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ARTICLE INFO ABSTRACT
Keywords: This study presents an innovative glucose detection platform, featuring a highly sensitive, non-
Glucose sensors enzymatic glucose sensor. The sensor integrates nickel nanowires and a graphene thin film

Ni nanowires

Graphene

Electric double layer (EDL)
Field-effect transistors (FETS)

deposited on the gate region of an extended-gate electric double-layer field-effect transistor
(EGEDL-FET). This unique combination of materials and device structure enables superior glucose
sensing performance. Ni nanowires were deposited on the surface of the extended gate region of
the EGEDL-FET, where high quality monolayer graphene grown by chemical vapor deposition
(CVD) had been previously transferred. The Ni nanowires provide a high surface area and
excellent catalytic activity for non-enzymatic glucose oxidation. Meanwhile, the graphene thin
film enhances the conductivity of the sensing interface due to the matching of work functions
between the Ni nanowires and the graphene. The bimetal gate-electrolyte interface with a spacing
of 65 pm forms an electric double layer that effectively avoids ion shielding due to its dimension
being smaller than the Debye length. This configuration significantly amplifies the electrical
signal, thereby enhancing the sensor’s sensitivity. The fabricated EGEDL-FET glucose sensor
demonstrates a wide linear range from 0.05 mM to 5 mM, high sensitivity of 1043 mA pM
cm™2, and a low detection limit of 51 nM. The synergistic effect of the Ni nanowires, graphene
film, and EGEDL-FET configuration results in a highly sensitive non-enzymatic glucose sensor
with excellent selectivity in glucose alkaline solutions containing both chloride ions and potas-
sium ions. These experimental results represent a promising advancement for glucose monitoring
systems, offering improved performance and reliability.

1. Introduction

Diabetes has emerged as one of the fastest-growing chronic diseases in the 21st century, with a significant increase in prevalence
worldwide [1]. This metabolic disorder occurs when the pancreas fails to produce sufficient insulin or the body cannot effectively
utilize the insulin it generates. Over time, the persistent hyperglycemia associated with diabetes can severely damage various bodily
systems, particularly the nerves and blood vessels.

Recent estimates suggest that the global burden of diabetes is staggering and continues to rise at an alarming rate. In 2014, 8.5 % of
adults aged 18 years and older were affected by diabetes. By 2019, the International Diabetes Federation (IDF) reported that 463
million adults were living with diabetes globally, a figure that has increased by 38 million since 2017. Projections indicate that the
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number of people with diabetes will further escalate to 578 million by 2030 and 700 million by 2045.

Type 2 diabetes, which accounts for 90 % of all diabetes cases, is largely preventable and potentially reversible if identified and
managed early in the disease course. However, the increasing prevalence of obesity, driven by multiple factors, has contributed to the
rise in type 2 diabetes worldwide [2]. Preventing and controlling this disease remains an ongoing challenge, as it requires a better
understanding of disparities in risk factor profiles and diabetes burden across populations to inform effective strategies.

The global burden of diabetes extends beyond its high prevalence, as it is a major cause of mortality, morbidity, and significant
health care expenditures. Uncontrolled diabetes can lead to various complications, including microvascular disease, retinopathy,
nephropathy, neuropathy, and macrovascular disease (atherosclerosis), which increase the risk of heart disease, stroke, blindness,
kidney failure, and limb amputation.

Ultimately, Diabetes has emerged as a defining disease of the 21st century, with its prevalence and associated complications
presenting a significant global health challenge. Addressing this epidemic necessitates a multifaceted approach, including population-
based prevention strategies, early identification, and effective management. Prioritizing research and implementing evidence-based
interventions are crucial steps to mitigate the impact of diabetes and enhance health outcomes for affected individuals.

Glucose detection can be achieved through various mechanisms, including thermal [3], optical [4], electrochemical [5], acoustic
[6], and magnetic methods [7]. Among these, electrochemical methods are the most widely researched, involving the enzymatic
oxidation of glucose, which leads to the measurement of electron flow to quantify glucose concentration.

