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Abstract: Background/Objectives: In this study, AuDNs/EPLE composite electrodes with
hierarchical dendritic nanogold structures were fabricated using the in situ electrodepo-
sition of gold nanoparticles through the i-t method. Methods: A conductive polymer
composite membrane, PEDOT, was synthesized via the electropolymerization of EDOT
and the negatively charged PSS−. The negatively charged SO3

− groups on the surface of
the PEDOT membrane were electrostatically adsorbed with the glucose oxidase (GOD)
enzyme and a positively charged chitosan co-solution (GOD/chit+). Using a layer-by-layer
self-assembly approach, GOD was incorporated into the multilayers of the composite elec-
trode to create the composite GOD/chit+/PEDOT/AuDNs/EPLE. Results: Electrochemical
analysis revealed a GOD surface coverage of 8.5 × 10−10 mol cm−2 and an electron transfer
rate of 1.394 ± 0.02 s−1. The composite electrode exhibited a linear response to glucose
in the concentration range of 6.923 × 10−2 mM to 1.54 mM, with an apparent Michaelis
constant of 0.352 ± 0.02 mM. Furthermore, the GOD/chit+/PEDOT/AuDNs/EPLE also
showed good accuracy of glucose determination in human serum samples. Conclusions:
These findings highlight the potential of the GOD/chit+/PEDOT/AuDNs/EPLE composite
electrode in the development of efficient enzymatic biofuel cells for glucose sensing and
energy harvesting applications.

Keywords: dendritic nanogold; self-assembly; chitosan; glucose biosensor; diabetes
mellitus

1. Introduction
Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycemia,

which can lead to severe complications if not carefully managed and targeted [1]. Accurate,
rapid, and cost-effective blood glucose detection is pivotal for effective disease management
and overall well-being. The measurement of blood glucose concentration is still the primary
diagnostic parameter for diabetes, and advancements in glucose monitoring technologies
continue to play a key role in the improvement of patient outcomes. A key advancement
was the introduction of the ExacTech meter (MediSense, now Abbott) in 1987, the first
electrochemical glucose biosensor for home use [2]. This pioneering fixed-volume device
provided a highly convenient and accessible method for both home and clinical blood
glucose monitoring.
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On the other hand, the following decades demonstrated an evolving development in
sensor-based glucose quantification, mainly in optical [3,4] and electrochemical biosens-
ing [5–9]. Electrochemical sensors have gathered remarkable attention due to their high
sensitivity, low detection limits, ease of use, and potential for in situ continuous moni-
toring, which can further enhance diabetes management beyond the capabilities of the
fixed-volume device.

Currently, most electrochemical glucose sensors rely on either enzymatic or non-
enzymatic methods [10–13]. Hence, glucose oxidase (GOD) is widely employed, as it
belongs to the class of enzymes associated with glucose metabolism. Therefore, it represents
a key feature, due to its fast mechanism of action, high stability, and specificity [13,14].
However, the enzymatic approach is often hindered by the relatively slow electron transfer
(ET) rate between the active site of GOD and the electrode surface. This phenomenon
is primarily due to the deep positioning of the flavin adenine dinucleotide (FAD) redox
center within the enzyme structure. To enhance DET efficiency, several strategies have been
explored, including the use of nanomaterials and advanced immobilization techniques.

Carbon-based materials, such as graphene [15] and carbon nanotubes [16], offer large
surface areas and excellent electrical conductivity, thus enhancing electron transfer be-
tween an enzyme and an electrode. Metal nanoparticles [17,18], mainly gold nanoparticles
(AuNPs), can further promote the catalytic activity and biocompatibility of electrodes. On
the other hand, the method of enzyme immobilization has a key role while optimizing
electron transfer between an enzyme and an electrode. In particular, the general enzyme
immobilization techniques, such as embedding, crosslinking, physical adsorption, and
layer-by-layer (LBL) self-assembly, are essential for the development of enzyme-linked elec-
trochemical sensors. These methods each present unique advantages and limitations [19].
In detail, the LBL assembly approach is particularly advantageous, as it allows for pre-
cise control over the interface distance and the conformation of the enzyme, leading to
enhanced stability and catalytic performance [20]. Conductive polymers, such as poly
(3,4-ethylenedioxythiophene) (PEDOT), are frequently utilized in LBL assembly due to
their ability to delocalize charge carriers, thus promoting electron transfer between the en-
zyme’s active site and the electrode. PEDOT presents remarkable electrochemical stability,
a low-energy band gap, and biocompatibility. Hence, it is often polymerized in combination
with poly (4-styrenesulfonic acid) (PSS), a polyelectrolyte that improves water solubility
and dispersion. This combination results in composite films with high conductivity and
solubility, therefore suitable for enzyme immobilization in electrochemical sensors [20–22].

In our previous work, we developed a 3D graphene-like electrode (EPLE) through elec-
trochemical pretreatment of a pencil lead electrode [23]. This modified electrode exhibited
enhanced electrochemical properties and was further functionalized with nanomaterials,
such as gold nanoparticles and copper oxide, for non-enzymatic glucose sensing [24].

