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Abstract

Retinopathy of prematurity (ROP) is a dreadful eye condition and is considered as leading cause
of blindness in children around the globe. Lack of timely and appropriate treatment for this ocular
condition leads to abnormal development of retinal blood vessels and progression to the severe
stage ROP, resulting in irreversible blindness. Based on our previous studies that identified matrix
metalloproteinases (MMPs) to be potential tear biomarkers, herein we are demonstrating that the
increased levels of MMP-9 in tears can help in ROP risk prediction. A biochip integrated with
vanadium disulfide nanowires (VS,NWs) and resistance measurement circuitry for quantitative
analysis of MMPs was established. The biochip fabrication process was optimized using a hybrid
central composite design (CCD)-support vector regression (SVR) method resulted in an enhanced
signal amplification of the sensor output (AR/R). The 30 preterm tear samples (10 healthy, 10 mild
ROP and 10 severe ROP) were collected across the neonatal care units, and the tear MMPs were
analyzed by the VS,NW-based biochip and commercial ELISA kits. The VS,NW biochip showed
a similar inclination for the expression of MMP-2 and MMP-9 as seen using the commercial
ELISA kits and exhibited an AUC of 0.9778 on the external test set, with 100% sensitivity and
96.67% specificity. This study proved the reliability of the VS,NW biochip platform to identify
ROP tear biomarkers and screen high-risk ROP babies in a quick and non-invasive manner.
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| Introduction

Preterm-born infants are at risk of developing retinopathy of prematurity (ROP),
characterized by neovascularization and neuroinflammation leading to blindness. About
10% to 18% of preterm infants born annually in high-income countries and up to 40%

in low- and middle-income countries develop ROP, with approximately 18% of affected
infants suffering from substantial vision loss [1], [2]. Preterm infants diagnosed with plus
ROP, as marked by the growth of abnormal blood vessels on a partially avascular retina,
are treated with laser therapy and/or anti-VEGF (Vascular Endothelial Growth Factor)
therapy [3]. Currently available treatments for ROP focus mainly on reducing the disease’s
progression. Moreover, preterm infants who develop ROP are at greater risk for secondary
eye conditions such as retinal detachment, glaucoma, strabismus, myopia, and amblyopia.
It is also very unpredictable, as not every preterm infant develops ROP. Therefore, it is
necessary to identify the onset of ROP in the infants at an early stage, long before it

is clinically apparent, by assessing molecular markers from non-invasive ocular fluids.

IEEE Sens J. Author manuscript; available in PMC 2026 April 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ghosh et al.

Page 3

Recent advancements in the development of electrochemical biosensors [4], [5], [6], [7], [8],
florescence-based sensors [9], [10], [11], surface plasmon resonance (SPR)-based biosensors
[12], [13], [14] and colorimetric sensors [15], [16] represent a cutting-edge approach for
non-invasive monitoring of biomarkers in tear fluids for real-time and continuous health
monitoring. A point-of-care diagnostic tool for ROP demands accurate tear-analyte detection
in a very small volume, high measurement accuracy, excellent stability, and sensitivity. For
this purpose, chemiresistive biosensors [17], [18], [19], [20], [21] detecting tear biomarkers
serves as an ideal solution due to its simple design, low cost, rapid response, easy integration
with Internet of Things (IoT) systems for remote sensing and data collection, and detection
range for very low concentrations of analytes.

Our lab has previously reported several ECM remodelling proteins, particularly MMP-2

and MMP-9, being involved in ROP pathogenesis that can potentially serve as a tear
biomarker since their expression varies at different stages of disease development and
progression [22], [23], [24]. While assaying the tear in ROP is not an established and routine
clinical practice for disease diagnosis, however, there are several reports, including those

by our group and others from the literature, that explored the potential benefit of assaying
tears for early ROP management [19], [20], [21]. Clinically increased inflammation and
angiogenesis in the eye can change or alter the tear film’s protein expression, and monitoring
these changes in the tear can help monitor the ROP regression and progression [22];

