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DESIGN BRIEF

A dual-modal approach to diabetic retinopathy screening
using Al image analysis and electrochemical lateral flow
assays
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Diabetes, a global health challenge, is currently one of the leading causes of death, as stated by the American
Diabetes Association. One of its most serious complications is a chronic condition, diabetic retinopathy, which
damages the retina and can result in irreversible blindness if left unaddressed. Diabetic retinopathy is highly
prevalent, with an estimated number of affected Americans being 16 million by 2050. Despite the great concern,
many cases go undiagnosed because conventional clinical eye examinations require specialized equipment and
trained specialists. The design we plan to implement uses biochemical detection and Al-based image analysis to
improve detection rates compared to traditional clinical eye screening. We implemented an Al image recognition
model trained using machine learning that detects diabetic retinopathy. We also designed a lateral flow assay
(LFA) that uses the color produced when gold nanoparticles bind to proteins associated with diabetes and retinal
damage. The LFA is integrated into a circuit that sends an electrical current through the assay in order to measure
the resistance of the LFA. Our key result is that the Al model successfully learned to distinguish between healthy
and diseased retinas using real, open-source data from retinal image banks, achieving 96% accuracy and 0.03
loss. We have also successfully tested our electrochemical lateral flow assay (eLFA) concept using a COVID test,
as a proof of concept, with a 41.7% change in electrical resistance, results that cement that there is a significant
change in resistance during testing. Acting as a proof of concept, this dual-modal system allows us to combine
qualitative and quantitative results to enhance screening accuracy. By combining image recognition and a rapid,
noninvasive biochemical test, diabetic retinopathy can be detected earlier, faster, and more affordably, before
vision loss becomes irreversible.
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VER 40 million people, or 12% of the entire popula-
tion of the United States, are living with diabetes
(American Diabetes Association, 2023). Diabetes re-
mains one of the most significant global health crises,
leading to various life-altering complications (Ameri-
can Diabetes Association, 2023). Among these, dia-
betic retinopathy (DR) is a primary concern as a lead-
ing cause of preventable blindness worldwide. While
diabetes was once considered a disease of the afflu-
ent, it has reached epidemic proportions in develop-
ing countries, with the global number of DR cases pro-
jected to grow from 126.6 million in 2010 to 191 mil-

lion by 2030 (Mayo Clinic, 2023). DR occurs when
chronic hyperglycemia causes microvascular damage
to the retina, often progressing silently without no-
ticeable symptoms until irreversible vision loss has
occurred, or vision-threatening diabetic retinopathy,
which is a condition expected to affect 56.3 million
people by 2030 (Shukla & Tripathy, 2023).

The primary obstacle in diagnosing DR is that
there are limited methods of early detection. Stan-
dard screening typically requires expensive photogra-
phy and specialized ophthalmologists, which are of-
ten inaccessible in low-income or rural areas (Dia-
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betic Retinopathy | National Eye Institute, 2025). Be-
cause the disease is asymptomatic in its early stages,
many patients remain undiagnosed until the condition
reaches an advanced, untreatable state. All these bar-
riers also contribute to a crisis of compliance rates
for eye examinations falling below 40% in some areas
(Mya Polkamp et al., 2025). This highlights the criti-
cal need for a diagnostic tool that is cost-effective for
widespread use, highly accurate to prevent false nega-
tives, and quantitative, allowing for the measurement
of disease severity.

To address this problem, our team proposes a multi-
method diagnosis strategy for early detection mecha-
nisms, an Al image recognition model combined with
an electric LFA (Al-Shabrawey et al., 2015). Unlike
invasive laboratory blood tests or expensive hospital-
grade fundus cameras, which can cost up to $25,000,
the LFA and the Al model are less expensive options,
making them vital tools for diagnostics in underserved
regions (Congdon et al., 2012).

Electric Lateral Flow Assay Design

Systems level

Our design is intended to serve as a diagnostic tool that
combines a biochemical test for detection, electrical re-
sistance for sensing, and artificial intelligence to detect
and measure the severity of DR. This system utilizes a
multiple-method strategy for detection with two dif-
ferent, but interconnected components: an Arduino-
based electrical resistance sensor that builds off of a
sandwich LFA design and an Al image analysis model.
The eLFA is designed for at-home use to detect changes
in electrical resistance, while the Al model acts as a sec-
ondary tool used by clinicians to verify detection.