Based on our previous optimization research, this study aims to develop a highly
sensitive and selective glucose biosensor by combining the advantages of 3D graphene-
like electrodes, dendritic gold nanoparticles (AuDNs), and a layer-by-layer assembly
approach. By immobilizing GOD onto a multilayer film of chitosan and PEDOT on the
AuDNs-modified EPLE surface (GOD/chit+/PEDOT/AuDNs/EPLE), we hypothesize that
it is possible to enhance glucose DET efficiency and improve the overall performance of
the biosensor.

2. Materials and Methods
2.1. Reagents and Materials

The pencil lead electrode (PLE, 2B, 0.5 mm in diameter) was obtained from Ningbo
Friendly Stationery Co., Ltd., Ningbo, China. Chitosan (chit+, low molecular weight, with
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a deacetylation degree of 85%, exhibiting high positive charge density), sodium sulfate
(Na2SO4), sodium dihydrogen phosphate, glucose, potassium ferricyanide (K3[Fe(CN)6]),
potassium ferrocyanide (K4[Fe(CN)6]), potassium chloride (KCl), glacial acetic acid, and
chlorauric acid (HAuCl4·4H2O) were sourced from China Pharmaceutical Group Chemicals
Co., Ltd. (Tianjin, China). The 3,4-ethylenedioxythiophene (EDOT) solution was purchased
from Mirida Technology Co., Ltd., Green Valley, CA, USA. Poly (sodium styrene sulfonate)
(NaPSS) and glucose oxidase (GOD) were sourced from (17.3 U mg−1) Sigma-Aldrich
(St. Louis, MA, USA). The GOD solution was prepared by dissolving glucose oxidase
powder (5 mg mL−1) in Tris-HCl buffer (pH 8.9, 0.05 mol L−1).

2.2. Instrumentation

Scanning electron microscope (SEM) images of the electrode surface were obtained
using a Hitachi S-4800 scanning electron microscope (Hitachi, Tokyo, Japan). An X-ray
photoelectron spectroscopy (XPS) analysis of the electrode surface was performed using a
K-Alpha XPS spectrometer (ESCALAB 250, Thermo Fisher Scientific, Waltham, MA, USA)
with an Al Kα X-ray radiation source (1486.6 eV). The X-ray diffraction (XRD) spectra of the
electrode surface were characterized using a Bruker D8-ADVANCE diffractometer (Bruker
Co., Bremen, Germany) with Cu Kα radiation (λ = 1.54056 Å).

For electrochemical measurements, a conventional three-electrode system was em-
ployed, with a GOD/chit+/PEDOT/AuDNs/EPLE as the working electrode, a platinum
wire as the counter electrode, and a saturated calomel electrode (SCE) as the reference
electrode. A phosphate-buffered saline (PBS) solution (0.2 M, pH = 7.19) was used as
the electrolyte.

2.3. Preparation of AuDNs/EPLE and Its Electrochemical Active Area Test

For the deposition of AuDNs, the EPLE electrodes were immersed in HAuCl4 solutions
at concentrations of 1.27, 1.85, 3.44, and 6.03 mM and electrodeposited under different
potentials (−0.5 V, −0.3 V, −0.1 V, 0.1 V, and 0.3 V) for different durations (600, 1200, 3600,
5400, and 7200 s). Following deposition, the AuDNs/EPLE electrodes were thoroughly
rinsed with deionized water and dried at RT. The electrochemical active surface area (ECSA)
of the AuDNs/EPLEs was assessed via cyclic voltammetry (CV) in 0.5 M H2SO4. The ECSA
was calculated using the following equation [25]:

ECSA =
Q0

Q0s
(Q0 =

S
V
) (1)

where Q0 represents the charge required for oxygen adsorption, Qos (0.386 mC cm−2) is
the charge density required to reduce monolayer oxygen, S is the integrated area of the
cathode reduction peak, and V is the scan rate during the CV test (100 mV s−1).

2.4. Preparation of GOD/chit+/PEDOT/AuDNs/EPLE

The fabrication of the enzymatic electrode involved a two-step process: electropoly-
merization of EDOT onto the electrode surface and subsequent enzyme immobilization.

First, a polymerization solution containing 0.15 mM EDOT and 1.5 mM NaPSS was
prepared by stirring and heating at 60 ◦C. The AuDNs/EPLE was then immersed in this
solution at room temperature, and electropolymerization was carried out using cyclic
voltammetry (CV) over a potential range of −0.6 to 0.8 V at a scan rate of 50 mV s−1. After
10 CV cycles, a light grey, porous PEDOT:PSS film was formed on the electrode surface. The
presence of negatively charged SO3

− groups in the film enhanced the following deposition
of a positively charged enzyme layer.
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For the enzyme immobilization, a glucose oxidase (GOD) and chitosan co-solution
(GOD/chit+) was prepared by mixing a 1% (w/v) chitosan solution (in acid conditions,
with 1% acetic acid) with a GOD solution (5 mg mL−1) in equal volumes. The mixture was
homogenized using a vortex mixer for 30 s. Chitosan, a naturally derived biocompatible
polymer, is widely utilized in biomedical applications due to its unique physicochemical
properties [26]. With a pKa of approximately 6.3, chitosan remains positively charged in
acidic solutions, promoting electrostatic interactions with the negatively charged PSS in
PEDOT:PSS under ambient conditions [27]. Furthermore, its hydrophilic backbone provides
a favorable microenvironment for entrapped enzymes, preserving their bioactivity and
stability in both dry and wet states.

