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APPLIED SCIENCES AND ENGINEERING

Rapid and comprehensive detection of viral antibodies
and nucleic acids via an acoustofluidic integrated
molecular diagnostics chip: AIMDx

Jiao Qian't, Jianping Xia't, Samantha Chiang?, Jessica F. Liu?, Ke Li', Feng Li%, Fang Wei?,
Mohammad Aziz?, Yong Kim?, Vinson Go®, James Morizio*, Ruoyu Zhong', Ye He', Kaichun Yang’,
Otto O. Yang®, David T. W. Wong?, Luke P. Lee®”*%, Tony Jun Huang'*

Precise and rapid disease detection is critical for controlling infectious diseases like COVID-19. Current technolo-
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gies struggle to simultaneously identify viral RNAs and host immune antibodies due to limited integration of
sample preparation and detection. Here, we present acoustofluidic integrated molecular diagnostics (AIMDx) on
a chip, a platform enabling high-speed, sensitive detection of viral immunoglobulins [immunoglobulin A (IgA),
IgG, and IgM] and nucleic acids. AIMDx uses acoustic vortexes and Gor’kov potential wells at a 1/10,000 subwave-
length scale for concurrent isolation of viruses and antibodies while excluding cells, bacteria, and large (>200
nanometers) vesicles from saliva samples. The chip facilitates on-chip viral RNA enrichment, lysis in 2 minutes, and
detection via transcription loop-mediated isothermal amplification, alongside electrochemical sensing of anti-
bodies, including mucin-masked IgA. AIMDx achieved nearly 100% recovery of viruses and antibodies, a 32-fold
RNA detection improvement, and an immunity marker sensitivity of 15.6 picograms per milliliter. This break-
through provides a transformative tool for multiplex diagnostics, enhancing early infectious disease detection.

INTRODUCTION

Historically, every decade has seen the emergence of a new pandem-
ic (1, 2). Recent examples include severe acute respiratory syndrome
coronavirus (SARS-CoV) in 2002, HIN1 influenza in 2009, and the
novel coronavirus SARS-CoV-2 in 2019 (COVID-19) (3, 4). Not
only do these virulent diseases compromise global health through a
heavy burden of infections and fatalities, but they also strain public
health infrastructures and economies. This underscores the urgent
need for rapid, cost-effective, and efficient diagnostic tools. Precise
diagnosis and monitoring of infections (5, 6) pave the way for im-
plementing timely infection control measures, targeted and effective
isolation policies, and appropriate medical care.

Currently, the forefront of diagnostic strategies for emerging
pandemic diseases includes nucleic acid testing (7-10), antigen test-
ing (11-13), and antibody testing (14-16). Each of these diagnostic
methodologies offers a distinct perspective on the presence of infec-
tion or the status of immunity, offering a comprehensive overview of
disease spread and population health impact. Nucleic acid testing
strategies search for the presence of pathogens’ genetic material
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using polymerase chain reaction (PCR) technology. Although PCR
is sensitive and specific, it requires trained personnel and extensive
lab equipment (17), limiting its use for point-of-care diagnostics.
Antigen tests identify specific viral surface proteins and are rapid,
cost-effective, and applicable at the point of care; however, they of-
ten lag behind PCR in accuracy and sensitivity (18). Last, antibody
tests identify antibodies that have already formed against pathogens.
Thus, they rely on the development of a host immune response. Be-
cause this process of antibody formation after infection can take 1 to
3 weeks (19), the use of antibody tests for early detection is limited.

Nucleic acid, antigen, and antibody testing each provide valuable
information regarding the spread of pathogens and the host im-
mune response. Combining these technologies would offer an even
more comprehensive view of the containment and spread of novel
infectious diseases. Unfortunately, integrated comprehensive diag-
nostic testing using these methods remains a complex endeavor that
necessitates high-cost equipment and notable labor requirements,
which must be widely deployed across various laboratories and hos-
pitals to be effective at the population level.

Consolidating numerous laboratory procedures onto a single
chip streamlines and expedites testing (20-22). Key innovations in
this realm, including microfluidic PCR chips (23-25), CRISPR-
based chips (26, 27), and electrochemical sensing chips (28-30),
warrant special attention. These automated on-chip sensing tech-
nologies stand out for their ability to provide vital diagnostic in-
sights with minimal labor and specialized expertise. Furthermore,
notable progress has been made in integrating nucleic acid detection
and immunoglobulin G (IgG) detection, opening the door for in-
depth analyses of infection and immunity profiles (29). Unfortu-
nately, despite these advances, oft-chip sample prepurification steps
such as centrifugation (31) and filtration (32, 33) are often required
to attain high sensitivity and low detection limits. A range of on-
chip methods (34-36) are under investigation to address this issue,
including using magnetic beads (37-39), acoustofluidic separation
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(40-47), ultrafiltration (48, 49), chromatography (50, 51), and spiral
microfluidic channels (52, 53). However, these techniques risk unin-
tentionally eliminating vital biomarkers like immunoglobulin A
(IgA) in the purification process. Consequently, obtaining a com-
prehensive dataset encompassing viral RNA, host immunity anti-
bodies (including IgA, IgM, and IgG), and disease antigens continues
to be a notable challenge, primarily because of the low concentra-
tions of these substances in patient samples.