The eLFA system begins by taking a non-invasive,
biological input in the form of tear fluid. To ensure
a consistent volume, the fluid is collected using a mi-
crocapillary tube, designed to hold a fixed amount.
This collection method prevents the skewing of elec-
trical resistance readings and ensures proper screen-
ing data (Comito et al., 2025). This fluid is placed at
one end of the LFA, where capillary action transports
it across a nitrocellulose membrane (Lateral Flow Im-
munoassay Protocol, 2023). As the fluid travels, Vas-
cular Endothelial Growth Factor (VEGF) and glycated
albumin (GA), the antibodies of the biomarkers associ-
ated with the detection of retinopathy, are conjugated
to gold nanoparticles (Ang et al., 2019). These gold
nanoparticle-conjugated antibodies are needed to pro-
duce the output, a red line that visually indicates the
presence of retinopathy at the test lines (Secondary An-
tibodies - Jackson ImmunoResearch, 2017). The system
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works similarly to the traditional COVID or pregnancy
tests, from which the basis of the eLFA was derived.

Unlike a traditional LFA, the main differentiating fac-
tor that is present in this project is an electrical sen-
sor. An Arduino supplies 3.3 V through a circuit called a
Wheatstone bridge (See Device level for more details),
comprising two branches: one with known resistors,
and another containing a variable resistor and the LFA.
As the gold nanoparticles accumulate, the electrical re-
sistance of the membrane changes (See Device level for
more details) (Abarintos et al., 2025). An Arduino Uno
microcontroller converts analog voltage signals from
both branches to digital (Digital Pins, 2024), which is
then used to calculate resistance(See Device level for
more details). Once the tear fluid sample is applied
and travels across the membrane, the Arduino com-
pares the voltage readings before and after the bind-
ing occurs, and calculates the percent change in resis-
tance at each electrode. This value is then revealed
to the user, providing a quantitative measure of the
biomarker concentration that enhances the function-
ality of the visual line display. These quantitative re-
sistance values are utilized to establish biomarker con-
centration levels rather than provide a guaranteed di-
agnosis. The Al model evaluates these concentration
categories to verify findings and improve screening re-
liability.

Device level
Overview

The LFA’s shell contains a sample pad, conjugate pad,
nitrocellulose membrane, and absorbent pad (see Fig-
ure 1). The sample pad is where the sample fluid, in
this case, the tear sample from a patient, is dropped
onto. It contains surfactants and buffers that help
maintain a stable environment that prevents analytes
from denaturing and also ensures proper binding at
the conjugate pad (Viro Research, 2019).

The conjugate pad contains the gold conjugated an-
tibodies (see Parts level for conjugated antibodies in-
formation) that will bind to the analytes as the tear
fluid flows through the pad. These antibodies are spe-
cific to both VEGF and GA. These conjugated antibodies
are bonded to gold nanoparticles, which create a red
color when present in high concentrations (Bucolo et
al,, 2021).

The detection zone for the test is a porous nitrocel-
lulose membrane, where immobilized bioengineered
capture antibodies are fixed at specific locations. Their
role is to bind to the analyte-AuNP-conjugated an-
tibody complexes and exhibit red lines. In this de-
sign, three lines are printed onto the membrane as
illustrated in Figure 1: Test Line 1 (TL1) contains
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Figure 1. Diagram of lateral flow assay and antigen progression through the assay. A tear sample moves from
the sample pad through the conjugate pad via capillary action, allowing target biomarkers to bind with gold-
nanoparticle conjugated antibodies. Once the fluid flows down the strip, the biomarkers become trapped by the
antibodies at Test Lines 1 and 2, concentrating gold nanoparticles. Alligator clips apply voltage across the system

to measure changes in electrical resistance.

a bioengineered antibody to capture the VEGF-gold-
conjugated-anti-VEGF complex, Test Line 2 (TL2) con-
tains a bioengineered antibody to capture the GA-gold-
conjugated-anti-GA complex, and the Control Line (CL)
contains antibodies that bind to each of the complexes
regardless of analytes’ presence, confirming flow of the
tear fluid. The density of conductive gold nanoparticle
conjugated antibodies-antigen complexes captured at
TL1 and TL2 is the primary variable that changes, af-
fecting the strip’s resistance. This is attributed to the
attached gold nanoparticles, which exhibit slight elec-
trical conductivity. Their placement and accumulation
can affect the resistivity of the assay at specific loca-
tions (Koczula & Gallotta, 2016).

At the end of the test, the absorbent pad wicks out
excess reagents and prevents any backflow of the lig-

uid. This allows for a unidirectional flow of the tear
fluid through the assay, ensuring that the antibodies
bind effectively to the test and control lines for a sta-
ble resistance reading (Koczula & Gallotta, 2016).

