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ABSTRACT: Nonenzymatic glucose biosensors have the poten- Gluconate Glucose Non-linear modeling
tial for a more reliable in vivo functionality due to the reduced risk
of biorecognition element degradation. However, these novel
sensing mechanisms often are nanoparticle-based and have
nonlinear responses, which makes it di cult to gauge their  , i bimewiic
potential utility against more conventional enzymatic biosensors. 10
Moreover, these nonenzymatic biosensors often su er from poor
selectivity that needs to be better addressed before being used in
vivo. To address these problems, here we present an amperometric
nonenzymatic glucose biosensor fabricated using one-step electro-
deposition of Au and Ru nanoparticles on the surface of a carbon-  Eneroy keV]
nanotube-based platinum nanoparticle hybrid in conductive

polymer. Using benchtop evaluations, we demonstrate that the bimetallic catalyst of Au-Ru nanoparticles can enable the
nonenzymatic detection of glucose with a superior performance and stability. Furthermore, our biosensor shows good selectivity
against other interferents, with a nonlinear dynamic range of 1 19 mM glucose. The Au-Ru catalyst has a conventional linear range
of 1 10 mM, with a sensitivity of 0.2347 nA/( M mm?) % 0.0198 (n = 3) and a limit of detection of 0.068 mM (signal-to-noise, S/
N = 3). The biosensor also exhibits a good repeatability and stability at 37 °C over a 3 week incubation period. Finally, we use a
modi ed Butler Volmer nonlinear analytical model to evaluate the impact of geometrical and chemical design parameters on our
nonenzymatic biosensor’s performance, which may be used to help optimize the performance of this class of biosensors.

KEYWORDS: direct ink writing, nonenzymatic glucose biosensor, bimetallic system, nonlinear modeling
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INTRODUCTION molecule.” The majority of nonenzymatic electrochemical
glucose sensors generate an electrical current by directly
oxidizing glucose on the electrode surface.® Nanoscopic
ment of diabetes mellitus, owing to their good selectivity and electrodes, especially_narjoporqus electrocatalysgs, are freque_zntly
high sensitivity. However, most of these enzyme-based glucose emplo_yed_due to their high active surface areas. These are |_deal
biosensors are disposable with limited functional lifetime." * forakmeu;ally_conltorolllzed,surface-bound reaction such as direct
One of the most recognized problems for the limited sensor glucose OX|d_at|on. Noble mgtal nanop_artlcles are often
lifetime is related to the intrinsic instability of enzymes. used for their excellent conductivity, catalytic properties, and

Although GOx is quite stable compared to others, enzymatic L@rgz surf_ace ?rea tlo plromote ha go]?d E?Erm for the
glucose biosensors are continuously exposed to the risk of loadsorption of a molecu’e onto the suriace. OWever, a

thermal and chemical deformation during fabrication, storage, major drawback of using single-metal metallic catalysts is that

: . they oxidize various other endogenous interference species, such
and usage. GOx rapidly loses activity below pH 2 or above pH 8, Ce e S
and it completely loses its functionality above 40 °C.5° as L-ascorbic acid (AA), uric acid (UA), and 4-acetamidophenol

Consequently, biosensor fabrication, including enzyme immo-

Over the years, enzymatic electrochemical biosensors based on
glucose oxidase (GOx) have been popularized for the manage-

bilization and device sterilization, requires a careful planning to Received: May 1, 2020
prevent chemical- and temperature-induced enzyme inactiva- Accepted: July 22, 2020
tion.® Published: July 27, 2020

To circumvent the issue of enzyme degradation, signi cant
e orts have been focused on investigating the electrocatalysis of
glucose without using an enzyme as the biorecognition
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Figure 1. (a) Photographs of a exible nonenzymatic glucose biosensor on a LCP sheet (scale bars, 10 mm and 500 m). (b) Photographs of the
nanocomposite before (left side) and after the electrodeposition of Au-RuNPs on the surface (right side) (scale bars, 200 m). (c and d) Schematic
illustration of the possible mechanism for the electrocatalytic oxidation of glucose at Au-RuNPs on the MWCNT-based nanocomposite surface, along
with possible chemical reactions between the metal nanoparticle surface and glucose molecules.

(AP), in the potential range, similarly to direct glucose
oxidation, resulting in poor selectivity.

