and are limited by the cost of labeling probes, which must be
prepared separately and continuously infused downstream of the f-cells
(Glieberman et al., 2019). Electrochemical sensors, on the other hand,
provide low-cost, highly-sensitive alternatives that can be readily
miniaturized for integration into microfluidic devices (Soffe et al.,
2019). Although several electrochemical sensors for insulin have been
developed for point-of-care applications, they either rely on antibodies
for insulin capture (Xu et al., 2013), including sandwich-type voltam-
metric sensors (Sakthivel et al., 2022), or have a non-specific response
susceptible to interference from other molecular species
(Martinez-Perifidn et al., 2016; Sisolakova et al., 2019).

Although insulin is the active hormone secreted by p-cells in response
to elevated glucose levels, several other molecules are co-secreted dur-
ing granule exocytosis, including C-peptide and zinc (Zn?') ions
(Fig. 1B). In p-cells, Zn>" is highly concentrated in insulin secretory
granules by the Zn?* transporter ZnT8, where it acts to stabilize the
storage form of insulin at a ratio of 2 Zn?" ions per insulin hexamer
(Davidson et al., 2014; Fu et al., 2013b). In previous reports, Zn%* has
been targeted as a readily detectable charged species for visualization of

Fig. 1. (A) Pancreatic p-cells may be rendered
dysfunctional via type 1 or type 2 diabetes, resulting
in little to no endogenous insulin production and the
inability to regulate blood glucose levels. (B) Insulin
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intracellular insulin secretory granules (Ghazvini Zadeh et al., 2020; Xu
et al., 2009) and quantification of spatiotemporal insulin release during
GSIS measurements (Qian et al., 2003). The majority of studies imple-
menting this strategy rely on fluorescent Zn>* probes, such as FluoZin-3
(Easley et al., 2009; Qian et al., 2004), ZIGIR (Ghazvini Zadeh et al.,
2020), or ZIMIR (Chen et al., 2021; Li et al., 2011). Only one example of
an electrochemical method for quantification of Zn?* released from is-
lets has been previously reported, which involved bismuth (Bi)-modified
glassy carbon electrodes (GCE) and anodic stripping voltammetry (ASV)
(Maghasi et al., 2004). However, sensor characterization was limited,
and the sensor was only applied for measurement of stored insulin and
Zn?* following complete degranulation from canine pancreatic islets
(Maghasi et al., 2004). Islet degranulation, which is induced by exposure
to high potassium concentrations, represents a destructive, end-point
measurement that does not provide an indication of p-cell function (i.
e., glucose-stimulated insulin release). In fact, this process does not
occur naturally in vivo, even under pathological conditions (Henquin,
2021). In general, for the ASV technique, voltammetric sensors are used
to detect target analytes (i.e., Zn?") by applying a voltage potential that
oxidizes the target species at the electrode surface, generating electrons
and a measurable electric current that correlates with analyte concen-
tration (Fig. 1C). For this approach, selectivity and specificity are ach-
ieved through the characteristic redox potential of the target metal ion
rather than antigen-antibody binding (Borrill et al., 2019). Due to the
high sensitivity achieved, ASV has been widely used for detecting trace
metals such as Zn?*, defined as less than 100 parts per million (Brown
and Milton, 2005), predominantly in environmental applications (Li
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et al., 2018). Table 1 provides a partial summary of recently developed
electrochemical Zn?* sensors along with their performance specifica-
tions and associated applications.

Building off the extensive research conducted to date, the objective
of the present study was to design and evaluate a sensor for dynamically
measuring Zn?" secreted from pancreatic p-cells as an indirect measure
of insulin release under physiologically-relevant conditions, including
relevant ranges of glucose concentrations. In-vitro GSIS assays typically
evaluate ranges of 2.8-28 mM glucose (Alcazar and Buchwald, 2019) to
simulate possible in-vivo blood glucose values (Hasslacher et al., 2014).
More specifically, design specifications included the following: (1)
sensor operation within the standard biological medium used for GSIS
assays, namely Krebs Ringer Buffer (KRB), and (2) measurement of
physiological concentration ranges of Zn?*. Although Zn?* detection by
ASV is conventionally performed in acetate buffer (0.1-0.2 M; pH 4-5)
(Borrill et al., 2019), such conditions are harmful to p-cells and other cell
populations, whereas KRB represents a physiological medium contain-
ing essential ions and nutrients to promote cell health and function (pH
7.2-7.3). Typical insulin secretion rates in mouse islets range from basal
levels of 30-50 pg/islet/min to glucose-stimulated levels of 150-200
pg/islet/min (Dishinger et al., 2009), corresponding to approximately
0.1-0.2 pg/islet/min and 0.5-0.75 pg/islet/min Zn2*, respectively,
given each insulin hexamer contains two Zn2* ions (Fu et al., 2013b). In
comparison, human islets secrete 2-3 fold less insulin (Alcazar and
Buchwald, 2019).

