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ABSTRACT: Dry eye disease (DED) is a common disorder characterized by
unstable tear film homeostasis. Its symptoms range from foreign body
sensations to pain and fluctuations in visual function. Current diagnostics
include physical examination and ocular surface imaging. Matrix metal-
loproteinase-9 (MMP-9) in tears correlates with clinical signs of DED;
however, because of the limited sample volume, quantitative and real-time
detection of MMP-9 is a significant need, complicated by the biochemical
complexity of tears. We developed an ultrasensitive, real-time MMP-9 sensor
based on electrolyte-gated indium−gallium−zinc oxide thin-film transistors
(IGZO-EGTFTs), capable of analyzing submicroliter sample volumes. The
sensor surface was functionalized at the nanoscale to improve the binding
capability of the aptamer, achieving a limit of detection of 1 fg/mL. The sensor demonstrated excellent reproducibility over a
dynamic detection range spanning 8 orders of magnitude up to 100 ng/mL (10−7 g/mL), which was consistent with the clinical
range of DED patients. Additionally, the sensing performance remained stable for up to 4 weeks, highlighting its potential for future
commercial applications. The MMP-9 concentration in human tear samples could be determined by the developed sensor in real
time with high sensitivity, which provides promising diagnostic tools for early detection, progression assessment, and timely
treatment of DED.
KEYWORDS: indium−gallium−zinc oxide sensor, electrolyte-gated thin-film transistor, dry eye disease, matrix metalloproteinase-9 sensor,
IGZO-EGTFT

1. INTRODUCTION
Dry eye disease (DED) is a common disorder characterized by
disrupted tear-film homeostasis. Its etiology involves tear-film
instability, hyperosmolarity, ocular surface inflammation, and
neurosensory abnormalities.1 DED symptoms include severe
pain and fluctuations in vision, which can significantly reduce
quality of life.2−5 The global incidence of DED ranges from 5
to 50%, with approximately 16 million patients in the U.S. and
0.4−3.7 billion patients worldwide.6−8 Current diagnostic
methods include measuring tear film breakup time (tBUT),
fluorescein or lissamine green staining of the cornea and
conjunctiva, and the Schirmer test. However, all of these have
low specificity and interobserver variability,9−12 complicating
assessment.13 The absence of a gold-standard test impairs
diagnostic accuracy;14 Therefore, identifying objective and
measurable biomarkers is essential for improving DED
diagnostic accuracy, prevention, and treatment.
The matrix metalloproteinases (MMPs) are a family of

proteolytic enzymes that play crucial roles in physiological and
pathophysiological tissue remodeling. In vertebrates, 25 family
members have been identified, with 22 present in humans.15,16

Among these, MMP-9 is secreted by the corneal epithelium,
with its concentration in tears showing strong correlations with

DED symptoms.17 Elevated MMP-9 levels compromise
corneal epithelium barrier function, leading to ocular surface
inflammation.18 These findings indicate that the concentration
of MMP-9 in the tear fluid can serve as a useful biomarker for
diagnosis, prognosis, and treatment of DED.19

InflammaDry (Quidel Eye Health, San Diego, CA, USA) is
the only US Food and Drug Administration-approved test
specifically designed to detect both active and latent MMP-9 in
tears.20 The test provides a binary result indicating whether the
MMP-9 concentration exceeds 40 ng/mL, achieving 85%
sensitivity and 94% specificity.21 However, it does not measure
precise MMP-9 concentrations, making it less useful. The
measurement does not merely depend on the band density
related to tear volume (>20 μL) but also incubation time for
the chemical reaction.22 In addition, the test lines are read by
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the unaided human eye, reducing accuracy. An enzyme-linked
immunosorbent assay (ELISA) is a second method for the
quantification of MMP-9; however, it also has shortcomings
such as poor repeatability, low sensitivity, long incubation time,
and dependence on fluorescent labeling skills, particularly
important for early DED diagnosis.23−26

Electrolyte-gate thin-film transistors (EGTFT) based on
metal-oxide semiconductors have potential as alternative test
platforms for detecting MMP-9. Their high electrical double-
layer (EDL) capacitance formed at the electrolyte-semi-
conductor interface facilitates sensitive and rapid detection at
low operating voltages below 1 V. The low operating voltage
prevents water electrolysis and ensures stable operation in
aqueous environments, achieving a high signal-to-noise ratio in
multiple biological solutions, including tears, urine, and
serum.27−30 As a metal-oxide sensing layer, IGZO has attracted
considerable attention owing to its high electrical mobility,
rapid transient response, large current on/off ratio, chemical
stability, and large-area process at relatively low temper-
atures.31−35 Furthermore, the surface of IGZO can be readily
functionalized using conventional organosilane-based chem-
istry and cross-linking reactions forming a stable biochemical
interface.36 Such surface functionalization facilitates efficient
immobilization of biorecognition elements such as enzymes,
antibodies, and aptamers on the IGZO surface allowing direct
and sensitive transduction of specific biological interactions
into amplified electrical signals.37,38 For example, Chae et al.39

demonstrated the repeatability and stability of IGZO-EGTFTs
as biological sensing platforms to detect α-synuclein in
electrolyte solutions. Monoclonal antibodies were employed
as bioreceptors, achieving quantitative detection of α-synuclein
from 10 fg/mL to 1 ng/mL.