[23]. We have previously [25] reported a chemiresistive biosensor for MMP-9 detection

in human tear fluids that demonstrated excellent biosensor performance, such as a wide
linear range of operation of the MMP-9 concentration and a very low sub-femto level

of target MMP-9 detection. However, the biosensor suffered from poor sensor output
response, limiting its resolution and thereby moderate detection accuracy in actual human
tears. Vanadium disulfide (VS,) nanowires were selected as the chemi-resistive sensing
element owing to their unique combination of metallic conductivity, high surface reactivity,
and structural compatibility with functionalization. Unlike semiconducting transition metal
dichalcogenides (e.g., MoS,, WS») [25], VS, exhibits metallic electronic behavior, which
ensures efficient charge transport and low contact resistance, thereby enabling rapid and
sensitive signal transduction [26], [27], [28]. The nanowire morphology further enhances the
surface-to-volume ratio, providing abundant edge sites and defect states that facilitate strong
analyte adsorption and surface redox interactions [24], [29]. Compared to graphene, which
often requires additional functionalization to introduce reactivity [30], VS, intrinsically
offers chemically active vanadium and sulfur sites that readily interact with target molecules.
Moreover, the sulfur-rich surface allows facile anchoring of thiol-, amine-, or biomolecule-
based probes, supporting selective biosensing [31], while the material has demonstrated
favorable biocompatibility for integration into bio-interfaces. Collectively, these attributes
render VS, nanowires a superior chemi-resistive sensing platform compared to other 2D
materials or nanowires.

Though the utilization of ohmic vanadium disulfide nanowires has presented outstanding
prospects of highly sensitive and selective biosensors, the lack of a systematic approach
towards biosensor design restricts its full capability towards the determination of bio-
analytes in human tears. Sequential surface modifications over the nanomaterial surface
are essential for the successful immobilization of antibodies [26]. These layer-by-layer
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modifications are nothing, but the chemical treatments subjected to the nanomaterials,
ultimately leading to the effective immobilization of antibodies that are functional, stable,
and optimally oriented on the sensor surface [27]. The concentration of nanomaterial ink,
concentration and incubation time of linker molecules and antibodies, pH of the target
analyte solution, and target analyte solution incubation time are the multiple factors involved
during the biofunctionalization process [28], [29]. The One Factor at a Time (OFAT) and
Trial and Error (TAE) methods are straightforward approaches encompassing the variation
of one independent variable while keeping others constant to assess its effect on the sensor
performance [30]. This time-consuming repeated experiment execution is resource-intensive
and insufficient understanding of the comprehensive multifactorial relationships creates
narrow design search space thereby providing suboptimal results. For efficient exploration
of design space, more structured computational methods like design of experiments (DoE),
machine learning (ML) models, and high-throughput parallel screening are essential for
effective experimental design in biosensor development [31].

The unforeseen improvement in the biosensor performance has been observed with the
application of Response Surface Methodology (RSM) to the biosensor design and has been
increasingly reported in the literature [32], [33], [34]. The Central Composite Design (CCD)
has been employed to optimize the design parameters of a florescent miRNA biosensor

for cancer diagnosis and exhibited hybridization signal amplification [35]. Another work
[36] stated the optimization of padlock probe-based colorimetric bioassay for the detection
of G12D KRAS mutation using Plackett-Burman Design (PBD) and RSM. The influence
of a systematic experimental approach, increasing the sensitivity and peak current of

the analyte, was observed with the development of a cysteamine-linked Fe304@Au
nanocomposite-based voltametric biosensor for the trinitrotoluene (TNT) detection [37].
The CCD-RSM technique was reported in another work [38] to optimize the surface
functionalization method, boosting the sensitivity of a gold nanoparticles/silicon nanowires-
based electrochemical biosensor detecting dengue virus DNA oligomers. The RSM
technique can adequately model quadratic systems; however, many biosensors’ processes
might demonstrate more complex, nonlinear relationships that are not well-captured by

a quadratic polynomial model [39]. This limitation can be overcome using ML models

that have higher efficiency in dealing with high-dimensional spaces, modelling complex
and non-linear relationships accurately, and providing more robustness to noise present

in the system. Herein, in this study, a CCD and ML-assisted design framework has been
developed utilizing a genetic algorithm to provide optimized input factor values to maximize
the sensor output signal. Further, the developed chemiresistive tear biochip exhibited an
ultra-low limit of detection (LOD) of 0.556 pg/mL, demonstrating its ability to quantify
MMP-9 concentration far below the clinically relevant concentration range associated with
inflammatory risk in preterm infants. The sensor displayed a broad dynamic range from

1 pg/mL to 50 ng/mL, effectively covering both the normal physiological levels and

the elevated concentration range (>10-15 ng/mL) correlated with increased risk of ROP
progression. Importantly, the test requires less than 2 L of tear fluid, aligning with the
limited tear volume available in neonates and enabling minimally invasive sampling. The
combination of sub-picogram sensitivity, physiologically relevant detection range, and low
sample volume requirement confirms the suitability of this biochip for early biochemical
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screening of ROP before the manifestation of visible retinal vascular abnormalities. This
capability supports its integration into the point-of-care neonatal screening workflows to
identify high-risk infants and facilitate timely ophthalmologic intervention.