The PEDOT-modified electrode was then immersed in the GOD/chit+ co-solution
for 20 min, followed by rinsing with water and drying under a nitrogen stream. This
process of electropolymerization and enzyme entrapment was repeated until three
GOD layers were sequentially deposited onto the electrode surface, leading to the final
GOD/chit+/PEDOT/AuDNs/EPLE composite electrode.

2.5. Electrochemical Characterization of Enzyme Electrodes

The electrochemical properties of the enzyme-modified electrodes were evaluated
through cyclic voltammetry (CV). The number of electrons transferred (n) during the redox
process was calculated from the integration of the reduction peak current at a scan rate of
100 mV s−1 according to the following equation:

ip = nFQυ/4RT (2)

where ip is the peak current (A), F is the Faraday constant (96,485 C mol−1), Q is the charge
(C), υ is the scan rate (V s−1), R is the universal gas constant (8.314 J mol−1 K−1), and T is
the absolute temperature (K).

The surface coverage (Γ, mol cm−2) of the enzyme on the electrode surface was
determined by integrating the reduction peak current at 100 mV s−1, using the following
equation [28]:

Q = ΓnFA (3)

where A is the electrode surface area.
The electron transfer rate constant (ks) and electron transfer coefficient (α) of

the GOD/chit+/PEDOT/AuDNs/EPLE were determined using Laviron’s theory [28],
which describes the relationship between peak-to-peak separation (∆Ep) and the electron
transfer kinetics:

∆Ep =
2.3RT

n
Fα(1−α)[αlog (1−α)+(1−α)log α − log (

RT
nFv

)− log ks] (4)

Epa = E′0 − (
RT
αnF

)ln (
αnFv
RTks

) (5)

Epc = E′0 + [
RT

(1−α)nF
]ln [

(1−α)nFv
RTks

] (6)

where Epa and Epc are the cathodic and anodic peak potentials, respectively. E′ is the formal
potential of the redox system.

2.6. Determination of Real Samples

The human serum samples were used in accordance with the guidelines of the Decla-
ration of Helsinki, and their use was approved by the Medical Ethics Review Committee
of Jinhua Municipal Central Hospital (Approval No. 2025-71, dated 28 February 2025).
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The samples were analyzed using the i-t method with the standard addition method. The
measurements were performed at a potential of −0.45 V in 10 mL of 0.2 M PBS (pH 7.19)
under stirring. A volume of 200 µL of blood serum was injected into the buffer solution. The
resulting current was substituted into the calibration curve to calculate the corresponding
glucose concentrations. The measurements were performed in triplicate for each sample.

3. Results and Discussion
3.1. Optimization of AuDNs Deposition Conditions on EPLE

To optimize the synergistic effect of AuDNs and EPLEs, the deposition potential,
electrolyte concentration, and deposition time were investigated. Figure 1A depicts the
cyclic voltammograms (CVs) of the AuDNs/EPLE at different potentials in a 0.5 M H2SO4

solution. The corresponding electrochemical active surface area (ECSA) was calculated
for each deposition potential (Figure 1A inset). The results revealed that the electrode
deposited at −0.3 V exhibited the highest ECSA. Additionally, this deposition potential led
to the highest current density with 5 mM [Fe(CN)6]3− (Figure 1B).
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(A,C,E) Cyclic voltammograms (CVs) of AuDNs/EPLEs in 0.5 M H2SO4. Insets in (A,B) show the
corresponding ECSA and current density, respectively. (B,D,F) CVs of AuDNs/EPLEs in 0.1 M KCl
solution containing 5 mM [Fe(CN)6]3−/[Fe(CN)6]4−.
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The concentration of HAuCl4 remarkably influenced the electrochemical performance
of the AuDNs/EPLE too. As shown in Figure 1C,D, increasing the HAuCl4 concentra-
tion from 1.27 mM to 3.44 mM resulted in a progressive increase in the ECSA and the
corresponding current density with 5 mM [Fe(CN)6]3−. However, a further increase in
concentration led to a decrease in both the ECSA and current density.

Under the optimized conditions of −0.3 V deposition potential and 3.44 mM HAuCl4
concentration, the influence of deposition time on the electrochemical properties of the
AuDNs/EPLE was investigated. Figure 1E demonstrates that the ECSA increased with
increasing deposition time. Indeed, Figure 1F shows that the highest current density was
achieved at a deposition time of 3600 s. Considering the reagent and time efficiency, 3600 s
was chosen as the optimal deposition time for subsequent experiments.

These optimizations allowed us to reach a balance between maximizing the surface
area of the AuDNs for enhanced electron transfer and maintaining a well-defined morphol-
ogy for optimal catalytic activity.