However, quantitative and real-time detection of MMP-9 for
the accurate diagnosis of DED remains a significant challenge
due to the limited tear volume and the extremely low
concentration of MMP-9. Furthermore, as highlighted in a
recent review,40 the biochemical complexity of tear fluid, which
includes lipids, immunoglobulins, proteins, mucins, and ions,
can interfere with clinically reliable, label-free, and selective
detection. These challenges can be addressed by optimizing
nanoscale surface functionalization to enhance target recog-
nition efficiency and by integrating bioreceptors directly at the
solid−electrolyte interface to improve detection specificity and
stability. Collectively, these approaches enable real-time
detection which is particularly important for measuring
transient inflammatory changes in DED and supporting timely
diagnosis as well as treatment assessment.
In this study, we developed a label-free and real-time MMP-

9 sensor based on IGZO-EGTFTs for the ultrasensitive and
quantitative detection of MMP-9 in human tears (Scheme 1).
Through precisely controlled surface modification, the surface
of IGZO was functionalized to facilitate the stable covalent
immobilization of aptamers. The specific binding interaction
between MMP-9 and the immobilized aptamers on the IGZO
surface significantly enhanced the sensitivity of the sensor,
achieving an impressively low detection limit of 1 fg/mL with
high specificity using an ultralow sample volume of 1 μL
(substantially lower than the 100 μL typically required in
conventional ELISA assays.). Additionally, the MMP-9 was
detected in real-time across a broad linear range from 1 fg/mL
to 100 ng/mL (R2 = 0.996) MMP-9 with long-term stability
(up to 4 weeks), which was satisfied with the clinical range for
DED patients. The performance and reliability of sensors were
further validated using undiluted tear samples collected from
DED patients and cross-verified against results obtained from

Scheme 1. Design Concept of MMP-9 IGZO-EGTFT Sensora

a(a) Representation of the ocular surface composition and MMP-9 in tear film; (b) schematic diagram of developed sensors based on the IGZO-
EGTFTs for detecting MMP-9 in human tear samples.
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commercially available InflammaDry kits. Hence, it is expected
that proposed sensors have the potential to serve as point-of-
care devices, enabling assessment of inflammation severity and
ultimately facilitating early detection and timely treatment for
DED patients beyond simple diagnosis.

2. MATERIALS AND METHODS
2.1. Reagents and Materials. Indium nitrate hydrate (In

(NO3)3·xH2O), gallium nitrate hydrate (Ga (NO3)3·xH2O), and
zinc acetate dehydrate (Zn (CH3COO)2·2H2O) precursors were
purchased from Sigma−Aldrich (St. Louis, MO, USA) and used
without further purification. Human serum albumin (A1653), human
lactoferrin (L1294), D-(+)-glucose (G7528), glucose oxidase from
Aspergillus niger (G7141), β-casein from bovine milk (C6905), human
lysozyme (L1667), bovine serum albumin (10775835001), fetal
bovine serum (F9665), and human recombinant MMP-9 (SAE0077)
were also purchased from Sigma−Aldrich (St. Louis, MO, USA).
Moreover, APTES was purchased from Sigma−Aldrich and stored in
a dry, ventilated place.
PBS and anhydrous ethanol were purchased from Samchun

Chemical Co. (Seoul, South Korea). All other reagents and solvents
were of analytical grade. Deionized (DI) water (18 MΩ cm, 25 °C)
was used throughout. PDMS prepolymer (Sylgard 184A) and curing
agent (Sylgard 184 B) were purchased from Dow Corning Co., Ltd.
(Shanghai, China).
2.2. Aptamers. MMP-9 (5′- Phosphate-TTT TTT TTT TCG

TAT GGC ACG GGG TTG GTG TTG GGT TGG-3′) and
scrambled (5′-Phosphate-TGG TTG TTT GTT TGC CGT TGG
AGG TCT TTG TGT TGG ATG-3′) aptamers, both 5′-
phosphorylated, were purchased from Bionics (Seoul, South Korea)
and purified via high-performance liquid chromatography. They were
diluted in DI water to 5 μM, heated to 95 °C for 5 min, and cooled to
room temperature for 30 min. Aptamer secondary structures were
predicted using the RNAfold web server (http://rna.tbi.univie.ac.
at).41