Materials and Additional Factors

The sample pad is composed of glass fiber. Accord-
ing to Ahlstrom’s guidance on material selection, glass
fiber materials have a more porous surface, which is
suitable for fluids that do not require filtration, such
as viscous and limited-volume samples like saliva and
nasal fluids. Tear fluid fits this profile: tears exhibit vis-
cosity levels of 0.91 mPa, which makes tears similar in
viscosity to saliva (Rantonen & Meurman, 1998; Graf
et al,, 2025). Also, tear fluids do not contain any cells
or large particulates that require filtration. Therefore,
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this material will allow the tear fluid to flow down-
stream in the assay without any resistance or analyte
impedance that can compromise the assay’s results.

In order to maintain an environment that does not
damage or denature the biomarkers, the sample pad
must be prepped with surfactants and buffers to match
crucial parameters such as pH to keep the proteins
from denaturing or being damaged. Tear fluid, on av-
erage, has a pH from 6.5 to 7.6 with a mean of 7.0
(Abelson et al,, 1981). Standard tear-based diagnos-
tics utilize phosphate-buffered saline, a widely used
buffer to maintain pH and prevent osmosis and denat-
uration of any particulates in biological fluids (Comito
et al,, 2025; ScienceDirect, 2025). Lateral flow assays
also utilize detergents and emulsifiers, such as Tween-
20 and CHAPS, to reduce the surface tension of the
pad and to prevent irregular flow patterns (CHAPS De-
tergent, 2019). The typical concentrations of these
two detergents are 0.25% and 0.5% (Adornetto et al.,
2025). These detergents ensure the liquid sample
flows in a smooth, straight line down the strip. By
keeping the fluid moving evenly, the PBS buffer is able
to prevent an alkaline surface environment from form-
ing. Avoiding an alkaline shift is important because an
elevated pH can alter the structure of the test line anti-
bodies, skewing the resistance readings (Liang, 2019;
Conjugate Pad Considerations for Lateral Flow Assays
- NanoComposix, 2026). However, even with a consis-
tent flow with the reduced surface tension, glass fibers
contain high activation sites that can bind to the con-
jugated components. To prevent any false negatives,
1% bovine serum albumin is spread throughout the
pad, which covers these high-activation sites to main-
tain flow-through without any conjugate being trapped
in the glass fibers (“Blue-White Screening & Protocols
for Colony Selection,” 2025).

The conjugate pad is also composed of glass fiber, a
regularly used choice for the parameters of tear fluid
(Conjugate Pad Considerations for Lateral Flow Assays
- NanoComposix, 2026). Among Ahlstrom’s offerings,
glass fiber offers a wicking rate that is suitable for
rapid test results, along with a neutral pH to allow for
a stable environment for the conjugate even without
any pretreatment (Ahlstrom IVD Materials.pdf, 2026).
The wicking rate is crucial as it governs how quickly
the conjugate can bind with the antibodies and en-
ter the nitrocellulose membrane. With a consistent
wicking rate, the conjugate pad ensures the front of
the stream does not contain any unbounded conju-
gated antibodies, preventing false negatives or weak-
ened signals (Guide to Lateral Flow Immunoassays In-
nova Biosciences Guide, n.d.).

The conjugate pad contains two gold-conjugated an-
tibodies in order to bind to the analytes, VEGF and
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GA. Bevacizumab (Avastin) is the monoclonal antibody
targeting VEGF, while the Monoclonal Antibody Clone
A717 (A717 mAb) targets GA. These two antibodies
are conjugated to gold nanoparticles, which are cru-
cial for creating a visual signal when found together in
closed clusters (Koczula & Gallotta, 2016). Since this
diagnostic is a sandwich immunoassay, the typical gold
nanoparticle size is 40 nm at 10 OD (optical density)
(Child, 2023). These gold nanoparticles are bound
to the antibodies through physical passive adsorption,
as it is the most viable for biological compounds and
also offers an advantage in scaling during production
(Child, 2023). This process works by simply mixing the
gold nanoparticles with the antibodies, taking advan-
tage of intermolecular forces, such as Van der Waals
and ionic forces, to facilitate the spontaneous binding
and formation of the conjugated antibodies. Spare an-
tibodies are removed through filtration after the con-
jugation is complete(Passive Nanoparticle Conjugation
for Lateral Flow Assays - NanoComposix, 2025). When
transferring the conjugated antibodies onto the glass
fiber, the conjugated antibodies are dispensed at a rate
of 10 puL/cm of glass fiber. The pad is then dried in a
forced-air convection oven at 37°C for 1 h (Conjugate
Pad Considerations for Lateral Flow Assays - NanoCom-
posix, 2026). When the antibodies are dried on the pad,
they tend to denature or stick to the conjugate pad. To
prevent this, this design implements two sugars: Su-
crose and Trehalose. These two sugars act as a ‘re-
placement’ for water, stabilizing the antibody’s struc-
ture while also ensuring it does not stick to the con-
jugate pad. Unsticking the antibodies can ensure the
analyte in the tear fluid can bind with the antibodies
and travel through the nitrocellulose membrane(Fleet
Bioprocessing Ltd, 2026). Selecting the right concen-
tration of these sugars depends on the OD level of the
gold nanoparticles bonded with the conjugate antibod-
ies; for the design’s OD level of 10, the recommended
concentrations for sucrose and trehalose are 10% and
5%, respectively(Conjugate Pad Considerations for Lat-
eral Flow Assays - NanoComposix, 2026).