The development of glucose sensors can be broadly divided into three generations. First-generation enzyme-based glucose sensors,
developed by Clark and Lyons, monitor the hydrogen peroxide produced during the glucose oxidase (GOx) catalyzed oxidation process.
Despite poor accuracy due to oxygen consumption, improvements like dual cathodes have been made [8-13]. Second-generation
sensors use artificial electron transfer mediators instead of oxygen, but face issues like poor reproducibility and mediator toxicity
[14]. Third-generation sensors promote direct electron transfer using nanostructures to connect the FAD active center of GOx to the
electrode, reducing interference and enhancing biocompatibility [15-19]. Non-enzymatic glucose sensors employ electrocatalysts
instead of enzymes, addressing limitations of enzymatic sensors like pH range and temperature sensitivity [20]. Current blood glucose
measurement methods involve finger pricks, causing discomfort and failing to provide real-time monitoring. To address these limi-
tations, minimally invasive and non-invasive continuous glucose monitoring (CGM) technologies are being developed, offering
real-time glucose data without repeated finger pricks. These advancements in glucose monitoring aim to improve diabetes manage-
ment and patient quality of life.

In this study, we present the use of high-quality graphene, grown through chemical vapor deposition (CVD), in combination with
nickel nanowires as gate electrode materials for the development of field-effect transistor (FET) sensors with electrical double-layer
gates. The CVD-grown graphene serves a dual function: it acts as a supporting substrate for the nickel nanowires and provides a
conductive pathway that mitigates electron neutralization caused by material defects. Furthermore, in the DMOS FET configuration,
the contact between the N-type channel and the P-type substrate induces spontaneous polarization within the P-type substrate, thus
creating an electric field directed toward the N-type channel. This electric field enhances the attraction of electrons from the N-type
region to the interface, resulting in a substantial accumulation of electrons at this interface, which forms a two-dimensional electron
gas (2DEG) [21,22]. The FET architecture promotes strong spontaneous polarization, leading to the establishment of a
two-dimensional electron density. Additionally, when an external electric field is applied by introducing a positive gate voltage (Vgs >
0), this external influence interacts with the internal electric field generated by spontaneous polarization. This interplay further in-
creases the electron density within the N-type channel as more electrons are drawn into this region. Such interaction not only enhances
carrier mobility but also improves the overall performance of the sensor. Consequently, minor changes in surface potential have a
direct impact on this electron density, which is further amplified by variations in the device current. To effectively convert and amplify
the glucose concentration in the solution into an electrical signal, this study employs an electrical double-layer field-effect transistor
(EDL FET) design. The adjustable electrical double-layer spacing allows precise control of the ion capacitance spacing in the solution,
which can be modulated by the external gate voltage. This approach surpasses the theoretical Debye length limit and lowers the
detection limit [23-26]. The configuration, which utilizes a graphene-nickel nanowire composite material as the gate electrode of the
EDL FET sensor, offers significant advantages for low-concentration glucose detection, achieving both a low detection limit and high
selectivity. This study successfully demonstrates a glucose detection limit as low as 51 nM, along with excellent interference immunity
in environments containing potassium and sodium ions.

2. Material and methods
2.1. Fabrication and characterization of Ni nanowire

The chemicals necessary for the synthesis of nickel nanowires included nickel (II) chloride hexahydrate (NiC12-6H20; 99.9 %),
ethylene glycol (EG; 99.8 %), hydrazine monohydrate (N2H4-H20; 98 %), and poly(vinylpyrrolidone) (PVP; Mw 40,000). These were
sourced from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure deionized water (DI; Millipore water systems) with a resistivity of 18.2
MQ cm™! was utilized throughout the experiments. All chemicals were employed as received, without any further purification.

To synthesize nickel nanowires, we combined 75 pL of a 1 M NiCl; aqueous solution with 15 mL of ethylene glycol (EG) and heated
the mixture to 100 °C. Following this, we carefully added 0.5 mL of hydrazine monohydrate (NyH4-H20) dropwise into the heated
solution. The reaction was allowed to proceed at this temperature for approximately 30 min, during which a dark gray product formed
and floated on the surface.