2.3. Aptamer-Binding Assays by Enzyme-Linked Aptamer-
Based Sandwich Assay (ELASA). Binding assays were performed
using a commercial MMP-9 ELISA kit (ElabScience, Houston, TX,
USA) according to the manufacturer’s instructions. The kit’s biotin-
conjugated antibody was replaced with an MMP-9 aptamer or
scrambled aptamers to confirm binding affinity. Briefly, 100 ng/mL
MMP-9 was added to antibody-coated 96-well plates and incubated
for 90 min at 37 °C. Then, 5 μM MMP-9 aptamer, scrambled
aptamer, or PBS solution per well was added and incubated for 1 to 4
h at room temperature. After washing four times with PBS,
fluorescence intensity was measured using a Synergy HTX plate
reader (BioTek, Winooski, VT, USA) and fluorescence micrographs
were captured with a DP74 digital camera paired with an AX70
microscope (Olympus, Tokyo, Japan).
2.4. Preparation of IGZO Precursor. In (NO3)3·xH2O, Ga

(NO3)3·xH2O, and Zn (CH3COO)2·2H2O M at a molar ratio of
0.1:0.15:0.0275, respectively, with a total concentration of 0.1 M,
were mixed in 2-methoxyethanol as an IGZO precursor. The solution
was stirred at 60 °C for 4 h, then filtered through a 0.2 μm
hydrophobic polytetrafluoroethylene membrane syringe filter to
remove precipitates before use.
2.5. Fabrication of IGZO-EGTFT. Sensor substrates were

prepared by thermal oxidation of a 300 nm-thick layer of silicon
dioxide on heavily boron-doped Si wafers. Source and drain electrodes
were fabricated using a combination of 5 nm titanium and 50 nm gold
metal using via e-beam evaporation and photolithography. Before
spin-coating the IGZO precursor solution onto the Si wafer, an
oxygen plasma treatment was performed at 100 W for 10 min to
transform the hydrophobic surface into a hydrophilic one. Wafers
were spin-coated at 4000 rpm for 30 s, followed by annealing the
coating layers at 400 °C for 1.5 h to form a dense metal-oxide-
semiconductor layer. The IGZO thin film was patterned using
conventional photolithography and wet-etching processes. The final
sensor was passivated using epoxy-based SU-8 3008, except for the

patterned IGZO thin film. To evaluate film thickness, cross-sectional
micrographs were acquired using a focused ion beam (Helios 5 UX,
Thermo Fisher Scientific).
2.6. Surface Characterization. Morphologies were assessed

using AFM, WCA measurements, and FT-IR. AFM images were
acquired with an NX 10 (Park systems, Republic of Korea) in
noncontact mode using a scanning probe with a resonance frequency
of 330 kHz, a spring constant of 42 N/m, and a scan range of 5 μm.
Hydrophilicity was evaluated by WCA measurements; 10 μL DI water
was dropped on the center of the surface, followed by side-view
photography using a digital camera (Ace acA2000-165um, Basler
Cameras, Germany). Images were processed using ImageJ software.
Mean contact angles were obtained from three distinct measurements.
All samples were maintained at 25 °C and 30−35% humidity. The
ATR mode was used for FT-IR analyses (Vertex 80v, Bruker,
Germany) in the range of 1500−4000 cm−1, with scanning resolution
of 1 cm−1 and a scan number of 32.
2.7. Electrical Characterization. All sensor measurements were

made using a submerged Ag/AgCl reference electrode (RE)
(CHI111, Qrins, South Korea) as a gate electrode in an electrolyte
solution. I−V characteristics were measured for all IGZO-EGTFTs
using a Keithley 2612 B dual-channel source meter, under ambient
conditions in a dark box. The normalized response (NR) of the sensor
was calculated using eq 1:

=
| = =

| = =
I I I V V

I V V
NR

( ) 1 V, 0.5 V
1 V, 0.5 V

D 0 0 G D

0 G D (1)

where IO and ID are the drain currents of the IGZO-EGTFTs before
and after treatments, respectively, which were ATPES treatment,
aptamer immobilization, and MMP-9 recognition.
2.8. Human Participants and Samples. Tear samples were

collected from 31 participants with DED. A corneal specialist (K. S.
Na) examined the ocular surface using a slit-lamp microscope. Tear
film instability is a key factor in DED diagnosis, with a tBUT < 5 s
generally observed in patients with DED; tBUT was measured by
placing sodium fluorescein paper at the lower tarsal conjunctiva.
Patients were asked to blink, with time before the defect appeared in
the stained tear film measured and recorded using a stopwatch. Means
of three measurements were used. Exclusion criteria were: any
inflammatory disease not associated with dry eyes; ocular trauma or
surgical history within the previous year; pregnancy; diabetes;
hypertension; rheumatologic, hematologic, and respiratory diseases;
systemic infection; or any other significant systemic disease.
Tear samples were collected following topical anesthesia with 0.5%