The nitrocellulose membrane is made of cellulose
ester of nitric ester (Bajpai, 2018). This biological
membrane allows for sample liquid to flow at prede-
termined rates based on its pore size, thickness, and
chemical treatment (nanoComposix, n.d.). In this di-
agnostic tool, the membrane also houses the capture
antibodies that capture VEGF and GA, which are conju-
gated with the gold nanoparticles. To obtain accurate
and consistent results, many commercial lateral flow
assays utilize a membrane that has a slow run-time
(the time it takes for the liquid front to traverse the
entire length of the membrane. A larger run-time can
improve analyte binding efficiency by allowing more
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interaction time between targets and capture antibod-
ies (nanoComposix, n.d.). To create a membrane with
a longer run-time, the membrane must have a smaller
pore size and density. Our design is modeled after
the Millipore HF180, which has a run-time of 180 s
(“Blue-White Screening & Protocols for Colony Selec-
tion,” 2025). On the nitrocellulose membrane, cap-
ture antibodies corresponding to TL1, TL2, and CL
are printed through hydrophilic interactions using ei-
ther a pneumatic contact dispenser or a non-contact
dispenser. Then the antibodies are cured under hy-
drophobic forces after the water is driven off under
forced air at 40°C (Lateral Flow Immunoassays - Jack-
son ImmunoResearch, 2017). It is important to note
that the thickness of the membrane plays a crucial role
in the electrical resistance of the LFA over time.

The absorbent pad is composed of a blend of cot-
ton and glass fibers. Ahlstrom’s documentation shows
that these materials offer consistent absorbance rates,
which allows for the nitrocellulose membrane to clear
out and enables faster result readouts without sam-
ple evaporation delays (Ahlstrom IVD Materials.pdf,
2026). This specific material was chosen due to the
absorbent pad’s correlation with the wicking speed of
the conjugate pad. Different wicking speeds can af-
fect the flow rate throughout the entire strip; incon-
sistent rates from the conjugate and absorbent pad
can tip the scale of how long the conjugate can bind
to the test/control lines in the membrane. A higher
wicking rate at the conjugate pad relative to the ab-
sorbent pad’s absorbance rate results in an oversatu-
ration of conjugate, leading to false positives. A lower
wicking rate, conversely, creates a shortage of conju-
gate as the absorbent pad can absorb more conjugate
than what is required to create visible lines (Kainz et
al, 2021). To counteract any of these outcomes, the
absorbent pad must maintain an absorption rate that
is consistent throughout the duration of the test. The
mixture indicated in the beginning achieves this goal,
as it contains a large bed volume of cellulosic cotton,
which contributes to the consistent absorption rate,
and glass fiber, which contributes to dimensional sta-
bility (“Blue-White Screening & Protocols for Colony
Selection,” 2025).

Assembly

The strip assembly starts with a backing card that is
electrically inert and has enough adhesion to hold the
assembly together (Lateral Flow Backing Cards [ IVD
Backing Cards Manufacturer, 2024). Each component
must be attached such that the nitrocellulose mem-
brane is on the lowest level, with the conjugate and
wick pad overlapping on the opposite ends of the mem-

Sample
Chajingate L

Backing Cord

Figure 2. Side-view diagram of the electrical lateral flow
assay showing overlaps of the components. The sample
pad contains the tear fluid that migrates through the
conjugate pad containing nanoparticle-linked antibod-
ies. Then, it moves across the nitrocellulose membrane
with Test Line 1 (TL1), Test Line 2 (TL2), and a Control
Line (CL), and finally into the absorbent wick. All com-
ponents lie on the backing card for consistent capillary

flow.

brane (see Figure 2). The sample pad is overlaid on the
other end of the conjugate pad in Figure 2 as well, such
that the sample pad and wick pad comprise the entire
length of the test. These components should only have
an overlap of ~2 mm to ensure there is enough space
for the liquid to traverse through the various parts of
the assay (Lateral Flow Immunoassay Protocol, 2023).
The entire strip assembly is then mounted on an inert
rigid backing made of polystyrene for mechanical sta-
bility. This ensures that the strip maintains a fixed po-
sition within the electrical measurement housing and
allows consistent electrical contact during measure-
ments (Useon, 2025). Conductive contact pads made
of copper at both ends of the strip allow the Wheat-
stone bridge electrodes to make electrical contact. The
shell is also coated in aluminum foil, transforming the
shell into a Faraday Cage, preventing any electrical or
magnetic interference for precise electrical resistance
measurements (Koczula & Gallotta, 2016).

