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Reducing hepatitis C diagnostic disparities with a fully
automated deep learning-enabled microfluidic system
for HCV antigen detection
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Viral hepatitis remains a major global health issue, with chronic hepatitis B (HBV) and hepatitis C (HCV) causing
approximately 1 million deaths annually, primarily due to liver cancer and cirrhosis. More than 1.5 million people
contract HCV each year, disproportionately affecting vulnerable populations, including American Indians and
Alaska Natives (Al/AN). While direct-acting antivirals (DAAs) are highly effective, timely and accurate HCV diagno-
sis remains a challenge, particularly in resource-limited settings. The current two-step HCV testing process is cost-
ly and time-intensive, often leading to patient loss before treatment. Point-of-care (POC) HCV antigen (Ag) testing
offers a promising alternative, but no FDA-approved test meets the required sensitivity and specificity. To address
this, we developed a fully automated, smartphone-based POC HCV Ag assay using platinum nanoparticles, deep
learning image processing, and microfluidics. With an overall accuracy of 94.59%, this cost-effective, portable de-
vice has the potential to reduce HCV-related health disparities, particularly among Al/AN populations, improving
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accessibility and equity in care.

INTRODUCTION

Viral hepatitis remains one of the foremost contributors to global
health challenges, ranking within the top 10 causes of morbidity and
mortality worldwide. The World Health Organization (WHO) has
reported that around 1 million deaths annually are attributable to
chronic hepatitis B virus (HBV) and hepatitis C virus (HCV), large-
ly due to severe complications such as liver cirrhosis and hepatocel-
lular carcinoma. Moreover, more than 1.5 million people are newly
infected with hepatitis C each year (I). Managing HCV infection
effectively, especially in populations with substantial health dispari-
ties, poses considerable obstacles. Vulnerable groups include those
in resource-constrained environments, rural areas, economically
disadvantaged regions, migrants, and displaced individuals. For in-
stance, American Indians and Alaska Natives (Als/ANs) have a re-
ported incidence of new HCV infections at 2.9 cases per 100,000
compared to 0.5 cases per 100,000 among African Americans and
1.2 cases per 100,000 in non-Hispanic whites, with markedly higher
mortality rates compared to other ethnic and racial groups (2, 3).
Historical and generational trauma including loss of population,
land, and culture has contributed to the health inequities seen
among AI/AN people today (4).

In response to the high prevalence of HCV among AI/AN popu-
lations and the introduction of effective direct-acting antivirals
(DAAs), the Cherokee National Health Services (CNHS) imple-
mented enhanced HCV testing strategies in October 2012, in align-
ment with the 2012 US Centers for Disease Control and Prevention
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(CDC) guidelines and the recommendations of the US Preventive
Services Task Force. These initiatives included the integration of re-
minders in the electronic health record system to support clinical
decision-making (2). The implementation of these testing protocols
at CNHS resulted in substantial reductions in patient wait times,
travel requirements, and the number of necessary clinical visits
when compared to traditional screening methods. Notably, the pro-
portion of AI/AN individuals in Oklahoma undergoing initial HCV
testing increased fivefold between 2012 and 2015 following the
adoption of these policies (2). However, despite these advancements,
the demand for confirmatory HCV RNA testing has surged, and a
substantial portion of individuals identified as HCV antibody posi-
tive did not receive confirmatory HCV RNA testing (2).

Even with the advent of DAA therapies, which are characterized
by their ease of use (once-daily oral dosing) and high efficacy
(achieving cure rates greater than 95%) (5, 6), the early and accurate
diagnosis of active HCV infection continues to be a substantial chal-
lenge, particularly in resource-limited settings and among popula-
tions disproportionately affected by HCV, such as Als/ANs (7).
Globally, it is estimated that only 21% of individuals infected with
HCV are actually diagnosed (I, 8-10). To meet the WHO’s HCV
elimination targets established in 2016, which aim for an 80% re-
duction in the incidence of new HCV infections and a 65% reduc-
tion in HCV-related mortality by 2030, there must be a substantial
increase in HCV screening efforts to identify 90% and treat at least
80% of the estimated 58 million individuals living with HCV world-
wide (11, 12).

One of the major barriers to connecting individuals infected with
HCV to effective DAA treatment is the reliance on a two-step HCV
testing process (13, 14). This process involves initial HCV antibody
screening followed by confirmatory HCV RNA testing, which is
costly, time-consuming, inconvenient, and often leads to suboptimal
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outcomes. As a result, many individuals diagnosed with HCV anti-
bodies disengage from care before receiving confirmatory HCV
RNA testing and appropriate treatment (8, 15, 16). HCV antibody
testing, which cannot distinguish between resolved (R-HCV) and
viremic (V-HCV) HCV infection, is unable to detect acute HCV in-
fection and is not suitable for individuals who are immunocompro-
mised, on immunosuppressive therapy, or undergoing hemodialysis
(17, 18). Consequently, when HCV antibody tests return positive
results, additional HCV RNA testing is necessary to confirm active
infection.

Currently available HCV RNA assays, including point-of-care
(POC) HCV RNA tests, are predominantly laboratory-based, expen-
sive, and often inaccessible to populations that are disproportionately
affected by HCV; including Als/ANs (13, 15, 19). The development of
low-cost, rapid, sensitive, and specific POC HCV antigen (Ag) tests
offers a promising alternative for one-step HCV screening and diag-
nosis, particularly for populations that are disproportionately affected
by HCV and those in resource-limited settings (20-29). In these en-
vironments, the use of POC HCV Ag diagnostics instead of HCV
RNA testing is not only cost-effective but also operationally advanta-
geous, facilitating a streamlined, one-step process for HCV diagnosis
and linkage to care (30). HCV Ags—which are detectable in whole
blood, plasma, or serum regardless of the presence of HCV antibodies—
serve as reliable surrogate markers for active HCV infection and viral
replication (23-29). Notably, HCV Ags, similar to HCV RNA, are
detectable in the bloodstream during the acute phase of infection,
well before antibodies are produced (31).