proparacaine hydrochloride eye drops (Alcaine, Alcon), with approval
from the Institutional Review Board of Yeouido St. Mary’s Hospital
(SC24TISI0099). Informed written consent was obtained from all
participants after providing detailed information about the study
objectives, procedures, potential risks, and voluntary nature of
participation. All procedures involving human subjects were
conducted in accordance with the Declaration of Helsinki and
applicable institutional and national ethical guidelines.
A bonded 2.0 × 10 mm polyester fiber rod (Transorb wicks,

Filtrona, Richmond, VA, USA) provided by Professor Yong Woo Ji
(Yongin Severance Hospital, Yonsei University College of Medicine,
Yongin, Republic of Korea) was used to collect tears by placing it on
the tear-film meniscus of the lower-lid margin of each eye for 5 min,
without ocular contact or irritation. Samples were placed into
sterilized 1.5 mL microcentrifuge tubes (MCT-150-C, Axygen) and
clarified at 15,000 × g for 20 min at 4 °C. Samples were stored at −70
°C. MMP-9 levels were assessed using the InflammaDry test kit
(Quidel Eye Health, San Diego, CA, USA). The same samples were
used to quantify MMP-9 using the sensor.
2.9. Statistical Analysis. Differences were evaluated using one-

way analysis of variance following equal variances using Tukey’s and
Duncan’s tests for cross-validation. Probability (p) values indicating
significance are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001.
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3. RESULTS AND DISCUSSION
3.1. MMP-9 Sensor Design and Electrical Character-

izations. Figure 1a shows a photograph of the IGZO-EGTFT
sensor. Sol−gel IGZO was employed as a channel material for
its high current driving capability, excellent manufacturability,
good size scalability, and cost effectiveness.42−45 The source
and drain (S/D) electrodes were patterned under the IGZO
channel, with a large width-to-length ratio (200 μm/10 μm) to
boost channel current modulation. The fabricated device is
comprised of 20 thin-film transistors (TFTs) in 15 × 15 mm2.
Polydimethylsiloxane (PDMS) was integrated into the
EGTFTs to avoid any leakage during electrical measurement;
it also stabilized the potential while maintaining a consistent
volume of electrolyte solution. Subsequently, a Ag/AgCl RE
was positioned in the electrolyte solution as a gate electrode to
prevent the formation of an EDL.
Figure 1b shows optical micrographs of the IGZO channel

layer and the S/D electrodes. SU-8 was used to passivate the
IGZO channel layer after it was selectively exposed within an
active area of 2000 μm2 through conventional photo-
lithography. This passivation prevents short circuits caused
by direct interaction between the electrolyte and S/D
electrodes. Figure 1c shows cross-sectional scanning electron
microscopy showed that thin IGZO channel layer with a
thickness of 20−25 nm formed uniformly on the substrate.
A top-gate bottom-contact configuration was employed to

prevent direct contact between the S/D electrodes and
electrolytes as shown in Figure S1. The operational voltage

(from −0.5 to 1 V) applied to the Ag/AgCl RE caused ion
migration from the electrolyte toward the IGZO channel layer,
changing the electronic charge at the interface between them.
This accumulation of charges forms an EDL consisting of a
compact inner and outer Helmholtz layer with nanometer-
scale thickness, yielding an exceptionally high capacitance (6.2
μF/cm2).46 A more detailed description of the fabrication
process is presented in Figure S2.
Key sensor parameters were evaluated in phosphate-buffered

saline (PBS) solution. Figure 1d,e show representative transfer
and output curves, respectively, providing the basis for
subsequent experimental design. From the transfer curve,
drain currents (ID) were monitored over gate voltages (VG,
−0.5 to 1 V) at a constant drain voltage (VD, 0.5 V) using an
Ag/AgCl RE for solution gate biasing. Impressive n-type
electrical characteristics were observed at low operational
voltages, including an on/off current ratio of 108, a
transconductance of 3.97 mS (Figure 1f), a subthreshold
swing of 65.77 mV/Dec (Figure 1g), and a threshold voltage
(VTH) of 0.17 V (Figure 1h). A small clockwise hysteresis cycle
(Figure S3) was observed across >50 devices within narrow
distributions.
Another crucial parameter of this sensor is its stability in

biological solutions. Figure S4 shows dynamic plots of ID as a
function of VG from 0.2 to 1 V with a constant VD of 0.5 V, in
which changes in electrical characteristics after 103 s of
recording were negligible. This demonstrates the biological
robustness of the IGZO channel layer. This duration aligned