The SEM images in Figure 2A,B reveal a well-defined dendritic structure, with Au
uniformly distributed on the graphene-like EPLE surface. The XRD pattern in Figure 2C
confirms the presence of metallic gold, with characteristic peaks related to the (111), (200),
(220), and (311) crystal planes [29], while the diffraction peak at 2θ = 26.5◦ and 54.7◦

corresponded to the (002) and (004) graphite hexagonal structure. The high-resolution XPS
spectrum in Figure 2D further confirms the presence of metallic gold, with binding energies
at 83.91 eV and 87.63 eV for Au 4f7/2 and Au 4f5/2, respectively [30].

The electrochemical performance of the AuDNs/EPLE was evaluated by cyclic voltam-
metry in a solution containing 5 mM [Fe(CN)6]3−/[Fe(CN)6]4−. As shown in Figure 2E,
the AuDNs/EPLE exhibited a significantly higher current density and a narrower ∆Ep

compared to the bare EPLE. This enhanced electrochemical performance can be associated
with the increased surface area and improved electron transfer kinetics provided by the
dendritic gold nanoparticles.

3.2. Electrochemical Characterization of GOD/chit+/PEDOT/AuDNs/EPLE

To investigate the electrochemical behavior of the immobilized GOD, cyclic voltamme-
try (CV) was performed in a pH 7.19 phosphate buffer solution. Figure 3 shows the CV
curves of different electrodes. Interestingly, just the GOD/chit+/PEDOT/AuDNs/EPLE
exhibited a pair of well-defined redox peaks at −0.448 V and −0.488 V, referring to the
redox reaction of the FAD cofactor in GOD. These results indicate that the layer-by-layer
assembly strategy effectively immobilized GOD onto the electrode surface and promoted
direct electron transfer (DET) between the enzyme and the electrode.

To further demonstrate the role of the 3D graphene-like structure and conductive
polymer in enhancing enzyme electrochemistry, comparative studies were performed.
Figure 4A shows that no significant redox peaks were observed for GOD immobilized
on a bare PLE electrode, highlighting the importance of the 3D graphene structure for
efficient enzyme immobilization and electron transfer. Figure 4B indicates the significant
enhancement in the current density of the GOD/chit+/PEDOT/AuDNs/EPLE, compared
to the electrode without PEDOT modification. This confirms that the conductive polymer
layer plays a key role in promoting electron transfer between the enzyme and the electrode.
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3.3. Kinetic Parameters of GOD/chit+/PEDOT/AuDNs/EPLE

Figure 5A shows the CV curves of the GOD/chit+/PEDOT/AuDNs/EPLE bioanode
at various pH values. As the pH increased, the redox peak potential shifted negatively,
indicating a pH-dependent redox process. The slope of the linear relationship between the
peak potential and pH was −56 mV pH−1 (R2 = 0.999) (Figure 5B), which is consistent with
the theoretical value for a two-electron, two-proton transfer reaction involving the FAD
cofactor of GOD. The CV curve in Figure 5C, recorded at a scan rate of 1 mVs−1, exhibits a
pair of symmetrical redox peaks with a negligible peak-to-peak separation. This indicates
a quasi-reversible electrochemical process, suggesting that the electron transfer between
GOD and the electrode is efficient and minimally hindered.

GOD(FAD)+2e−+2H+ ↔ GOD(FADH2) (7)
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CV was performed at different scan rates to investigate the electrochemical kinetics of
the GOD/chit+/PEDOT/AuDNs/EPLE. As shown in Figure 6A,B, the peak currents (both
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anodic and cathodic) increased linearly with the scan rate, indicating a surface-controlled
process. The calculated electron transfer number (n) from the peak current and charge
integration was approximately 2 (Equation (2)), consistent with the two-electron transfer
process involved in the redox reaction of the FAD cofactor in GOD. Additionally, the surface
coverage (Γ) of GOD on the electrode surface was determined to be 8.5 × 10−10 mol cm−2

(Equation (3)) [31].
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Figure 6. Electrochemical characterization of the GOD/chit+/PEDOT/AuDNs/EPLE: (A) CVs at
different scan rates (1, 10, 20, 40, 60, 80, 100, 200, 300, 400 and 500 mV s−1) in pH 7.19 PBS buffer;
(B) plot of the peak current versus scan rate; (C) plot of the peak potential versus the logarithm of the
scan rate.

Moreover, as per Figure 6C, the peak-to-peak separation (∆Ep) increased with an
increasing scan rate (greater than 100 mV s−1), suggesting a quasi-reversible process. The
linear relationship between the peak potentials (Epa and Epc) and the logarithm of the scan
rate (log v) was used to define the electron transfer coefficient (α) (Equations (5) and (6))
and the rate constant (ks) (Equation (4)). The calculated α value was 0.583, and the ks value
was 1.394 ± 0.02 s−1. These results indicate that the composite electrode exhibits efficient
electron transfer kinetics and good electrochemical performance.