Electrical Wheatstone Bridge Integration

In order to accurately measure and detect minute
changes in the electrical resistance of the lateral flow
assay, the Wheatstone bridge employs two resistive
branches. One branch contains a resistor of known
electrical resistance and a variable resistor (Wikipedia,
2020). The other branch contains another resistor and
the lateral flow assay (which is connected through the
assay shell’s leads). These branches are clearly de-
picted in Figure 3, including the Arduino set-up. The
Arduino supplies a stable 3.3 V DC Voltage through
both resistive branches and monitors the differential
voltage between the two midpoints through two ana-
log pins (Digital pins).

When the variable resistor is tuned to minimize this
differential, the bridge approaches a balanced state
(Wikipedia, 2020). The Arduino indicates the bridge
is balanced through a console readout and an LED in-
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Figure 3. Circuit Diagram of the Wheatstone bridge with
the lateral flow assay. The setup includes an amme-
ter, resistors, a potentiometer, and the lateral flow as-
say component, forming a circuit for measuring the un-
known electrical resistance due to the LFA, specifically
due to the biomarker interactions.

dicator. The LED blinking frequency increases with
greater bridge imbalance and turns off when the bridge
reaches a balanced state. Once the bridge is balanced,
we use the formula:

% = %i (Wikipedia, 2020)
Where:

= a known resistance

= resistance of the variable resistor

= a known resistance

= Lateral Flow Assay’s
tance(unknown)

Solving this equation allows us to determine the un-
known resistance of the LFA:

R;Ro
R, = 1

electrical resis-

Parts level

The presence of DR is what is being tested through an
elaborately designed E-LFA. Within the E-LFA, both the
Vascular Endothelial Growth Factor (VEGF) and Gly-
cated Albumin (GA) are the target biomarkers for DR.
The antibodies that are used to detect these are mon-
oclonal antibodies. Bevacizumab (Avastin), a mono-
clonal antibody, is used for VEGE, while Monoclonal
Antibody Clone A717 (A717 mAb) is used for GA. Since
Avastin is a monoclonal antibody, it targets only VEGF
(NCI Drug Dictionary, 2026). The same goes for the
A717 monoclonal antibody; its binding affinity is pref-
erentially solely for glycated albumin (Cohen & Hud,
1989). VEGF and GA are water-soluble, leading to a
uniform solution containing the proteins and water,
and thus can be used in a buffer solution, etc (Be-
linskaia et al.,, 2020; Florence T.H. Wu et al.,, 2009).
The VEGF gene’s expression is regulated by hypoxia-
inducible factor (HIF)-1qa, which is activated under hy-
poxic conditions, a characteristic phenomenon of DR
(Li et al,, 2020). HIF-1a dimerizes with the unregu-
lated HIF-1 to form a transcription (Ho & Kuo, 2007).
Hypoxia is a characteristic phenomenon of DR (Lietal,,
2020). Thus, the production of VEGF is directly corre-
lated to DR. A person with non-proliferative diabetic
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retinopathy and proliferative diabetic retinopathy has
significantly higher VEGF levels in tear fluid than those
without DR (114.4 SD 52.5 pg/mL and 150.8 SD 49.7
pg/mL, respectively; 40.4 SD 26.5 pg/mL, p < 0.001)
(Angetal, 2019).