To meet these specifications, we characterized how different surface
modifications to GCEs affected Zn?" sensitivity and detection range,

Table 1
Comparison of various electrochemical sensors for Zn?>* detection using modified carbon electrodes.
Electrode surface modifications LOD (ug/  Linear range Sensitivity (nA/ Detection Detection medium Application Reference
L) (ng/L) [ug/L Zn*']) method
Screen-Printed Carbon Electrode
Nafion with ex-situ Bi film 50 100-2000 23.8 SWASV 0.1 M NaCl/0.1 M Human sweat Kim et al.
Acetate buffer (pH 4.6) (2015)
MWCNT/Nafion composite with in- 0.3 0.5-100 13.6 DPASV 0.1 M Acetate buffer Lake water Fuetal.
situ Bi film (pH 4.0) (2013a)
Tin nanoparticles 0.3 1-30 850 SWASV 0.2 M KBr/0.1 M Drinking water Trachioti et al.
Acetate buffer (pH 4.5) (2018)
Nafion/ionic liquid/graphene 0.09 0.1-100 213.7 SWASV 0.1 M Acetate buffer Drinking water Chaiyo et al.
composite with in-situ Bi film (pH 4.5) (2016)
Gold nanoparticles with in-situ Bi 0.05 1-150 178.5 DPASV Acetate buffer (pH 4.5) Lake water Lu et al.
film (2017)
Glassy Carbon Electrode
Electrochemically reduced 6.5 65.4-4086 2.5 DPASV 0.2 M Acetate buffer N/A Kudr et al.
graphene oxide (pH 5.0) (2016)
In-situ Bi film 2.68 32.7-327 12.1 SWASV 0.1 M Acetate buffer Multivitamin Fonseca et al.
(pH 4.74) formulations (2015)
Magnetite/fluorinated MWCNT 0.78 2.55-2125 55 SWASV 0.1 M Acetate buffer Lake water Wu et al.
composite with Nafion (pH 5.0) (2019)
Activated graphene/Nafion 0.57 5-100 730 DPASV 0.1 M Acetate buffer Drinking water Lee et al.
composite with in-situ Bi film (pH 4.5) (2015)
Ex-situ Bi/In film 0.52 0-120 298 SWASV 0.1 M Acetate buffer River water Ouyang et al.
(pH 6.0) (2018)
Electrochemically reduced 0.33 1.3-65 410.5 SWASV 0.1 M Acetate buffer Drinking water Ren et al.
graphene oxide with in-situ Bi (pH 5.0) (2018)
film
Iron oxide/graphene composite 0.11 1-100 1039 DPASV 0.1 M Acetate buffer Drinking water Lee et al.
with in-situ Bi film (pH 4.5) (2016)
PSS/wrinkled reduced graphene 0.11 0.33-47 281.4 DPASV 0.1 M Acetate buffer Seawater Ma et al.
oxide composite (pH 5.0) (2020)
Alanine 0.00058 0.65-654 201.4 SWASV Britton-Robinson buffer ~ Drinking water Kokab et al.
(pH 4.0) (2019)
Ex-situ Bi film n.r. nr. n.r. SWASV 0.15 M Phosphate KCl-induced total Maghasi et al.
buffered saline (pH 7.4) insulin release (2004)
Ex-situ Bi/In film with Nafion 5.4+ 3.2 10-100 417.3 £124.3 SWASV 0.1 M Acetate buffer N/A This work
(pH 4.3)
Ex-situ Bi/In film with Nafion 23+1.5 2.5-500 44.7 +£10.8 SWASV KRB (pH 7.2) N/A This work
Ex-situ Bi/In film with Nafion 0.18 + 0.25-1 1022.6 + 334.4 SWASV KRB (pH 7.2) Glucose-stimulated This work
0.12 1-10 203.4 £ 32.9 insulin secretion

SWASV: Square-wave ASV, DPASV: Differential pulse ASV, MWCNT: Multi-walled carbon nanotubes, n.r.: not reported.
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including metallic films (i.e., Bi, indium (In), and Bi/In composites) and
charge-selective polymer coatings (i.e., Nafion and poly (sodium 4-styr-
enesulfonate) (PSS)). An electrode configuration, in turn, was down-
selected and further characterized morphologically using scanning
electron microscopy (SEM) and electrochemically using cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS). Finally,
to validate the practical application of this electrochemical sensor for
detection of f-cell function specifically in response to glucose, we
measured Zn?" secreted from two different p-cell populations, a well-
established insulin-producing p-cell line and primary mouse islets, and
correlated the results to the amount of insulin released as measured by
standard ELISA. In the future, we plan to apply the rapid, cost-effective
Zn?" sensor described in this work to detect dynamic, glucose-
stimulated insulin/Zn?" release in situ.