3.4. Michaelis Constant of GOD/chit+/PEDOT/AuDNs/EPLE

In order to investigate the glucose sensing ability of the biosensor, the amperometric
response under −0.45 V of the GOD/chit+/PEDOT/AuDNs/EPLE was examined with
subsequent additions of glucose to a pH 7.19 PBS (Figure 7A). Equation (8) represents
the oxidation of glucose oxidase (GOD), where GOD(FADH2) is oxidized in the pres-
ence of oxygen, which subsequently catalyzes the oxidation of glucose to gluconolactone
(Equation (9)). Equation (8) leads to the simultaneous reduction of oxygen to hydrogen
peroxide (H2O2) [32]. As the glucose concentration increases, the availability of oxygen at
the electrode surface decreases, resulting in a decline in the oxygen reduction current. This
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depletion of oxygen leads to a corresponding reduction in the overall current response at
higher glucose concentrations.

GOD(FADH2) + O2 → GOD(FAD) + H2O2 (8)

GOD(FAD)+glucose → GOD(FADH2)+gluconolactone (9)
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Figure 7B presents the linear calibration curve for glucose detection, which exhibits
a linear range of 6.923 × 10−2 mM to 1.54 mM, a sensitivity of 0.159 mA mM−1 cm−2,
and a detection limit of 1.4 × 10−3 mM. In addition, Table 1 provides a comparison with
previously reported glucose sensors using similar materials. Remarkably, the as-prepared
GOD/chit+/PEDOT/AuDNs/EPLE sensor shows a low detection limit and high sensitivity
toward glucose, exhibiting performance metrics that are comparable to, and in certain
instances, surpass, those of previously reported sensors. This superior performance can be
attributed to the synergistic integration of the composite electrode. Specifically, the PEDOT
and AuDNs/EPLE provide a highly conductive matrix that facilitates efficient electron
transfer between the enzyme’s active site and the electrode surface, thereby enhancing the
bioelectrode’s electrochemical response. Furthermore, the incorporation of chitosan (chit+)
enhances enzyme immobilization, maintaining GOD activity over extended periods, which
contributes to the improved sensitivity and long-term stability of the bioelectrode.

The Michaelis–Menten constant
(

kapp
m

)
is a kinetic parameter that reflects the affinity

of the enzyme for its substrate [22]. Figure 7C shows the Lineweaver–Burk plot, which was
used to determine the kapp

m value of 0.352 ± 0.02 mM [33].

1
ISS

=
1

Imax
+

kapp
m

Imaxc
(10)

where ISS is the instantaneous current of the electrode, Imax is the maximum response of the
electrode, c is the substrate concentration, and kapp

m is the Michaelis constant. This relatively
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low Km value demonstrates a high affinity of the immobilized GOD for glucose, suggesting
efficient enzyme–substrate interactions [33].

Table 1. Comparison of the performances of similar materials for glucose sensing.

Sample Source Electrode Linear Range
(mM)

Detection
Limit (µM)

Sensitivity (µA
mM−1 cm−2) Ref.

Human serum Au–PEDOT–ERGO a 0.1–100 0.12 696.9 [34]
Human serum Ni (OH)2@PEDOT–rGO b 0.002–7.1 0.6 346 [35]

Beverages PEDOT/GOx 0.01–0.8 165 111.78 [36]

Grape wines Au/PE
DOT/{chit+(GOx)/PSS−/chit+(GOx)} 0.1–14 41 237 [27]

Fruit juice
Human serum or

sweat

PEDOT:SCX/MXene/GOX c

CHIT(GOx)/AuLr-TiND d

0.5–8.0
0.1–7.52,
7.52–40

0.0225
14.38

/
13.23, 3.79

[37]
[38]

Human serum,
urine, and saliva MPC-CHT-GOx e 0.25–3.0 4.1 56.12 [39]

Human serum Chit/Au/GOD f 0.005–2.4 2.7 / [40]
Human blood

and urine GOx/Au–PtNPs/CNTs/CS g 0.001–7.0 0.2 8.53 [41]

Urine PEC/AuNPs/GOD/Au h 0.01–7.0 5.0 283.9 [42]
Human serum Nf-GOx/PB/AuNS/GR i 0.025–1.0 88 / [43]

Human serum GOD/chit+/PEDOT/AuDNs/EPLE 0.069–1.54 1.4 159 This
work

a ERGO: electrochemically reduced graphene oxide; b rGO: reduced graphene oxide; c SCX: 4-sulfocalix arene;
MXene: Ti3C2Tx; d chitosan/GOx immobilized onto laser-processed Au-Ti electrode; e glucose oxidase (GOx)
immobilized on chitosan-supported mesoporous carbon nanocomposite; f chitosan hydrogel incorporated with
GOx and gold nanoparticles; g GOx immobilized in gold–platinum alloy nanoparticles (Au–PtNPs) electrode-
posited on multiwall carbon nanotubes (CNTs) in chitosan film; h chitosan/kappa-carrageenan doped with
gold nanoparticles (AuNPs) encapsulating GOD deposited on a Au electrode; i graphite rod (GR) electrode
modification by gold nanostructures (AuNS) and Prussian blue (PB) with GOx.