The resulting product was washed several times with deionized water and absolute ethanol using magnetic decantation. It was then
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Fig. 1. (A) Scanning Electron Microscopy (SEM) image illustrating the deposition of nickel (Ni) nanowires on a metal pad. (B) Energy Dispersive
Spectroscopy (EDS) results pertaining to the Ni nanowires positioned on the metal pad.
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Fig. 2. (A) Scanning Electron Microscopy (SEM) image of a graphene thin film deposited on copper foil. (B) Raman spectroscopy analysis of the
graphene thin film situated on a metal pad.

dispersed in ethanol for subsequent characterization. The synthesized nickel nanowires suspended in ethanol were applied to the
double-electrode metal pad of the extended gate using a micropipette.

For characterization purposes, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were
employed. The SEM images, shown in Fig. 1(A), were obtained with a JEOL JEM6390 SEM (Tokyo, Japan), while the EDS patterns in
Fig. 1(B) were acquired using a Bruker XFlash Detector 4010 (Billerica, MA, USA) integrated into the SEM.

2.2. Fabrication and characterization of graphene thin film

The single-layer graphene employed in the glucose sensor was synthesized on 25 pm thick copper foil using chemical vapor
deposition (CVD). The growth process was conducted within a quartz tube furnace, utilizing methane and hydrogen as precursor gases.
The furnace was heated with a hydrogen flow of 2 sccm under a vacuum of 10 mTorr, maintaining a growth temperature of 1000 °C.
After annealing the copper foil for 40 min to facilitate recrystallization, a methane flow of 35 sccm was introduced, with growth
durations ranging from 30 s to 15 min. Following this, a rapid cooling method (300 °C/min) was applied, with the continuous flow of
methane and hydrogen sustained throughout the cooling process.

To characterize the graphene films on the copper foil, scanning electron microscopy (SEM) was employed. The graphene film was
subsequently transferred to the metal surface of the extended gate using a polymethylmethacrylate (PMMA) coating along with iron
(III) nitrate etching. The transferred graphene film was then further analyzed using Raman spectroscopy.

Fig. 2 (A) presents an SEM image of the graphene grown on copper foil, illustrating visible copper grains, continuous graphene
films, copper surface steps, and graphene wrinkles. Raman spectroscopy was utilized to evaluate the quality and uniformity of the
graphene on the extended gate metal substrates. The Raman spectra shown in Fig. 2 (B), especially the D and 2D bands, provide
detailed insights into defect density and film thickness. The Raman spectrum depicted in Fig. 2 (B) exhibits characteristic features of
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Fig. 3. (A) The entire system comprises a sensor chip, a reader, and a user interface presented on a laptop computer. (B) The sensor chip features
eight individual sensors organized in a 1x8 array. (C) This illustrates a schematic diagram of the Ni nanowires/graphene within the sensing area. (D)
A square wave of gate and drain voltage (20 ms on/20 ms off) is applied to the sensor electrode, with a 100 ms off-state interval.

single-layer graphene: (1) a G-2D intensity ratio of 0.5 and (2) a symmetric 2D band centered at 2680 cm™! with a full width at half
maximum of 26 cm 1. The randomly collected Raman spectra from this area indicate that high-quality single-layer graphene has been
uniformly transferred to the extended gate metal substrate.