Il Experimental Section

A Study Cohort and Clinical Details

A total of 30 preterm (Preterm control-10; Mild ROP-10; Severe ROP-10) infants were
recruited and analyzed for the biomarker expression level (Demographic details of the
infants in Table S2). The ROP diagnosis was made after clinical examination of the fundus
by a vitreoretinal specialist using indirect ophthalmoscopy. Preterm infants and ROP cases
were diagnosed and categorized based on severity (stages 1-5), location (zones I-111), and
extent (clock hours), as well as the presence of “plus” disease, all in accordance with ICROP
3 guidelines ([46]; [22]). Severe ROP was defined as aggressive plus disease with significant
new vessel growth (stage 3), which can rapidly progress to retinal detachment (stage 4

and 5) if untreated. Hence, prompt early diagnosis and treatment are crucial to prevent
progression. Mild ROP was a less severe disease (stages 1 and 2) without “plus” disease

or significant new vessel growth. Preterm controls developed a mature retina with complete
vascularization, and the retinal vessels were developing normally for the infant’s gestational
age. Infants on steroid treatment or with a history of anti-VEGF medication were excluded
from the study. The fundus imaging was performed using Optos Silverstone (model name
P200TXE, model number A10750). Figure 1 illustrates retinal fundus images from the
different stages of ROP, which shows normal complete vascularization among preterm
control, minimal tortuosity of vessels in mild ROP infant and increased vascularization
showing extensive looping and shunting of vessels with an elevated ridge in zonel at severe
ROP, which could be due to aberrant molecular changes (2, 22). These phenotypes are
attributed to the molecular expression of MMP-2, MMP-9, Complement proteins and others,
which can be profiled in tears to evaluate the disease severity at an early stage.

B Design of VSoNW-based biochip platform

Surface Functionalization method of the VS,NW-based biochip: To start the
biochip preparation, a uniform dispersion of VS,NWs (supplementary material: section 9)
was prepared in DI water (5 mg/mL) and dropcasted on the circular active areas of the
sensor array. The VS,NWs were dried using substrate thermal treatment as discussed in
detail in our previous work to obtain minimum device-to-device variations. The dried layer
of the VS,NWs on the gold microelectrodes must undergo sequential surface chemical
treatment to functionalize the anti-MMP9 and anti-MMP2 antibodies. To achieve this, the
VS,NWs were treated with dimercaptosuccinic acid (MSA) concentrations of 0.1264, 1,
5.5, 10 and 13.0681 mM and incubated for different time durations (3.96, 6, 9, 12 and
14.04 hours). After this, the -COO functional groups were activated using EDC-NHS
chemistry by incubating the biochip for 4 hours in a dark place. The activated -CO
terminated functional groups were treated with antibody solutions of MMP-9 and MMP-2
of different concentrations (0.1264, 1, 5.5, 10 and 13.0681 ug/mL) overnight for successful
biofunctionalization of antibodies on the sensor surface. The unbounded antibody sites were
passivated using bovine serum albumin (BSA) solution by incubating for 30 minutes at
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37°C. The surface functionalization processes at each step were investigated using Scanning
Electron Microscopy (SEM, Zeiss Carl EV018) and electrical resistance was measured for 5
biochips with the help of a Semiconductor Device Analyzer (Agilent B1500).

I Results and Discussion

A Surface Functionalization of Biochip

The biofunctionalization process of VS,NWs starts with treating with 2-mercaptosuccinic
acid solution. The low dissociation constant pK, value (pK, = 3.3) of MSA is because of
the dissociation of its carboxyl groups at ph = 7.0 [40]. This allows the MSA molecules

to get anchored over the nanowires with correct conformation, with S-H bond getting
reacted with vanadium atoms and carboxyl groups are exposed at the top for further surface
modifications [41]. The overall surface functionalization at every step is captured using
Scanning Electron Microscopy (SEM) images as shown in Figure 2 (11-A). The change in
color and size of the VSoNWs after treatment with MSA indicates a successful change in
its physicochemical as well as structural properties. The SEM image of VSoNWs after MSA
treatment also depicts uniform coating of MSA molecules, essential for more antibodies