Figure 1. Electrical characteristics of IGZO-EGTFT using PBS solution. (a) Photograph showing the measurement setup of IGZO-EGTFTs
fabricated on the silicon substrate (a total of 20 devices were fabricated in 15 × 15 mm2). (b) Optical microscopy image of the IGZO-EGTFTs.
The IGZO channel layer and an SU-8 passivation are deposited on the au electrode (source and drain) for electrical isolation. The dimensions of
the IGZO channel layer are 200 × 10 μm. (c) Cross-sectional scanning electron microscopy (SEM) image of solution-processed IGZO channel
under optimized process conditions. (d) Transfer characteristics (ID vs VG) measured at VD = 0.5 V (VG = −0.5−1 V), and (e) output
characteristics (ID vs VD) of the IGZO-EGTFTs (at VG = 0, 0.2, 0.4, 0.6, 0.8, and 1 V). Statistical distribution of (f) maximum transconductance
(defined as gm = ΔID/ΔVG), (g) subthreshold swing (S.S.), and (h) threshold voltage in PBS solution.
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with the crucial settling period required for accurate detection
of biological analytes in potential applications.47 Finally, to
verify reproducibility across different fabrication conditions,
IGZO-EGTFTs were fabricated in three independent batches,
and devices were characterized at multiple positions on each 6-
in. wafer. As shown in Figure S5, the transfer curves remained
highly consistent regardless of spatial location or batch,
demonstrating excellent uniformity and reproducibility of
electrical performance on a large-area scale.
3.2. Operational Mechanism of MMP-9 Sensors.

MMP-9 contains a signal peptide, a propeptide domain, a
catalytic domain, and a flexible hinge region Figure 2a.48 An
aptamer with a major DNA sequence (5′-Phosphate-TTT
TTT TTT TCG TAT GGC ACG GGG TTG GTG TTG
GGT TGG-3′) was selected as the bioreceptor to specifically
target MMP-9.49 To control for nonspecific interactions,
scrambled aptamers with randomized DNA sequences (5′-
Phosphate-TGG TTG TTT GTT TGC CGT TGG AGG
TCT TTG TGT TGG ATG-3′) of the same length were used
(Figure 2b). Figure 2c illustrates 3-aminopropyltriethoxysilane
(APTES) surface functionalization and aptamer immobiliza-
tion. Chemical modification with APTES induced a con-
densation reaction between silane siloxane groups and
hydroxyl groups generated on the IGZO surface by oxygen
plasma treatment. To develop an aptamer-based sensing
interface, modified with a 5′ phosphate, was covalently
bound on the APTES-functionalized IGZO surface. To further
elucidate the sensing mechanism, we noted that, in the
presence of MMP-9, the aptamer underwent a specific
conformational change into a compact G-quadruplex structure
(Figure S6).50 This conformational change caused the

negatively charged phosphate backbone of the aptamer to
move closer to the IGZO channel surface, thereby increasing
the negative charge. This mechanism is especially effective in
physiological environments including PBS and tear samples,
where the high ionic strength results in a short Debye length
(∼1 nm).51 As a result, the potential at the interface between
electrolyte and IGZO channel decreases not only leading to a
shift in the effective VTH and a modulation of the channel
current but also providing a label-free indicator of MMP-9
concentration.
3.3. Surface Analysis of MMP-9 Sensors. To evaluate

surface functionalization and recognition of MMP-9, atomic
force microscopy (AFM), water contact angle (WCA),
Fourier-transform infrared (FT-IR) spectroscopy, and
ELASA were used. Figures 3a(i)−(iv) and S7 present the
AFM images and height histograms of the IGZO surface
microstructures, respectively. The pristine IGZO has a surface
roughness (Rq) of ∼0.11 nm (Figure 3b). Following
modifications with APTES and aptamer, Rq increased to 0.28
and 0.48 nm, respectively, because of the introduction of silane
and aptamer molecules. This Rq increase is comparable with
those reported in similar studies.52 After drop-casting the
MMP-9 solution, the Rq dramatically increased to 4.06 nm,
reflecting an increment of 3.58 nm from the Rq measured in
the absence of MMP-9, indicating that the aptamer and MMP-
9 form complexes with obvious cluster structures.
Figure 3c and Table S1 show WCA data for the pristine

IGZO surface, APTES treatment, aptamer immobilization, and
direct recognition of MMP-9. The pristine IGZO surface
exhibited a mean WCA of 52.45°. Following APTES
treatment, this value increased to 64.99°, which can be