3.5. Stability Studies of the GOD/chit+/PEDOT/AuDNs/EPLE

CV was performed for 100 cycles at a scan rate of 50 mV s−1 in a pH 7.19 phosphate
buffer solution with saturated O2 in order to assess the stability of the composite electrode.
As shown in Figure 8A, the electrode retained approximately 90% of its initial peak current
after 100 cycles, proving excellent electrochemical stability. Furthermore, the long-term
storage stability of the electrode was evaluated by storing the electrode at 4 ◦C in a refriger-
ator for one month. After this storage period, it exhibited a retention of 82.5% of its initial
current response, indicating good stability over time (Figure 8B).
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These results highlight the robust nature of the GOD/chit+/PEDOT/AuDNs/EPLE
as a promising candidate for practical applications in biosensors and biofuel cells.

3.6. Analysis of Real Samples

To further validate the application of the developed electrochemical glucose sensor, the
GOD/chit+/PEDOT/AuDNs/EPLE biosensor was used to detect glucose concentrations
in human serum samples obtained from the hospital. Five serum samples with different
glucose concentrations were spiked into 10 mL of the PBS (0.2 M, pH 7.19) solution and
analyzed at a working potential of −0.45 V under stirring. As shown in Table 2, the glucose
concentrations measured by the biosensor were comparable to the hospital test results.
The current measurement procedure, which involves sample dilution and stirring, is more
suitable for laboratory settings than home applications. On the other hand, these findings
highlight the biosensor’s strong potential for accurate glucose detection in real biological
samples, with possible future applications for point-of-care use.

Table 2. Determination of glucose in real samples (n = 3).

Samples Determined by
Hospital (mM) Our Measure (mM) Average RSD (%)

Sample 1 5.09 5.54 4.87 5.25 5.22 6.4
Sample 2 5.07 4.75 5.16 5.20 5.04 5.0
Sample 3 10.57 10.28 10.85 10.74 10.62 2.8
Sample 4 5.05 4.88 4.80 5.20 4.96 4.3
Sample 5 10.57 10.37 10.98 10.65 10.67 2.9

4. Conclusions
In this work, AuDNs/EPLE composite electrodes with hierarchical dendritic nanos-

tructures were prepared through an in-situ electrodeposition of gold nanoparticles by
the i-t method. Conductive polymer composite membrane PEDOT was obtained by
the electropolymerization of conductive polymer EDOT and negatively charged PSS.
The negatively charged SO3

− on the surface of the PEDOT membrane was electrostat-
ically adsorbed with the glucose oxidase (GOD) enzyme and the positively charged
chitosan co-solution (GOD/chit+); GOD was fixed in the multilayers of the composite
electrode to obtain the GOD/chit+/PEDOT/AuDNs/EPLE through a layer-by-layer self-
assembly method. By studying the electrochemical behavior of the enzymes, the sur-
face coverage of GOD was 8.5 × 10−10 mol cm−2, and the electron transfer rate was
1.394 ± 0.02 s−1. The composite electrode showed good linearity for glucose in the range
of 6.923 × 10−2 mM~1.54 mM, and the apparent Michaelis constant was 0.352 ± 0.02 mM.
Furthermore, the GOD/chit+/PEDOT/AuDNs/EPLE sensor also achieved accurate glu-
cose determination in human serum samples, although further modifications would be
required for practical home applications. These findings demonstrated the potential of the
AuDNs/EPLE composite electrode in the development of efficient enzymatic biosensors
for glucose sensing applications.

Author Contributions: Conceptualization and supervision, G.M. and Y.R.; methodology, Z.Z.;
software, Y.Z.; investigation, Y.Z.; resources, X.W.; data curation, Z.Z. and Y.Z.; writing—original
draft preparation, Z.Z.; writing—review and editing, X.W. and G.M.; project administration, Y.R.;
funding acquisition, G.M. and X.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the Natural Science Foundation of Zhejiang
Province, China (LY18B050004), and the European Union NextGenerationEU through the Italian
Ministry of University and Research under NRRP, M4 C2-I1.3 Project PE_00000019 “HEAL ITALIA”



Biosensors 2025, 15, 246 13 of 15

to G.M., CUP E93C22001860006 of the University of Modena and Reggio Emilia are gratefully
acknowledged. The views and opinions expressed are those of the authors only and do not necessarily
reflect those of the European Union or the European Commission. Neither the European Union nor
the European Commission can be held responsible for them.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Medical Ethics Review Committee of Jinhua Municipal Central
Hospital (Approval No. 2025-71, dated 28 February 2025).

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
first author.