2.3. Manufacturing process steps of extended gate chip

The innovative glucose detection platform features a sophisticated sensor chip with gold electrodes, manufactured by STARX Co. in
Taiwan on a printed circuit board (PCB). This sensor chip consists of an array of eight individually addressable sensors arranged in a 1
x 8 configuration. To delineate the sensing area for metal deposition, UV photolithography was employed. The metal layers were
applied using electron beam evaporation, following a sequential structure of 200 A of titanium (Ti), 500 A of gold (Au), 500 A of
platinum (Pt), and 2000 A of gold (Au). Following the metal deposition, the device was passivated with a photoresist layer, and
additional photolithography was utilized to create two open regions on the gold electrodes. One sensing electrode was connected to the
gate terminal of the MOSFET, while the other was linked to the reference electrode, where the gate bias was applied. In this study, we
employed an adjustable-spacing planar electric double-layer structure to enhance the sensitivity of glucose detection. We drew upon
the research conducted by Yi-Ting et al., published in Scientific Reports in 2018 [26], which demonstrated that, at a fixed voltage, the
current gain declines as the distance between the gate electrode and the FET channel increases, until a saturation region is reached.
Within this region, the characteristics of the electric double layer are determined solely by the gate voltage and remain unaffected by
changes in spacing. This behavior is consistent with traditional potentiometric theory, where the sensitivity in this region corresponds
to the theoretical values outlined in the Nernst equation (RT/nF). Furthermore, operating in the linear region, where the current gain
increases as the spacing decreases, allows for sensitivity levels that exceed those predicted by the Nernst equation. With this in mind,
we designed the sensing electrode area to measure 600 pm x 600 pm, with a gap of 65 pm between the two open areas, thereby
establishing the planar electric double-layer spacing at 65 pm. Fig. 3 presents a photograph of the extended gate wafer alongside a
schematic diagram of the measurement device. It features a total of eight channels, enabling simultaneous experimentation to
minimize errors.
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Fig. 4. (A) Variation in drain current of a Ni nanowire-decorated graphene-gated glucose sensor as a function of glucose concentration. (B) Change
in drain current for a Ni nanowire-decorated graphene-gated glucose sensor in response to glucose concentration. (C) Variation in drain current of a
Ni nanowire-decorated gated glucose sensor as a function of glucose concentration. (D) Change in drain current of a Ni nanowire-decorated gated
glucose sensor as influenced by glucose concentration.

2.4. Fabrication of nickel nanowire-graphene composite on extended gate sensor chip

The preparation of nickel nanowire-graphene composite materials on extended gate sensor wafers involves a series of steps.
Initially, a graphene film, grown through chemical vapor deposition (CVD), is transferred onto the substrate. A layer of poly-
methylmethacrylate (PMMA) is then applied to the graphene surface, and the underlying copper film is oxidized to form cuprous oxide.
This oxidation is essential as it minimizes the coupling between the copper and the graphene. Electrolysis in a sodium hydroxide
(NaOH) solution is subsequently conducted to generate hydrogen gas, which facilitates the separation of the graphene from the copper.
Following this, the PMMA/graphene layer is transferred onto the extended gate sensor wafer, and acetone is used to dissolve and
remove the PMMA. To deposit nickel nanowires onto the graphene films, a solution containing nickel nanowires uniformly dispersed in
acetone is applied to the graphene film in the gate area using a micropipette. The samples are then baked in an oven at 150 °C for 40
min, a process that helps remove any excess moisture and promotes van der Waals adhesion of the nickel nanowires to the graphene
film.

3. Results and discussion
3.1. Measurement

In this study, N-channel depletion mode DMOS FETs and extended gate dies were employed as measurement elements. Glucose
solutions of varying concentrations were applied to the sensing electrode area using a micropipette. During the test, a pulse bias

voltage was applied to the reference electrode, and the sensing electrode was connected to the gate of the transistor via the extended
gate. For voltage settings, a drain-to-source voltage of 2V was used, with gate pulse voltages of OV and 3.5V applied for a pulse duration
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Fig. 5. (A) depicts a schematic representation of a metal electrode integrated with graphene and nickel nanowires. The diagram on the right il-
lustrates the role of the graphene layer in enhancing charge accumulation and facilitating the transmission of the electric field. (B) presents a
schematic of a metal electrode composed solely of nickel nanowires. The corresponding illustration on the right indicates that, although electrons
are released during the redox reaction, they become trapped in defects within the nanowire structure. This results in the formation of a partial
reverse electric field, hindering efficient charge distribution.

of 20 ms, and the drain current was measured.