Now, there are no commercially available and US Food and Drug
Administration (FDA)-approved POC HCV Ag testing devices.
The existing HCV Ag assays have been primarily developed for lab-
oratory use, making them relatively expensive and, more important-
ly, lacking the necessary sensitivity and specificity, particularly when
testing samples with clinically notable low viral loads (<1000 IU/
ml). This limitation has restricted their clinical utility (32-40). The
reported limits of detection (LOD) for the developed HCV Ag diag-
nostics range from 3000 to 10,000 IU/ml, in contrast to the LOD of
12 to 15 IU/ml achieved by polymerase chain reaction (PCR)-based
assays (40-42).

Although the 2016 European Association for the Study of the
Liver (EASL) guidelines and the WHO Global Hepatitis Report
have recognized HCV Ag testing as a feasible alternative to HCV
RNA testing, particularly in resource-limited settings, and have
conditionally endorsed the ARCHITECT HCV Ag assay as an in
vitro diagnostic tool for acute HCV infection, the WHO acknowl-
edges its limitations in accurately identifying individuals with clini-
cally relevant low viral loads (<1000 IU/ml) (20, 43). For example,
the Abbott Architect HCV cAg assay demonstrated a sensitivity
range of 64.7 to 81.9% when tested with HCV serum samples featur-
ing viral loads of <10* TU/ml and 0.0 to 19.7% when tested with
samples with viral loads of <1000 IU/ml (38, 39). In a recent clinical
study involving 744 cases, the sensitivity of the HCV Ag test was
reported as 82.1% (20).

Currently available serological assays for HCV detection do not
meet the requirements for accurate, sensitive, specific, low-cost, user-
friendly, and POC detection of HCV Ag using small volumes of whole
blood samples, such as those obtained from fingerpricks (44). For in-
stance, a lateral flow assay developed by Wang et al. (45) for HCV core
Ag (cAg) detection exhibited a sensitivity of 10.71% compared to
RNA-based assays when samples with viral loads between 10° and
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10 copies/ml were used (45). This underscores the urgent need for the
development of cost-effective, scalable diagnostics that allow for on-
site, one-step, rapid HCV Ag testing, particularly for high-risk and
disproportionately affected populations, including AI/ANs (46). The
deployment of these rapid POC HCV tests has the potential to sub-
stantially improve HCV infection management by enabling immedi-
ate treatment decisions and reducing patient loss to follow-up (10, 47).
The critical need for the development of POC HCV Ag diagnostics
was extensively discussed by national HCV experts during a webinar
titled “Identifying high-priority diagnostic approaches for Advancing
hepatitis C elimination in the US,” organized by the Association of
Public Health Laboratories (APHL) in collaboration with the CDC’s
Division of Viral Hepatitis in October 2021 (48).

Here, we report the development and validation of a microfluidic-
based POC HCV cAg assay using an all-in-one handheld automated
microfluidic system (AAS). This assay was designed to be user-
friendly, cost-effective, and portable, with the aim of improving ac-
cessibility for underserved community members, particularly within
the AI/AN populations, ultimately reducing disparity in HCV-related
care. This assay achieves successful HCV detection with a sample-to-
answer time of approximately 23 min using a fingerprick volume
(50 pl) of patient plasma sample. It can reliably detect HCV RNA
concentrations as low as 574 IU/ml. Compared to reverse transcrip-
tion PCR (RT-PCR) methods, the HCV cAg POC test demonstrated
an accuracy exceeding 94.59% [95% confidence interval (CI), 86.73
to 98.51%] with a positive percent agreement of 98.04% (95% CI,
88.06 to 99.71%) and a negative percent agreement of 86.96% (95%
CI, 68.87 t0 95.26%) in a clinical validation study with 74 clinical pa-
tient plasma samples including 36 samples collected from AI/ANs.

RESULTS

Characterizations of the AAS

We developed the AAS that enables automated sample processing
on the disposable cartridge preloaded with assay reagents through
sequential and oscillatory sample and reagent flows for the rapid
and sensitive detection of HCV cAg as illustrated in Fig. 1 and fig.
S1. The disposable microfluidic cartridge is composed of one waste
chamber to self-contain all the reagents after running the test, one
intestine-shaped test channel, one intestine-shaped control channel,
and 14 reservoirs for on-chip storage of assay reagents and buffering
liquid during the oscillatory flows, as shown in fig. S2. The test and
control channels on the cartridge are coated with capture antibody
against HCV cAg and polyclonal goat anti-mouse immunoglobuin
G (IgG) (Fc specific) antibody to capture mouse antibody coated Pt
nanoprobes, respectively. Pt nanoprobe-labeled HCV cAg complex-
es are captured on the surface of the test channel to confirm the
presence of HCV cAg, while free Pt nanoprobes are captured on the
surface of the control channel to indicate successful sample flow and
nanoprobe activity. To prevent interference or cross-talk between
the assay reagents in the on-chip reservoirs during storage and ship-
ment, retention burst valves have been incorporated into the system,
as illustrated in fig. S3 and movie S1.

The assay is initiated by pressing the start switch on the reader, ac-
tivating a code that controls a mini pump and a solenoid valve to di-
rect different assay reagents to flow sequentially and oscillate through
the test/control channels. This periodic oscillatory flow substan-
tially enhances mixing and binding performance between the tar-
get molecules in the sample solution and the surfaces functionalized
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Fig. 1. AAS for POC HCV detection. (A) Overview of the AAS for HCV detection. A patient serum sample is loaded on a microfluidic cartridge with preloaded assay re-
agents and is automatically processed using a standalone optical reader. The optical image data are captured by a standalone wireless camera and transmitted to a
smartphone for analysis using a deep learning-enabled smartphone application. (B) Working principle of the bubbling assay in the microfluidic cartridge. The test chan-
nel and control channel of the cartridge are coated with capture antibody against the HCV core antigen (HCV cAg) and polyclonal goat anti-mouse IgG (Fc-specific) anti-
body (to capture the mouse antibody-coated Pt nanoprobes), respectively. Pt nanoprobe-HCV cAg complexes are captured on the surface of the test channel to confirm
the presence of HCV cAg, while free Pt nanoprobes are captured on the surface of the control channel to indicate successful sample flow and nanoprobe activity. Captured
Pt nanoprobes in the test and control channels catalyze the decomposition of H,0, into O, bubbles, which can be imaged by a built-in CMOS camera to indicate the ex-
istence of HCV cAg (test channel) and the functionality of the cartridge (control channel). (C) Captured images are analyzed on a smartphone application using a deep
learning adversarial model.

