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Noninvasive and Ultrasensitive Glucose
Detection via Electrolyte-Gated 1GZO
Thin-Film Transistors

Chuljin Hwang™, Sungjun Park™, and Dae Yu Kim

Abstract—Diabetes mellitus (DM) requires continuous
glucose monitoring to avoid severe complications, yet con-
ventional blood-based methods are invasive and unsuitable
for frequent application. Tear fluid has emerged as an attrac-
tive alternative due to its noninvasive accessibility and rapid
reflection of systemic glucose levels; however, the ultralow
glucose concentration and complex matrix pose major ana-
lytical challenges. In the current study, we describe an ultra-
sensitive glucose sensor based on electrolyte-gated indium
gallium zinc oxide thin-film transistors (IGZO-EGTFTs) func-
tionalized with glucose oxidase (GOx). Stepwise surface
modification was verified by atomic force microscopy (AFM)
and contact angle analysis. The sensor exhibited a detection
limit of 1 zM from a 1-uL sample, a linear range of 1 zM
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to 1 mM (R? = 0.993), and stable performance over 30 days. High selectivity against common tear interferents was
also observed. These findings establish IGZO-EGTFTs as a promising platform for noninvasive and reliable tear-based

glucose monitoring at the point of care.

Index Terms— Electrolyte-gated thin-film transistor (TFT), glucose sensor, indium gallium zinc oxide electrolyte-gated

TFT (IGZO-EGTFT), metal oxide (MOx) sensor.

[. INTRODUCTION

IABETES mellitus (DM) is a chronic metabolic disorder
Dthat poses a significant threat to global health [1], [2].
Inadequate glycemic control can result in acute hypoglycemic
episodes and elevate the risk of long-term complications,
underscoring the critical need for accurate and timely glucose

Received 27 January 2026; accepted 30 January 2026. Date of
publication 19 February 2026; date of current version 14 May 2026.
This work was supported in part by the National Research Foundation
of Korea (NRF) under Grant RS-2018-NR031065, Grant RS-2024-
00460600, and Grant RS-2025-00559359; in part by Korea Institute
for Advancement of Technology (KIAT) through Korean Government
[Ministry of Trade, Industry and Energy (MOTIE)] (HRD Program for
Industrial Innovation) under Grant RS-2022-K1002581; and in part by
the BK21 Four Program through the Ministry of Education (MOE,
Korea). The associate editor coordinating the review of this article and
approving it for publication was Dr. Sunipa Roy. (Corresponding authors:
Sungjun Park; Dae Yu Kim.)

Chuljin Hwang is with the Department of Electrical and Com-
puter Engineering, Center for Sensor Systems, Inha University,
Incheon 22212, Republic of Korea (e-mail: aki@inha.ac.kr).

Sungjun Park is with the Department of Electrical and Computer
Engineering, Ajou University, Suwon 16499, Republic of Korea (e-mail:
sj0223park@ajou.ac.kr).

Dae Yu Kim is with the Department of Electrical and Computer
Engineering, Center for Sensor Systems, Inha Research Institute for
Aerospace Medicine, Inha University, Incheon 22212, Republic of Korea
(e-mail: dyukim@inha.ac.kr).

This article has supplementary downloadable material available at
https://doi.org/10.1109/JSEN.2026.3661008, provided by the authors.

Digital Object Identifier 10.1109/JSEN.2026.3661008

monitoring [3], [4]. Currently, glucose measurement relies on
strip-based glucometers, which require intermittent capillary
blood sampling via multiple daily finger pricks [5], [6], [7].
While these devices are commonly used, they are invasive and
may cause discomfort and carry risks, such as local infection
and tissue damage, particularly for individuals with impaired
wound healing. Such drawbacks often contribute to reduced
patient compliance [8], [9]. These issues have prompted the
advancement of noninvasive glucose sensing platforms to
enable real-time, blood-free monitoring and improve patient
comfort and usability.

For noninvasive glucose monitoring, alternative biological
fluids, such as saliva [10], [11], urine [12], [13], sweat
[14], [15], and tears [16], [17], have been explored. Tears,
in particular, have garnered significant interest due to their
ease of collection, minimal discomfort during sampling,
relatively low infection risk, and rapid glucose responsive-
ness attributed to the “plasma leakage” phenomenon [18],
[19], [20]. Although a quantifiable correlation between blood
and tear glucose concentrations has been established, glucose
levels in tear fluid are approximately 30-50 times lower than
those in blood [18], [21], [22], [23]. These ultralow concen-
trations underscore the critical need for highly sensitive and
robust sensing technologies capable of accurately detecting
glucose concentrations within tear fluid.