to get immobilized. Further, the EDC-NHS reaction activates the carboxyl groups using
carbodiimide crosslinker chemistry [42]. This entails the abundant primary amines present
in the antibody to covalently attach with EDC-NHS activated carboxylic groups (44). This
methodology of covalent binding of antibodies with nanomaterial surface provides higher
reproducibility, such that the antibodies are immobilized strongly onto the nanowire surface
without getting desorbed with changes in pH or ionic changes of the analyte solution [44],
[45].

The alteration in electrical properties of the nanowires with each functionalization step is
recorded by measuring electrical resistance and shown in Figure 2 (11-B). The electrical
resistance was measured for 5 devices at every step of biofunctionalization, and the mean
resistance of the nanowires observed was around 30.18 kQ, owing to their highly conductive
nature. After MSA treatment, the self-assembled monolayer (SAM) of the MSA molecule
results in an increment of resistance to 3.4 MQ. The EDC-NHS activation leads to loss

of one negative charge per carboxylic group; this interaction further provides a reduction
in electrical resistance to 0.314 MQ. The treatment of EDC-NHS activated COO- surface
with antibody solution forms a covalent bond with the amine groups, resulting in further
reduction in the electrical resistance to 0.218 MQ. The surface mechanistic interpretation
of the charge redistribution and dipole orientation at each surface modification step was
examined with the zeta potential measurements, and the discussion is provided in the
supplementary material (Section 5).

B ML-assisted framework for biosensor design optimization

RSM-CCD modelling: A two-level three-factor CCD was employed to determine the
simple and combined effects of three biosensor design variables on the performance of the
biosensor. The experimental plan executed using RSM-CCD modelling is explained in detail
in the supplementary material (Section 1). The variation in biosensor output response under
different biosensor fabrication variable values is presented in Table 1. Statistical testing was
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executed for different models with analysis of variance (ANOVA) to examine and predict
the desired model and to identify the significant variables. The ANOVA results presented
in Table 1 determine the significance of the factors and their interactions affecting the
response variables, assess the fit of the fit of CCD model, as well as check for lack of fit.
From Table 1, the coded parameters A, B, C, A2, B2 and C2 are significant parameters,

i.e., (p>F) <0.05. The correlation coefficient (R2) of 0.9058 stated that 9.42% of the total
variations could not be explained using the RSM-CCD model. A high adj-R?2 value (near
1.0) is generally expected so that the influence of non-significant terms is minimum. But
for this RSM-CCD model, the adj-R2 was 0.8211, which indicates that the model has a
moderate influence of non-significant terms and therefore a more accurate model for fitting
a non-linear and complex dataset is required. Therefore, the 2D and 3D contour plots
presented in Figure 6 (supplementary material: Section 6) present sub-optimal results, and
a hybrid CCD-SVR-GA model is proposed to precisely model the dataset.

Hybrid CCD-SVR-GA modelling: A hybrid approach combining CCD, SVR, and GA
offers a powerful framework for optimizing the biosensor construction process, and the
flowchart for this hybrid framework is as described in the Figure. 3. The CCD method helps
in efficiently exploring the design space and developing an initial response surface model.
The first objective of the CCD experimental design is to systematically explore the design
space and collect data to build a response surface model as discussed in the Section 3.2.1.
The main reason for selecting CCD over any other Design of Experiment (DoE) method

is the ability to create a quadratic model for the response variable without requiring a full
factorial experiment. The experimental data collected from the CCD design is used to train
an SVR model. The set of input-output variables (100 in total) generated through collecting
results in five replicates for each experimental run from CCD, and the total datapoints

were divided into three subsets: training (70%), testing (15%) and cross-validation (15%)
from the total datapoints. The hyperparameters of the SVR were tuned using a grid search
optimization method, providing the hyperparameter values: C = 100, gamma = 1, kernel =
radial basis function (rbf) kernel. The SVR model metrics showed excellent fitting accuracy
(training data: R? = 0.975 and testing data: R2 = 0.966), confirming the modelling accuracy
of the non-linear relationships in the dataset.