Acknowledgments: The authors would like to express their gratitude to Song Pei for assistance with
the management of the real human-derived samples.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Abdelhafiz, A.H.; Sinclair, A.J. Diabetes, Nutrition, and Exercise. Clin. Geriatr. Med. 2015, 31, 439–451. [CrossRef]
2. Wang, J. Electrochemical Glucose biosensors. Chem. Rev. 2008, 108, 814–825. [CrossRef] [PubMed]
3. Adeel, M.; Rahman, M.M.; Caligiuri, I.; Canzonieri, V.; Rizzolio, F.; Daniele, S. Recent advances of electrochemical and optical

enzyme-free glucose sensors operating at physiological conditions. Biosens. Bioelectron. 2020, 165, 112331. [CrossRef]
4. Jernelv, I.L.; Milenko, K.; Fuglerud, S.S.; Hjelme, D.R.; Ellingsen, R.; Aksnes, A. A review of optical methods for continuous

glucose monitoring. Appl. Spectrosc. Rev. 2018, 54, 543–572. [CrossRef]
5. Bruen, D.; Delaney, C.; Florea, L.; Diamond, D. Glucose Sensing for Diabetes Monitoring: Recent Developments. Sensors 2017,

17, 1866. [CrossRef] [PubMed]
6. Hassan, M.H.; Vyas, C.; Grieve, B.; Bartolo, P. Recent Advances in Enzymatic and Non-Enzymatic Electrochemical Glucose

Sensing. Sensors 2021, 21, 4672. [CrossRef] [PubMed]
7. Tamoghna, S.; Rafael, D.C.; Kuldeep, M.; Ernesto, D.P.; Chen, C.; Ding, S.; Yin, L.; Joseph, W. Wearable Electrochemical Glucose

Sensors in Diabetes Management: A Comprehensive Review. Chem. Rev. 2023, 123, 7854–7889.
8. Govindaraj, M.; Srivastava, A.; Muthukumaran, M.K.; Tsai, P.-C.; Lin, Y.-C.; Raja, B.K.; Rajendran, J.; Ponnusamy, V.K.; Arockia

Selvi, J. Current advancements and prospects of enzymatic and non-enzymatic electrochemical glucose sensors. Int. J. Biol.
Macromol. 2023, 253, 126680. [CrossRef]

9. Xu, Y.-S.; Kuan, W.-F. Asymmetrically Architectured PVDF Membranes with Enhanced Ion Conduction for Lithium-Metal Battery.
J. Taiwan Inst. Chem. Eng. 2024, 158, 104910. [CrossRef]

10. Heller, A.; Feldman, B. Electrochemical glucose sensors and their applications in diabetes management. Chem. Rev. 2008,
108, 2482–2505. [CrossRef]

11. Dong, Q.; Ryu, H.; Lei, Y. Metal oxide based non-enzymatic electrochemical sensors for glucose detection. Electrochim. Acta 2021,
370, 137744. [CrossRef]

12. Huu Do, H.; Kim, S.Y.; Le, Q.V. Development of non-precious metal oxide-based electrodes for enzyme-free glucose detection: A
review. Microchem. J. 2023, 193, 109202. [CrossRef]

13. Tian, K.; Prestgard, M.; Tiwari, A. A review of recent advances in nonenzymatic glucose sensors. Mater. Sci. Eng. C 2014,
41, 100–118. [CrossRef]

14. Bauer, J.A.; Zámocká, M.; Majtán, J.; Bauerová-Hlinková, V. Glucose Oxidase, an Enzyme "Ferrari": Its Structure, Function,
Production and Properties in the Light of Various Industrial and Biotechnological Applications. Biomolecules 2022, 12, 472.
[CrossRef]

15. Bo, X.; Zhou, M.; Guo, L. Electrochemical sensors and biosensors based on less aggregated graphene. Biosens. Bioelectron. 2017,
89, 167–186. [CrossRef]

16. Yang, N.; Chen, X.; Ren, T.; Zhang, P.; Yang, D. Carbon nanotube based biosensors. Sens. Actuators B Chem. 2015, 207, 690–715.
[CrossRef]

17. Singh, K.; Maurya, K.K.; Malviya, M. Review of Electrochemical Sensors and Biosensors Based on First-Row Transition Metals,
Their Oxides, and Noble Metals Nanoparticles. J. Anal. Test. 2024, 8, 143–159. [CrossRef]

https://doi.org/10.1016/j.cger.2015.04.011
https://doi.org/10.1021/cr068123a
https://www.ncbi.nlm.nih.gov/pubmed/18154363
https://doi.org/10.1016/j.bios.2020.112331
https://doi.org/10.1080/05704928.2018.1486324
https://doi.org/10.3390/s17081866
https://www.ncbi.nlm.nih.gov/pubmed/28805693
https://doi.org/10.3390/s21144672
https://www.ncbi.nlm.nih.gov/pubmed/34300412
https://doi.org/10.1016/j.ijbiomac.2023.126680
https://doi.org/10.1016/j.jtice.2023.104910
https://doi.org/10.1021/cr068069y
https://doi.org/10.1016/j.electacta.2021.137744
https://doi.org/10.1016/j.microc.2023.109202
https://doi.org/10.1016/j.msec.2014.04.013
https://doi.org/10.3390/biom12030472
https://doi.org/10.1016/j.bios.2016.05.002
https://doi.org/10.1016/j.snb.2014.10.040
https://doi.org/10.1007/s41664-023-00292-w