Figure 2. Design of aptamers sequence and operational mechanism. (a) Structural illustration of the domain structures and motifs of MMP-9. (b)
The Illustration showing a sequence of MMP-9 and scrambled aptamer. Scrambled aptamer was used to verify the selectivity of MMP-9 sensors.
(c) Surface functionalization steps to detect MMP-9 involving hydroxylation of the IGZO surface via oxygen plasma, APTES cross-linking
treatment, immobilization of a specific aptamer as a bioreceptor, and direct recognition of MMP-9 in the electrolyte. In the presence of MMP-9, the
aptamer-MMP-9 complex undergoes a conformational change and moves close to the IGZO sensing layer, leading to quantitative shifts in channel
current. The presence of MMP-9 dramatically shifted the transfer curve in a positive direction.
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attributed to enhanced hydrophobicity after amine-terminated
surface modification. The WCA further increased to
approximately 72.85° after the immobilization of the aptamer.
This was likely due to the hydrophobic carbon chain of the
aptamer as well as consistent with prior studies using aptamers
for surface functionalization.47,48 Conversely, the WCA was
significantly reduced to 44.91° upon MMP-9 introduction.
This decrease can be attributed to hydrophilic functional
groups, such as carboxyl and amino groups within the
polypeptide chain of MMP-9, increasing surface hydro-
philicity.53,54

FT-IR spectroscopy was performed to confirm surface
functionalization (Figure 3d). After APTES treatment, a strong
absorption peak corresponding to the deformation mode of the
amine group was present at 1568 cm−153, confirming the
presence of silane with a free amine group. Stretching
vibrations of −CH3 and −CH2 at 2953 and 2847 cm−154,
respectively, corresponded to the APTES backbone, consistent

with its deposition on the IGZO surface. These peaks were
consistently observed across all APTES concentrations ranging
from 1 to 10% (Figure S8). Given that aptamers are synthetic
nucleic acids, the peaks observed at 1450−1750 cm−1 on the
aptamer-functionalized surface indicate the presence of
heterocyclic compounds, providing additional evidence for
covalent coupling between the aptamer and the surface. These
peaks correspond well with previously reported DNA
signatures for all four bases.55−58 Following MMP-9 recog-
nition, two peaks (1659 and 3550 cm−1) were significantly
reduced. The former can be attributed to the stretching
vibration of the C�O bond,59 whereas the latter is associated
with the combination vibration of the NH2 bonds.

60

For further validation of recognizing MMP-9, an enzyme-
linked aptamer-base sandwich assay (ELASA) was performed
using an aptamer targeting MMP-9.49 A scrambled aptamer
with a randomized DNA sequence of the same length was used
to control nonspecific interactions. Initially, both aptamers

Figure 3. Surface analysis of functionalized IGZO surface. (a) The AFM surface morphologies for the surface functionalization on the IGZO
surface. The AFM morphology scans (5 × 5 μm) acquired in noncontact mode of (i) pristine IGZO, (ii) APTES treatment, (iii) aptamer
immobilization, and (iv) recognition of MMP-9. (b) Surface roughness changes according to the surface functionalization process obtained by
analyzing AFM results. (c) Water droplets contact angles and (d) Fourier transform infrared (FT-IR) spectra according to surface functionalization
including pristine IGZO, treatment APTES, immobilization of aptamer, and recognition of MMP-9. Based on the specific surface condition. (e)
Schematic showing experimental strategy to determine aptamer-MMP-9 complex using enzyme-linked aptamer-based sandwich assay (ELASA). (f)
Fluorescence intensity depends on formation of the aptamer-MMP-9 complex.
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were labeled with the green 6-fluorescein phosphoramidite dye
at their 3′ ends. Figure 3e illustrates the ELASA design. A 96-
well microplate was precoated with human anti-MMP-9
antibodies. After introducing the MMP-9 and scrambled
aptamers, strong fluorescence intensity was detected with
only the former, indicating the formation of aptamer-MMP-9
complexes (Figure 3f). In summary, all experimental results
indicate that the IGZO surface was functionalized by APTES,
the aptamer in sequence, and the detection of MMP-9
successfully.
3.4. Sensor Sensitivity, Selectivity, Stability, and

Reproducibility. Transfer curves (ID−VG) were measured
after each surface functionalization step, (Figure 4a). First, the
amino groups (−NH2) of the APTES-deposited IGZO surface
easily absorbed hydrogen ions (H+) from the electrolyte,
leading to a change in ID. Following the covalent binding of the
aptamer to APTES, the transfer curve exhibited a positive shift
because the negatively charged nucleotide phosphates
modulated the charge density on the functionalized surface,
consistent with previous studies.61 This trend was further

confirmed by the positive shift in VTH (Figure S9). Although
aptamers had a high affinity for target recognition,
experimental conditions, including aptamer concentration
and response time needed to be optimized to reduce the
influence of unreacted active sites. Therefore, the NR value
was measured over aptamer concentrations of 1−15 μM for
reaction times of 1−3 h. Although aptamers have a high
capacity for target recognition, experimental conditions,
including concentration and response time, need to be
optimized to reduce the influence of unreacted active sites.
For this purpose, the NR values were measured at various
aptamer concentrations ranging from 1 to 15 μM for different
reaction times from 1 to 3 h. As demonstrated in Figure S10,
the NR value decreases significantly with increasing aptamer
concentrations and stabilizes at 5 μM. In addition, 3 h is the
optimal reaction time for surface functionalization with the
aptamer, as shown in Figure S11. These findings suggest that
under the optimized conditions, all APTES active sites on the
IGZO surface can be covalently bound with the aptamer.
Considering the difficulty in collecting large volumes of tears, it