Bimetallic alloys of nanoparticles are promising alternatives to
achieve better selectivity because they oxidize glucose at a lower
potential.”> *" In addition, they are known for their superior
electrocatalytic activity compared to single metal catalysts.*® **
Thus, here we used electrodeposition of gold ruthenium alloy
nanoparticles (Au-RuNPs) to create a bimetallic coating to
fabricate a more selective nonenzymatic glucose biosensor.
Electrodeposition is a simple modi cation process that can
produce a high-purity surface with a controllable particle size.?
The combination of Au and Ru in Au-RuNPs synergistically
enhances the oxidative current from glucose and improves the
selectivity compared to a single-metal system. Their synergistic
e ect is due to their surface electronic states, which are greatly
a ected by changes in geometric parameters.*2*

Moreover, the supporting materials also play a major role in
the performance of electrocatalysts due to their interactions,
which facilitates the catalytic activities between metallic catalysts
and support materials.*® To achieve a ne dispersion and high
utilization, nanocatalysts are usually supported on high-surface-
area materials such as carbon nanotubes gCNT), carbon
nano bers, graphene, or activated carbon.?® *° This is due to
the distinctive characteristics of such new carbon nanomaterials,
such as more crystalline structures, high electrical conductivities,
excellent corrosion resistances, and high purities.** ** Hence, in
this study, we employed our previously developed high-surface-
area Pt-nanoparticles (PtNPs) CNT-based nanocomposite
electrodes, as an e ective supporting material for one-step
electrodeposition of AuNPs and RuNPs for direct oxidation of
glucose.**

We used eld-emission scanning electron microscopy
(FESEM), X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectroscopy (EDX), cyclic voltammetry (CV),
and amperometry to verify the structural and electrochemical
properties of Au-RuNPs catalysts. We also investigated the
e ects of di erent electrodeposition times and Au-RuNPs
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catalyst compositions on the electrocatalytic activity and
sensitivity to glucose. We found that our bimetallic system
simultaneously has a good sensitivity and a wider dynamic range
than previously developed nonenzymatic sensors. We employed
a nonlinear model to correlate the geometrical and chemical
design parameters to the amperometric response of the sensor.
This model con rmed our choice of using a Au-RuNP catalyst
rather than other types of electroactive surfaces, including Pt
Ru or PtNPs-based (single metal catalyst) biosensors. Finally,
we showed that this new nonenzymatic glucose biosensor has
good stability, reproducibility, and selectivity, which may be
suitable for in vivo glucose detection in the future.

EXPERIMENTAL SECTION

Chemicals. Gold(I11) chloride hydrate (HAuCl,-xH,O, 50% Au
basis), ruthenium(lIl) chloride hydrate (RuCls-xH,O, 99.98% trace
metals basis), chloroplatinic acid hydrate (H,PtClg: xH,0O, > 99.9%
trace metal basis), poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) (5 wt %), and platinum nanoparticles (<50
nm particle size) were obtained from Sigma-Aldrich (St. Louis, MO).
Carboxylic-functionalized multiwalled carbon nanotube (COOH-
MWCNT; outer diameter, 10 20 nm; length, 10 30 m; purity, >
95 wt %) were bought from Cheap Tubes, Inc. (Grafton, Vermont).
Sulfuric acid (H,SO,, 95 98%), 0.1 M phosphate bu er solution (PBS,
pH 7.4), dimethyl sulfoxide (DMSO), p-glucose, sucrose, lactose, and
fructose were obtained from Fisher Scienti ¢ (Waltham, MA). Ascorbic
acid (AA), uric acid (UA), and 4-acetamidophenol (AP) were
purchased from Alfa Aesar (Thermo Fisher Scienti ¢, Waltham,
MA). Ag and Ag/AgCl ink (C1-1001) were purchased from Engineered
Conductive Materials, Inc. (Delaware, OH). Elastomeric polydime-
thylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning
(Midland, MI). Eco ex (00-30) was purchased from Smooth-On
(Macungie, PA). Deionized water (DI) was puri ed using Milli-Q
(Millipore, Bedford, MA). Basal glucose concentrations from the whole
blood and human serum were measured with test strips and a
glucometer (DS-W, Auvon, Peachtree Corners, GA). Whole porcine
fresh blood ([glucose] = 2.585 mM) was collected from the animal
facility of the Biomedical Engineering Department at Purdue
University. It was mixed with 10 USP units of heparin/mL and stored
at 4 °C until measurements were taken. Human serum ([glucose] =

https://dx.doi.org/10.1021/acsbiomaterials.0c00647
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Figure 2. (a) Scanning electron micrographs of the nanocomposite (scale bars, 5 m). Inset shows the transition electron micrographs of a MWCNT-
based nanocomposite (scale bar 200 nm). (b) Scanning electron micrographs of Au Ru nanoparticles on a MWCNT-based nanocomposite (scale
bar, 250 nm). (c) EDX spectrum of a fabricated Au-RuNPs-nanocomposite. XPS spectra of a Au-RuNPs-nanocomposite: (d) Au 4f and (e) C 1s-Ru
3d.