The evolutionary algorithms like GA have superior performance and therefore used to search
the design space using the SVR model as the objective function. The GA optimization
iteratively evolves a population of candidate solutions through selection, crossover, and
mutation, guided by the predictions from the SVR model. The computational parameters

of the GA used in the process of biosensor optimization of enhanced signal amplification:
population size: 100, elite ratio: 0.01, crossover fraction: 0.9, number of generations: 400,
fitness scaling function: rank fitness scaling, and selection function: stochastic uniform. The
implementation of GA with these computational parameters resulted in the convergence

of the objective function after 2 iterations. The hybrid CCD-SVR-GA model yielded
optimised biosensor fabrication parameters: an MSA incubation time of 9 hours, an MSA
concentration for uniform coating of MSA over VS,NWs of 5.75 mM, and a monoclonal
anti-MMP9 antibody concentration required for high-density antibody immobilisation of
5.26 pg/mL. The maximised sensor response (AR/R) obtained with this hybrid CCD-SVR-

IEEE Sens J. Author manuscript; available in PMC 2026 April 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ghosh et al.

Page 8

GA model was 5.14, and the experimental result (AR/R = 5.29) validated the model’s
response.

VS,NWs-based biosensor calibration and performance: The VS2NWs-based
biosensor was fabricated using the optimized parameters obtained from the hybrid CCD-
SVR-GA model as mentioned in Section Hybrid CCD-SVR-GA modelling. The standard
calibration curves for MMP-9 and MMP-2 tear proteins are provided in Figure 4 (A)

and (B), respectively. The standard curve was calibrated for MMP-9 concentration from 1
pg/mL to 50 ng/mL for MMP-9 bioassay, and the standard curve was calibrated for MMP-2
concentration from 10 pg/mL to 100 ng/mL for the MMP-2 bioassay. The limit of detection
(LOD) for the MMP-9 and MMP-2 bioassay was found to be 0.556 pg/mL and 0.605
pa/mL, respectively, computed using the LOD formula given by:

LOD = Meanof blank PBS solution + (1.645 X Standard deviation of the lowest protein concentration)

The interference studies for MMP-9 and MMP-2 bioassay are presented in Figure 4 (C)

and (D), respectively, which clearly show very minimum cross-reactivity with other tear
proteins such as Immunoglobulin A (IgA), lysozyme, C-reactive protein (CRP), complement
component 3 (C3), and complement component 3-A (C3a). Among all the tear proteins,

the interference studies have demonstrated that the lysozyme of 1 ng/mL concentration
exhibited a AR/R of 1.85 and 1.98 for the MMP-9 and MMP-2 bioassay, respectively. The
IEP of lysozyme is between 10.5 to 12 [46] and gets positively charged when exposed to

a pH medium of 7.4 and therefore gets electrostatically attracted to the negatively charged
bioassays. Still, the target MMP-9 and MMP-2 proteins have a much higher response (AR/R)
than all other tear proteins and therefore have very less foul response from the tear fluid.

The stability studies for the MMP-9 and MMP-2 bioassays are depicted in Figure 4 (E)

and (F), respectively, executed by storing the bioassays at 4°C for seven weeks in a sealed
petridish. The stability studies for both the bioassays show very little degradation in the
sensor response for over seven weeks, thereby confirming the robustness and reliability of
the bioassays to be used in a clinical setup.

Expression of MMP-9 and MMP-2 in tears using ELISA and VS,;NW-based
biochip: Next, after biosensor design and optimization, we compared the MMP-2 and
MMP-9 expression using ELISA and biochip in ROP tears. An increasing trend in MMP-9
concentration was observed in ROP groups as compared to the pre-term control group

in biochip as well as ELISA; however, for MMP-2, the concentration was found to

be decreased in the case of severe ROP as compared to pre-term control (Figure 5A).
Further, a significant decrease in MMP-2 concentrations was observed in ELISA readings as
compared to nano-sensors in pre-term controls and the case of mild ROP category (p-value
<0.05) (Figure 5B). These changes can be attributed to better antibody immobilization and
optimization in biosensors. The degree of variation was also minimal in the biosensor as
compared to ELISA in the ROP category. The MMP9 data observed using ELISA and
nano-sensor in this study collaborated well with our previous report on increased levels of
MMP9 in both the vitreous humor and tears of severe ROP infants [22], [23]. The MMP-9
levels are higher at the mild stage itself, which could be the driver for the severe stage and
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thus can serve as a better marker for ROP. Our enhanced and better-optimized biosensor
can also be used for various other biomarkers across different diseases, including diabetic
retinopathy, dry eye, AMD and others, and it gives a lesser margin of error, thus increasing
reliability and accuracy.