Biosensors 2025, 15, 246 14 of 15

18. Velmurugan, M.; Sakthinathan, S.; Chen, S.-M.; Karuppiah, C. Direct Electron Transfer of Glucose Oxidase and Electrocatalysis of
Glucose Based on Gold Nanoparticles/Electroactivated Graphite Nanocomposite. Int. J. Electrochem. Sci. 2015, 10, 6663–6671.
[CrossRef]

19. Erkmen, C.; Selcuk, O.; Unal, D.N.; Kurbanoglu, S.; Uslu, B. Layer-by-layer modification strategies for electrochemical detection
of biomarkers. Biosens. Bioelectron. X 2022, 12, 100270. [CrossRef]
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38. Lipińska, W.; Siuzdak, K.; Karczewski, J.; Dołęga, A.; Grochowska, K. Electrochemical glucose sensor based on the glucose
oxidase entrapped in chitosan immobilized onto laser-processed Au-Ti electrode. Sens. Actuators B Chem. 2021, 330, 129409.
[CrossRef]

39. Barathi, P.; Thirumalraj, B.; Chen, S.-M.; Angaiah, S. A simple and flexible enzymatic glucose biosensor using chitosan entrapped
mesoporous carbon nanocomposite. Microchem. J. 2019, 147, 848–856. [CrossRef]

40. Luo, X.-L.; Xu, J.-J.; Du, Y.; Chen, H.-Y. A glucose biosensor based on chitosan–glucose oxidase–gold nanoparticles biocomposite
formed by one-step electrodeposition. Anal. Biochem. 2004, 334, 284–289. [CrossRef]

41. Kang, X.; Mai, Z.; Zou, X.; Cai, P.; Mo, J. A novel glucose biosensor based on immobilization of glucose oxidase in chitosan on a
glassy carbon electrode modified with gold–platinum alloy nanoparticles/multiwall carbon nanotubes. Anal. Biochem. 2007,
369, 71–79. [CrossRef]

https://doi.org/10.1016/S1452-3981(23)06750-0
https://doi.org/10.1016/j.biosx.2022.100270
https://doi.org/10.1149/1945-7111/ab7e26
https://doi.org/10.1016/j.jelechem.2022.116738
https://doi.org/10.1016/j.jelechem.2019.113471
https://doi.org/10.1039/D3AY01887C
https://doi.org/10.1016/j.electacta.2014.04.031
https://doi.org/10.1016/j.carbpol.2010.04.074
https://doi.org/10.1016/j.snb.2017.09.149
https://doi.org/10.1021/am405432b
https://doi.org/10.1002/anie.201701191
https://doi.org/10.1016/j.bios.2018.09.073
https://doi.org/10.1021/acsabm.9b00145
https://doi.org/10.1039/C5AN00200A
https://doi.org/10.1016/j.bios.2011.10.045
https://doi.org/10.1016/j.synthmet.2020.116488
https://doi.org/10.1016/j.snb.2017.08.008
https://doi.org/10.1039/C8RA01385C
https://doi.org/10.3390/mi13020304
https://doi.org/10.1016/j.snb.2020.129409
https://doi.org/10.1016/j.microc.2019.03.083
https://doi.org/10.1016/j.ab.2004.07.005
https://doi.org/10.1016/j.ab.2007.07.005


Biosensors 2025, 15, 246 15 of 15

42. Rassas, I.; Braiek, M.; Bonhomme, A.; Bessueille, F.; Raffin, G.; Majdoub, H.; Jaffrezic-Renault, N. Highly Sensitive Voltam-
metric Glucose Biosensor Based on Glucose Oxidase Encapsulated in a Chitosan/Kappa-Carrageenan/Gold Nanoparticle
Bionanocomposite. Sensors 2019, 19, 154. [CrossRef] [PubMed]

43. Sakalauskiene, L.; Brasiunas, B.; Popov, A.; Kausaite-Minkstimiene, A.; Ramanaviciene, A. The Development of Reagentless
Amperometric Glucose Biosensor Based on Gold Nanostructures, Prussian Blue and Glucose Oxidase. Biosensors 2023, 13, 942.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/s19010154
https://www.ncbi.nlm.nih.gov/pubmed/30621159
https://doi.org/10.3390/bios13100942
https://www.ncbi.nlm.nih.gov/pubmed/37887135

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Instrumentation 
	Preparation of AuDNs/EPLE and Its Electrochemical Active Area Test 
	Preparation of GOD/chit+/PEDOT/AuDNs/EPLE 
	Electrochemical Characterization of Enzyme Electrodes 
	Determination of Real Samples 

	Results and Discussion 
	Optimization of AuDNs Deposition Conditions on EPLE 
	Electrochemical Characterization of GOD/chit+/PEDOT/AuDNs/EPLE 
	Kinetic Parameters of GOD/chit+/PEDOT/AuDNs/EPLE 
	Michaelis Constant of GOD/chit+/PEDOT/AuDNs/EPLE 
	Stability Studies of the GOD/chit+/PEDOT/AuDNs/EPLE 
	Analysis of Real Samples 

	Conclusions 
	References