4.785 mM) from human male AB plasma was obtained from Sigma-
Aldrich (H4522, St. Louis, MO).

Apparatus and Electrochemical Measurements. Electro-
chemical preparation of the sensors and in vitro experiments were
conducted using a commercial benchtop potentiostat (SP-200, Biologic
USA, LLC, Knoxville, TN, USA). All electrochemical evaluations were
performed in 0.01 PBS (pH 7.4, 50 mL for all experiments). A
conventional three-electrode cell was used for electrodeposition, with
the prepared nanocomposite as the working electrode, the silver/silver
chloride (Ag/AgCIl/NaCl (3M), Biologic USA, LLC, Knoxville, TN,
USA) as the reference electrode, and a graphite rod as the counter
electrode. Two separated reference electrodes were used for electro-
deposition and cyclic voltammetry (CV) experiments. A scan rate of 20
mV/s or 100 mV/s was used for CV experiments with a 1 mV/s
sampling interval. All CV experiments were performed in a quiescent
solution. The investigation of glucose sensing was done using
chronoamperometry. All amperometry data (i t curve) were collected
10 min after the settling period, unless stated otherwise. The
amperometry experiment was performed at a speci ed potential versus
Ag/AgCl/3 M NaCl, with a 0.3 s sampling interval. All amperometry
was performed in a solution stirred at 240 rpm and in a Faraday cage.
Amperometry was also used to test the stability of the fabricated
biosensors. The biosensors were stored dry in an oven at 37 °C when
not in use.

For experiments in biological uids, a Au-RuNP nanocomposite was
used as the working electrode. Ag/AgCl ink and PtNP nanocomposite
ink were printed as reference and counter electrode, respectively, as
shown in Figure 1a. For each measurement, the three-electrode system
was completely covered by 50 L of the sample.®® For each sample, 40

L of whole blood or serum was mixed with 10 L of DI water with
varying glucose concentrations, which produced di erent nal glucose
concentrations in the whole blood and human serum.

Surface Characterization. The surface morphology of the
nanocomposite and Au-RuNP nanocomposite was observed using

eld-emission scanning electron microscopy (FESEM, S-4800, Hitachi,
Japan). The morphology of the MWCNT and PtNP base was also
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characterized by transmission electron microscopy (TEM, Tecnai G2
20, FEI Company, OR). The elemental composition was determined
using energy dispersive X-ray spectroscopy (EDX) attached to the
FESEM system. The element and chemical composition of the Au-
RUNP surface was further characterized by X-ray photoelectron
spectroscopy (XPS) using a Kratos AXIS ultra-delay-line detector
(DLD) imaging X-ray photoelectron spectrometer.

Synthesis of PtNP-MWCNT-Based Nanocomposite. To create
the MWCNT-based nanocomposite, 25.32 mg of carboxylic-function-
alized MWCNTSs (1 wt %) and 126.58 mg of PtNPs (5 wt %) were rst
mixed with 582 L (11wt %) of DMSO in a sonication bath for 2 h. The
mixture was then added to 2000 mg of PEDOT:PSS ink. The mixture
was then transferred to a planetary centrifugal mixer (ARE-310, Thinky
U.S.A, Inc., Laguna Hills, CA) and mixed for 1 h. Finally, 379.75 mg
(16 wt %) of Eco ex was added, and the mixture was mixed for 10 min
and degassed using a planetary centrifugal mixer for 1 h. The nal
mixture was dried at 60 °C in a vacuum for 1 h to remove the excess
DMSO and to reach the desired viscosity for printing.

Direct Ink Writing of the Nanocomposite Electrode. The
fabrication process utilized direct ink writing with conductive inks by
using a commercial automated uid dispensing system (Pro-EV 3,
Nordson EFD, East Providence, RI). A custom glass capillary pipet with
a 30 m diameter tip was fabricated to dispense microscale features.
The nanocomposite ink was used to de ne the working electrode, and
the conductive traces. The silver Ag ink was used to print the contact
pads. PDMS was then printed over the device to insulate the biosensor,
leaving only the working electrode exposed for electrochemical activity.
By using a direct ink writing technique and our nanocomposite ink, the
nonenzymatic glucose biosensor can be printed on any available
substrate. Figure 1a shows an example of a nonenzymatic biosensor,
which was printed on a liquid crystal polymer (LCP) substrate. The
nanocomposite working electrode was then used for one-step
electrodeposition of Au-RuNPs for the direct oxidation of glucose.
Figure 1b on the left presents the nanocomposite surface before the
electrodeposition of Au-RuNPs.