2. Materials and methods
2.1. Materials

Standard stock solutions of Zn?* and Bi®* were obtained from Sigma-
Aldrich (St. Louis, MO, USA). In®* was purchased in the form of Indium
(IID) nitrate hydrate (Sigma-Aldrich) and used to create stock solutions in
ultrapure water. Nafion was obtained as a 5% solution (Sigma-Aldrich)
and diluted to working concentrations with 55% ethanol. A 2.5% stock
solution of PSS (Mwy ~70,000, Sigma-Aldrich) was made with
phosphate-buffered saline (PBS, pH 7.4). Metallic film deposition was
performed in 0.1 M sodium acetate buffer (pH 4.5). Unless stated
otherwise, all other electrochemical analysis procedures were per-
formed in KRB (pH 7.2-7.3; 25 mM HEPES, 115 mM sodium chloride
(NaCl), 24 mM sodium bicarbonate (NaHCO3), 5 mM potassium chloride
(KCl), 1 mM magnesium chloride hexahydrate (MgCl, 6 H20), 2.5 mM
calcium chloride dihydrate (CaCly 2 H30), 0.1% bovine serum albumin
(BSA)) (Integrated Islet Distribution Program, 2020).

2.2. Instrumentation

All electrochemical analyses were performed on a BioLogic SP-200
potentiostat (Seyssinet-Pariset, France) using a typical 3-electrode cell
with a GCE working electrode (3 mm diameter), platinum wire counter
electrode, and silver/silver chloride (Ag/AgCl) (3 M NaCl) reference
electrode. All electrodes were obtained from BASi (West Lafayette, IN,
USA). To visualize surface morphology of modified GCEs, SEM was
performed on FEI Quanta 3D and Teneo FEG scanning electron micro-
scopes (FEI Company, Hillsboro, OR, USA) by the Life Science Micro-
scopy Facility at Purdue University. For SEM experiments, a rotating
disc GCE tip (BASi) was used to accommodate size constraints inside the
electron microscope chamber.

2.3. Electrode surface modification

Prior to any modification steps, GCEs were polished with a 0.05 pm
alumina suspension (Buehler, Lake Bluff, IL, USA) on a micropolishing
pad, according to manufacturer’s protocols (BASi). The metallic film
was created using conventional electrodeposition procedures. More
specifically, the GCE was immersed in 0.1 M sodium acetate buffer
containing 20 mg/L Bi®*" and 30 mg/L In®", and a constant voltage of
—1.15 V was applied under stirring conditions (800 rpm) until a total
charge of 1.4 pA.h was reached (~1.5 min), unless otherwise indicated.
The Bi/In-GCE was then rinsed with deionized water and dried with
compressed air before use. For all Nafion coatings, a 2 pL droplet was
applied to the GCE surface and allowed to dry at room temperature
overnight. For mixed Nafion/PSS coatings, a mass ratio of 5.3 (Nafion:
PSS) was used (Jia et al., 2007). For PSS coatings, the GCE was sub-
merged in a 0.2 mM PSS solution and CV was performed from —1.4 to
—0.9 V for 10 cycles at 100 mV/s (Ma et al., 2020). Before using
modified GCEs for Zn%" detection, electrode surface coatings were
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stabilized by cycling between —1.4 and —0.9 V at 100 mV/s for 10 cycles
in KRB.

2.4. Electrochemical analysis procedure

Square-wave ASV was utilized for detection of Zn?* in KRB. Pilot
experiments assisted in identification of specific acquisition parameters
applied in this study. A 6-min pre-concentration period was applied at
—1.4 V under stirring conditions (800 rpm). The ASV acquisition pa-
rameters were as follows: 40 mV pulse height, 10 ms pulse width, 4 mV
step height, and 5 s quiescent period. A 1-min cleaning period was
applied at —0.9 V with stirring to ensure any residual Zn was removed
from the electrode surface before subsequent measurements. Calibration
curves were established by plotting the height of the Zn?* stripping peak
(i.e., peak Acurrent at —1.15 V vs. Ag/AgCl) corresponding to a range of
Zn?" concentrations (i.e., 5-150 pg/L) and fitting a linear regression.
Sensor sensitivity was determined as the slope of the regression line. The
limit of detection (LOD) was calculated from the following equation,
where S/, was the standard error of the y-intercept and b was the slope
(Shrivastava and Gupta, 2011):

LOD =335,/

For electrochemical characterization of modified electrodes, CV and
EIS were performed in 5 mM potassium ferricyanide/ferrocyanide ([Fe
(CN)61®7*) with 1 M KCl supporting electrolyte. CV was performed from
—0.6 to 0.8 V for 5 cycles at 50 mV/s. EIS was recorded from 1 MHz to
0.1 Hz. Analysis of all electrochemical procedures was performed with
EC-Lab software (V11.21, BioLogic).