with binding ligands by expanding the effective path traveled by the  solenoid valve is turned off, disconnecting the reaction reservoir from
fluids within the system (49). It also creates repeated turbulent trans-  the atmosphere and thereby including all the reagent reservoirs in the
port within the interconnected large-scale reservoirs and increases the  closed microfluidic circuit (red). In this mode, reagents from the se-
frequency of molecular collisions facilitated by the periodic oscillatory  ries of reservoirs can sequentially enter the first reagent reservoir.
flows. To increase the portability and accessibility of the sensing de- To precisely control the sequential and oscillatory flows of vari-
vice, we designed a simple and handheld peripheral microfluidic con-  ous assay reagents in the microfluidic channels at predetermined
trol system for programmable sequential flows and oscillatory flowsto  time intervals, we have programmed a mini peristaltic pump and a
automatically detect HCV cAg, as shown in fig. S4. A standalone wire-  solenoid valve using a microprocessor loaded with optimized code.
less imaging module was used to capture images from the AAS and  As shown in figs. S6 and S7, one single microprocessor was used in
wirelessly transmit the data to the smartphone application for analysis,  the circuit for synergizing the activity of a solenoid valve and a mini
as shown in fig. S5. pump. The microprocessor is activated by simply turning on the
After the programmed flows pass through the two channels, Pt  portable power, allowing it to execute the preloaded program. To
nanoprobe-HCV cAg complexes are captured on the surface of the evaluate the performance of the microfluidic system in executing
test channel, and Pt nanoprobes are captured on the surface of the programmed sequential and oscillatory flows for the automatic im-
control channel. Pt nanoparticles catalyze the decomposition of H;O,  munoassay to detect HCV, we used colored liquids to monitor the
into O, bubbles, which can be imaged using a built-in complemen-  flow steps. As demonstrated in Fig. 2D, fig. S8, and movie S2, the
tary metal-oxide semiconductor (CMOS) camera for data analysis. flow events were successfully executed automatically by the AAS,
The mini peristaltic pump was connected to one end of the micro-  effectively meeting the requirements of the corresponding immuno-
fluidic circuit to control fluid movements by adjusting the pressures. ~ assay steps. These results strongly support the accuracy of the AAS
The other end of the microfluidic circuit is always open to the atmo-  in performing programmed sequential and oscillatory flows, and
sphere. The solenoid valve is used to regulate the connection between  they underscore its simpler peripheral microfluidic control system,
the first reagent reservoir and the atmosphere. There were two states ~ which is more suitable for POC settings compared to traditional
of the microfluidic circuit: (i) oscillatory flow state and (ii) sequential ~ control systems. The microfluidic cartridge was designed for single
flow state, with the transition between these states controlled by a so-  use, whereas the detection module can be reused for multiple tests.
lenoid valve, as depicted in Fig. 2 (B and C). When oscillatory flows  The material costs for manufacturing the microfluidic cartridge and
are required to enhance mass transfer in the test/control channels, as  detection reader were $1.5 and $95, respectively (table S1).
shown in Fig. 2B, the solenoid valve is activated to connect the reac- The polymethyl methacrylate (PMMA) microfluidic channels
tion reservoir to the atmosphere. This creates a closed circuit (red)  were functionalized with antibodies through a layer-by-layer pro-
that includes only the test/control channels and the first reagent reser-  cess (50, 51). Briefly, the microchannels were first coated with
voir while excluding the other reagent reservoirs from the microflu-  poly(ethyleneimine) (PEI), followed by a coating with glutaralde-
idic circuit (gray). In this mode, only the reagent in the reaction hyde (GA) solution, and lastly with antibodies. The test channel was
reservoir is subjected to periodic pressure changes, resulting in oscil- ~ functionalized with a capture antibody against HCV cAg, while the
latory flow. When sequential flow is required, as shown in Fig. 2C, the  control channel was functionalized with polyclonal goat anti-mouse
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Fig. 2. AAS with simple peripheral microfluidic control system with functions of programmable sequential oscillatory flows. (A) Overview of the system, consisting of a
mini peristaltic pump and a solenoid valve. The pump controls fluid movement, while the solenoid valve regulates the connection between the first reagent reservoir and the
atmosphere. (B and C) Flow control mechanisms. In oscillatory flow mode (B), the solenoid valve opens, creating a closed circuit that includes only the test/control channels and
the first reagent reservoir, allowing periodic pressure changes. In sequential flow mode (C), the valve closes, connecting all reagent reservoirs for sequential reagent delivery.
(D) Automated immunoassay for HCV detection. Nanoprobe-labeled immunocomplexes are captured in the test channel via oscillatory flows. Excess nanoprobes enter the
control channel during sequential flow. Three washes sequentially remove nonspecific nanoprobes, followed by hydrogen peroxide introduction to drive the bubbling reaction,
generating a detectable signal. (E) Dose-response curve of AAS. Assays were performed using five HCV-negative serum samples spiked with HCV concentrations ranging from
0 to 200,000 IU/ml. The limit of detection (LOD) was determined to be 573.9 IU/ml. (F) Specificity test. AAS signals were compared across blank, HIV (5.3 x 10° copies/ml), HBV
(4.4 x 10% 1U/ml), and HCV (2.3 x 10° IU/ml) samples, confirming high specificity [N = 3, P> 0.05, not significant (ns); ***#*P < 0.0001]. (G) Usability test. A total of 13 users (five
trained, eight untrained) tested the system, demonstrating its user-friendliness. Data points, median values, quartiles, and interquartile range whiskers are shown.
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antibody (to capture the mouse antibody-coated Pt nanoprobes). To
prevent nonspecific bindings, a blocking solution containing bovine
serum albumin (BSA), tris buffer, and polyacrylic acid (PAA) was
used to block the surface of the microfluidic channels.