Expression of MMP-9 and MMP-2 in tear at different stages of ROP in
biosensor and ELISA: We next analyzed the expression level of MMPs in the different
stages of ROP under both nano-sensor and ELISA. While both nano-sensor and ELISA
were able to distinguish the control vs ROP category, however, the significant increase in
MMP-9 concentration was observed in biosensor (p-value-0.008) as compared to ELISA
(0-value-0.032). Further, on stratifying the ROP group into mild and severe ROP, the nano-
sensor showed a significant increase in MMP-9 concentrations in both mild (p<0.01) and
severe ROP (p<0.05) groups as compared to their pre-term controls (Figure 6B), whereas no
significant change in categories was observed in ELISA (Figure 6A).

With these concentration levels of MMP-9, we speculate that preterm infants at having
MMP-9 concentrations at the control or mild stage are at risk of developing of severe

ROP. The concentration of MMP-9 quantified using biosensor (Control-8.46 ng/mL; mild
ROP-15.71 ng/mL; severe ROP-14.88 ng/mL) and ELISA (Control-4.18 ng/mL; mild
ROP-9.19 ng/mL; severe ROP-8.77 ng/mL) showed similar trend and fold increment. This
biosensor, designed especially for ROP diagnosis, can reliably identify these infants at high
risk of progression and can be given early medical intervention. The difference in ELISA
and sensor reading can be due to the fact the ELISA kit comes for multiple analytes (in this
case MMP-9 and MMP-2), since both MMPs are isoforms of the same protein, this is easily
impacted by the competitive binding of antigen and antibody. The other reason could be the
difference in the antibody sequence used for ELISA and biosensor. Further, the increased
expression level in biosensors can be due to the better design of our CCD model and
ML-based approach. MMP-2 expression was inconsistent as reported above (supplementary
file). It is noteworthy that some of the control infants progressed to the mild stage and a few
mild-stage infants progressed to the severe stage, we observed that MMP-9 expression in
such cases increased in comparison to the infants who did not progress. However, due to the
limited sample size of progressed and non-progressed infants, we need to validate this in a
larger sample cohort.

Receiver Operator Characteristics (ROC) for MMPs using Biosensor and
ELISA expression profile: The sensitivity and specificity of the expression of MMP-9
and MMP-2 were studied using the ROC curve and the area under the curve (AUC).

The AUC for MMP-9 expression using biosensor was 0.97 with high sensitivity (100%)
and specificity (96.67%) while AUC for MMP-9 expression using ELISA was 0.82 with
specificity of 70.3% and sensitivity of 100% (Figure 7).

Both MMP2 and MMP9 are critical zinc-dependent enzymes that degrade the ECM, a
process essential for both healthy tissue remodelling and retinal pathological conditions
like ROP with increased angiogenesis and inflammation. Inhibiting MMPs can reduce
retinal neovascularization in an oxygen-induced retinopathy (OIR) model [54]. Expression
of MMP9 and MMP2 in vitreous humor (VH) of ROP infants shows their high activity at
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severe ROP [19]. We have shown in an earlier report using an in-vitro cellular system that
increased MMP9 expression under hypoxic conditions degrades the protein opticin in the
VH of ROP patients [21], which is successfully rescued by inhibiting MMP activity using
doxycycline. Our studies shows that levels of MMP9 are significantly elevated in mild and
severe ROP cases, while MMP2 does not show a significant difference among the tears

of the infants. MMP9 can be considered a better clinical indicator and a more significant
contributor to the disease’s progression. This is because MMP9 has a higher enzymatic
activity and can break down a wider range of ECM substrates compared to MMP2 [55]. This
higher efficiency of MMP9 in degrading the ECM facilitates the abnormal new blood vessel
growth and retinal detachment characteristic of severe ROP.

IV Conclusion

The study highlights significant improvement in biosensor optimization, which could
enhance the accuracy, sensitivity, and specificity of the MMP quantification for point-of-care
diagnosis in regular clinical use for ROP. The current study has demonstrated the capability
of non-invasive molecular biomarkers to differentiate preterm infants with and without ROP
along the progression of disease. We could have studied the correlation of fundus images

of the subject recruited in the study with biosensor reading, but this was not performed

due to the unavailability of fundus images especially for no-ROP and mild ROP cases.
Despite this the significant differences detected by the biosensor between mild and severe
ROP cases underscore its utility in risk stratification and timely intervention. A rigorous
assessment biosensor demonstrated higher sensitivity and specificity (AUC-0.97) compared
to traditional ELISA methods (AUC-0.82), highlighting its potential for early detection and
monitoring of ROP from small volume of tear (as ELISA requires higher tear quantity).
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(a) Preterm Control (b) Mild ROP (¢) Severe ROP

Figure 1.