https://dx.doi.org/10.1021/acsbiomaterials.0c00647
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Synthesis of 1:3 Au-Ru Alloy Nanoparticles on a PtNP
Nanocomposite Surface. The electrochemical deposition of Au-
RuNPs on the nanocomposite was performed in 2.5 mM HAuCI, and
75 mM RuCl; in a 0.2 M H,SO, aqueous solution. Prior to the
experiment, a H,SO, solution was deoxygenated with a high purity
nitrogen gas for 30 min to remove the oxygen. HAuCl, and RuCl; were
added to the H,SO, solution, which was then sonicated in an ice bath
for complete dissolution (5 h). The electrodeposition of Au-RuNPs
was carried our for 180sat 0.2 V versus Ag/AgCl. The temperature of
the solution was controlled at 4 °C using an ice bath in order to obtain
smaller particles. The obtained Au-RuNPs were washed with distilled
water and then dried at room temperature. Figure 1b (right) presents
the surface of Au-RuNPs after electrodeposition on the nanocomposite
electrode. This method was modi ed from the work by Xiao et al.*® A
di erent concentration at 3:1 HAuCl,;RuCl; was also tested to
optimize for the best condition. As a result, 1:3 HAuCl,:RuCl; was
chosen (Figure S1). The electrodeposition time was also optimized
between 120, 180, and 300 s (Figure S2). We explored di erent
bimetallic systems such Pt-RuNPs before deciding on Au-RuNPs as the
catalyst for nonenzymatic glucose sensor (Figure S3).

RESULTS AND DISCUSSION

Morphological Analysis. We used FESEM and TEM to
examine the morphology of the MWCNT-based nanocomposite
and the Au-RuNP-modi ed surface. Figure 2a presents the
surface morphology of the resulting nanocomposite before
electrodeposition. It displayed a rough morphology, which is
likely due to the incorporation of PtNPs into the conductive
polymer. We also used TEM to examine the composition of the
nanocomposite ink. The inset of Figure 2a presents the
morphology of PtNPs in the MWCNT framework. TEM
con rmed that PtNPs were aggregates of particles less than 50
nm in diameter. After the electrodeposition of Au-RuNPs on the
surface of the nanocomposite, we used FESEM again to re-
examine the modi ed surface. Figure 2b shows the deposition of
Au-RuNPs onto the surface. The nanoparticles were well-
dispersed, with an average size of around 50 nm. One of the key
attributes associated with the superior electrocatalytic properties
of these materials is high surface area because it increases
molecular adsorption, O, reduction, and pseudocapacitive
behavior.>"*® As such, the nanoporous morphology of our
nanocomposite aggregate may improve the sensor perform-
ance.39,40

Next, we characterized the elemental composition of the Au-
RuNP-modi ed surface using EDX (Figure 2c), which showed
the weight percentage of each material. The EDX spectrum
shows large peaks corresponding to Au (35.8 wt %), Ru (0.8 wt
%), and Pt (13.7 wt %). The spectrum also has peaks
corresponding to C, O, S, and Si, which indicates the presence
of PEDOT:PSS and MWCNTSs in the sample.

The XPS also con rmed the presence of Au and Ru (Figure
2d f). The survey scan contains a graphitic C 1s peak at 282.1
eV, which overlaps with Ru 3d peaks. The XPS spectrum of the
Au 4f core displays major peaks at 81.5 eV, corresponding to the
binding energy of Au 4f,,, and 85.2 eV, corresponding to the
binding energy of Aufs,, (Figure 2d). The XPS analysis is
consistent with reports for Au 4f** and indicates the successful
formation of Au on the surface.** XPS spectra for C 1s-Ru 3d
core appear in Figure 2e. The C 1s peak corresponds to the sp?
carbon atom, which occurs at 282.1 eV.**** This peak consists of
several overlapping individual peaks belonging to C 1s and Ru
3d;,, photoelectrons. The other distinct peak at 279 eV
corresponds to the binding energy of Ru 3ds,, of metallic
Ru®.** These results suggest the successful deposition of AuRu
on the surface of the nanocomposite.
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Figure 3. (a) Cyclic voltammetry images of a PtNP-MWCNT-based
nanocomposite and Au-RuNP-based nanocomposite biosensorsin 0.01
M PBS (pH 7.4). Scan rate = 20 mV/s. (b) Cyclic voltammetry images
of the nanocomposite biosensors in 2 mM glucose. Scan rate = 20 mV/
s. (¢) Cyclic voltammetry images of Au-RuNP-based nanocomposite
biosensors. Scan rate = 20 mV/s.