Fourier transform infrared (FTIR) spectroscopy was used to confirm
the successful coatings of PMMA. FTIR spectra from pristine PMMA,
PEI-coated PMMA, and protein-PEI-coated PMMA were compared.
The PEI-coated PMMA exhibited characteristic primary amine absorp-
tions at 3282, 2838, and 1590 cm ™", typical of N=H stretching and bend-
ing, indicating the successful coating of PEIL The protein-PEI-coated
PMMA showed characteristic absorptions at 1637 cm™" (C=C stretch-
ing), 1524 em™! (N—O stretching), and 1389 cm™! (S=0 stretching),
confirming the successful antibody coating (fig. S9).

For the nanoprobe preparation, platinum nanoparticles (PtNPs)
were coated with a detection antibody against HCV cAg via a
straightforward process and evaluated by FTIR spectroscopy. Sur-
face FTIR spectra of the PtNPs were compared before and after an-
tibody functionalization. The antibody-conjugated PtNPs exhibited
characteristic protein absorptions at 1652 cm™' (N—H bending),
1547 cm™! (N—O stretching), and 1397 cm™! (C—O stretching), in-
dicating successful antibody conjugation on the PtNPs (fig. S10).

After preparing and optimizing the assay materials, we assessed
the efficacy of the AAS in capturing a target protein and generating
bubble signals with the recombinant HCVcAg. A strong bubbling
signal was observed within 10 min of programmed oscillatory flows,
whereas a notably weaker signal was detected during static incuba-
tion (fig. S11 and movie 3). These findings validate that the pro-
grammed oscillatory flows can efficiently capture the target molecule
in a short period, making AAS suitable for POC testing.

Analytical performance of AAS for HCV detection
Serially diluted human serum samples with HCV RNA concentra-
tions ranging from 200 to 2 X 10° TU/ml were used to evaluate the
assay limit of detection (LOD). A dose-response curve was plotted,
and a strong correlation was observed between the target concentra-
tion and the corresponding bubbling signal (Fig. 2E and table S2). The
LOD was determined by calculating the mean of the blank plus three
times the SD obtained for the blank (52, 53). The theoretical LOD of
the assay was estimated as 573.9 IU/ml. The specificity of the assay
was also evaluated using HCV samples and nontarget samples includ-
ing HBV and HIV (Fig. 2F). The bubble signals due to nontarget viral
samples were comparable to the blank. However, the HCV samples
with similar level of viral load of 2 X 10° IU/ml generated a notable
increase of bubble signal, indicating the high specificity of the AAS.
To assess the frequency of user errors, we conducted experiments
involving a diverse group of individuals. These tests used samples con-
taining the recombinant HCV cAg as the test material. The participant
pool comprised a total of 13 individuals: five with specialized training
and expertise related to the developed assay and eight untrained indi-
viduals with diverse backgrounds, including non-PhD graduates and
undergraduate students (Fig. 2G). The participants were provided with
a user instruction sheet as their only reference to conduct the testing
procedure (fig. S12). Both groups achieved consistent and reproduc-
ible results, underscoring the user-friendly nature of the assay.

Development of the deep learning classifier for

HCV detection

In this work, building on our previous experience (54), we used adaptive
adversarial learning to reduce the dependence on human-annotated
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data and improve generalizability. This approach was used to reconfig-
ure a smartphone-based diagnostic system, named the Smartphone-
based Pathogen Detection Resource Multiplier using Adversarial
Networks (SPyDERMAN), for the detection of HCV cAg (Fig. 3A).
This system harnesses a library of unlabeled, diverse, and nonspecific
images captured by smartphones to train deep learning models for de-
veloping on-demand image classifiers for specific targets. Deep adver-
sarial learning strategies, commonly used for domain adaptation (DA),
offer a robust solution in scenarios where there is substantial image
variability and a lack of labeled images in source domains but an abun-
dance of unlabeled images in target domains. By leveraging unanno-
tated data from potentially different but related domains and broader
distributions, we can considerably improve the performance of the im-
age classifier.

In this study, we used 982 unannotated images from the library
as the target dataset and 1000 annotated images with known HCV
viral loads as the source dataset. We adopted a clinical cutoff of 1000 IU/
ml, in accordance with the treatment guidelines for hepatitis C
provided by the EASL (21, 55-57). The network operated as a binary
classifier, distinguishing between samples with HCV viral loads of
>1000 IU/ml (positive) and <1000 IU/ml (negative). During train-
ing, both classifier loss and adversarial (transfer) loss were mini-
mized concurrently, with a higher emphasis placed on minimizing
the classifier loss. The loss curves of the best-performing model,
shown in Fig. 3B, demonstrate strong classifier performance and
model adaptation, as evidenced by low classifier loss and transfer
loss. We trained three replicate models to evaluate model robust-
ness. In our validation set, all three models performed with a perfect
accuracy of 100% (n = 3 seed replicates; 127 spiked HCV samples).
The algorithm was designed to operate with pixel quality commonly
available in most consumer cameras. During preprocessing, the al-
gorithm resizes and restructures images to optimally capture bubble
signal information for analysis. The primary user-dependent re-
quirement is to ensure that the bubble signal data are discernible to
the naked eye, meaning the image must be in focus.

Assay validation with patient samples

We evaluated the clinical performance of the qualitative AAS using
38 non-AI/AN HCV-infected patient plasma samples and 36 AI/AN
HCV-infected patient plasma samples through receiver operating
characteristic (ROC) curve analysis (Fig. 4, A to C). The area under
the curve (AUC) values were 0.997 for non-AI/AN samples, 0.981
for AI/AN samples, and 0.983 for the combined samples. The assay
demonstrated sensitivities of 96.30% (95% CI, 81.03 to 99.91%) for
non-AI/AN HCV patient samples, 92.31% (95% CI, 74.87 to 99.05%)
for AI/AN HCV patient samples, and 94.34% (95% CI, 84.34 to
98.82%) for the combined samples in classifying HCV-infected sam-
ples with a clinically relevant viral load threshold of 1000 IU/ml
based on EASL recommendations (tables S5 to S7). The specificities
were 90.91% (95% CI, 58.72 to 99.77%) for non-AI/AN HCV patient
samples, 100.00% (95% CI, 69.15 to 100.00%) for AI/AN HCV pa-
tient samples, and 95.24% (95% CI, 76.18 to 99.88%) for the com-
bined samples (tables S5 to S7).