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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To address this challenge, metal oxide (MOXx) semiconduc-
tor thin-film transistors (TFTs) have emerged as a promising
sensing platform for biomolecular detection due to distinct
features, including signal amplification, scalable fabrication,
and chemical stability [24], [25], [26], [27], [28], [29]. Among
the various MOx materials, zinc oxide (ZnQ), indium tin
oxide (ITO), indium zinc oxide (IZO), and indium gallium
zinc oxide (IGZO) have been extensively investigated as
potential active channel materials for electrolyte-gated biosen-
sors, each offering distinct electrical properties. ZnO exhibits
high intrinsic carrier mobility but is often affected by grain-
boundary variability inherent to its nanocrystalline structure.
In contrast, ITO and IZO demonstrate greater susceptibil-
ity to electrolyte-induced ion diffusion, which can lead to
interfacial charge screening and increased electrical noise
during electrolyte-gated sensing [30], [31]. IGZO, with its
amorphous channel architecture, provides enhanced elec-
tronic uniformity and robustness in aqueous environments,
supporting stable, reproducible electrical signal transduction
[32], [33]. Leveraging these material-level advantages, IGZO-
based electrolyte-gated TFTs (EGTFTs) have garnered sig-
nificant attention for their stability in aqueous environments,
low-voltage operation (<1 V), rapid transient response, high
ON/OFF current ratio, simple surface functionalization, and
the capacity to amplify and convert biological signals into
measurable electrical outputs [34], [35], [36], [37], [38].

For instance, Bhatt et al. [39] developed an IGZO-based
electrolyte-gated field-effect transistor (EGFET) for prostate-
specific antigen (PSA) detection. In this device, anti-PSA
antibodies were immobilized on the IGZO surface using a
3-aminopropyltriethoxysilane (APTES)-glutaraldehyde (GA)
linkage, and a concentration-dependent decrease in drain
current was observed across a range from 1 pg/mL to
10 ng/mL in phosphate-buffered saline (PBS). Additionally,
Zhang et al. [40] reported an IGZO-based FET biosen-
sor functionalized with a paperclip-shaped nucleic acid
probe, facilitating label-free detection of single-nucleotide
polymorphisms in severe acute respiratory syndrome coro-
navirus 2 RNA. This sensor enables rapid identification of
viral variants within 15 min, achieving a detection limit of
0.03 copies uL~! and discrimination accuracy of 97.1% in
simulated clinical samples.

However, quantitative glucose detection in tears remains
challenging due to the presence of multiple biomolecules,
such as B-casein, dopamine (DA), uric acid, albumin, and
lactoferrin, which may interfere with selectivity. Furthermore,
the limited tear volume available for analysis and rapid fluctu-
ations in glucose concentration caused by evaporation impose
additional constraints on sensor sensitivity. These challenges
underscore the need for sensing platforms with ultrahigh sen-
sitivity, rapid response, and high specificity to enable accurate
detection of trace glucose levels from small volumes of tear
fluid.

This study presents the development of a glucose sen-
sor utilizing IGZO electrolyte-gated TFTs (IGZO-EGTFTs)
functionalized with glucose oxidase (GOx) for ultrasensitive
and real-time glucose monitoring. The sophisticated surface
functionalization process was investigated using atomic force

microscopy (AFM) and water contact angle (WCA) mea-
surements. Collectively, the findings of this study underscore
the potential of IGZO-EGTFTs as a powerful platform for
noninvasive, tear-based glucose monitoring.

II. MATERIALS AND METHODS

A. Materials

Indium nitrate  hydrate [In(NO3)3-xH>O], gallium
nitrate hydrate [Ga(NOs3)3-xH,O], zinc acetate dihydrate
[Zn(CH3COO0)2-2 H20], and 2-methoxyethanol were
purchased from Sigma—Aldrich (St. Louis, MO, USA) and
used without further purification. Human serum albumin
(HSA; A1653), human lactoferrin (L.1294), D-(4)-glucose
(G7528), GOx from Aspergillus niger (G7141), B-casein
from bovine milk (C6905), and bovine serum albumin
(BSA; 10 775 835 001) were also purchased from Sigma-—
Aldrich (St. Louis, MO, USA). Moreover, 3-APTES and GA
were purchased from Sigma-Aldrich and stored in a dry,
ventilated place. PBS was purchased from Samchun (Seoul,
South Korea) and used as the electrolyte medium. Deionized
(DI) water (18 MQ cm, 25 °C) was used throughout.
Polydimethylsiloxane (PDMS) prepolymer (Sylgard 184 A)
and curing agent (Sylgard 184B) were obtained from Dow
Corning (Shanghai, China).