The measurement results are illustrated in Fig. 4. Fig. 4 (A) presents the variations in current over time for glucose solutions of
different concentrations. After allowing the chip to stabilize in a deionized water environment, a solution with a glucose concentration
of 0.05 mM was introduced at the 75-s mark, leading to a rapid increase in current. Subsequently, glucose solutions with concen-
trations of 0.25, 0.5, 2.5, and 5 mM were added sequentially, each causing a proportional rise in sensor current.

Fig. 4 (B) demonstrates the measured drain current as a function of glucose concentration, revealing a linear relationship. This
linear behavior can be attributed to the electrochemical transformation of nickel (Ni) nanowires during the redox reaction with glucose
molecules in an alkaline solution, resulting in the formation of a Ni(OH)2/NiOOH redox couple. This reaction generates a substantial
number of electrons, which, when a gate voltage is applied, polarize the molecules in the solution. This polarization establishes an
electric double layer in the dual-electrode sensing area. The generated charges are rapidly and uniformly transferred through the
underlying graphene to the extended gate metal surface, enhancing the negative charge in the electric double layer (EDL) and thereby
increasing the positive potential (AVg) at the opposite end.

According to the parallel plate capacitor model, the change in gate voltage can be expressed by the equation

AVg=(Ao)d/e

The Gouy-Chapman theory indicates that the increase in surface charge density is directly proportional to the glucose concentration
in the solution. Consequently, changes in the gate bias lead to a linear relationship between the drain-source current and the glucose
concentration.

Based on the results presented in Fig. 4(B), the sensor demonstrates a sensitivity of 3102.7 pA mM-! cm-2 and achieves a detection
limit (LOD) of 51 nM. The LOD was calculated using the formula:

3.30

LOD=—/—-
0 S

where S represents the sensitivity and oo denotes the standard deviation of the lowest measured concentration. The calculated LOD of
51 nM corresponds to approximately 3.07 x 107 ions/m?®.
Additionally, using the Debye length calculation formula:

ks T
ﬁD: SBZ
\/ ng

where ¢, (relative permittivity) of deionized water is 81, we calculated the Debye length to be approximately 194 pm. In contrast, the
metal spacing designed in our experiment is only 65 pm. This result indicates that the proposed planar electric double-layer structure is
capable of effectively transmitting the influence of the applied electric field within this range, thereby mitigating the limitations caused
by charge screening effects on the detection limit.

In a control experiment, nickel nanowires were directly deposited onto the gold surface of the extended gate, without transferring
graphene onto the gate metal. The glucose detection experiment was subsequently repeated. As illustrated in Fig. 4(C) and (D), when
the nickel nanowires come into direct contact with the alkaline solution on the gold surface, the Ni(OH)2/NiOOH redox pair forms on
the surface of the nanowires. However, when this redox pair interacts with glucose molecules in the solution, the released electrons
result in a decrease in the gate potential. Furthermore, the significant difference in work function between the nickel nanowires and the
gold surface inhibits the effective distribution of electrons across the surface. Consequently, while electrons are generated, they are
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Fig. 6. The evaluation of interference resistance for a glucose sensor utilizing nickel nanowire and graphene hybrid electrodes was conducted in the
presence of sodium, potassium, and copper ions.

captured by defects within the polycrystalline structure of Ni(OH)., preventing them from exerting a significant influence on the gate
surface potential. This leads to the formation of a partial back electric field internally, which diminishes the overall potential of the
gate. Therefore, although minor changes in potential can be observed, their magnitude is considerably less than the effects produced by
the nickel nanowires on the graphene film. As illustrated in Fig. 5, when glucose molecules interact with the Ni(OH)2/NiOOH redox
pair, the resulting electrons are rapidly distributed across the graphene film. This efficient distribution enhances the original electric
field, effectively improving the overall sensing performance. This comparative evidence verifies that the graphene and nickel nanowire
composite materials used in this experiment have closely matched work functions and that graphene’s excellent electrical properties
effectively facilitate the charge transfer of electrons generated by the redox reactions of glucose and nickel nanowires. This enhances
the signal amplification, confirming the superior performance of the composite materials in glucose detection.