Rgtinal Fundus Imaging: The fundus images of left eye of the infants recruited for the study
showing different stages of ROP. Ultra-wide field fundus image showing preterm control (a)
normal complete vascularisation till the periphery; mild (b)): showing minimal tortuosity of
vessels in the temporal quadrant with an early ridge formation suggestive of zone2, stage 2
ROP and severe ROP (c) showing extensive looping and shunting of vessels with an elevated
ridge in zonel suggestive of aggressive retinopathy of prematurity. The fundus imaging was
performed using Optos Silverstone (model name P200TXE, model humber A10750). The
Optos Silverstone produces a 200-degree single capture image in <0.4 seconds. The images
are pseudo-colour with red and green channel separation.
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Figure 2.
(1) Workflow of biochip fabrication methodology; (I1) (A) Scanning Electron Microscopy

(SEM) images of overall surface functionalization at every step and (B) Electrical resistance
obtained after each surface functionalization step for five sensors.
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Calibration plots for (A) MMP-9 and (B) MMP-2 bioassay; Interference study for (C)
MMP-9 and (D) MMP-2 bioassay; and stability study for (E) MMP-9 and (F) MMP-2

bioassay.

IEEE Sens J. Author manuscript; available in PMC 2026 April 09.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ghosh et al.

I Central Composite Design
: Five-level:

I ('a,'1,0,+1,+a),

I a=2x/4, a=1.681

: 2x+2x+6¢p=20 runs

: 3D contour plot:
I i T —
|

|

|

1

|

|

|

I

-————————x————————d
.

g\ s

%y ;;v,,"r;".:'."',",".‘ [

T, AUy | RSM

EWA e

S G

Bl ey

1\ £
S ————

Figure 4.

Algorithm

o MSA_Time: 9.02 hour
-

4 D
Start:
> Design parameters: Input
Design metrics: Output
\
4 )
CCD Experimental Design
===1 Dataset generation: Calibrated |m—
biosensor output
. S r-
l 1
- N !
Machine Learning model [ __!
Regression model selection: SVR
. J
No
Yes
Optimization algorithm:
Design space search: Genetic -l

Page 17

W N ———
Residuals for SVR Model

Precscies \Wim Durbseten

Prediction Error of SVR
)

l'"""""""f'_':f""

: GA Optimization result:

I MSA Conc.: 5.75 mM

: Anti-MMP9 Conc.: 5.26 pg/mL |

Central Composite Design (CCD) with Support Vector Regression (SVM) framework
described as a flowchart.
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Figure 7.

Tr?e ROC curve of MMP-9 expression using both (A) biosensor (AUC-0.9778; p-value-
<0.0001; standard error-0.022); Optimal threshold-1.0, Youden Index-96.67 (B) ELISA
(AUC-0.8228; p-value-<0.0001; standard error-0.058), optimal threshold-1.25, Youden
Index-70.37.
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Table 1 Analysis of variance (ANOVA) results for the RSM-CCD model

Estimate | Std. Error | tValue | Pr (>[t])
Intercept -11.0102 | 2.46366
80
MSA_T (A) 2.6894 0.4537 5.926 0.0001457***
6
MSA C (B) 0.8374 0.23626 3.544 0.00531**
Ab_C (C) 0.67090 0.23626 2.839 0.01756 *
55 78 6
MSA_T: -0.0140 0.02074 - 0.5143161
MSA_C 0.676
(AB) 1
MSA_T:Ab _C (AC) | -0.0045 0.02074 - 0.8302915
84 0.220
0
MSA_C:Ab 0.01201 0.01383 0.868 0.4052869
C_(BC) 9
MSA T2 (A?) - 0.02322 - 9.783e-05***
0.14464 53 6.227
38 8
MSA _C2(B?) - 0.01032 - 9.058e-0.5 ***
0.06489 24 6.287
85 2
Ab_C2(C? - 0.01032 - 0.0003951 ***
0.05378 24 5.210
81 8
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