These findings strongly support the system’s ability to accurately
classify patient plasma samples based on a clinically relevant viral
load threshold of 1000 IU/ml. The high AUC values highlight the
AAS’s substantial discriminatory capacity, making it suitable for
clinical use and improving the accuracy of virus detection. The ver-
tical scatterplots in Fig. 4 (D to I) show the correlation between
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Fig. 3. Development and evaluation of the developed deep learning framework for HCV detection using spiked samples. (A) Schematic illustrates the general ar-
chitecture and developmental pipeline of the adversarial network used in this study. L. and L,q, represent classifier loss and transfer loss, with a library containing 896
unannotated images, and 420 labeled images (225 positive and 195 negative) using spiked samples. (B) Transfer, classifier, and validation loss curves of the network over
the course of development. The dotted lines represent the iteration where the model was saved due to early stoppage conditions (lowest validation loss) in place. Valida-
tion loss was obtained at 50 iteration intervals when evaluating the validation set during training. The classifier and transfer loss represent the training losses.

qualitative AAS results and PCR outcomes for patient samples,
highlighting specific discrepancies. To further assess the perfor-
mance of AAS with low HCV viral loads, which is critical to early
detect the newly infected individuals in high risk groups (58), we
conducted an evaluation using 23 low viral load samples with viral
loads bellow 5000 IU/ml (59). The assay demonstrated a robust per-
formance, accurately detecting HCV in 22 samples, with only one
false negative observed. These findings provide strong evidence sup-
porting the reliability and validity of the calculated LODs for the
assay, as presented in tables S3 and S4. This alignment, corroborated
by Pearson’s and Spearman’s correlation coeflicients, underscores
the robustness of the association between these variables.

DISCUSSION

HCYV infection poses a formidable global health challenge, affecting
an estimated 58 million individuals worldwide, with 1.5 million new
infections emerging annually. If left untreated, then HCV can prog-
ress to severe conditions such as cirrhosis and hepatocellular carci-
noma. Despite recent strides in cost-effective HCV treatments,
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rapid and early detection of active cases remains a key hurdle, espe-
cially for those disproportionately affected by HCV infection such
as AI/ANs. Alarmingly, only 21% of HCV-infected individuals re-
ceive a diagnosis globally, underscoring the urgent need for im-
proved screening strategies.

Of particular concern are AI/AN populations, who bear a dis-
proportionate burden of HCV infection. They experience a rate of
2.9 cases per 100,000 compared to 0.5 cases per 100,000 in African
Americans and 1.2 cases per 100,000 in non-Hispanic whites, with
higher mortality rates. Achieving the WHO’s HCV elimination tar-
gets, aiming for an 80% reduction in new infections and a 65% re-
duction in HCV-related mortality by 2030, requires substantial
improvements in screening efforts. The existing two-step HCV test-
ing protocol, involving initial antibody testing followed by confir-
matory RNA testing, proves costly and time-consuming, leading
to attrition in HCV management. In June 2024, the FDA approved
Cepheid’s Xpert HCV test and the GeneXpert Xpress System, mak-
ing it the first hepatitis C test available for use in certified POC set-
tings for individuals at risk (60). However, the high cost of the
GeneXpert system, approximately $25,000 for the analyzer, along
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Fig. 4. Assay validation with patient samples. ROC analysis using clinical samples from patients at (A) MGH (n = 38), (B) Cherokee Nation Specialty Clinic (n = 36), and
(C) both (n = 74). Vertical scatterplots for clinical samples collected from MGH (D), Cherokee Nation (E), and both sites (F). Qualitative AAS results depending on PCR quan-
titative testing results of clinical samples collected from MGH (G), Cherokee Nation (H), and both sites (I). Due to the limited availability of patient samples with viral con-
centrations near the LODs, 10 spiked clinical samples with concentrations close to the cutoff were included to better assess the assay’s performance in the critical range.

with its limited portability as a benchtop device, has restricted its
widespread accessibility (61).

An alternative approach lies in cost-effective, rapid, sensi-
tive, and specific POC HCV Ag testing, offering potential for
streamlined screening and diagnosis in a single step. However,
commercially available and FDA-approved devices for POC
HCV Ag testing are currently lacking. Most existing assays are
laboratory-based, relatively costly, and lack the necessary sensitiv-
ity and specificity, particularly for samples with low viral loads
(<1000 IU/ml).

To bridge this clinical gap, we developed and validated an afford-
able, rapid, sensitive, and specific POC HCV Ag diagnostic assay
through seamless integration of nanotechnology, microfluidics, and
deep learning-based image processing. We used the catalytic prop-
erties of PtNPs to generate bubbling signals, achieving high analyti-
cal sensitivity capable of detecting HCV at concentrations as low as
574 TU/ml. Our image-based inferences were facilitated by the
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adversarial-based SPyDERMAN network, which was trained on a
limited dataset consisting of images of microchips with bubble sig-
nals from tests with known HCV concentrations and a large retro-
spective library of nonspecific bubbling-microchip images. This
HCV detection device is user-friendly, cost-effective, and portable,
aiming to reduce HCV-related health disparities by improving ac-
cessibility for underserved communities, particularly AI/AN popu-
lations, thereby enhancing equity in HCV-related care. Table S8
provides a comparative analysis of the AAS (HCV cAg immunoas-
say) alongside several other diagnostic assays for HCV detection. It
highlights key performance characteristics, including sensitivity,
specificity, detection targets, LOD, portability, automation capabili-
ties, cost, time to result, and commercialization status. The AAS as-
say demonstrates high sensitivity (94.34%) and specificity (95.24%),
with a relatively rapid time to result (23 min) and low cost, position-
ing it as a promising option for resource-limited settings. In con-
trast, other assays such as the Elecsys Anti-HCV and Architect
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Anti-HCV assays exhibit perfect sensitivity and specificity but lack
portability and are typically more costly. The table also includes
emerging nucleic acid-based assays, some of which offer impressive
LOD values but are in research stages, highlighting ongoing ad-
vancements in HCV diagnostics.