As mentioned in the device level, the antibodies are
conjugated with the gold nanoparticles through phys-
ical passive adsorption. However, this process is most
efficient when the pH is close to the isoelectric point
of both antibodies (Passive Nanoparticle Conjugation
for Lateral Flow Assays - NanoComposix, 2025). This
ensures the antibodies have close to or 0 charge on
their surface, allowing the gold nanoparticles to bind
through intermolecular forces with relative ease. For
Avastin and A717 mAb, the isoelectric points are 8.3
and 8.2, respectively (Kaja, 2011; Goyon et al,, 2017).
Since this complication can be caused by many other
factors, to determine that the patient is guaranteed to
have diabetes to cause to DR, we introduce another
protein to detect: glycated albumin (GA). GA levels are
significantly higher in type 1 diabetes than in type 2
diabetes (3.32 0.36 vs. 2.89 0.44, p<0.001) (Yoshiuchi
et al,, 2008). The mean values of GA in patients, both
men and women, are approximately 40% higher than
those of the controls (patients without type 2 diabetes)
(Ai etal,, 2009). Thus, GA is a reliable marker protein
to determine if patients and test users have diabetes.
Both of these proteins are present in the tear fluid of
individuals with and without DR (Gospodarczyk et al.,
2025; Angetal., 2019). Since both of these proteins are
found in tears, patients and testers can use tear fluid to
detect DR.

This new solution, containing the buffer solution
and the proteins from tear fluid, will flow through the
nitrocellulose membrane with capillary action (Tang et
al,, 2022). The antibodies Avastin and A717 mAb will
be conjugated with gold nanoparticles (AuNPs). This
is crucial since gold nanoparticles are able to reflect a
color, most often red. This reflection of color is due
to vibrations labelled as surface plasmon resonance.
The resonance of these particles is dependent on their
structure and size, which will then induce different
colors (AZoNano, 2023). However, the standard red
color is induced by a particle the size of approximately
20 nm in size. AuNPs are also not water-soluble, but
they can be stabilized using ligands, surfactants, and
more. Gold nanoparticles also do not oxidize or cor-
rode easily in biochemical environments. The solution
will flow through the antibody and through the AuNP-
conjugated antibodies Avastin and A717, which will be
consolidated towards the beginning of the lateral flow
assay, directly after the sample pad. The proteins in the
buffer solution, VEGF and GA, will bind their respec-
tive monoclonal antibodies that have been conjugated



Al and Electrochemical Retinopathy Detection

with AuNPs. Then, a new complex is formed: AuNP-
antibody-protein complexes.

These complexes will continue to flow due to
the capillary action previously mentioned. Then,
these new complexes will bind to pre-permanently-
ingrained bioengineered antibodies, which are specif-
ically engineered to adhere to the AuNP-antibody-
protein complexes (Frenia et al, 2025). These are
the two test lines. Then, complexes that are not
AuNP-antibody-protein complexes, but are just AuNP-
antibody complexes (i.e., complexes that have not
bonded to any tear fluid proteins) will bind to a bio-
engineered protein line, which is also pre-permanently
ingrained. This functions as the control line.

One of the possible issues is non-specific binding to
protein, where the protein and complexes may bind
to the membrane itself. To address this complication,
the nitrocellulose membrane will be covered in a sur-
factant, specifically non-fat dry milk (NFDM). NFDM
is a protein-based blocker that will fill in unoccupied
protein-binding spaces in the membrane (Western Blot
Blocking: Best Practices | Abcam, 2024). Skim milk
is composed primarily of casein and whey proteins.
This is important because the NFDM powder is de-
rived from skim milk (Rathod et al,, 2023). Caseins
are insoluble, and whey proteins are soluble. 80% of
the NFDM is composed of casein in its protein con-
tent (Madureira et al., 2007). Casein effectively pre-
vents the non-specific binding issue of the membrane
by saturating the available binding sites. This helps to
lower the chances of the antibody and complexes bind-
ing elsewhere. Casein is a stabilizing protein, mean-
ing it will help in preventing the complexes from dena-
turing. Whey protein affects the interactions and func-
tions of proteins, helping with non-specific binding this
way (Khatun et al., 2022).

Image Recognition Model
System Level

The Al diagnostic model serves as a non-invasive
screening tool for DR and as a second opinion for op-
tometrists. While the eLFA diagnoses DR through the
presence of key biochemical signatures present in tear
fluid, the image recognition utilizes retinal images to
detect structural changes associated with DR, specifi-
cally vascular damage (Boyd, 2019).

This model takes in a retinal fundus image as input
and returns a binary classification of 0 (DR Negative)
or 1 (DR Positive). The model was trained using open-
source retinal image banks (American Society of Retina
Specialists, 2025), where we selected 124 labeled im-
ages of both healthy and diabetic retinas. The training
teaches the model to distinguish pixel-level patterns
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Figure 4. Model architecture of the image recognition
algorithm used for retinal analysis. Data flows from the
input layer of 128 neurons, through a hidden layer of 12
neurons, to a single output neuron. These pathways help
the model learn patterns in retinal fundus images.

among images that can suggest retinal damage, such as
weakened blood vessels, hemorrhage, edema, etc. This
trained model can then be used to quickly diagnose DR
and support clinicians by providing additional insight.