B. IGZO Precursor Synthesis

The IGZO precursor solution was prepared by dissolving
In(NO3)3-xH70, Ga(NO3)3-xH,0, and Zn(CH3COO);-2H,0O
in 2-methoxyethanol to a final concentration of 0.1 M and
at an In:Ga:Zn molar ratio of 0.1:0.15:0.0275, with stirring
at 60 °C for 4 h. The resulting solution was filtered using a
0.2-um hydrophobic polytetrafluoroethylene (PTFE) syringe
membrane before use.

C. Fabrication Process

IGZO-EGTFTs were fabricated on heavily boron-doped
silicon wafers featuring a 300-nm thermally grown, SiO;
insulating layer. The source and drain (S/D) electrodes were
patterned using conventional photolithography, followed by
sequential deposition of titanium (10 nm) and gold (50 nm)
via electron-beam evaporation. Prior to active layer deposition,
the substrate surface was treated with oxygen plasma (Femto
Science, Korea) at 100 W for 10 min to enhance wettability.
The IGZO channel layer was formed by spin-coating a
sol-gel-derived IGZO precursor solution at 4000 r/min for
30 s, followed by thermal annealing at 400 °C for 1.5 h to
produce a densified oxide semiconductor. The IGZO layer
was patterned using photolithography and wet etching to
define the active region. Epoxy-based SU-8 3008 was used
for passivation, leaving only the sensing area exposed. The
detailed fabrication process is presented in Fig. S1.

D. Surface Functionalization for Detecting Glucose

The IGZO surface was first treated with oxygen plasma
(60 W, 1 min) to introduce hydroxyl groups, increasing
surface hydrophilicity. For silanization, a 10% (v/v) APTES
solution in ethanol was prepared and vortexed for 3 min.
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The IGZO substrate was immersed in the solution for 17 h,
rinsed with DI water, and dried under nitrogen flow. This
process introduced amine (—NHj;) functional groups onto
the IGZO surface. Subsequently, the APTES-modified IGZO
surface was functionalized with a GA solution by drop-casting,
enabling covalent linking of aldehyde groups with IGZO sur-
face amines. For enzyme immobilization, GOx was dissolved
in PBS at 10 mg/mL and vortexed for 2 min until fully
dissolved. The GA-functionalized IGZO surface was incubated
in the GOx solution to allow covalent immobilization via
Schiff base formation.

E. Surface Characterization

Surface morphology and chemical composition were eval-
vated using AFM and WCA measurements. AFM imaging
was performed in noncontact mode using an NX10 system
(Park Systems, Republic of Korea), equipped with a probe
featuring a resonance frequency of 330 kHz and a spring
constant of 42 N/m. Images were acquired across a5 x 5 um
scan area to evaluate nanoscale surface features.

Surface wettability was characterized by WCA measure-
ments. A 10-uL droplet of DI water was placed on the sample
surface, and side-view images were captured using a digital
camera (Ace 2000-165 pm, Basler, Germany). Contact angles
were calculated using ImagelJ, and the results were averaged
across three independent measurements. All measurements
were performed at 25 °C and 30%—35% relative humidity.

F. Electrical Characteristics

For electrical characterization of the IGZO-EGTFTs, PBS
was used as the liquid gate electrolyte. A CHI111 Ag/AgCl
reference electrode (RE; CH Instruments) with a 1-M KCl
inner filling was used as the gate electrode, immersed in a
20-uL  electrolyte droplet on a single cell contain-
ing 20 EGTFTs within a 1.5 x 1.5 cm? area. All potentials
referenced the Ag/AgCl electrode. Electrical measurements
were performed at room temperature using a Keithley 2602B
dual-channel source meter (Keithley, Cleveland, OH, USA)
with a sweep rate of 1000 mV/s under ambient conditions
in a dark box. After each measurement cycle, the device
was thoroughly rinsed with DI water and dried under a
nitrogen flow. The normalized response (NR) of the sensor
was calculated using the following equation:

NR = Ip—1Io 1)
Io

where Ip and Ip are the drain currents of the IGZO-EGTFTs
before and after treatments, respectively.