The developed platform demonstrates remarkable adaptability
beyond HCV detection, showcasing notable potential for identify-
ing a wide array of pathogens and biomarkers. The SPyDERMAN
framework used in the system can be easily expanded using rela-
tively small annotated datasets tailored to other biotargets. In addi-
tion, the microfluidic cartridge design can be modified to include
multiple parallel detection channels, enabling multiplexing for the
simultaneous detection of various biomarkers (54). This capability
has been validated in prior studies, where microfluidic platforms
were effectively adapted for analyzing diverse biomarkers with high
accuracy and minimal cross-reactivity (62). By incorporating multi-
plexed detection and leveraging advancements in deep learning, the
platform can tackle a variety of diagnostic challenges, such as co-
infections and differential diagnoses of diseases with overlapping
symptoms. These enhancements further establish the platform as a
versatile and comprehensive tool for POC diagnostics across a wide
range of applications.

Shelf life is crucial for POC devices, and we have previously inves-
tigated this by using trehalose as a natural stabilization agent for long-
term storage of immuno-functionalized microfluidic devices (63).
Alternatively, freeze-drying the surface chemistry on-chip has also
demonstrated long-term (>200 days) stability (64). In addition, we
have previously evaluated the stability of the antibody-functionalized
chips and have shown its stability for 45 days when lyophilized and
stored at room temperature (65) We also previously assessed the ef-
fects of temperature, humidity, and hydrogen peroxide concentration
on the bubble signal. The stability of the developed bubble approach
was maintained under different environmental conditions (65). We
also tested the effect of H,O, concentration on bubble formation and
sample detection and observed that variations in H,O, concentration
did not notably affect the number of bubbles or the qualitative detec-
tion of samples (65).

The long-term reliability of our HCV detection device is attrib-
uted to the stable catalytic activity and durability of PtNPs, as dem-
onstrated in comparable diagnostic systems (65). PtNPs exhibit
exceptional resistance to degradation, retaining their catalytic effi-
ciency over prolonged periods—an essential feature for consistent
assay performance in resource-limited environments (65). Further-
more, the use of microfluidic components made from PMMA
ensures both durability and compatibility with high-volume man-
ufacturing techniques (51). Studies show that antibody-functionalized
microchannels, reinforced with a PEI coating, maintain high bind-
ing efficiency over multiple operational cycles (51). By leveraging
cost-effective, scalable manufacturing processes such as injection
molding, the device achieves a balance of reliability and afford-
ability. In addition, its automated design and low maintenance
requirements enhance ease of use and minimize the risk of opera-
tional errors, making it well-suited for long-term deployment in
POC applications.

In summary, the reported POC HCV Ag assay stands as a prom-
ising solution to enhance access to HCV care, especially for popula-
tions disproportionately affected, providing a comprehensive and
accessible approach to diagnosis in resource-limited settings and
populations experiencing HCV-related health disparities.
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MATERIALS AND METHODS

Materials

All materials are commercially available. Details are provided in the
Supplementary Materials.

Preparation of detection antibody conjugated with PtNPs
For the preparation of anti-HCV cAg antibody conjugated PtNPs
(Nanoprobes), anti-HCV cAg antibody was firstly processed with
buffer exchange with 4 mM sodium citrate buffer to prevent aggre-
gations of PtNP using a Zeba column with 7000 molecular weight
(MW) cutoff. Then, 2 pl of anti-HCV cAg antibody (2 mg/ml) was
mixed with 1 ml of (0.1 mg/ml; 1.2 X 10'%/ml) 70-nm PtNPs in
4 mM sodium citrate buffer and continuously mixed using a rotator
(20 rpm) at 4°C overnight. To block the PtNP surface, 400 pl of 10%
BSA in 4 mM sodium citrate buffer was added into the slurry and
mixed with PtNPs on a rotator (20 rpm) at 4°C overnight. Unconju-
gated antibodies were removed by centrifugation at 3000g for 2 min
with 400 pl with 1% BSA in phosphate-buffered saline (PBS) buffer
pH 7.4, six times. Last, the prepared nanoprobes were suspended
and stored in 1 ml of PBS (pH 7.4), containing 1% BSA at 4°C.

Design and fabrication of the automated handheld
microfluidic analyzer

The outer shell and inner frames of the standalone handheld reader
were designed using AutodesK’s Fusion 360 three-dimensional (3D)
computer-aided design software, as shown in fig. S4. It consists of
two parts: The top part includes three insertion slots for the dispos-
able microfluidic cartridge, the tubing holder, and the solenoid valve,
designed to ensure accurate and secure connections using adjustable
alignment sleeves. The bottom part houses the microcontroller
(SEEED XIAO), the micromotor drive (DRV8871), the Mini-pump
(peristaltic, RP-Q1), 9-V batteries, and the power switch, with com-
ponents securely attached using industrial double-sided foam tape.
The two parts are assembled using four pairs of strong neodymium
magnets, and the chamber components were printed using an Ulti-
maker S5 3D printer (UltiMaker).

Fabrication of the disposable microfluidic cartridge

The disposable microfluidic cartridge was prepared by assembling five
layers of PMMA substrates, one layer of adhesive tape, three bacterial
viral filters (BVFs), and a valve adapter made of polydimethylsiloxane
(PDMS), as shown in fig. S2. The top, middle, and bottom layers of the
PMMA substrates were cut into three identical 3.15-mm-thick sub-
strates with different features using a laser cutter. The channel layers (1
and 2) were cut into two identical 0.2-mm-thick PMMA substrates
with different features. The BVFs were cut into 2-mm discs using bi-
opsy punches. The adhesive tape layers were cut by a Cricut Joy cutting
machine. The valve adapters were cut from a 2-mm-thick PDMS sheet
using biopsy punches with 8 and 1.5 mm in diameters, with a 2-mm
BVEF disc inserted into the middle hole (fig. S2). The PDMS sheet was
made using a SYLGARD 184 silicone-based elastomeric kit, with a
1:10 curing ratio and 2 hours of curing at 70°C.