2.5. Cell culture

Rat insulinoma cells (INS-1832/13; Sigma-Aldrich) were maintained
in RPMI-1640 supplemented with 2 mM L-Glutamine (Gibco, Waltham,
MA, USA), 1 mM sodium pyruvate (Gibco), 10 mM HEPES (Sigma-
Aldrich), 0.05 mM p-mercaptoethanol (Gibco), 10% fetal bovine serum
(FBS; HyClone, Logan, UT, USA), and 1% penicillin/streptomycin/
amphotericin B (P/S/F; Gibco). For glucose stimulation experiments,
INS-1 cells were seeded in T-75 tissue culture flasks at a density of
40,000-50,000 cells/cm® and allowed to reach confluency
(400,000-500,000 cells/cm?).

Mouse islets were isolated from 8-week-old male CD1 mice (Jackson
Laboratory, Bar Harbor, ME, USA) by the Islet and Physiology Core
(Center for Diabetes and Metabolic Diseases, Indiana University School
of Medicine). Islets were hand-picked in groups of 100 or 200 islets and
placed in Transwell culture inserts (Corning, Cambridge, MA, USA).
Islets were maintained in RPMI-1640 supplemented with 10% FBS and
1% P/S/F and were cultured overnight prior to GSIS experiments.

2.6. GSIS assay procedure

To obtain physiological samples of cell-secreted Zn?" and insulin,
B-cells from different sources were stimulated with a series of glucose
solutions. For INS-1 cells, low glucose (2.5 mM) KRB was applied for 1 h
to prime cells before high glucose (15 mM) KRB was applied for 2 h,
according to manufacturer’s protocols. Each test sample (8 mL) repre-
sented an individual flask of cells (~35 million cells, n = 5). Similarly,
mouse islets were exposed to different concentrations of glucose
following a standard GSIS assay protocol (Integrated Islet Distribution
Program, 2020). Briefly, mouse islets were placed in low glucose (2.8
mM) KRB for 1 h to obtain the basal insulin secretion level. Next, islets
were incubated in low (2.8 mM) and high (28 mM) glucose KRB for 1 h
each. Each test sample (1.5 mL) represented a group of 100-200 islets
taken from two different islet isolation batches (n = 5). After exposure to
each glucose level, the supernatant was collected for further analysis.
The amounts of secreted insulin and Zn?>* were determined in the high
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glucose sample and compared to baseline. Zn?>* was detected by the ASV
protocol described above, with a modification of a 10-min preconcen-
tration time. ASV results were then correlated with insulin concentra-
tions, as determined using a murine insulin ELISA kit (Alpco, Salem, NH,
USA), which has a dynamic range of 0.1-150 ng/mL and a LOD of 0.089
ng/mL insulin.

2.7. Statistical analysis

Statistical analyses were performed using JMP Pro, Version 16 soft-
ware (SAS Institute Inc., Cary, NC, USA). For sensor performance pa-
rameters, sensitivity and LOD values were calculated from the linear
regression equation as described above and compared using a one-way
ANOVA and Tukey-Kramer multiple comparison test. P-values less
than 0.05 were considered significant.

3. Results and discussion
3.1. Design and fabrication of Bi and In co-modified GCEs

Since their introduction in 2000, Bi-film electrodes have been widely
used for trace metal detection owing to their high reproducibility, wide
potential window, and ability to form temporary alloys with other heavy
metals (Wang, 2005; Wang et al., 2000). Bi-film electrodes have been
routinely created by electrodepositing Bi onto carbon electrodes (e.g.,
GCE) either prior to (ex situ) or simultaneously with metal detection (in
situ) (Svancara et al., 2010). Several electrodeposition parameters,
including Bi®* concentration, deposition potential, and deposition time,
have been shown to affect the morphology of thin films plated ex situ
(Svancara et al., 2005; Wang, 2005). This, in turn, modulated how Zn**
interacts with Bi particles during the pre-concentration step and thus
ASV stripping peak heights and electrode performance (Economou,
2005; Svancara et al., 2005). Therefore, optimization of these parame-
ters was critical to generating metallic films compatible with ASV
detection (i.e., composed of small, uniform metallic deposits without
fully-formed crystals) (Svancara et al., 2010). As a first step, the con-
centration of Bi®* in the electrodeposition medium (0.1 M Acetate
buffer, pH 4.5) was varied in increments of 10 mg/L over a concentra-
tion range routinely reported in the literature (Serrano et al., 2013). Of
the selected Bi®* concentrations, sensors fabricated with 20 mg/L Bi®"
yielded significantly improved responses (p = 0.0052, n = 3), as shown
in Fig. S1A, and thus, were selected for all subsequent sensor fabrication
and evaluation experiments.