Figure 4. Electrical characteristics of the IGZO-EGTFT for detecting MMP-9. (a) Transfer characteristics of the IGZO-EGTFTs following APTES
treatment, MMP-9 aptamers immobilization, and recognition of MMP-9 at a linear scale in PBS solution. The inset shows the transfer
characteristics at the logarithmic scale. (b) Transfer characteristics with various concentrations of MMP-9 at the linear scale in PBS solution. The
inset shows a wide detection range and the linear response for MMP-9 concentrations from 1 fg/mL to 100 ng/mL. (error bars represent standard
deviation, Total N = 144). (c) Overview of the sensing performance including a limit of detection (LoD) and detection ranges for several types of
MMP-9 detecting techniques based on the data provided in Table S2. (d) Real-time measurement of serially diluted MMP-9 concentration in a
range of 1 fg/mL−100 ng/mL with aptamer-immobilized IGZO-EGTFTs. (e) Selectivity tests of the MMP-9 sensors to normal interference,
including phosphate buffered saline (PBS), human, bovine serum albumin (HAS), bovine serum albumin (BSA), fatal bovine serum albumin
(FSA), lysozyme, glucose oxidase from Aspergillus niger (oxidase), β-casein, lactoferrin, and glucose. *** indicates “significant, (p < 0.001)”, N.S
indicates “non-significant.” (f) Long-term stability of sensors toward 100 ng/mL of MMP-9. After immobilizing aptamers, the sensors are stored in
sealed vacuum tubes at room temperature for 4 weeks.
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was essential to determine the minimal sample volume; as it
was reduced from 3 to 1 μL, NR value exhibited negligible
changes. Further decreasing sample volume from 1 to 0.5 μL
decreased NR value significantly from −0.426 to −0.335
(Figure S12). Therefore, we conclude that 1 μL is the
minimum sample volume for accurate detection and
minimizing false-negatives.
To determine the sensitivity of the sensor, the response of

IGZO-EGTFTs to varying MMP-9 concentrations was
experimentally evaluated. Transfer curves were recorded over
concentrations of 1 fg/mL−100 ng/mL at a constant VD of 0.5
V (Figure 4b). The inset shows a linear relationship between
NR value and the logarithm of MMP-9 concentration with a
correlation coefficient (R2) of 0.996. The fitted equation had
errors of −0.047 ± 0.00107 and −0.745 ± 0.01354 in the slope
and intercept, respectively. A significant change in NR value
was observed at 1 fg/mL and a theoretical limit of detection
(LoD) of 1 fg/mL was also inferred from the sensitivity plot.
Instead of applying the conventional 3σ/S method, we adopted
a practical definition of LoD as the lowest concentration that
produced a clearly distinguishable sensor response from
baseline variations.
Consequently, our IGZO-EGTFT sensor exhibited an

exceptionally low LoD of 1 fg/mL and a broad detection
range of 1 fg/mL−100 ng/mL which outperformed the
established methods reported in the literature (Figure 4c and
Table S2). Figure 4d shows the change in NR values of the

IGZO-EGTFTs for the real−time monitoring of MMP-9 in
PBS solution. The input voltage of the IGZO-EGTFT is biased
at VG = 1 V and VD = 0.5 V, and the drain current is measured
over time while the analyte ion concentration is varied from 1
fg/mL to 100 ng/mL. The observed decrease stepwise in NR
values with increasing MMP-9 concentration aligns with the
expected operational mechanism of IGZO-EGTFT for MMP-9
detection.
A key feature of an effective sensor in a clinical setting is its

selectivity in the presence of structurally similar interfering
biomolecules. To evaluate the selectivity of the IGZO-EGTFT
sensor, the NR value and transfer curves (ID−VG) were
measured in the presence of potential interfering proteins,
including human serum albumin, bovine serum albumin, and
fetal bovine serum. Electrical characteristics were measured in
the presence of PBS, glucose oxidase from Aspergillus niger
(oxidase), β-casein, glucose, and other biomarkers relevant to
DED diagnosis, such as lactoferrin and lysozyme (Figure
4e).62−66 Notably, our sensor exhibited a statistically significant
decrease in NR (ΔI/I0 = −0.426) in response to MMP-9,
whereas no significant changes in NR value were observed with
any of the other biomolecules; negligible VTH shifts were
observed in transfer curves (Figure S13). While these results
provide strong evidence of sensor selectivity, future works
include comparative testing with purified MMP isoforms such
as MMP-2 and MMP-7. These studies help our understanding
of the structural specificity of the aptamer for target