In this work, we report an acoustofluidic integrated molecular di-
agnostics (AIMDx) chip that enables efficient and concurrent detec-
tion of immunoglobulins (IgA, IgG, and IgM) and viral nucleic acids
and achieves rapid, sample-to-answer, high-sensitivity diagnostics.
The point-of-care AIMDx chip comprises a sample purification
module, a viral lysis-RNA detection module, and an antibody detec-
tion module. The sample purification module features a serpentine
microchannel with acoustically oscillating wedge structures. Because
of the acoustic streaming vortexes (54) and subwavelength (1/10,000 A),
the Gor’kov potential well that emerges around the tip of each
wedge structure results in cells, bacteria, and microvesicles from sa-
liva being effectively trapped. Meanwhile, antibodies and viruses are
separated from mucoprotein and remain suspended in the fluid, fa-
cilitating the purification of the saliva sample for optimized down-
stream biosensing. The viral lysis-RNA detection module combines
purified saliva with a buffer to ensure the swift release of viral RNA in

Saliva sample

f

Host immunity (IgA/IgG/IgM antibodies)
Neutralizing antibodies

under 2 min. A high-sensitivity detection module follows this to
identify multiple target RNA genes simultaneously. Last, the anti-
body detection module offers a comprehensive early assessment of
key antibodies, including IgG, IgM, and the frequently overshad-
owed IgA, often camouflaged by mucin protein. Notably, our inte-
grated on-chip purification method enhances RNA detection
sensitivity by 32-fold compared to raw samples and reduces the anti-
body detection threshold from 2 ng/ml to a mere 15.6 pg/ml. Our
AIMDx chip sets the stage for a swift, noninvasive, ultrasensitive
methodology for sample preparation and simultaneous RNA and an-
tibody detection. This innovative approach opens the door to rapidly
testing the efficacy of targeted vaccines and treatment blueprints, en-
hancing our ability to navigate and neutralize pandemics.

RESULTS

Design and workflow of the point-of-care AIMDx device
Saliva samples are preferred for medical diagnostics because of their
richness in crucial biomarkers, such as host immunity antibodies,
neutralizing antibodies, and various infectious and viral markers
(Fig. 1A). Saliva sampling offers multiple advantages over blood
sampling: Saliva can be collected with minimal invasiveness, usually
requires a smaller volume for downstream diagnostic applications,
and allows for simple tube-based collection, eliminating the need
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Fig. 1. Workflow of the AIMDXx chip. (A) Saliva samples contain key biomarkers such as host immunity antibodies, neutralizing antibodies, viral genetic material, and
virus particles. (B) Procedure for self-directed saliva sample collection and RT-LAMP mixture preparation. (C) Image of the integrated AIMDx chip, highlighting its four
primary modules: sample purification, viral lysis, RNA detection, and antibody detection. (D) Comprehensive detection report: It presents the colorimetric outcomes of
RT-LAMP assays for three target RNA genes, contrasted with a negative control, and quantifies antibody levels for IgM, IgA, and IgG. The report also features a three-
dimensional (3D) view of the complete range of host antibodies. (E) Timeline for detecting SARS-CoV-2 using nucleic acid, antigen, and antibodies (IgA, IgM, and IgG) tests,

adapted from published work (57).
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for skilled health care professionals for collection (Fig. 1B). This fea-
ture makes saliva an attractive and promising clinical specimen for
point-of-care diagnostics. However, saliva often contains a higher
concentration of nonbiomarker elements than blood. Consequently,
saliva samples require oft-chip purification to remove cells, bacteria,
large microvesicles, and other waste materials. Our device addresses
this challenge by integrating both purification and detection func-
tionalities on a single chip. As illustrated in Fig. 1C, the comprehen-
sive portable AIMDx device comprises four main modules: (i)
sample purification, (ii) viral lysis, (iii) RNA detection, and (iv) an-
tibody detection. First, the purification and lysis modules consist of
polydimethylsiloxane (PDMS) microfluidic channels with acousti-
cally oscillating wedge microstructures. Next, the RNA detection
module comprises a PDMS microchannel housing four wells that
receive pre-prepared reverse transcription loop-mediated isother-
mal amplification (55, 56) (RT-LAMP) reagents (Fig. 1B, depicted in
red). Last, the antibody detection module comprises three PDMS
chambers with inlets and outlets that facilitate the flow of detec-
tion reagents.