Additional electrode modifications with secondary metals have been
reported to improve sensor sensitivity (Lu et al., 2017; Ouyang et al.,
2018). More specifically, In has been shown to improve Bi-film electrode
performance by increasing the effective surface area and providing more
active sites for Zn%" deposition during the pre-concentration step
(Ouyang et al., 2018). Additionally, In has a greater overpotential for the
hydrogen evolution reaction (Gudic et al., 2010), which is critical for
electrochemical analysis of highly electronegative metals such as Zn. For
experiments evaluating Bi/In deposition potential and time, Bi®" and
In®" concentrations in a 3:2 mass ratio were used in the deposition
medium, representing a composition previously found optimal by
Ouyang et al. (2018). When Bi/In deposition potential was varied in the
range between the reduction potential of In>" and the hydrogen evo-
lution reaction (—0.87 to —1.15 V), sensor sensitivity and LOD were
found to be statistically similar (n = 3, Fig. S1B), which was distinct
from previous reports. However, the calibration curves may have
tempered relationships emerging at single Zn?* concentrations, which
were more frequently used for parametrization studies in the literature.
Interestingly, the amount of In>* deposited, estimated by the height of
the In®t oxidation peak at —0.8 V (Wang et al., 2001), increased with
more negative deposition potentials (p = 0.0092, Fig. S1C), due to
increased overpotential. Based on these findings, a deposition potential
of —1.15 V was deemed optimal and used for subsequent experiments.
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Modulation of deposition time also yielded similar calibration curves
with no significant difference in sensitivity or LOD values (n = 3,
Fig. S1D). Since a deposition time of 1.5 min yielded moderately higher
sensitivity, albeit non-significant, this time was selected for follow-on
experiments. The electrodeposition conditions determined in these
pilot parameterization studies were consistent with ranges reported
previously for other Bi-films (Kefala et al., 2003; Kim et al., 2015;
Ouyang et al., 2018; Serrano et al., 2013).

Once Bi/In deposition parameters were established, different Bi/In
film compositions were created by varying the In>* concentration in the
deposition medium relative to Bi** (i.e., 1:0, 3:2, 1:1, 2:3, 0:1 Bi:In mass
ratios, n = 5). To determine which Bi/In-GCE configuration would best
meet the requirements for detecting Zn?" released from pancreatic
p-cells, markers of sensor performance (i.e., sensitivity, LOD, and dy-
namic range) were compared to the target detection range. Given cur-
rent experimental conditions (i.e., 100-200 islets, 1.5 mL, 1 h), these
ranges were estimated to be 0.45-1.5 pg/L and 2.25-6 pug/L, for basal
and stimulated secretion levels, respectively. In general, as shown in
Fig. 2, the presence of Bi and/or In films substantially improved sensor
performance in comparison to bare GCEs, which exhibited a sensitivity
of 38.7 + 2.9 nA/(pg/L Zn?"), a LOD of 218.0 + 68.1 pg/L Zn>*, and a
detection range that fell well outside the target. GCE modifications
containing Bi (1:0, 3:2, 1:1, and 2:3 Bi:In) improved both Zn** sensi-
tivity and LOD, with average values of 27.7-37.9 nA/(g/L Zn>") and
3.5-18.6 pg/L Zn>", respectively. Such observed benefits of Bi modifi-
cation are consistent with previous reports and result from low back-
ground signal and ability to form temporary alloys with Zn?* during pre-
concentration (Kefala et al., 2003; Romih et al., 2017; Wang et al.,
2000). On the other hand, GCEs modified only with In (0:1 Bi:In)
exhibited the lowest sensitivity (5.3 + 1.7 nA/(pg/L 7Zn%")) and the
worst LOD (37.6 =+ 13.4 pg/L Zn*) of the modified GCEs, which would
not be suitable for our application (Fig. 2). Interestingly, Bi and In
appeared to have synergistic effects on Zn?>" detection, resulting in lower
LODs and higher or similar sensitivities when compared to electrodes
modified with either Bi or In alone. In particular, the Bi/In-GCE con-
taining the highest concentration of In®* (2:3 Bi:In) yielded a sensitivity
of 32.9 + 10.4 nA/(pg/L Zn*") and a LOD of 3.5 + 2.0 pg/L Zn?*, falling
within the target application range of 0.45-6 ug/L, and thus, was
selected for follow-up experiments.