Model Architecture

The model is built with Python utilizing the libraries
TensorFlow, Keras, and NumPy, following a feedfor-
ward neural network design. Input images are fed into
preprocessing, where they are converted to grayscale
with the help of OpenCV and resized to a 128x128
pixel image. Grayscaling the image reduces the dimen-
sionality of the input without sacrificing structural fea-
tures related to DR. The resizing ensures that the image
recognition model does not overfit to the image resolu-
tion difference between datasets. The pixel values are
then normalized from a scale of 0-255 to a scale of 0-
1, ensuring numerical stability while training. These
pixel values are then flattened into a matrix, which is
fed into the network.

The model’s architecture is shown in Figure 4, il-
lustrating the different layers used for classification in
the model. The model contains one hidden layer and
an output layer. The hidden layer contains 128 neu-
rons, which perform ReLU activation to learn nonlin-
ear features from the input. The output layer contains
one neuron, which performs a sigmoid activation, map-
ping the ReLU activation’s output from each hidden-
layer neuron into a probability between 0 and 1. Values
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above 0.5 are classified as positive, and the rest as neg-
ative. This model is compiled with the Adam Optimizer
and binary cross-entropy loss, which are standard for
binary classification models. The dataset undergoes an
80/20 split, with the former for training and the latter
for testing. The model trains over the training dataset
for 15 epochs, with the test dataset being used as a val-
idation to adjust the neurons. Training accuracy and
loss are monitored through each epoch in order to en-
sure there is no overfitting.

The trained model can be deployed via cloud ser-
vice providers such as AWS or Azure, or locally through
TensorFlow.js or Flask. Combined, the eLFA and im-
age recognition model form a two-channel diagnostic
test where both components complement each other.
The eLFA provides rapid, biochemical data that can
be quantified through tear samples, accounting for
molecular changes in retinal damage before struc-
tural damage becomes apparent. The Al model func-
tions independently, but not separately from the eLFA.
This model analyzes retinal fundus images for physical
markers of deterioration. Where one method may pro-
duce an ambiguous result, the other provides contrast-
ing information, reducing the likelihood of false posi-
tives and false negatives. The dual-modal approach is
particularly valuable in low-resource environments or
primary care centers where a specialist’s second opin-
ion can complement the results from the technologies,
allowing the combined output to support clinical deci-
sions.

Safety

The electronic lateral flow assay will be designed with
safety considerations at every stage of development
and use. Construction will be performed under appro-
priate laboratory safety conditions and standard PPE.
Electronic components will operate under low-voltage
conditions with proper insulation to minimize electri-
cal hazards.

In the case of biological hazards, the safety level
for this lab research would be BSL-1. This is be-
cause protein VEGF, GA, their respective antibodies,
and other bioengineered antibodies would not be con-
sidered moderate-risk agents. However, labs should
incorporate air filtration using HEPA filtration to re-
move a significant amount of particles from the air
(Zacharias et al.,, 2021). Equipment can be cleaned us-
ing Presept 0.45%, if possible (Weidmann, 2023). Oth-
erwise, researchers can use common 70% isopropyl,
bleach, etc. A deeper clean for more heat-resistant ma-
terial would be an autoclave. These methods will guar-
antee safety for those researching using these proteins,
as they are not as dangerous as BSL-3 or BSL-4.

150

During development phases, the system will be de-
signed so that it is easy to diagnose problems and is-
sues, with components clearly spread out.

Discussions

The primary strength of this project lies in its multi-
method diagnosis strategy, combining an electrical lat-
eral flow assay and an Al-based image analysis. Unlike
expensive hospital-grade cameras or invasive labora-
tory blood tests, both the LFA and the Al model are
designed to be an inexpensive option, making them a
great tool for diagnostics in resource-limited settings.

While traditional LFAs are often binary (posi-
tive/negative), the integration of a Wheatstone bridge
to measure electrical resistance allows for a quantita-
tive reading. This provides data on the concentration
of VEGF and GA, potentially allowing clinicians to track
the severity of the disease rather than just its presence.
By leveraging neural networks, we tested our model
architecture by training it on a dataset of 124 retinal
images sourced from retinal banks. Through validation
on our datasets, the model has achieved 96% diagnos-
tic accuracy and a loss of 0.03, as depicted in Figure
5.