3.2. Glucose detection mechanism of Ni nanowires and graphene thin film on the extended gate of an electric double-layer field-effect
transistor

The reaction mechanism utilized in this study is outlined as follows:
When Ni nanowires are immersed in an alkaline solution, the hydroxide ions (OH ) induce electrochemical transformation,
forming an active Ni(OH),/NiOOH redox pair on the nanowire surface. This reaction is represented by the equation:

NiO(OH) + H20 + e~ <Ni(OH),+OH™
Simultaneously, glucose molecules are oxidized to gluconic acid by Ni(OH),, as described by the following reaction:
Ni(OH)y+glucose~NiO(OH) + gluconic acid+H " +e~

The amorphous nature of the Ni(OH), layer introduces a high degree of structural disorder and incompleteness, significantly
enhancing the electrochemical efficiency compared to Ni single crystal. However, this amorphous structure also creates numerous
defect centers that easily capture electrons. Due to the small work function of amorphous Ni(OH),, approximately 4.42 eV, a graphene
film with a similar work function (also about 4.42 eV) was utilized in this experiment. This small work function is beneficial for
efficient electron transfer during glucose oxidation. The high conductivity of graphene allows for the rapid dispersion of electrons
generated by glucose oxidation, forming an electron-rich layer on the surface of the extended gate wafer. This affects the original gate
bias voltage and alters the electron channel width in the transistor. The combination of the small work function of amorphous Ni(OH),
and the high conductivity of the graphene film synergistically enhances glucose detection performance. The Ni(OH), layer provides
active sites for glucose oxidation, while the graphene film effectively conducts the electrical signals generated by the redox reaction.
This synergy is critical for the glucose detection mechanism.

This study further investigated the specificity and anti-interference capabilities of glucose detection by selecting sodium ions (Na*),
potassium ions (K*), and copper ions (Cu?) as the primary interference parameters for analysis. Sodium, the predominant cation in
extracellular fluid, plays a vital role in regulating osmotic pressure, fluid balance, and blood pressure. Variations in sodium concen-
tration can significantly affect plasma osmotic pressure and intracellular water movement, particularly under pathological conditions
such as hyperglycemia or dehydration. Conversely, potassium, the primary cation in intracellular fluid, is essential for maintaining
membrane potential and modulating the excitability of nerves and muscles. Abnormal fluctuations in potassium levels can deeply
impact cardiac function and other critical physiological processes, underscoring its clinical importance for monitoring. Copper ions
(Cu?") are vital trace elements necessary for the proper functioning of numerous enzymes. An adult body typically contains
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Table 1
Summary of various techniques used by different research teams for accurately detecting glucose levels.
Detection Method Detection Materials Reference
Limit

Lead ion selective membrane (Pb-ISM) coated AlGaN/GaN HEMT 2 mM AlGaN/GaN high electron mobility transistors ~ [26]
(HEMT)

Nanocomposite of reduced graphene oxide and gold nanoparticles 0.5 mM Reduced graphene oxide, gold nanoparticles [32]

Electrochemical sensor based on hierarchical porous carbon 1uM Hierarchical porous carbon [33]

Flexible and stretchable electrochemical sensors 10 yM Various flexible materials (review) [34]

Electrochemical sensor based on metal-organic framework composite 5 uM Metal-organic frameworks [35]

Review of microfluidic devices for point-of-care testing 50 nM Various microfluidic materials (review) [36]

Electrochemical sensor based on graphene oxide-modified electrode 100 pM Graphene oxide [37]

Review of advances in electrochemical sensors for glucose detection 1M Various electrochemical materials (review) [38]

Review of wearable biosensors for glucose monitoring 20 nM Various wearable biosensor technologies [39]
(review)