3.2. Evaluation of charge-selective polymer coatings

Although the Bi/In-GCE sensor met stated requirements of detecting
Zn?* in the target concentration range, several charge-selective polymer
coatings were explored for the purpose of bringing additional physical
protection and stability to the sensor. Since the intended application
involved Zn?* detection within biological microenvironments contain-
ing proteins and other biomolecules, approaches to protect the electrode
surface from non-specific binding were investigated. The aim of these
experiments was to define how the addition of a polymer layer affected
the LOD, sensitivity, and detection range of the Bi/In-GCE.

Nafion has been shown to act as a perm-selective membrane that
allows small cations, such as Zn®", to reach the electrode surface while
preventing adsorption of larger or negatively-charged biomolecules
(Chaiyo et al., 2016; Kefala et al., 2004). As summarized in Fig. 3A,
decreasing Nafion concentration from 5% to 0.5% significantly
improved the LOD from 334.9 + 59.3 to 8.3 + 10.2 pg/L Zn?' (p <
0.0001, n = 3), which was attributed to increased Nafion thickness at 5%
slowing electron transfer (Jia et al., 2007). Furthermore, the addition of
0.5% Nafion significantly improved the average sensitivity (64.9-86.2
nA/(pg/L Zn?h), p = 0.0016, n = 3) compared to the Bi/In-GCE and did
not impact the dynamic range (Fig. 3A and B), and therefore was
selected for follow-up experiments. Additionally, adjusting the fabrica-
tion procedure to deposit the Nafion coating on top of the Bi/In film
resulted in moderately decreased variation (standard deviation) be-
tween sensors (Fig. 3B).
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Fig. 2. (A) Calibration curves for Zn%" detection
using GCEs modified with different ratios of Bi and In
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Fig. 3. (A) Calibration curves for Zn>* detection using GCE coated with Nafion pre-Bi/In deposition showed improved sensor performance with decreasing Nafion
concentrations. (B) Nafion (0.5%) significantly improves the sensitivity of Bi/In-GCEs and adding the Nafion coating post-Bi/In deposition reduces variability be-
tween sensors. LODs were statistically similar, and averages ranged from 3.5 to 15.6 pg/L Zn?". (C) Calibration curves for Zn>" detection using Bi/In-GCE modified
with different charge-selective polymers indicated Nafion improved the sensitivity. (D) Nafion reduced the LOD to Zn®" whereas the addition of PSS increased the
LOD. (E) Repeatability over 10 consecutive measurements in KRB containing 50 pg/L Zn>" is shown for a representative Nafion-Bi/In-GCE compared to Bi/In-GCE.
Error bars represent standard deviation (n = 3 A,B; n = 5 C,D, and Bi/In only). Letters indicate statistically different groups based on one-way ANOVA with Tukey-

Kramer multiple comparison test; p < 0.05.

To determine whether Nafion was best suited for the sensor appli-
cation, we compared the performance of the Nafion-Bi/In-GCE to other
charge-selective polymers reported previously, including PSS (Ma et al.,
2020) and Nafion/PSS (Jia et al., 2007; Rocha et al., 2006) (n = 5). PSS
represents a well-established cation-exchange polymer that improves
the stability and reproducibility of Bi-film electrodes (Jia et al., 2007).
Shown in Fig. 3C and D, coatings that included PSS (i.e., PSS-Bi/In-GCE
and Nafion/PSS-Bi/In-GCE) produced highly variable sensors with
sensitivity values of 25.1 + 4.9 and 45 - 11.5 nA/(ug/L Zn**) and LODs
of 26.0 + 24.1 and 15.7 + 7.8 pg/L Zn>*, respectively, which did not

encompass the target Zn?* concentrations (0.45-6 ug/L). Therefore, the
Nafion-Bi/In-GCE configuration was ultimately selected for application
to Zn?" detection from B-cells, with a sensitivity of 44.7 + 10.8
nA/(ug/L Zn*) and low LOD of 2.3 + 1.5 pg/L Zn**. To assess the
stability of the sensor over multiple ASV cycles, repeated measurements
were performed on standard solutions (50 pg/L Zn?* in KRB) using
Bi/In-GCEs with and without Nafion (Fig. 3E). The Bi/In-GCE exhibited
high reproducibility over 10 consecutive measurements (RSD = 11.9 £+
1.0%, n = 3), consistent with previous studies of Bi-modified electrodes
(Wang et al., 2000). The Nafion-Bi/In-GCE, on the other hand, exhibited
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a current signal that increased modestly with ASV cycle number prior to
stabilizing after roughly 6 cycles (RSDg.190 = 11.6 £ 2.9%, n = 2). Such
transient signal increases have been previously attributed to the partial
trapping of oxidized Zn®" ions within pores of the Nafion polymer,
subsequently facilitating their deposition (Kefala et al., 2004). To avoid
these initial electrode instability effects, all sensors were equilibrated
and used to generate calibration curves prior to use for unknown sample
measurements. Such an approach ensured that sample measurements
were made using a stabilized sensor.

