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Background: Type I diabetes occurs when the pancreas can only make limited or minimal
insulin. Patients with type 1 diabetes need effective approaches to manage diabetes and
maintain their blood-glucose concentration. Recently, continuous glucose monitoring (CGM)
has been used to help control blood-glucose levels in patients with type 1 diabetes. Patients
with type 2 diabetes may also benefit from CGM on multiple insulin injections, basal insulin,
or sulfonylureas. Enzyme-free glucose detection in a neutral environment is the recent
development trend of CGM.

Materials and Methods: Pt/Au alloy electrodes for enzyme-free glucose detection in
a neutral environment were formed by electrochemically depositing Pt/Au alloy on a thin
polycarbonate (PC) membrane surface with a uniformly distributed micro-hemisphere array.
The PC membranes were fabricated using semiconductor microelectromechanical manufac-
turing processes, precision micro-molding, and hot embossing. Amperometry was used to
measure the glucose concentration in PBS (pH 7.4) and artificial human serum.

Results: The Pt/Au nanoalloy electrode had excellent specificity for glucose detection,
according to the experimental results. The device had a sensitivity of 2.82 pA mM ' cm 2,
a linear range of 1.39-13.9 mM, and a detection limit of 0.482 mM. Even though the
complex interfering species in human blood can degrade the sensing signal, further experi-
ments conducted in artificial serum confirmed the feasibility of the proposed Pt/Au nanoalloy
electrode in clinical applications.

Conclusion: The proposed Pt/Au nanoalloy electrode can catalyze glucose reactions in
neutral solutions with enhancing sensing performance by the synergistic effect of bimetallic
materials and increasing detection surface area. This novel glucose biosensor has advantages,
such as technology foresight, good detection performance, and high mass production feasi-
bility. Thus, the proposed neutral nonenzymatic glucose sensor can be further used in CGMs.
Keywords: neutral nonenzymatic glucose biosensor, Pt/Au nanoalloy electrode,
electrochemical deposition, synergistic effect

Introduction

Diabetes has been a major human health problem in the twenty-first century. Type
I diabetes develops when the pancreas can only produce a small amount of insulin.
However, the most common type of diabetes is type 2 diabetes, which arises when
the body is unable to use the insulin produced by the pancreas. Type 1 diabetes
accounts for only about 5%-10% of all diabetes cases. Diabetic retinopathy,
diabetic retinopathy, and diabetic nephropathy are all complications of type 1
diabetes, which also increases the risk of heart disease and stroke.'
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Continuous glucose monitors (CGMs) are devices for
tracking glucose levels at regular intervals (varying from 5
to 15 min) 24 h a day, in which a tiny sensor wire is
inserted beneath the skin of a patient.* Glucose oxidase
(GOx) is generally coated on the sensor wire surface to
oxidize glucose and obtain an oxidation current. The mea-
sured current signal that is proportional to the glucose
concentration is subsequently transmitted to a data reader
or cloud, which displays the data to the patient and/or
medical doctors. CGMs have recently been used to help
patients with type 1 diabetes control their blood glucose
levels.* The measured dynamic data can be used to project
glycemic trends and variability rates.” Using the measured
data, physicians can further analyze the effects of meals,
exercise, and illness on an individual’s glucose levels.
Patients with type 2 diabetes who are on multiple insulin
injections, basal insulin, or sulfonylureas may also benefit
from CGMs in addition to those with type 1 diabetes.®’

The tiny sensor wire for glucose concentration detec-
tion is the most important component of a CGM. Currently
approved CGMs oxidize interstitial fluid glucose mole-
cules with enzymes to generate electric current by adopt-
ing the enzymatic technology of first-generation glucose

sensors. The primarily used enzyme used is GOx.** GOx
can rapidly transfer electrons through nanomaterials, but
its applicability is limited by its poor long-term stability,
reproducibility, environmental sensitivity, complex immo-
bilization, and high cost.'® Therefore, most CGMs require
calibration twice a day with a confirmatory fingerstick
glucose measurement. Furthermore, the GOx cofactors
used in CGMs compete for oxygen with tissue oxygen,
resulting in a possible overestimation of the glucose con-
centration in hypoxia cases.'! Recently, nonenzymatic glu-
cose biosensing schemes have been reported to solve the
activity degradation problem of GOx and reduce vulner-
ability to hypoxia in current enzyme-based CGMs by
utilizing the high catalytic capacity of noble metals or
carbon nanotubes to provide an effective catalytic reaction
area for directly oxidizing glucose to gluconolactone.