Although the amount of Ru nanoparticles was small at the
surface of the biosensors (Figure 2e), their presence was critical
in creating the synergistic e ects with Au nanoparticles to enable
glucose measurements at 0.1 V and prevent electroactive
interferences.'® As shown in Figure S4, the nanocomposite
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Figure 4. (a) Current time curve obtained using our nanocomposite biosensor with the successive addition of glucose from 1 mM up to 29 mM with
every 2 mM increment in 0.01 M PBS (pH 7.4). (b) Linear t for glucose using the nanocomposite electrode compared to the nonlinear model of the
steady-state response of the nanocomposite glucose sensor. (¢) Current time curve obtained with the Au-RuNP-based nanocomposite biosensor with
the successive addition of glucose with every 2 mM increment in 0.01 M PBS (pH 7.4) at di erent potentials. (d) Nonlinear feature of the steady-state
response for glucose with the Au-RuNP-based nanocomposite electrode at di erent potentials. (¢) Current time curve obtained with the Au-RuNP-
based nanocomposite biosensor and the nanocomposite with the successive addition of glucose at 2 mM incrementsin 0.01 M PBS (pH7.4)at 0.1V.
(f) Nonlinear feature of the steady-state response for glucose with the Au-RuNP-based nanocomposite biosensor and the nanocomposite with the
successive addition of glucose in 0.01 M PBS (pH 7.4) at 0.1 V.

Table 1. List of Key Fitting Parameters in the Simulation for Each Respective Experiment

Figure 4b
Figure 4d

Figure 4f

type No
nanocomposite only at 0.5 V 25%x10 %
Au-RuNPs at 0.15 V 25x10°
Au-RuNPs at 0.1 V 25x10 %
Au-RuNPs at 0 V 25x10°
Au-RuNPsat 0.1V 25%x10°
Au-RuNPs at 0.15V 25x%10 5
Au-RuNPsat 0.1V 25x10°
nanocomposite only at 0.1V 14x10%
5319

ke (m%/s/mol) kg (1/5) kg (1/5)
2.6 %10 ? 0.064 0.075
85 x 10 2 0.085 0.819
85 x 10 ? 0.176 0.357
85 x 10 2 0.435 0.443
85 x 10 2 0.435 0.059
85 x 10 2 0.435 0.044
85x 10 2 0.455 0.044
7.7%x10 3 0.455 0.044
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Table 2. Detection Performances of Non-Enzymatic Glucose Biosensors®

limit of
sensitivity detection
catalyst substrate (nA/( M mm?)) (mM)
Pt/Ru/ GCE/FTO 0.107 0.050
MWCNTSs/IL
PtRu NPs/ GCE 0.282 0.025
MWCNTs
PtAU/MWCNT  thin Im Ptand Au 0.107 0.010
PtAu/C GCE 0.047 0.002
nanocomposite
PtAu/C powder GCE 0.128 0.001
Na on
PtAu/Nano ber BDD/Si wafer N/A 0.006
PtRu-PtSn GCE N/A 0.700
PtPd GCE 0.001 0.120
PtAu nanocorals GCE 0.021 0.028
Au-RuNPs PtNPs-MWCNT 0.234 0.068

nanocomposite

linear range  operational
(mM) potential selectivity medium reference

02 15 0.1vsSCE AA, UA, AP, fructose PBS (pH7.4) 36

1 15 +0.55vsAg/  AA, DA, UA 01MNaOH 55
AgCl

244 +0.3vs Ag/  AAUAAP PBS (pH 7.4) 56
AgClI

0 10 +0.35vsAg/  AAUAAP, DA PBS (pH74) 57
AgClI

02 48 +0.35vsAg/  AA DA UA PBS (pH74) 58
AgCl

001 75 0.15vs AA, AP, UA, NaCl PBS (pH74) 16
Ag/AgCI

0.0001 4 01vsAg/ AA UA 01MNaOH 59
AgClI

1 25 0.02 vs AA, UA, AP PBS (pH 7.4) 60
Ag/AgCI

22 +04vs Ag/  AA UA PBS (pH74) 61
AgCI

10 0.1vsAg/ AA, UA, AP, fructose, PBS (pH 7.4)  this work
AgClI sucrose, lactose

@Abbreviations: N/A, not applicable; AA, ascorbic acid; UA, uric acid; AP, 4-acetamidophenol; DA, dopamine.

surfaces that were deposited with only Au nanoparticles were
not able to detect glucose at 0.1 V. Moreover, we varied the
RuCl; concentration in an electrodeposited solution and
assessed the biosensors catalytic performances to further analyze
the role of the RUNPs. Figure S5a and b exhibit CVs of the AUNP
nanocomposite, Au-RUNP (1:3) hanocomposite, and Au-RuUNP
(1:5) nanocomposite in a solution of 0.01 M PBS (pH 7.4) and 2
mM glucose at a scan rate of 20 mV/s. The Au-RuNP (1:5)
electrode showed the highest currently density compared to the
other electrodes in the PBS solution. However, in glucose-spiked
samples, the anodic peak at 0.1 V, which is considered to be
related to the direct electrooxidation of glucose, was the highest
for Au-RuNPs (1:3). Thus, we used this composition as our
electrode material to fabricate our nonenzymatic glucose
biosensor.