Il1. RESULTS AND DISCUSSION

A. Surface Characterization

Fig. 1(a) illustrates the sequential surface functionalization
steps employed to immobilize GOx on the IGZO substrate for
glucose detection. The functionalization process began with
oxygen plasma treatment to introduce hydroxyl groups on the
IGZO surface, followed by silanization using APTES as the
first crosslinker, which formed covalent Si—O-Si bonds with
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Fig. 1.  Surface functionalization of the IGZO surface for glucose
detection. (a) Schematic illustration of the stepwise surface function-
alization process and (b) corresponding AFM images for enzyme
immobilization on the 1GZO surface: hydroxyl group generation via
oxygen plasma treatment; silanization with 3-APTES as the first
crosslinker; GA treatment as the second crosslinker; and subsequent
immobilization of GOx. (c) Height distribution profiles extracted from
AFM data. (d) Static WCA measurements and photographs showing
changes in surface wettability through each surface functionalization
step.

surface —OH groups, generating a self-assembled monolayer
with terminal amine groups. Subsequently, GA was used as
the second crosslinker to react with the surface amine groups
of APTES, introducing aldehyde functionalities that served as
anchoring points for enzyme immobilization. Finally, GOx
was covalently attached via Schiff base formation between
aldehyde groups and the enzyme’s lysine residues, resulting
in a stable and bioactive sensing interface [41].

To investigate each step of the surface functionalization
process, AFM and WCA measurements were sequentially
performed. The IGZO surface exhibited smooth and compact
morphology, with a root mean square (rms) roughness (Rq)
of approximately 0.181 nm [Fig. 1(b)]. Following APTES
treatment, the Rq increased to 0.255 nm, indicating successful
organosilane monolayer formation. Subsequent GA function-
alization introduced additional molecular crosslinkers, further
increasing the surface roughness to 0.314 nm. Upon GOx
immobilization, granular features became apparent, and the
Rq markedly increased to 7.602 nm, representing a 7.288 nm
increase over the APTES/GA-modified surface, indicating
substantial enzyme immobilization. These trends were further
supported by height distribution profiles from AFM analysis
[Fig. 1(c)], which exhibited a gradual shift and broadening
in surface roughness through each modification step, most
notably after GOx immobilization. This provides strong evi-
dence of a controlled and progressive surface functionalization
process.

The surface wettability before and after functionalization
was evaluated by WCA measurements [Fig. 1(d)]. The IGZO
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Fig. 2. Electrical characteristics of IGZO-EGTFTs. (a) Schematic illus-
tration of the device structure under liquid-gated conditions, showing the
measurement configuration with the electrolyte and Ag/AgCl reference
electrode. (b) Transfer characteristics (Ipg versus Vgg) measured at
Vps = 0.5V (Vgs = —0.5-1 V). The device shows the typical n-type
behavior with a subthreshold slope (SS) of 66.8 mV/dec. (c) Output
characteristics (Ipg versus Vpg) curves of the IGZO-EGTFT at gate
voltages ranging from 0 to 1 V in 0.2 V increments. (d) Counterclock-
wise hysteresis curve between the forward and backward gate voltage
sweeps.

surface exhibited moderate hydrophilicity, with a contact angle
of 51.6°, which increased to 67.9° after APTES functional-
ization. This increase was primarily attributed to the reduced
surface polarity resulting from nonpolar alkyl silane groups.
After GA treatment, the WCA decreased to 55.8°, consistent
with previously reported values for GA-modified surfaces [37].
Following GOx immobilization, the WCA decreased slightly
to 54.4°, indicating enhanced surface hydrophilicity. This
change was attributed to the presence of polar functional
groups, including hydroxyl, carboxyl, and amino groups,
as well as hydrophilic moieties exposed on the enzyme layer.

B. Electrical Characterization of IGZO-EGTFTs

The IGZO-EGTFTs adopted a top-gate/bottom-contact
structure [Fig. 2(a)]. The device featured an IGZO channel
partially patterned and exposed between the Au source and
drain electrodes on a Si substrate, with a channel width
and length of 200 and 10 pm, respectively (W/L = 20,
Fig. S2). An Ag/AgCl RE was immersed in the electrolyte
covering the IGZO channel to apply the gate voltage during
operation. The applied gate bias induced ionic accumulation
near the IGZO-electrolyte interface, leading to electric dou-
ble layer (EDL) formation comprising compact inner and
outer Helmholtz layers. Due to its nanometer-scale thick-
ness, the EDL exhibits high capacitance, enabling strong gate
coupling and effective device modulation at low operating
voltages [42], [43].