Xu et al synthesized three-dimensional (3D) Ni-doped
cobalt oxide (Co304/Ni) heterostructures on a porous Ni
substrate as an electrode for nonenzymatic glucose detec-
tion in an alkaline solution (0.1-3.0 M NaOH) using
a hydrothermal method. A sensitivity of 13,855 pA
mM ' cm? a linear range of 0.04-3.6 mM and
a detection limit of 1 pM were obtained.'” Lin et al
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proposed a nonenzymatic glucose biosensor electrode with
self-assembled monolayers of gold nanoparticles on
a micro-hemisphere array.'® The proposed glucose biosen-
sor had a linear range of 1.39-13.89 mM with a sensitivity
of 336.1 pA mM ! cm 2 and a detection limit of 5.2 pM,
as demonstrated by chronoamperometric (CA) glucose
detection tests under alkaline conditions. The synthesized
electrode had a sensitivity of 5792.7 pAmM ' cm 2, a low
detection limit of 15 nM, and multilinear detection ranges
of 15nM-0.1 uM and 575-4098.9 uM. Sub-stoichiometric
Cu,CoyO4 nanowire framework thin-films were fabricated
by Xu et al for nonenzymatic glucose detection in alkaline
solutions.'* The proposed CuxCo,O4 electrode had
a sensitivity of 13291.7 pA mM ' cm 2 and a detection
limit of 1.36 uM, with good selectivity in serum. Ahmad
et al proposed a nonenzymatic glucose biosensor based on
hierarchical CuO nanoleaves. The proposed CuO nanoleaf
electrode exhibited a sensitivity of 1467 pA mM ' cm 2,
a linear range of up to 5.89 mM, and a detection limit of
12 nM in an alkaline environment.'> More advanced alka-
line nonenzymatic glucose biosensors have been recently
proposed in succession.'®° Although the detection sensi-
tivity and detection limit of these newly reported none-
nzymatic glucose sensing schemes are greatly improved,
their applications in CGMs are still limited because of
their operation in alkaline solutions. Some schemes that
can operate in natural solutions have also been developed.

Tarlani et al used solvothermal route-assisted amino
acids to synthesize zinc oxide nanostructured electrodes
for nonenzymatic glucose detection in phosphate-buffered
saline (PBS) solution (pH 7.0).' The device had
a sensitivity of 64.29 yA mM ' ¢cm 2, a linear range of
1-10 mM, and a detection limit of 0.82 mM, according to
experimental results. Weremfo et al proposed
a nanoporous platinum electrode-based nonenzymatic
electrochemical blood glucose sensor. In PBS, the nano-
porous platinum electrode had a sensitivity of 5.67 pA
mM ' ecm 2, a linear range of 1-10 mM, and a detection
limit of 0.8 mM.** Olejnik et al proposed a flexible, bio-
compatible electrode material based on Au nanoparticles
immobilized onto titanium dimples for nonenzymatic glu-
cose detection in neutral solutions.?® The proposed scheme
had a sensitivity of 93 pA mM ' cm %, a linear range of
0.01-0.5 mM, and a detection limit of 30 uM. Wang et al
used an inverse microemulsion method to synthesize
monodispersed stone-like PtNi alloy nanoparticles at
room temperature for nonenzymatic glucose detection.**
The electrode had a linear range of 0.5-40 mM,

a detection limit of 0.35 pM, and a sensitivity of 40.17
A mM ' ecm . Grochowska et al presented an electrode
composed of gold layers deposited onto TiO, nanotubes
formed onto flexible Ti foils, which had a sensitivity of 45
HA mM ' cm? a linear range of 0.05-3 mM, and
a detection limit of 50 pM for nonenzymatic glucose
detection in neutral solutions.”> Compared to alkaline
nonenzymatic glucose sensors, there are few nonenzy-
matic glucose sensors that can operate in neutral solutions,
particularly those that can be mass-produced.