Electrocatalytic Activity for Glucose Oxidation in
Neutral Media. We assessed the catalytic performance of Au-
RUNPs toward glucose oxidation in neutral media. Figure 3a
shows CVs of the nanocomposite and Au-RuNP-modi ed
electrode in a solution of 0.01 M PBS (pH 7.4) at a scan rate of
20 mV/s. The Au-RuNP electrode exhibited higher current
density values and a greater catalytic behavior than samples
without Au-RuNPs. We also compared the CV pro le of the
nanocomposite in the presence of glucose at scan rate of 20 mv/
s (Figure 3b). The nanocomposite exhibited anodic peaks at
approximately 0.4, + 0.2, and +0.6 V versus Ag/AgCl, which
can be attributed to the multielectron transfer of glucose
oxidation on the nanocomposite surface.*>*®

After depositing Au-RuNPs, we saw two distinct cathodic
reduction peaks at +0.05 Vand 0.5 V. Previous studies on the
electrocatalytic oxidation of organic molecules on bimetallic
systems of noble metals have proposed a “bi-function
mechanism”, in which Ru dissociates water, leaving adsorbed
OH species (Ru(OH),4)."" *° As such, we predicted that
Ru(OH),g, reacted with Au to form gold hydroxide in the
solution.*” Figure 3c shows that in 2 mM glucose in 0.01 M PBS
(pH 7.4), Au-RuNPs show a high electroactivity toward glucose
oxidation. We observed a large anodic peak at around +0.2 V
from the forward scan, which suggests that the electrooxidation
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of glucose with Au-RuNPs may consist of multistep electrode
reactions.'®*’

In addition, there is an anodic peak around 0.1V, which is
generally considered to be related to the direct electrooxidation
of glucose adsorbed onto the catalyst. Figure 1c and Figure 1d
show a possible mechanism of direct glucose oxidation on the
surface of Au-RuNPs. Egs 1 4 describe possible chemical
reactions between the metal nanoparticle surface and glucose
molecules. Ru(OH),4s Species with many active sites on their
surfaces would reduce the energy of OH adsorption onto Au,
leading to the enhancement of the direct electrooxidation of
glucose corresponding to the anodic peak at around 0.1 V.

CeH1 06+ RUOH e Ru G HiIQ &s HO (@)
CeH,1 06+ AUOH . Au G H11Q 4 HYO @
Ru+ OH § RuOH+ &

ke 3)
Au+ OH® § AuOH+ &

ks )

Nonlinear Analytical Model. A linear approximation does
not hold for a two-step reaction of the electrocatalytic oxidation
of glucose, which includes oxidative adsorption of intermediates
and follows with their oxidation. Furthermore, the geometrical
and chemical features of sensors greatly impacts the linearity of
the biosensor response. Therefore, it is necessary to have an
accurate nonlinear model to explain the sensitivity of non-
enzymatic glucose sensors. Recently, an analytical model has
been developed, which attributed the linear range to the intrinsic
properties of di erent reaction mechanisms.*

In this study, amodi ed Butler Volmer model was used and
applied to our speci ¢ nanostructure surface. Au-RuNP
nonenzymatic glucose detection is modeled as the two-step
process described above (eqs 1 4). In this case, ke represents
the forward reaction rate, while kg and kg represent the forward
and reverse reaction constants, respectively, in eq 2 and 3. kg and
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Figure 5. (a) Interference study for the Au-RuNP-based nano-
composite in 0.01 M PBS (pH 7.4) with the successive addition of
glucose, fructose, sucrose, and lactose. (b) Interference study for the
Au-RuNP-based nanocomposite in 0.01 M PBS (pH 7.4) with the
successive addition of glucose, AA, UA, and AP.

kg follow the Butler Volmer equation with an electrode bias
potential.