The eLFA takes inspiration from the widespread ac-
cessibility of COVID-19 rapid tests. We have theoreti-
cally modified the standard LFA by integrating biolog-
ical receptors with specialized electrical components.
Unlike traditional “yes/no” tests, this bio-electrical sys-
tem utilizes a Wheatstone bridge-an electrical cir-
cuit used to measure an unknown electrical resistance
by balancing two voltage dividers (legs) of a bridge
circuit-circuit to translate the biological binding of an-
alytes, such as VEGF and GA, into measurable changes
in electrical resistance. This allows the device to move
beyond qualitative detection and provide a quantita-
tive measurement of protein concentration, potentially
allowing clinicians to track the severity of the disease
and its vascular progression rather than just its pres-
ence. To test the proof of concept, we utilized the
COVID-19 test without the antibodies, where we con-
nected the test to the Wheatstone bridge circuit, com-
paring the results of a buffer solution to a test with
a buffer solution, replicating the way the test would
work without actually testing for DR. However, with
the full experiment, the added antibodies would be on
the test lines, not the COVID-determining antibodies,
and instead of the buffer solution, tears would be used.
For our testing, we purchased the Flowflex COVID-19
Antigen At Home test. We cracked open the casing to
access the LFA and used copper tape to connect the
electrode on both ends of the LFA. Then, we wired
a Wheatstone bridge using an Arduino and a bread-
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Figure 5. Accuracy and Loss vs Epochs graphs of the Al Model. The left graph shows model accuracy increasing
rapidly during early epochs and stabilizing near 0.9-1.0 accuracy values. The right graph shows a decrease in loss
values approaching zero. These graphs confirm the model is reliable for classifying images.

Figure 6. Experimental setup of the eLFA concept test.
The setup includes an Arduino microcontroller con-
nected to a breadboard circuit, a multimeter for voltage
and resistance measurements, and a battery pack sup-
plying power to the system. The jumper wires link the
parts of the circuit together.

board, following our design depicted in Figure 6.

When we ran the test without the buffer solution,
the LFA resistance when the circuit zeroed out was
1.27 kohms, and the resistance of the LFA with the
buffer solution was 1.8 kohms, resulting in a signifi-
cant change in resistance of 41.7%. It is important to
note that the code is measuring the bridge differential
voltage directly, not solving for resistance, which we

calculated by hand.

Because this project is currently a proof of concept,
the primary challenge remains the physical transition
from individual parts to an integrated system. Specif-
ically, while the Al and the electrical circuit have been
tested independently, the actual physical integration
of antibodies onto the LFA strip is still in the test-
ing phase. The testing phase of the integration is im-
portant for identifying reactivity between the two test
lines with the VEGF and GA antibodies before the de-
vice can be considered for clinical use. Since there
are no currentrigorous validation studies involving the
use of tear fluids in an immunoassay diagnostic, many
of our parameters concerning the materials/ chemi-
cals used in the pads will have to be tested to ensure
they do not interfere with assay performance.

Another significant technical issue remains in char-
acterizing the biochemical interaction between the
two primary antibodies. Our design utilizes separate
test lines for VEGF and GA to prevent potential cross-
reactivity. However, a phenomenon known as steric
hindrance can interfere with the binding sites of VEGF
and GA, isolating them and compromising the integrity
of the electrical resistance data (Matos, 2020). The
control line where the AuNP-antibody complexes are
unbound by the biomarkers will accumulate and may
cause issues in the future. This control line will also
create resistance and lead to a false measurement of
the total resistance due to the gold-nanoparticle accu-
mulation pattern. However, this issue may be able to
be overcome by keeping a consistent amount of bind-
ing in the control line.
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Next steps

Building on the initial proof of concept, our team
will spend the upcoming semester transitioning to the
physical development and construction phase. The
project will focus on the actual synthesis and assem-
bly of the lateral flow assay components. Our team will
also do further research and develop a method for col-
lecting tears without damaging the retina, determining
the chemical and protein composition of the tears, or
harming the proteins themselves in the tears. Then, for
our eLFA, initial testing will be conducted to verify that
our biological sensor correctly responds to the corre-
sponding retinopathy markers. Once the team ensures
the antibodies work as intended, the team will then fo-
cus on rigorous testing to establish ranges of electrical
resistances that pertain to certain DR severities. Dur-
ing this stage, the team will also start the development
of a product design, involving the casing of the LFA and
a custom printed circuit boardto replace the Arduino-
based setup with a more cost-effective electrical mea-
surement system.

The image recognition model will be refined by
training it on larger, more diverse datasets of retinal
fundus images to not only detect the presence but also
the severity of DR. The team plans to contact multiple
eye clinics to obtain direct access to retinal banks for
training the model in real time. This training process
aims to increase the model’s sensitivity and specificity,
ensuring the Al model provides a highly reliable diag-
nosis. The team will also focus on the deployment of
the Al model so it can be used by eye clinics with rela-
tive ease.
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