In neutral solutions, platinum has a good electrocata-
lytic activity for glucose. However, the intermediate pro-
ducts of glucose oxidation easily cover platinum
which further

decreases the sensitivity of the sensor.”® Additionally, Pt/

electrodes, resulting in passivation,
Au metal alloys or composite materials can help to mini-
mize the aforementioned phenomenon and improve sen-
sing performance. Shim et al proposed a neutral
nonenzymatic glucose sensor based on an Au/Pt core-
shell nanoparticle electrode,”” which had two wide
dynamic ranges for glucose (0.5-10.0 uM and 0.01-10.0
mM) and a detection limit of 0.45 uM. Lin et al proposed
using a bimetallic Pt/Au alloy nanomaterial electrode to
fabricate an alkaline nonenzymatic glucose sensor.”® This
sensor had a wide linear detection range of 0.01-10 mM
and a detection limit of 3 pM.

A neutral nonenzymatic glucose sensor based on
a nanostructured Pt/Au alloy electrode is proposed in this
paper. The nanostructured Pt/Au alloy electrode was
formed by electrochemically depositing Pt/Au alloy on
a thin polycarbonate (PC) membrane surface with
a uniformly distributed micro-hemisphere array. Pt/Au
alloys can catalyze glucose reactions in neutral solutions.
Sensing performance can be improved by the synergistic
effect of bimetallic materials, and the detection surface
area of the electrode can be greatly increased by nano-/
micro-hybrid Pt/Au alloy structures. Furthermore, the Pt/
Au alloy is not toxic to cells. This novel glucose biosensor
has advantages, such as technology foresight, good detec-
tion performance, and high mass production feasibility.
Thus, the proposed neutral nonenzymatic glucose sensor
can be further used in CGMs.

Materials and Methods

Sensor Fabrication
The fabrication of the proposed neutral nonenzymatic glu-
cose biosensor based on a Pt/Au nanoalloy sensing
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electrode is illustrated in Scheme 1. The first step involved
the preparation of a PC membrane with a micro-
hemisphere array (Scheme 1(A)). The procedure for pre-
paring the PC is similar to that of our previous work.*’
The PC membrane was sputtered with a thin Pt layer
(Scheme 1(B)) before being packaged into a sensing chip
(Scheme 1(C)). Subsequently, a thin layer of Pt/Au nanoal-
loy was deposited onto the PC membrane via electroche-
mical deposition (Scheme 1(D)). Finally, a Nafion thin
film was deposited onto the sensing area.

Sensor Packaging

The PC membrane that was sputtered with a Pt thin film
was packaged to ensure that the sensing area of each
sensing chip is identical. First, a conductive silver wire
was attached to a glass slide and used as a conducting wire
to connect to the PC membrane. Subsequently, to secure
the sensing area, a 2x2 cm? parafilm with a hole (¢ =
6 mm) was bonded to the PC membrane (Scheme 1(C)).
The electrode was placed on a hot plate at 50 °C. The
heated parafilm softened and tightly bonded to the elec-
trode. Finally, to enhance the packaging -efficiency,
a silicon thin film was applied to the chip’s surface.

Pt/Au Nanoalloy Deposition
The electrochemical deposition solution contained 1 mM
HAuCl, and 2 mM H,PtClg with 0.5 M H,SO, solution as

the solvent*® To electrochemically deposit the Pt/Au

A B

Preparation of microstructured Sputtering of Pt thin film

PC membrane

— l

nanoalloy, cyclic voltammetry (CV) was performed using
an SP-150 potentiostat (Bio-Logic, USA) in a three-
electrode configuration with Ag/AgCI/KCl (3 M) as the
reference electrode, a Pt-wire as the counter electrode, and
a working electrode with a potential scan range of —0.15 to
1.5 V and a scan rate of 100 mV/s for 20 cycles.