The model applies classical di usion in eq 5. Eqs 5 and 6
quantify the mass transport of glucose, which is a di usion-
limited process in bulk solution, before they reach the electrode
surface. In this case, natural convection from secondary
transport phenomena is not considered. Since Au-RuNPs are
immobilized on the nanocomposite electrode surface, the
oxidation reaction only happens when glucose molecules di use
near the electrode surface. Reaction ux is described in eq 6, and
the surface glucose absorption ux is de ned as

dG

dt ®)
Jec = KNG (6)

with the glucose di usion coe cient in the bulk sample solution
D, glucose concentration G, surface density of metal nano-
particles Ny, and the bulk glucose concentration near the
nanoparticle surface G,. Ineq 7, the reaction ux J,.c was coupled
with the electrode surface density of Au(OH),qs RUu(OH)_q,
which can be presented as the sum of the forward and reverse
reaction ux:

=D °C
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dNMéOH _

MO = eNGS (ke o -

where Ny, and Ny, oy represent the surface densities of Au Ru
(M) and Au(OH),; Ru(OH),,, (M OH), respectively,
which follow the total metal elements conservation Ny:

Ny + Nuson = No ©)

It is worth mentioning that pH plays an important role in
nonenzymatic glucose sensing systems. Many studies have been
conducted at pH > 9 to ensure su cient OH supply for the
chemical reactions. Consequently, the concentration of OH is
not the rate-limiting factor but the surface density of M(OH),qs,
Ny on- Therefore, in our model, pH-dependence is not
included. Moreover, all of the experiments in this study were
conducted in PBS at pH 7.4. The model can be solved
analytically to nd the coupled di usion and surface reaction

rates from 5elqs 5 8. By applying “di usion equivalent

capacitance”,”" the steady-state di usive ux of glucose in a
bulk solution can be written as
%‘, = %Lgeé
" A ©)

where Cp is the equivalent di usion capacitance for the
nanostructured electrode, G, is the glucose concentration near
the electrode surface, G, is the bulk glucose concentration,*%>
and A, represents the surface area of a single nanoelectrode. The
sensor response can be obtained by solving eqs 5 9 and
rewriting the equations in a normalized form with unitless

; .NF = Nu *  _ Nuyson ~*_ G - %
variables: Ny, = ' Nyson = Ny G = o T Ak
_ ke - ke ; ; ;
= R and = —&-. More information on the exact solution

keGo keGo

can be found in a recent study from Jin et al., 2019,
Unknown variables N3, N, on, and G can be solved with an
approximated expression for Ni and N§, on:

N*
Y+ S -
(10)
Go+ (25 MY
- ke Co
Nyson = 1S Ny
MSOH M G, + (kR+ ke & AekRN()
ke Co (11)

The nal amperometric response of the glucose sensor can be
expressed as a function of Ny, on:

j= A= aNe( kRNgsonS Ny -aM K ke
« & ke
No-EMsOHS o+ kRi @)

A describes the e ective electrode surface area, and Ny is the
Avogadro constant. On the basis of this model, the steady-state
amperometric response of the Au-RuNP nonenzymatic sensors
was modeled and is presented as solid lines in Figure 4b, Figure
4d, and Figure 4f,

Amperometric Response of Fabricated Biosensors for
Nonenzymatic Glucose Detection. We rst investigated
amperometric glucose sensing using the nanocomposite
electrode (Figure 4a and Figure 4b). The nanocomposite at
+0.5 V was able to nonenzymatically sense glucose in 0.01 M
PBS (pH 7.4). Figure 4b takes this calibration data and
compares a linear t to the nonlinear model. The root-mean-
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Figure 6. Nonlinear feature of the steady-state response for glucose with the Au-RuNP-based nanocomposite biosensor to di erent glucose
concentrations in (2) human serum and (b) porcine whole blood (n =4) with a detection potential of 0.1V versus Ag/AgCl. The stabilization time of

the chronoamperometry is 4 min.

square error (RMSE) of the physics-based model is 0.0596,
much less than the RMSE of a conventional linear t of 0.1292.
However, at this operating potential, the nanocomposite
oxidizes interferents such as AA and AP much faster than it
oxidizes glucose. We predicted that the Au-RuNP-modi ed
electrode would have better selectivity than the nanocomposite
alone.

Inorderto nd an optimum operating potential, we calibrated
the Au-RuNP biosensor at various potentials from 0.15 to
+0.15 V to glucose in 0.01 M PBS (pH 7.4) (Figure 4c). We
found that the bias potential of 0.1V versus Ag/AgClI resulted
in the greatest sensitivity. Figure 4d shows the impact of the
electrode voltage bias by tting the data from Figure 4c to the
nonlinear model. In this case, the surface density of Au Ru, N,
and the forward reaction constant remain the same, while the
voltage-dependent reaction constants, ky and kg, change as
shown in Table 1. At the optimum electrode bias potential, 0.1
V, kg is maximized, and kg is minimized. Therefore, we chose

0.1 V as the optimal potential for amperometric glucose
sensing with Au-RuNP biosensors.

Figure 4e shows the current response of Au-RuNPs and the
nanocomposite to glucose while calibrated at 0.1 V versus Ag/
AgCI. Figure 4f shows the steady-state amperometric response
for both catalysts at a 0.1 V potential and the e ect of adding
Au-RuNPs on the surface of the nanocomposite. Au-RuNPs had
a higher sensitivity compared to the nanocomposite alone. Table
1 shows that adding Au-RuNPs increases both the total metal
catalyst density, N, and the forward reaction constant, kg.