Review of advances in electrochemical sensors for glucose detection 5 pM Various electrochemical materials (review) [40]

Electrochemical biosensor based on enzyme immobilization on graphene oxide- 50 pM Graphene oxide, enzymes [41]

modified electrode

Review of recent advances in electrochemical sensors for glucose detection 1uM Various electrochemical materials (review) [42]

Review of nanomaterials for drug delivery 15 nM Various nanomaterials (review) [43]

Review of advancements in electroanalysis of glucose using nanomaterials 0.1 mM Various nanomaterials (review) [44]

nickel nanowire and graphene hybrid electrodes on EDL-FET 51 nM nickel nanowire and graphene hybrid This study
electrodes

approximately 100-200 mg of copper, most of which is bound to ceruloplasmin in the plasma, which carries around 95 % of plasma
copper. Copper plays a significant role in various key biochemical processes, including redox reactions, iron metabolism, and anti-
oxidant defense systems; thus, its stability is crucial for maintaining normal physiological functions. Under normal circumstances, even
during physiological challenges such as dehydration or hyperglycemia, the concentrations of sodium, potassium, and copper in the
body remain stable within predictable ranges. Moreover, compared to glucose, the levels of these electrolytes in sweat and other bodily
fluids are less susceptible to external environmental factors, such as temperature variations or physical activity [27-31]. This con-
sistency in measurement further emphasizes the reliability of sodium, potassium, and copper ions as physiological indicators, even
following exercise or periods of significant sweating.

In this study, we utilized typical concentrations of sodium ions (Na*), potassium ions (K*), and copper ions (Cu®") found in healthy
human blood—5 mM, 140 mM, and 20 pM, respectively—as interference parameters to assess glucose solutions with varying con-
centrations. The findings, depicted in Fig. 6, demonstrate that the glucose sensor, which employs nickel nanowires in conjunction with
graphene as the gate material, exhibits remarkable anti-interference performance.

Table 1 demonstrates that numerous research teams have effectively employed a range of methods to detect glucose concentrations.
These methods encompass non-enzymatic electrochemical techniques, wearable sensor technology, enzyme immobilization electro-
chemical methods, microfluidic technology, and near-infrared spectroscopy, among others. Each of these approaches has yielded
commendable results. In this study, we present an innovative method that integrates nickel (Ni) nanowires and graphene within an
electric double layer and field-effect transistor (FET) structure. This novel approach allows for the development of a glucose sensor that
features rapid response times and a low detection limit.

4. Conclusion

The experimental data from this study reveal that we successfully employed an extended gate wafer featuring a planar dual-
electrode spacing to control the thickness of the electric double layer (EDL). With a spacing of 65 pm, we achieved a detection
limit of 51 nM, corresponding to a Debye length of 194 pm for glucose at this concentration in deionized water. These results confirm
that our proposed structural design enables the glucose sensing element to surpass the theoretical limits established by the Nernst
equation.

In addition, the hybrid electrode structure, composed of nickel nanowires and graphene—both of which possess similar work
functions—significantly enhanced the number of electrons generated from the electrochemical redox reactions of the nickel nanowires
in a weakly alkaline glucose solution. These electrons were effectively distributed across the extended gate metal pad. Driven by the
electric double-layer capacitance effect, the gate surface potential modulated the electron channel width of the field-effect transistor,
ultimately producing an amplified current readout through the transistor.

This innovative sensor design demonstrates high sensitivity, a low detection limit, and excellent linearity across a glucose con-
centration range of 0.05 mM-5 mM. Moreover, the nickel nanowire-graphene hybrid structure showcases remarkable reproducibility
and resistance to interference. By integrating the EGEDL-FET wafer with the nickel nanowire-graphene hybrid electrode, this research
has developed a high-performance glucose sensing platform that effectively overcomes the limitations of the Nernst equation by
utilizing the small electrode spacing of the electric double layer. This advancement significantly contributes to the development of
minimally invasive, non-enzymatic blood glucose monitoring devices.
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