Nafion Thin Film Deposition

Mineral acid radicals of Nafion dissociate and become
negatively charged, forming a negatively charged film on
the sensor surface and generating an electrostatic effect
with the anionic interference to block the interference.’’
Dropping 10 pL of 2 wt% Nafion solution on the electrode
surface and allowing it to dry naturally at room tempera-
ture resulted in a Nafion thin film.

Sensor Characterization

The morphologies of the fabricated Pt/Au nanoalloy elec-
trode were characterized by field-emission gun scanning
electron microscopy (JSM-6700F, JEOL, Japan). Material
characterization was conducted using a D8-discover X-ray
diffractometer (Bruker, MA, USA), a dimension atomic
force microscope (AFM, Bruker, MA, USA), and a PHI
5000 Versaprobe X-ray photoelectron spectrometer (XPS,
ULVAC, MA, USA). The electrochemical experiments
were conducted using an SP-150 potentiostat (Bio-Logic,
USA). To estimate the real sensing area of the electrode,
CV was conducted in a 0.1 M phosphate buffered saline

Cc

Parafilm
Silicone

Ag Wire

Packaging

H,PtCls + HAUCI,
In H,SO,

Au

Electrochemical deposition

Scheme | Schematic of the fabrication of the proposed neutral nonenzymatic glucose biosensor: (A) microstructured PC membrane preparation, (B) Pt thin film

sputtering, (C) packaging, and (D) Pt/Au nanoalloy deposition.
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(PBS) solution (pH 7.0). Amperometry was used to mea-
sure the glucose concentration in PBS (pH 7.4) and artifi-
cial human serum.

Results and Discussion
Pt/Au Nanoalloy Electrode

The fabrication of the Pt/Au nanoalloy electrode is
depicted in Figure 1. Figure 1A illustrates an AFM
image of the concave micro-hemisphere array of the nickel
mold. The concave micro-hemisphere arrays are well dis-
tributed. Figure 1B displays an SEM image of the PC
membrane with a micro-hemisphere array. Using an elec-
troformed concave nickel-cobalt mold, the micro-
hemisphere array of photoresist on the original silicon
surface was successfully transferred to the PC membrane
via hot embossing. The cyclic voltammogram of the Pt/Au
nanoalloy electrodeposition is shown in Figure 1C. Au
reduction, Pt reduction, and hydrogen adsorption are the
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three reduction peaks. As the CV cycle increased, the
reduction peak current increased, indicating that the Pt
and Au nanoparticles were deposited on the PC substrate
during the CV cycles. An SEM image of the Pt/Au nanoal-
loy-deposited PC membrane is shown in Figure 1D. The
nanoparticles were uniformly distributed on the micro-
hemisphere, as shown in the magnified image in the inset.

Material Characterization

As shown in Figure 2A, the XPS spectra of the as-
fabricated Pt/Au nanoalloy reveal that the nanoalloy con-
tains Pt, Au, C, and O. The energy-dispersive X-ray spec-
troscopy (EDS) spectrum and the element analysis table
for the 2:1 nanoalloy are shown in the inset. The atomic
percentages of Pt and Au were measured to be 67 and 33,
respectively, indicating that the Pt/Au nanoalloy was fab-
ricated. The X-ray diffraction (XRD) patterns of the Pt/Au
nanoalloy electrodes with different Pt/Au weight ratios are

Figure | Fabrication results of the Pt/Au nanoalloy electrode. (A) AFM image of the concave micro-hemisphere array of the nickel mold, (B) SEM image of the PC
membrane with a micro-hemisphere array, (C) cyclic voltammogram of Pt/Au nanoalloy electrodeposition, and (D) SEM image of the Pt/Au nanoalloy-deposited PC

membrane.
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shown in Figure 2B. At the reflection angles (20) of the
Prague (111) crystal plane, the Pt/Au electrodes with
a ratio of 2:1 have a relatively high intensity, indicating
that they can catalyze the oxidation of glucose more effec-
tively than the other Pt/Au electrodes. Figure 2C and D)
show the XPS spectra of Pt and Au in the fabricated Pt/Au
nanoalloy, respectively. As shown in Figure 2C, the 4f§
and 4f7 binding energies of Pt are 71.2 eV and 74.9 eV,
respectively, with a 3.7 eV energy difference. The fixed
intensity ratio was measured to be 0.78:1. The binding
energies of the fitted Au 4f spin-orbit doublets, 4f§ and
4f%, were measured to be 83.5 eV and 87.7 eV, respec-
tively, with a 4.2 eV energy difference, as illustrated in
Figure 2D. The fixed intensity ratio was measured to be