As summarized in Table 1, the sensor performance of the Nafion-Bi/
In-GCE was largely comparable to other recently reported electro-
chemical Zn?" sensors based on modified carbon electrodes, with most
studies using acetate buffer as the detection medium. The Nafion-Bi/In-
GCE exhibited a sensitivity of 417.3 = 124.3 nA/(ug/L Zn>") in sodium
acetate buffer (pH 4.3), which was roughly 10 times greater than values
obtained in KRB (n = 3 and 5 respectively, Fig. S2). The reduced sensor
sensitivity in KRB is likely owing to a number of factors, including i) the
increase in free Zn?' ions at lower pH values (Borrill et al., 2019), ii)
relatively high concentrations of other salts present in KRB, and iii)
sequestration of Zn>* by BSA in KRB (Lu et al., 2008). Such results
further highlight the challenge of detecting Zn?* at neutral pH in more
complex, physiological solutions.

3.3. Electrochemical and morphological characterization of modified
GCEs

To determine how surface modifications altered electrode
morphology, SEM analyses were conducted (Fig. 4A). Bare GCEs
exhibited a highly uniform surface devoid of any large features, with
only minor scratches leftover from polishing. In contrast, Bi/In-GCEs
displayed a rough surface, consisting of bright, dispersed clusters,
consistent with published morphological studies (Svancara et al., 2005;
Vladislavic et al., 2016). For Nafion-Bi/In-GCEs, the Bi/In deposits were
covered by the Nafion coating, which appeared as a smooth layer.

A

=== Bare GCE

=== Bi/In-GCE

=== Nafion-GCE

=== Nafion-Bi/In-GCE

Bare GCE
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Interestingly, at higher magnifications, small pores and cracks were
observed in the Nafion polymer, which have been attributed to solvent
evaporation (Kefala et al., 2004).

The modified GCEs were also characterized electrochemically using
a standard redox couple (5 mM [Fe(CN)13/# in 1 M KCL). CV was per-
formed to compare the effect of GCE modifications on oxidation-
reduction reactions occurring at the electrode (Fig. 4B). The peak cur-
rent of the Bi/In-GCE CV was increased relative to the bare GCE curve,
indicating that Bi/In facilitated charge transfer by increasing the active
surface area. Conversely, the Nafion-GCE and Nafion-Bi/In-GCE CVs
exhibited considerably depressed peaks due to charge interactions be-
tween negatively charged pores in the Nafion polymer and [Fe(CN)]*
ions, resulting in blocked charge transfer.

EIS was performed to further characterize electron transfer kinetics
in the modified GCE. Bi/In-GCEs displayed favorable charge transfer
properties, as shown in the Bode plot (Fig. 4C) by lower impedance
values and phase angles around —45° in the low-frequency range, which
is indicative of increased electron permeability (Laschuk et al., 2021). In
contrast, GCEs coated with Nafion showed decreased charge transfer to
[Fe(CN)]I%, exhibiting higher impedances in both the Bode and Nyquist
plots (Fig. 4C and D) and phase angles near the maximum of —90°,
consistent with an insulating layer (Laschuk et al., 2021).

3.4. Detection of Zn?" secreted from glucose-stimulated pancreatic f-cells

To encompass the full range of Zn>" concentrations estimated to be
secreted by p-cells (0.45-6 pg/L), the effect of pre-concentration time
was interrogated as a strategy to expand the dynamic range of the
sensor. The 6-min pre-concentration time used for developing the
Nafion-Bi/In-GCE sensor configuration provided a linear range of
2.5-500 pg/L Zn?* (Fig. 5A and Fig. $3), which only captured the upper
bounds of the target concentration range. By increasing pre-
concentration time, lower Zn" concentrations (e.g., 1 pg/L) were
more easily detected (Fig. 5B and C). Interestingly, longer (10 min) pre-

Fig. 4. (A) SEM micrographs of the electrode surface
for Bare GCE, Bi/In-GCE, and Nafion-Bi/In-GCE.
Scale bar = 5 pm (inset: 500 nm). (B) Representa-
tive CV plots of GCE with different modifications in a
5 mM [Fe(CN)]*/# (1 M KCl) solution at 50 mV/s

show that Nafion blocks negatively charged mole-
cules from reaching the electrode surface. (C)
Representative Bode plots of GCE with different
modifications plot the impedance (Z) (dashed lines)

Log (1Z| (Ohm))