To assemble the disposable microfluidic cartridges, the PMMA
substrates were bonded following a modified protocol developed
by Trinh et al. (66). The PMMA substrates were first cleaned by
sonicating in 10% isopropyl alcohol (IPA) in deionized water for
10 min and dried with compressed air. For bonding, 300 pl of 60%
acetic acid diluted in deionized (DI) water was coated onto the sur-
face of the bottom PMMA layer, which was then covered with the
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next PMMA layer. The assembly was pressed continuously at 400
PSI for 1.5 min at 65°C to create a permanent bond. After pressure
application, the remaining solution inside the microchannel was
removed by vacuum, and the assembly was cured in a convection
oven at 70°C for 2 hours. The PMMA assembly was then cooled to
room temperature, and the microfluidic channels were rinsed with
DI water and functionalized with antibodies (detailed procedures
for antibody functionalization are provided in the “Functionaliza-
tion of the microchannels with antibodies” section). Assay re-
agents, including the washing buffer and 30% hydrogen peroxide,
were then loaded into the corresponding reservoirs, as shown in
fig. S2. The top of the PMMA assembly was sealed with adhesive
tape, with punched vents at the sample reservoir and the first and
last outlets. Last, the BVF discs were inserted into the first and last
outlets, and the valve adapter was attached to the vent on the sam-
ple reservoir using double-sided adhesive. The disposable micro-
fluidic cartridges were packaged in resealable bags and stored at
4°C until use.

Functionalization of the microchannels with antibodies

To functionalize the PMMA microchannels with antibodies, we
followed a modified protocol adapted from the methods devel-
oped by Feyssa et al. (50) and Bai ef al. (51). Briefly, the micro-
channels were first washed three times with DI water. The channels
were then filled with 1 M NaOH and incubated at 55°C for 30 min
to hydrolyze the ester groups of PMMA. After washing the chan-
nels three more times with DI water, they were filled with 0.2%
PEI (MW = 75,000, pH 11.5) and incubated at room temperature
for 1 hour. The channels were then washed six times with DI water
and filled with 5% (w/v) GA solution and incubated at room tem-
perature. After another six washes with DI water, the channels
were filled with antibody (50 pug/ml; diluted in PBS, pH 7.4) and
incubated overnight at 4°C. The channels were then drained using
avacuum and filled with 3% BSA in tris buffer with 0.2% PAA and
incubated overnight at 4°C to block unreacted groups and prevent
nonspecific binding in subsequent assays. Last, the channels were
washed three times with phosphate buffered saline with Tween 20
(PBST) and drained with a vacuum.

Programming and control of the solenoid valve
and mini pump
To control the operation of the pump and solenoid, we designed a
custom software as depicted in fig. S3. To load the running code into
the analyzer, we connected a desktop computer to the Arduino chip
via a Universal Serial Bus interface. After verification, we uploaded
the code to the chip through the serial port (full code can be accessed
via the Dryad dataset: https://doi.org/10.5061/dryad.9ghx3ffsm). Once
powered, the Arduino chip can start automatically without the need
of PC. The algorithm steps, shown in figs. S6 and S7, are as follows:

1) Configure ports and parameters: We set ports D1 and D2 of
the chip as output ports to control the pump’s movement and port
D5 as an output port to control the solenoid valve switch. Parame-
ters include the pump cycle operation period, pump forward time,
pump backward time, solenoid valve switch time, and delay. These
parameters are preset before uploading and can be adjusted based
on experimental conditions.

2) Load samples: To load the virus sample into the control and
test channels of the microfluidic chips, the solenoid valve is turned
on to connect the chip’s pores to the atmosphere and use the pump
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to push the samples into the control channel. Twenty oscillatory
flows in the test channel mix the sample with the reagents. Oscilla-
tory flow is achieved by alternating the pump’s forward and back-
ward movements with delays. The sample is then pushed into the
control channel, and 10 oscillatory flows will help mixing the sam-
ple with the reagents in the control channel.

3) Washing: After loading the virus sample, the control and test
channels of the microfluidic chip are washed. The solenoid valve is
then turned off to connect the middle pore of the microfluidic chips
to the atmosphere and push the washing buffer into the channels
sequentially. The solenoid valve is then turned on, and five oscilla-
tory flows are performed to thoroughly clean the channels. This
cleaning process is repeated three times.

4) Introduce catalyzer solution: Last, the solenoid valve is turned
off, and the catalyzer solution is pushed into the control and test
channels through sequential flow by moving the pump forward. The
catalyzer solution is incubated in the control and test channels of the
cartridge for bubble signal generation.

Fabrication of the standalone detection module

The detection module, measuring 140 mm by 100 mm by 168 mm,
is designed to fully cover both the testing and control channels, as
shown in fig. S5. This design effectively blocks external light varia-
tions, creating a stable optical environment for precise bubble image
capture. The detection module consists of an outer shell, a slot for
the wireless mini CMOS, a slot for the 15X macro lens (focal length:
3 cm), a slot for the battery, and a groove to attach the white LED
strip. The CMOS and lens are positioned at the center of the bottom
of the module, exactly 3 cm below the microfluidic cartridge slot,
ensuring focused image capture of the bubbles within the microflu-
idic channels. When the main power is turned on, the CMOS sensor
automatically activates to capture photos with the desired parame-
ters for further analysis.

Data acquisition by CMOS camera and quantification

The images captured with the CMOS camera were cropped with
1.5 X 3.5-inch size, and the cropped images were analyzed us-
ing Image].

Investigation of antibody conjugations

The functionality of antibodies conjugated on the PMMA surface
of the microfluidic channels was evaluated using FTIR spectra. As
shown in fig. S7, the FTIR spectrum of pristine PMMA was com-
pared with PMMA modified by (orange) PEI and (blue) protein +
PEI coating. The PEI-coated PMMA exhibits characteristic pri-
mary amine absorptions at 3282, 2838, and 1590 cm™" (indica-
tive of NH stretching and bending), confirming successful PEI
coating. The protein-PEI-coated PMMA shows characteristic
absorptions at 1637 cm™H(C=C stretching), 1524 cm™! (N—O stretch-
ing), and 1389 cm™" (S=O stretching), indicating successful anti-
body coating.