0.75:1. The binding energies of Pt and Au in the as-
fabricated Pt/Au nanoalloy appear to be lower than the
binding energies of pure Pt and Au (5.65 and 5.1 eV,
respectively). Therefore, glucose molecules are more
likely to bind to the surface of the as-fabricated Pt/Au
nanoalloy electrode.

The as-fabricated Pt/Au nanoalloy was stored at room
temperature for 90 d before being used to detect glucose in
a neutral environment. Figure S2(A) shows the XPS spec-
tra of the as-fabricated Pt/Au nanoalloy. As demonstrated
in Figure S2(B), the 4f3 and 4f7 binding energies of Pt and
the energy difference are similar to those of the original
sample. Figure S2(C) shows that the binding energies of
the fitted Au 4f spin-orbit doublets, 4f3 and 4f7, are 82.6
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Figure 2 Material characterization. (A) XPS spectra of the as-fabricated Pt/Au nanoalloy. Inset: the EDS spectrum and the element analysis table for the 2:1 Pt/Au
electrodes, (B) XRD spectra of the Pt/Au nanoalloy electrodes with different Pt/Au weight ratios, and (C) and (D) XPS spectra of Pt and Au in the as-fabricated Pt/Au

nanoalloy, respectively.

https:

5556

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com/get_supplementary_file.php?f=321480.docx
https://www.dovepress.com/get_supplementary_file.php?f=321480.docx
https://www.dovepress.com/get_supplementary_file.php?f=321480.docx
https://www.dovepress.com
https://www.dovepress.com

Dove

Lin et al

eV and 86.2 eV, respectively, with a 3.7 eV energy differ-

ence, indicating that the binding energies slightly

weakened.

Electrochemical Characteristics of the
Electrodes

The cyclic voltammograms of the fabricated Pt/Au nanoal-
loy electrode and the plane Pt electrode are shown in
Figure 3A. Figure 3B depicts the corresponding current
versus time (i—f) curves. The quantity of electric charges
required for complete reduction of molecules on the elec-
trode is represented by the area below the horizontal axis
(zero current) (Figure 3B). The fabricated Pt/Au nanoalloy
electrode and the plane Pt have areas of 3676 and 2222
uC, respectively, below the horizontal axis. Provided that
1 cm? of the Pt electrode required a total charge of 210 pC
to form PtO,*® the effective electrode areas of the Pt/Au

A

Plane Pt
= Pt/Au nano-alloy
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nanoalloy electrode and the plane Pt were estimated to be
17.52 em? (3676 uC/210 pC) and 10.5 cm? (2222 pC/210
pC), respectively. The sensing area of the Pt/Au nanoalloy
electrode had a 1.66-fold increase. To confirm the diffu-
sion-controlled characteristic of a sensing electrode, the
Randles—Sevcik equation (Eq. (1)) is commonly used.

i, =2.69 x 10° x n¥/2 x 4 x C x D'? x v'/* (1)

The values of i, (peak current), n (number of electrons
involved in the redox couple), A4 (electrode area),
C (analyte concentration), D (analyte diffusivity), and
v (potential scan rate) are usually fixed in general applica-
tions. Hence, i, is proportional to the square root of the
scan rate. Figure 3C shows the cyclic voltammogram of
the proposed Pt/Au nanoalloy electrode in a solution con-
taining 0.1 M PBS (pH 7.4) and 11.1 mM glucose electro-
lyte at scan rates of 25-350 mV/s. The linear relationship
between the peak current and the square root of the scan
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Figure 3 Electrochemical characteristics of the Pt/Au nanoalloy electrode. (A) Cyclic voltammograms of the Pt/Au nanoalloy electrode and the plane Pt electrode, (B) i-
t curves of (A), (C) cyclic voltammogram of the Pt/Au nanoalloy electrode for scan rates of 25-350 mV/s, and (D) linear relationship between the peak current and the

square root of the scan rate of the Pt/Au nanoalloy electrode.
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rate of the as-prepared Pt/Au nanoalloy electrode is shown
in Figure 3D. A typical diffusion-controlled electrochemi-
cal behavior, which is suitable for glucose detection, was
exhibited by the Pt/Au nanoalloy electrode.