0
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05 and phase (solid lines) against the frequency. (D)
Representative Nyquist plots of GCE with different
modifications feature real and imaginary components
of the impedance (Z).
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Fig. 5. Representative plots showing ASV curves for increasing concentrations of Zn>* and corresponding calibration curve (inset) for Nafion-Bi/In-GCEs using a pre-
concentration time of (A) 6 min and (B) 10 min. Increasing the pre-concentration time enables detection of sub-ug/L concentrations of Zn**. (C) Effect of pre-
concentration time on peak height for two concentrations of Zn®*. Error bars represent standard deviation (n = 3). Correlation between Zn>" measured by ASV
and insulin measured by ELISA secreted from glucose-stimulated (D) INS-1 f-cells and (E) mouse islets. The correlation coefficient (r) is displayed on each graph.

concentration periods produced calibration curves with two distinct
linear regions of 0.25-1 and 1-10 pg/L Zn?* (Fig. 5B). Several examples
of bilinear responses have been reported (Lee et al., 2016; Ruslan et al.,
2017; Zhang et al., 2019), and may be related to transport kinetics
through porous layers (i.e., Nafion) (Zeinu et al., 2016). Compared to
6-min pre-concentration results, applying the longer 10-min
pre-concentration yielded further improved LODs of 0.18 + 0.12 pg/L
Zn?" and higher sensitivities of 203.4 + 32.9 nA/(ug/L Zn?") and
1022.6 + 334.4 nA/(pg/L Zn?") in the upper and lower linear regions,
respectively (n = 5). Importantly, the ASV peak for Zn®>" appeared at
—1.15 V (Fig. 5A and B), which was consistent with previously reported
studies (Kefala et al., 2004; Ouyang et al., 2018) and demonstrated the
selectivity and specificity of the sensor.

The application of the Nafion-Bi/In-GCE sensor to Zn?* detection
from glucose-stimulated p-cells was validated in two p-cell populations
under controlled and isolated conditions ex vivo. INS-1 rat insulinoma
cells, an established p-cell line exhibiting robust GSIS (Hohmeier et al.,
2000), provided large sample volumes for initial validation testing. In
the high glucose (15 mM) samples, the amount of Zn?* detected by the
Nafion-Bi/In-GCE correlated well with the insulin concentration as
measured by standard ELISAs (r = 0.8865, n = 5), as shown in Fig. 5D.
To further confirm sensor compatibility with a more physiologically
relevant p-cell source, the experiment was repeated with freshly isolated
mouse islets. Indeed, the Zn?* and insulin detected in the high glucose
(28 mM) samples were highly correlated (r = 0.9933, n = 5), supporting
our hypothesis that Zn?* can be measured as an indirect indicator of
insulin secretion from p-cells (Fig. 5E). Together, the amount of secreted
insulin and Zn?" were detected from INS-1 cells and mouse islets at an
average molar ratio of 3.2, approaching the theoretical ratio of 6 insulin
molecules complexed with 2 Zn?* ions present in insulin granules (Fu

et al., 2013b). Deviations from theoretical amounts in individual sam-
ples could be caused by unregulated diffusion of cytosolic Zn?" into the
supernatant or nonspecific binding of secreted Zn?* ions in the buffer
solution. A major advantage of this Zn?* sensing approach is the sub-
stantially shorter experimental time relative to insulin ELISA protocols,
approximately 10 min compared to 3 h, respectively. Furthermore, this
approach is more cost-effective than conventional immunoassays since
Nafion-Bi/In-GCEs can be polished and reused, in contrast to single-use
ELISAs.

4. Conclusion

In summary, we have developed a highly sensitive electrochemical
Zn2" sensor for ASV using GCEs modified with Bi/In and coated with the
charge-selective polymer Nafion. The electrodeposited Bi/In film
effectively improved GCE charge transfer properties, resulting in low
LODs, high sensitivity to Zn?*, and wide detection ranges. Compared to
other published Zn?* sensors, a similar or improved sensitivity and LOD
was achieved presently in a more complex biological medium environ-
ment representing physiological pH as well as ionic composition and
strength. Furthermore, we demonstrated feasibility in the target appli-
cation of detecting Zn?" secreted from pancreatic p-cells in correlation
with the glucose-stimulated insulin response, as detected using a stan-
dard insulin ELISA. However, within the constraints of the experimental
set-up used in this initial study, the low-glucose (2.8 mM) samples
produced ASV peaks below the linear dynamic range of the Zn?" sensor,
a limitation that suggests further development may be needed to detect
basal secretion levels. Given the overall goal of measuring dynamic
B-cell function in situ, future studies will focus on modifying and scaling
the Nafion-Bi/In-GCE for integration into a microfluidic lab-on-a-chip
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for real-time detection of glucose-stimulated Zn?* secretion.
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