In addition, the glass substrate hosts three groups of electro-
chemical sensors aligned with the chambers, enabling the detection
of IgA, IgG, and IgM antibodies. Additional design details and the
parameters of the PDMS microchannels and sensors are described
in Materials and Methods and in fig. S1. After the collected saliva
sample is loaded into the inlet of the device, it passes through the
purification and lysis modules to reach the detection zone. Here,
RT-LAMP and electrochemical sensing technologies identify RNA
and antibody moieties of interest. Ultimately, a detailed detection
report is provided to the patient, encompassing colorimetric RT-
LAMP outputs for three target RNA genes, as well as quantitative
levels of antibodies, including IgM, IgA, and IgG (Fig. 1D). In addi-
tion, a three-dimensional representation detailing the full spectrum
of host antibodies is presented, offering a visual depiction of the pa-
tient’s immune profile to monitor the patient’s immune response
more effectively. At present, various detection technologies for nu-
cleic acids, antigens, and antibodies are used at different stages of
infection (57). Unlike previous methods, the developed AIMDx
chip offers comprehensive information about viral RNA, antigen,
and antibody levels at various stages of the disease process, ranging
from early infection to recovery (Fig. 1E).

Mechanism and performance of the sample AIMDx
purification module for saliva samples

The sample purification module of the AIMDx chip features wedge
microstructures within a PDMS microfluidic channel that is acous-
tically excited using an acoustic buzzer bonded to the device’s glass
substrate. At its resonant frequency of 5 kHz, the buzzer induces
vibrations in the glass substrate, leading to oscillations in the wedg-
es. Crucially, the dimensions of the wedges range from 2 pm at their
narrowest edge to 200 pm at the widest, notably smaller than the
30-cm acoustic wavelength (1) in the fluid. Despite their small size,
they notably alter the acoustic vibration velocity in their vicinity.
This acoustic vibration velocity fluctuates in the vicinity of a wedge
yet remains relatively stable in regions further from the wedge, lead-
ing to a notably subwavelength Gor’kov potential well that measures
just 1/10,000 A in diameter (Fig. 2A). The gradient variations in
Gor’kov potential generate a substantial acoustic radiation force
(58) capable of manipulating bioparticles as small as 200 nm. Figure
2B illustrates the acoustic vibration velocity: High acoustic vibration
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velocity is observed near each microwedge, leading to pronounced
acoustic streaming. Simulations of the acoustic streaming pattern
within the device show two counter-rotating acoustic streaming
vortexes around the tip of each wedge (Fig. 2C). The resulting acous-
tic streaming drag force causes bioparticles to rotate within the
streaming vortex. Simultaneously, the subwavelength Gor’kov po-
tential well introduces an acoustic radiation force, pushing biopar-
ticles toward the center of the vortex. This robust acoustic streaming
also effectively separates IgA from mucoprotein, rendering it detect-
able by downstream analytical tools. Therefore, as saliva samples
were introduced into the purification module of the microchannel,
larger cells and microvesicles were effectively captured in the vortex
centers. At the same time, smaller antibodies and viruses proceeded
downstream (Fig. 2D). By using a low-frequency acoustic chip to
capture nanometer-scale bioparticles, our approach eliminates the
need for bulky radio-frequency power amplifiers and function gen-
erators. This makes the chip suitable for point-of-care applications.
To visualize the acoustic streaming in the AIMDx chip, green
fluorescent polystyrene particles with a diameter of 500 nm were
introduced into the microfluidic channel. The particle trajectories
are plotted in Fig. 2E by overlapping images over time and show a
similar acoustic streaming pattern to that predicted by the simula-
tion results in Fig. 2C. Notably, one of the acoustic vortices that
aligns with the background fluid flow around each wedge structure
is suspended, likely because of the presence of air bubbles at the
sharp edges of the wedges. These air bubbles modify the acoustic
streaming pattern, resulting in a dominant vortex that opposes the
background flow (movie S1). To visualize the acoustic trapping (59-
61) of large particles, we further introduced 1-pm-diameter green,
fluorescent polystyrene particles into the microfluidic channel. As
shown in Fig. 2F, the particles were tightly confined near the tip of
the wedge microstructures, while the carrier fluid continued to flow
downstream within the microfluidic channel. A movie showing the
dynamic trapping of microparticles is shown in movie S2. Separa-
tion of 5-pum particles from 100-nm particles via size-based differ-