Pt/Au Ratio Optimization

The glucose oxidation performance of the Pt/Au nanoalloy
electrode has been demonstrated to be good. The catalytic
performance of alloy electrodes with different precursor
deposition solution ratios (H,PtClg:HAuCly) in 0.1 M PBS
(pH 7.4) solution in glucose oxidation was further inves-
tigated. The cyclic voltammograms (150 mV/s) of differ-
ent Pt/Au nanoalloy electrodes with different precursor
deposition solution ratios in glucose oxidation are shown
in Figure 4A—C). The glucose oxidation current did not
have a noticeable peak. However, the glucose oxidation

voltage of 0.4-0.6 V) in each figure can be used for
performance evaluations. Figure 4D shows the oxidation
current at various glucose concentrations for different H,
PtCl¢/HAuCly, ratios at a scanning voltage of 0.55 V. The
current/glucose concentration relationships at H,PtClg
/HAuCl, ratios of 3:1 and 4:1 were included for compre-
hensive evaluation. At low glucose concentrations, all
electrode types had a linear current/glucose concentration
relationship. However, at high glucose concentrations, the
nanoalloy electrode with a 2:1 H,PtClg/HAuCl, ratio
showed a good linear current/glucose concentration rela-
tionship. This is because the Pt and Au atom distribution
in the 2:1 Pt/Au electrode allows the Pt/Au bimetallic
alloy to have an improved synergistic effect. The 2:1
electrode was selected for subsequent glucose detection
experiments because of its high oxidation current and
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Figure 4 Catalytic performances of the alloy electrodes fabricated using different precursor deposition solution ratios: (A) I:1 H,PtClg/HAuCly ratio, (B) 1:2 H,PtCle

/HAuClI, ratio, and (C) 2:1 H,PtCl¢/HAuUCI, ratio. (D) Oxidation current of various glucose concentrations for different H,PtClg/HAuCI, ratios.
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Figure 5 Nonenzymatic glucose detection in the 0.1 M PBS (pH 7.4) solution. (A) Cyclic voltammograms (150 mV/s) for various glucose concentrations (0-5.56 mM), (B)
CA glucose detection results using an applied potential of 0.55 V for various glucose concentrations (1.39-13.9 mM), (C) linear calibration curve representing the
relationship between the stable oxidation current and concentration, and (D) response to sequential injections of | mM glucose, 0.1 mM AA, 0.1 mM UA, 100 mM KClI, and

I mM glucose.

Neutral Nonenzymatic Glucose

Detection
The capability of the Pt/Au nanoalloy electrode for neutral
nonenzymatic glucose detection was demonstrated by per-
forming various experiments. Figure 5 depicts the results.
Figure 5A depicts the cyclic voltammograms (150 mV/s)
for various glucose concentrations (0—-5.56 mM) in the 0.1
M PBS (pH 7.4) solution. The reaction between D-glucose
and Pt causes the peak currents in region I. When the
scanning potential was between 0.4 V and 0.6 V, the
oxidation current increased as the glucose concentration
increased, as shown in region II. Thus, for CA experi-
ments, an effective glucose oxidation potential of 0.55
V was selected with the Pt/Au nanoalloy electrode.