Before evaluating the glucose detection capacity of IGZO-
EGTFTs, their intrinsic n-type transistor characteristics were
examined. The transfer (Ip versus V) characteristics of
IGZO-EGTFT revealed exceptional on/OFF current ratios
(Ion/Toff) exceeding 1010 at Vg from —0.5t0 1 V [Fig. 2(b)].

Additionally, the consistent gate-controlled transfer character-
istics were maintained across drain voltages (Vp = 0.1-0.5 V;
Fig. S3). The output characteristics exhibited a linear region
below the pinch-off voltage, indicating ohmic contact between
the IGZO channel and Au source/drain electrodes [Fig. 2(c)].
Moreover, the transfer curves under forward and reverse
gate sweeps exhibited negligible counterclockwise hysteresis
[Fig. 2(d)]. This suggested that interfacial and bulk trap states
in the IGZO layer remained electrically stable at the applied
gate voltage sweep rate.

To evaluate electrical performance across devices, the
transconductance (gm), subthreshold swing (SS), and thresh-
old voltage (Vty) were extracted from the transfer curves of
20 devices (Fig. S4). The average maximum gm, SS, and Vg
were 3.896 mS, 66.187 mV/dec, and 0.120 V, respectively,
demonstrating consistent switching behavior and reliable gate
modulation.

Furthermore, operational stability under prolonged electrical
bias was evaluated by monitoring the drain current (Ipg) as
a function of time under fixed bias conditions (Vgs = +1 V
and Vps = 4+0.5 V). Ips remained relatively constant over a
continuous measurement interval of 103 s (Fig. S5), demon-
strating the robustness of the IGZO channel with no observable
current degradation. This period of demonstrated stability
sufficiently encompasses the typical settling time required for
reliable signal acquisition in biosensing measurements, thereby
supporting its suitability for practical sensing operations [44].

C. Sensitive, Real-Time, and Selective Glucose
Detection

To evaluate the feasibility of IGZO-EGTFTs for glucose
detection, sensing mechanisms and electrical characterization
were evaluated, including sensitivity, selectivity, and real-time
operation. The IGZO-EGTFT glucose sensor operates based
on a cascade of biochemical and electrochemical reactions
that transduce glucose concentration into an electrical signal
[Fig. 3(a)]. GOx, covalently immobilized on the surface of the
IGZO channel, catalyzes D-glucose oxidation to D-glucono-
1,5-lactone and hydrogen peroxide (H;0O») in the presence of
molecular oxygen, as indicated in the following equation:

D-Glucose — D-Glucono — 1, 5 — lactone + H,O».
(2

The generated H»O, is then electrochemically oxidized
under an applied gate voltage at the gate—electrolyte interface,
producing proton ions and electrons [45]

H, — 2H" + 0y 4 2¢™. 3)

Proton concentration increases the regulation of the local
electrostatic environment at the interface between the elec-
trolyte and IGZO surface, modulating the surface potential.
This change, driven by glucose-dependent enzymatic proton
generation, induces a shift in threshold voltage, which is
transduced into a measurable change in drain current [46].
This mechanism was experimentally verified by evaluating
the electrical response of IGZO-EGTFTs under controlled pH
environments, simulating the effect of proton accumulation.
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sensor. (a) Schematic illustration of the sensing mechanism for glucose
detection using the IGZO-EGTFTs. (b) Transfer curves of the device at
each functionalization step: IGZO, 3-APTES treatment, GA treatment,
and GOx-immobilization on the IGZO surfaces. (c) Calibration curve of
drain current (/p) versus glucose concentration (1 zM—1 mM) in 0.01x
PBS, showing high linearity (Ff2 = 0.9928). (d) Overview of sensing
performance, including the LOD and detection range for various sensors
based on polymer and MOx transistors, summarized from the data in
Table S1.

Decreasing the pH from 8 to 4 induced a progressive negative
shift in threshold voltage, indicating increased carrier density
of the IGZO channel due to enhanced surface protonation
[Fig. S6(a)]. To evaluate the stability of this proton-mediated
modulation, threshold voltage shifts were applied over multiple
pH cycling steps, demonstrating a fully reversible and consis-
tent response [Fig. S6(b)]. For statistical validation, the same
pH cycling protocol was applied to 20 independent devices,
demonstrating reproducible electrostatic behavior.