Eq 12 may be used for calibrations over the full range of
glucose concentrations, allowing the estimation of the
uncertainty or saturation limit of the output current. On the
other hand, a reasonable linear relationship between the steady
state current and glucose concentration can be established
between 1 and 10 mM with a sensitivity of 0.2347 nA/( M
mm?) % 0.0198 (n = 3). The limit of detection was calculated to
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be 0.068 mM (signal-to-noise, S/N = 3). Table 2 compares our
nonenzymatic glucose biosensor to previously reported non-
enzymatic glucose biosensors.

Selectivity, Reproducibility, Stability, Reusability, and
Performance in Biological Fluids. The selectivity of
nonenzymatic-based glucose sensors is a challenge due to the
lack of a speci ¢ biorecognition agent. Figure 5a shows that the
Au-RUNP biosensor was selective to glucose over other sugars,
including fructose, sucrose, and lactose. We also evaluated the
response of our biosensor physiological levels of ascorbic acid
(AA), uric acid (UA), and 4-acemitadophenol (AP). As seen in
Figure 5b, there is negligible interference from AA, UA, or AP.
The selectivity of the nonenzymatic glucose sensor is a result of
the lower operating potential used, below the peak oxidation
potentials of the interferents.

Next, we evaluated the reproducibility and stability of our
nonenzymatic glucose sensors. We tested the amperometric
responses of 5 di erent Au-RuNP biosensors to 2 mM glucose
independently and measured a relative standard deviation
(RSD) value of 3.87%. We investigated the long-term stability of
the sensors by monitoring the changes in biosensor sensitivity
over 3 weeks. We stored the biosensors in an oven at 37 °C when
not in-use. Our results showed that biosensors maintained more
than 87% of their sensitivity to 2 mM glucose after 3 weeks
(Figure S6). This suggests that our nonenzymatic glucose sensor
has a long-term stability at body temperature. Thus, we
concluded our Au-RuNP-modi ed electrode is suitable for the
fabrication of sensitive, repeatable, and stable nonenzymatic
amperometric glucose sensors.

We also evaluated the reusability of the biosensor by
calibrating the device multiple times at various glucose
concentrations. In general, we observed decreased current
responses with each calibration. However, we were also able to
electrochemically regenerate the biosensor using ve cycles of
CVs (0and 1.5V in 0.5 M H,SO, with a scan rate of 100 mV/
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5).%*3 Figure S7 shows a comparison of the normalized current
density between the rst and seventh calibration of our
biosensor (n = 5). We believe this result demonstrates the
stability of our low-cost biosensor (Figure S4) and their
potential application in a closed system that allows surface
regeneration (i.e., lab-on-a-chip).*>>*

Finally, we measured the glucose concentration from human
serum and porcine whole blood samples directly using our
biosensors at various simulated prediabetic and diabetic
conditions. Figure 6 shows the amperometric responses for
various glucose concentrations at a 0.1 V potential in human
serum and porcine whole blood (n = 4 each). We saw substantial
changes in current responses between health an prediabetic
ranges in both serum and blood. We believe these results
demonstrate the capability of our biosensors to di erentiate
physiologically relevant glucose concentrations in biological
media. By taking the nonlinear responses of these nonenzymatic
biosensors into account, we may also be able to improve the
range and performance of these biosensors for future in vitro and
in vivo diagnostic applications.

CONCLUSION

In summary, we have successfully developed a nonenzymatic
glucose sensor using a one-step electrodeposition of Au-RUNPs
on MWCNT-based nanocomposites. The nanocomposite
electrodes were fabricated using a rapid and template-free
method. In this study, direct glucose oxidation on the
nanocomposite electrode was investigated both using voltam-
metric and amperometric methods. Additionally, a nonlinear
model was used to correlate the geometrical and chemical design
parameters to the nonlinear response of the glucose sensor. The
Au-RuNP electrode gave a good current response to glucose,
owing to its high active surface area and the synergistic e ect of
Au and Ru on the surface, as well as due to PtNPs and
MWCNTSs underneath. The fabricated sensor also provided
good reproducibility, selectivity, and stability for glucose
determination, which are necessary attributes for future in vivo
and other applications.
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