The CA results for various glucose concentrations (1.39—
13.9 mM) are shown in Figure 5B. The magnified plot from 10

st0 25 s is shown in the inset. The linear calibration curve (R*=
0.989) representing the relationship between the stable oxida-
tion current at 20 s and the glucose concentration is plotted in
Figure 5C. Each measurement was taken three times. The
proposed electrode had a sensitivity of 2.82 pA mM ' cm 2
and a detection limit of 0.482 mM, which was calculated
according to the 30 approach defined by the International
Union of Pure and Applied Chemistry (IUPAC).34 For clinical
applications, a linear range of 1.39-13.9 mM can sufficiently
cover the normal (4.4-6.6 mM) and abnormal cases of humans.
Other substances in human blood, such as ascorbic acid (AA),
uric acid (UA), and potassium chloride (KCl), may interfere
with the measured glucose concentration signal. CA experi-
ments were performed using a Nafion film of 2 wt% in 0.1
M PBS (pH 7.4) solution with an applied potential of 0.55
V. The responses of the Pt/Au nanoalloy electrode to sequential
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injections of 1 mM glucose, 0.1 mM AA, 0.4 mM UA, 100
mM KCl, and 1 mM glucose are shown in Figure 5D. These
tested interferences (AA, UA, and KCl) had minimal effect on
the Pt/Au nanoalloy electrode, as indicated by the experimental
results.

The long-term stability of the fabricated Pt/Au nanoal-
loy electrodes was further investigated using electrodes
stored at room temperature for 90 d. The glucose detection
results of the CA experiments for various glucose concen-
trations are shown in Figure S3 using the same conditions
of Figure 5B. The stable currents degraded by about
20%—30%.

Operation in Artificial Human Serum

In real applications, the complex interfering species in
human blood can influence the electrocatalytic oxidation
of glucose. Thence, we used artificial human serum to
further investigate the performance of the proposed neutral
nonenzymatic glucose sensor. Figure 6 depicts the experi-
mental results. According to the linear calibration curve
presented in Figure 6B, the measured currents for each
concentration decreased (Figure 6A), and the sensitivity
also decreased from 2.82 to 1.34 pA mM ' cm ™2 (decreased
by 52%). Although the sensing signal is expected to be
degraded by the complex interfering species in human
blood, the experimental results validated the feasibility of

the proposed Pt/Au nanoalloy electrode in clinical

applications. We propose that the construction of the linear
calibration curve for clinical applications should be from
the operation of the glucose sensor in human serum.

Discussion

In recent years, Pt and Au have emerged as the main
electrode materials for nonenzymatic glucose detection.®
The Au electrode has a relatively high current response,
which is its principal advantage. However, as shown in
Equation (2), it must be used in an alkaline environment.*®
Here, Au functions as a catalyst to increase D-glucose
molecule electrochemical adsorption on the surface of
Au electrodes via dehydrogenation and the direct oxida-
tion of dehydrogenated molecules into D-gluconate ions.
As shown in Equation (3), Pt electrodes can be operated in
a neutral environment.>” The Pt-based electrode is
a feasible material for CGMs in a neutral environment.

C¢Hi,06 + 20H™ — C¢H 107~ + H20+H++2efand
CeHi12,06 + OH™ — CgH;(O¢ + H20—|—H+—|—267

(2)
C6H1206+Pt — C6H1106Pt+H++C_
C¢H ;1 06Pt 4+ Pt — C6H1006Pt2+H++67
CgH19OgPt, — CgH19Og+2Pt 3)

CeH1205 A_u) CeH 1005 +2H' +2e

A B
25 6
20 >
Z <
=154 >4
il =
Q
2 10 £ 31
>
i Q
O N A12.51mM N Y=0.3264+0.3789X
_ R’=0.992
0 1.39 mM 1
— A S — —r 1 T T T T 1

—
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Time/s

O
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Concentration (mM)

Figure 6 The performance of the proposed neutral nonenzymatic glucose sensor in artificial human serum. (A) Glucose detection results of CA using an applied constant
voltage of 0.55 V for various glucose concentrations (1.39—12.5] mM) and (B) linear calibration curve representing the relationship between the stable oxidation current and

concentration.
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Figure 7 further illustrates the sensing mechanism
described in Equation (3).