The functionality of antibodies conjugated on the surface of Pt-
NPs was also evaluated using FTIR spectra. Surface FTIR spectra
of the PtNPs were compared before (gray) and after (red) antibody
functionalization. As shown in fig. S8, the antibody-conjugated Pt-
NPs exhibit protein characteristic absorptions at 1652 cm™" (N—H
bending), 1547 cm™! (N-O stretching), and 1397 cm™! (C-0
stretching), indicating successful antibody conjugation on the sur-
face of the PtNPs.
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Development of the deep learning classifier for

HCV detection

Images were preprocessed before use for both training and testing
with an adversarial network similar to our previous work to develop a
data library that can be used to increase the accuracy of the classifier
network without collecting thousands of real-life annotated images
that are time consuming (54). Briefly, the microfluidic channels of the
chips imaged with the camera were isolated by cropping the images
and the channels were resized (256 pixels by 256 pixels).

In this study, a deep learning model was developed for HCV de-
tection and integrated with a fully automated microfluidic channels
using the SPyDERMAN platform (54). Previously, this platform was
used for detection of other viruses such as HIV and in the detection
of fentanyl (CITATIONS). The network leverages unannotated data
from a data library by framing the problem as a DA challenge (54, 67).
SPyDERMAN'’s adversarial network, which incorporates MD-nets,
minimizes domain discrepancies between feature representations
of source and target images while reducing classifier error. The net-
work is composed of three main components: a feature extractor, a
classification layer, and an adversarial block.

The Xception architecture was used as the feature extractor. The
combined losses from the classifier block and adversarial block were
minimized using the total loss function

Ly min[e(C) — Ae(D)]

total

where €(C) represents the classifier loss L. and (D) represents the
adversarial (transfer) loss L,4,. The classifier loss, €(C), is defined as

E(xe.v+)-n,LIC(X), Y}

with X?® and Y/ representing the source images and their respective
ground truth annotations. The loss L() is a cross-entropy loss, and
C()is the classifier network. The adversarial loss, &(D), is given by

_ExiSNDsw[H(cis)]log[D(his)] —EXJ,Nth[H<cjt)]log[1 —D(hjt)]

where w[H(c)] represents the weighted uncertainty of predictions
and h is a multilinear feature map that combines class confidence
and feature representations. The trade-off parameter A was set to 0.5
in this study and optimized during training to balance classifier and
adaptation performance.

Training data were loaded in batches of 16, with data augmenta-
tions such as rotations and flips applied with a probability of 0.5. The
optimization was performed using Adam with an initial learning
rate of 0.0001 and a weight decay of 0.0005. An L2 penalty was ap-
plied to prevent overfitting. The learning rate was adjusted accord-
ing to the formula

Ir=1Iry X (14yxi)™Powe

where y was set to 0.0001, the power to 0.75, and i denoted the train-
ing progress. A momentum of 0.9 was used to accelerate learning.
The optimal batch size and learning rate were manually determined
on the basis of the lowest validation loss. The images were resized to
256 pixels, with a crop size of 224 pixels. The training process con-
sisted of five iterations, with early stoppage patience set to 2000 it-
erations. Validation was performed every 50 iterations, and model
snapshots were taken every 1000 iterations to monitor performance.
The network capitalizes on adversarial training, leveraging unlabeled
nonspecific bubble signal data.
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A library containing 896 unannotated images was developed spe-
cifically for the automated microfluidic channels. The network trans-
forms both annotated HCV data (source) and nonannotated data
from the library (target) into feature representations via the feature
extractor. These representations are used by the classifier and adver-
sarial blocks during training to accurately classify HCV samples as
positive or negative. SPyDERMAN focuses on retaining class-specific
features despite domain shifts from source to target. The data library
enhances the distribution of data by incorporating variabilities such
as bubble shapes, sizes, concentrations, and positions, thereby im-
proving the network’s generalizability. The code can be accessed via
https://github.com/shafieelab/SPYDERMAN.

Biosafety and human participant statement

The research work reported was approved and performed in adher-
ence to guidelines and procedures approved by the Institutional
Biosafety Committee of Mass General Brigham (parent organization of
Massachusetts General Hospital (MGH) and Brigham and Women’s
Hospital) and under appropriate institutional review boards (IRBs)
(MGB IRB nos. 2023P000538 and 2014P002784). This study was ap-
proved by the Cherokee Nation IRB. Patient enrollment was voluntary,
and informed consent was required for participation. Except for the
member of Cherokee Nation Health Services, we do not have access to
identifiable information. All the experiments with HCV patient sam-
ples were performed in a Biosafety Level 2+ (BSL2+) laboratory. Non-
AI/AN HCV patient plasma samples were received from MGH and
AI/AN HCV patient plasma samples were received from the Cherokee
Nation Health Service through J. Mera. The viral loads of the samples
were measured using a standard RT-PCR system at MGH, Cherokee
Nations through a third party referral laboratory vendor, or a third
party vendor (Eurofins Viracor). The spiked samples that were used in
system testing throughout the study were prepared by serial dilutions
of stock virus samples with known viral loads measured by standard
PCR approaches. In these cases, the control samples were virus-free
samples that were processed for the detection assay with the same pro-
tocol as the viral samples, except for the addition of viral-stock dilutions.
Statistical analysis

Statistical analyses were performed using Origin software version
8.5 (OriginLab Corporation, Northampton, MA, USA). All viral
load values were converted into log;o IU/ml. The mean and SDs
were calculated for each data point from at least a total of two to
three independent experiments unless indicated in the text. The
level of significance was set at P > 0.05. ROC and scattering plots
analysis were used to define performance of AAS to the standard
analytical technique. The strength of the linear and nonlinear rela-
tionship was evaluated using Pearson’s correlation and Spearman
correlation, respectively.

Large language models

The authors exclusively authored the entire manuscript. ChatGPT
40 was solely used for addressing typographical errors and making
text edits. The following prompt was used: “Please revise the draft,
checking the typos and grammar errors.”

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Supplementary Materials
The PDF file includes:
Supplementary Text
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