Figure 5. Validation for the MMP-9 sensors using human tear samples of dry eye patients. (a) Electrical measurement of the MMP-9 sensors to
tear samples acquired from dry eye patients (error bars represent standard deviation, Total N = 31). Correlation between the detecting levels of
MMP-9 and tBUT in our (b) sensors (c) or InflammaDry test kit. The slope in each graph represents the reactivity of MMP-9 proteins, which
shows that the sensitivity of the sensor is superior than that of the InflammaDry test kit. (d) Comparison of the sensitivity using MMP-9 sensors
and InflammaDry test kit based on clinical severity of tBUT 5 s. * indicates “significant, (p < 0.05)”, N.S indicates “non-significant.”; grade 0:
negative, grade 1: trace positive, grade 2: weak positive, grade 3: positive, grade 4: strong positive.
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recognition and enhance the potential utility of the aptamer in
various clinical settings.
Finally, the sensor was tested after storage in sealed vacuum

tubes at room temperature for 1−4 weeks after aptamer
immobilization. As shown in Figure 4f, the sensor retained
96.7% of its initial performance at an MMP-9 concentration of
100 ng/mL after 4 weeks of storage. This stability can be
attributed to the excellent biocompatibility of the IGZO
channel and coating stability. Sensor reproducibility was
investigated using seven different devices modified with
aptamers over 4 weeks. As shown in Figure S14, the relative
standard deviation was 3.95% for 100 ng/mL MMP-9,
indicating good reproducibility. These findings underscore
the applicability of the sensor in clinical applications.
3.5. Clinical Validation. The consistency, accuracy, and

overall diagnostic ability of the developed sensor were
compared with those obtained from the commercial
InflammaDry test. Figure 5a shows NR value measured
directly using human tears collected from 31 participants
with DED (Table S3).
The correlation between tBUT and the measured MMP-9

concentration reveals that the NR level decreases as the tBUT
is shortened. Specifically, the NR value drops below zero when
the tBUT is less than 10 s, indicating that the IGZO-EGTFT
sensing results reflect the degree of compromise in tear film
stability (Figure 5b). In contrast, MMP-9 levels sensed by the
InflammaDry test kit remained relatively consistent regardless
of the decreased tBUT, typically ranging between 2 and 3
(Figure 5c). These results suggest that the IGZO-EGTFT
sensor has higher sensitivity than the commercial diagnostic kit
to small changes in tear-film stability, consistent with superior
diagnostic capabilities.
In order to assess DED severity, NR values measured by the

sensor and the ratings obtained by the test kit were analyzed
(Figure 5d) for cases in which tBUT was either below or above
the threshold (5 s). The sensor exhibited markedly strong
responses to MMP-9 at tBUTs of <5 s. Conversely, for patients
with tBUTs >5 s, the response of the sensor was considerably
weak. However, the commercial diagnostic kit failed to show a
significant grading difference between the two groups. These
findings demonstrate that our IGZO-EGTFT sensor has
excellent sensitivity for the detection of MMP-9, particularly
in patients with severe dry eye symptoms. Therefore, the
IGZO-EGTFT sensor can accurately detect disease pro-
gression and the severity of DED based on the sensitive
detection of MMP-9 concentration.

4. CONCLUSIONS
In summary, we developed an ultrasensitive and real-time
MMP-9 sensor based on sol−gel IGZO-EGTFTs. The IGZO
surface was functionalized via multiple steps, and the involved
binding chemistry was investigated using WCA, FT-IR, AFM
and ELASA. By optimizing the experimental design, the
aptamer specifically detects MMP-9, leading to stable and
reliable electrical responses that were proportional to the
MMP-9 concentration. This precise molecular interaction
between the aptamer and the MMP-9 provides a detection
limit of 1 fg/mL with a sensitivity of 47.12 μA/decade as well
as a broad linear detection range from 1 fg/mL to 100 ng/mL
(R2 = 0.996). The sensor tracked variations in MMP-9
concentration dynamically, with negligible responses to
interferents or nonspecific biomolecules. Finally, we confirmed
long-term performance stability over 4 weeks without accuracy

degradation, highlighting its potential as a proficient MMP-9
sensor. Therefore, the present study not only demonstrates
high-quality, reliable, reproducible, and quantitative data on
MMP-9 detection from human tears but also provides precise
diagnostic solutions for early detection and timely treatment of
DED.
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