To enhance the catalytic performance of Pt and improve
chlorine poisoning during the catalytic process, Au can change
the electronic energy band structure of Pt by changing the
strength of the molecules adsorbed on the surface.”® Figure
S1 shows a comparison of the nonenzymatic glucose detection
of the micro-hemisphere array PC membrane deposited with
Au, Pt, and Pt/Au nanoalloy in a neutral environment (PBS, pH
7.4). Even with a high glucose concentration (11.1 mM), the
Au electrode did not exhibit any catalytic response in a neutral
environment, as shown in Figure S1(A). Figure S1(B) depicts

the catalytic response of the Pt electrode. The oxidation current
did not significantly increase after 11.1 mM glucose was
added. This result can be attributed to the Pt electrode being
easily covered by glucose oxidation products, which results in
a decrease in its catalytic efficiency. For the Pt/Au nanoalloy
electrode, the oxidation current noticeably increased in the
scanning potential range of 0.4-0.7 V after glucose was
added (Figure S1(C)). To confirm the attachment stability of
the electrochemically deposited Pt/Au nanoalloy, the Pt/Au
nanoalloy electrode was placed in PBS containing 5 mM
Fe(CN)6* 7. The electrode surface was scanned continuously

CH,0H CH,0H

0 A
OH \c|1—H + Pt = ¢ OH \C|1—Pt +H+e
OH\‘—(OH OH\‘—(OH

OH OH

CH,0OH

J—o o}
OH \Cll— Pt + Pt = OH \Cl— Pt + H + e
|
OH\‘—(OH OH\‘—(O-Pt

OH OH
CH,OH CH,OH
(@) O
OH \Cl— Pt —» OH \Clz O + 2Pt
|
OH\t—(o-pt »
OH OH

Gluconic acid

for 200 cycles using CV at a scan rate of 100 mV/s. The
attachment stability of the Pt/Au nanoalloy is indicated by
the results in Figure S1(D).

In recent years, nanostructured electrodes have been
widely used to develop nonenzymatic glucose biosensors.
However, because they require alkaline solutions, their actual
use in CGMs is limited. Thus, several neutral nonenzymatic
schemes have been developed. In Table 1, the sensitivity,
detection limit, and linear range of the proposed Pt/Au nanoal-
loy electrode for neutral nonenzymatic glucose sensing are
compared to those of other recently developed neutral none-
nzymatic glucose biosensors. Overall, the functional proper-
ties of the proposed biosensor were relatively good.

Conclusions

Patients with type 1 diabetes require effective methods for
managing their diabetes and maintaining their blood glucose
levels. CGMs have recently been used to help patients with
type 1 diabetes control their blood glucose levels. The recent
development trend in CGMs is enzyme-free glucose detection
in a neutral environment. To develop neutral nonenzymatic
glucose biosensors based on a Pt/Au nanoalloy electrode, we
used Taiwan’s excellent industrial processes, such as

Figure 7 The sensing mechanism of the proposed Pt/Au nanoalloy electrode in glucose detection.
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Table | Neutral Non-Enzymatic Glucose Biosensors and Their Functional Properties

Electrode Sensitivity (1A mM™' ecm™) LOD (M) Linear Range (mM) Reference
ZnO nanostructures 64.29 820 I-10 [16]
Nanoporous Pt 5.67 800 I-10 [17]
Au-dimpled Ti structures 93 30 0.01-0.5 [18]
TiO2-Au composite 45 50 0.05-3 [20]
Au@Pt/Au NPs 2.94 3 0.01-10 [22]
Carbon nano-onions 26.5 210 1-10 [39]
Pt black 1.62 50 2-36 [40]
Pt/Au/Boron-Doped Diamond Not provided 6.5 0.01-6.5 [41]
Pt/Au nano-alloy 2.82 482 1.39-13.9 This work

semiconductor microelectromechanical manufacturing pro-
cesses, precision micro-molding, hot embossing, and chip
packaging. The Pt/Au nanoalloy electrode had excellent spe-
cificity for glucose detection, according to the experimental
results. The device had a sensitivity of 2.82 uA mM ' cm 2,
a linear range of 1.39-13.9 mM, and a detection limit of 0.482
mM. Even though the complex interfering species in human
blood can degrade the sensing signal, further experiments
conducted in artificial serum confirmed the feasibility of the
proposed Pt/Au nanoalloy electrode in clinical applications.
Therefore, we recommend constructing the linear calibration
curve for clinical applications using its operation in human
serum.
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