Fig. 3(b) presents the representative transfer characteristics
of the IGZO-EGTFTs in accordance with sequential surface
functionalization with APTES (first crosslinker), GA (second
crosslinker), and GOx. At each functionalization step, a pro-
gressive decrease in drain current and a positive shift in
threshold voltage were observed. These electrical shifts were
attributed to the chemical reaction between the IGZO surface
and the immobilized molecules, which modulate the interfacial
charge environment. This consistent trend supports the suc-
cessful stepwise assembly of functional layers through surface
chemical reactions.

After surface functionalization, the IGZO-EGTFT sensor
was assessed for its glucose detection capabilities. The device
demonstrated a linear response in NR values across the
1072121073 M concentration range, displaying a strong cor-
relation with glucose concentration [R%Z = 0.9928; Figs. 3(c)
and S7]. To benchmark analytical performance, the limit

range [Fig. 3(d), Table S1].

The ultralow LOD of the IGZO-EGTFT sensor is attributed
to three key design features. First, the wide IGZO channel
(200 x 10 um) provides an enlarged sensing interface, increas-
ing the probability of molecular interactions. Second, elec-
trolyte gating enables direct surface potential modulation at
the IGZO-electrolyte interface, where protons from enzymatic
glucose oxidation modulate the channel current, allowing
high sensitivity even in microliter-scale samples. Third, the
sophisticated surface functionalization for immobilizing GOx
on the IGZO channel ensures that even minute concentrations
of glucose can trigger detectable proton generation.

The selectivity of the IGZO-EGTFT glucose sensor
was evaluated by monitoring the NR values in real time
following sequential additions of glucose and common tear
components, such as B-casein, DA, BSA, uric acid, HSA,
and lactoferrin [47], [48], [49], [50]. The sensor exhibited
negligible responses to all interfering species, while its NR
values changed in a glucose concentration-dependent manner
[Fig. 4(a)].

To further assess its practical utility for continuous glu-
cose monitoring, real-time drain current measurements were
performed under sequential glucose addition in vitro. In this
experiment, the drain current (Ips) was continuously moni-
tored under fixed source—drain (Vps) and gate (Vgs) voltages
as glucose was incrementally introduced into the electrolyte
[Fig. 4(b)]. Ips exhibited stepwise increases that corresponded
with higher glucose concentrations ranging from 1 zM to
1 mM.

Finally, the long-term stability of the sensor was evaluated
after immobilizing GOx. The NR value was measured in glu-
cose solutions every five days over a 30-day period. Between
measurements, the sensors were stored under controlled con-
ditions to preserve the IGZO surface integrity and enzymatic
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activity. After 30 days, the sensor retained 92.91% of its
initial NR values, demonstrating good stability (Fig. S8). This
performance was attributed to the robust GOx immobilization
on the IGZO surface, which maintained enzymatic activity
during storage.

Additionally, sensor reproducibility was assessed across
seven independently fabricated IGZO-EGTFT devices func-
tionalized with GOx over 30 days. The RSD for 1-mM glucose
was 3.94%, demonstrating excellent reproducibility (Fig. S9).
Collectively, these results demonstrate that the IGZO-EGTFT
sensor represents a reliable platform for sustained and precise
glucose detection under practical usage conditions.

IV. CONCLUSION

In summary, an ultrasensitive, real-time glucose sensor was
developed based on IGZO-EGTFTs. Comprehensive surface
characterization using AFM and WCA measurements verified
the uniform immobilization of APTES, GA, and GOx on the
IGZO surface, establishing a robust sensing interface. The
sensor achieves an ultralow LOD of 1 zM and a wide linear
detection range from 102! to 1073 M (R?> = 0.9928),
surpassing the performance of previously reported glucose
sensors. Additionally, the sensor exhibits good stability over
time, making it a viable option for consistent and depend-
able glucose sensing in real-world applications. Furthermore,
it enables reliable sensing in microliter-scale sample volumes,
highlighting its compatibility with tear fluid-based glucose
monitoring. Finally, the sensor demonstrates long-term oper-
ational stability over 30 days without noticeable degradation
in detection accuracy, further demonstrating its potential as a
robust tear glucose sensor.

Collectively, this study not only demonstrates highly
sensitive, reliable, and quantitative glucose detection but also
offers a promising diagnostic approach for noninvasive glucose
monitoring and early intervention in diabetes management,
supported by stable operation in complex biological
environments and under minimal sample conditions.
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