ential trapping is shown in fig. S2. Movie S3 demonstrates the
selective trapping of 390-nm particles while permitting the passage
of smaller particles sized at 50 nm. Hence, the acoustofluidic chan-
nel patterned with wedge microstructures offers a promising ap-
proach for the effective separation of complex biofluids, which often
contain biological moieties of varying size. This method removes
large cells, bacteria, and microvesicles in saliva samples, resulting in
purified samples containing only antibodies and viruses (fig. S3).
To assess the RNA and protein isolation capability of the AIMDx
chip, we loaded raw saliva samples into the device and collected the
acoustically purified sample at the output. Nanoparticle tracking
analysis (NTA; Malvern, UK) was used to assess the composition of
both the raw and purified saliva samples (Fig. 2, G and H, respec-
tively). The raw (unpurified) samples consisted mostly of particles
larger than 200 nm, with the majority exceeding 1 pm (Fig. 2G);
conversely, following isolation, an identical volume of the acoustic
purified sample exhibited particles primarily ranging from 50 to
200 nm (Fig. 2H). Centrifugation of the raw and purified samples at
16,000¢ similarly demonstrated that the raw (unpurified) sample
contained a notable number of cells, debris, and microvesicles, while
the acoustic purified sample did not (Fig. 2, G and H, right). Micros-
copy images of the raw versus AIMDx-purified saliva samples simi-
larly demonstrate the removal of large debris (fig. S4). Collectively,
these data demonstrate the successful trapping and removal of large
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Fig. 2. Acoustically driven purification of saliva samples via AIMDx. (A) Visualization of the subwavelength Gor'kov potential well near a wedge microstructure, highlight-
ing a region (d = 1/10,000 A) with a notably reduced Gor'kov potential and a pronounced acoustic radiation force for cell and microvesicle trapping. (B) lllustration of the
acoustic velocity distribution within the PDMS microchannel, showcasing pronounced changes in acoustic velocity near the apex of each acoustic wedge, which contributes
to the notable decreases in Gor'kov potential. a.u., arbitrary units. (C) Simulation results showing normalized acoustic streaming velocity with two acoustic vortexes formed
around each wedge tip. (D) lllustration depicting the acoustic trapping of cells, bacteria, and microvesicles. (E) Experimental trajectories of 500-nm-diameter green fluores-
cent polystyrene particles within the microchannel. (F) Observed trapping pattern of 1-um-diameter green fluorescent polystyrene particles inside the microchannel. (G and
H) Comparative size distribution of particulates in raw and purified saliva samples, as determined by NTA (n = 3). (I) Western blot examination comparing protein content in
raw saliva samples (1, 2, and 3) to their purified counterparts. (J) Comparative concentration of whole IgG in raw and purified saliva samples (n = 3). (K) Detection level of
anti-SARS-CoV-2 S1 RBD IgA antibodies in raw versus purified saliva samples (n = 3). (L and M) Comparison of measured antigen concentration between (L) acoustically
purified and raw clinical (COVID-19 PCR-positive) samples and (M) prepandemic healthy control samples by off-chip electrochemical detection (n = 3).

particles and impurities from saliva samples by the sample purifica-
tion module of the device.

We also verified the efficacy of protein isolation by Western blot.
For this analysis, we focused on mucoprotein and «-amylase, two
proteins commonly found in saliva samples. As shown in Fig. 2I, the
concentration of both proteins is notably higher in the purified saliva
sample than in the raw saliva sample. This difference was especially

Qian et al., Sci. Adv. 11, eadt5464 (2025) 15 January 2025

pronounced for mucoprotein. We posit that this is due to the high
concentration of impurities in the original sample, which renders ac-
curate protein detection challenging in the raw sample. Therefore,
our acoustofluidic-based sample purification process successfully en-
hances the detection of proteins in the isolated saliva sample.

To evaluate the yield (retention) of our purification module, we
measured the concentration of whole IgG in raw versus acoustically
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purified samples using a standard Human IgG ELISA kit. The stan-
dard curve for whole IgG detection is shown in fig. S5. Because of its
high concentration in saliva, the detection of entire IgG is highly
sensitive and not affected by impurities in the sample. We found that
the concentration of the whole IgG was unchanged by the on-chip
acoustic purification process, indicating a near-total recovery of an-
tibodies using our device. However, our primary interest lies in cer-
tain specific antibodies, such as the anti-SARS-CoV-2 S1 receptor
binding domain (RBD) IgA antibody, as a deficiency in this anti-
body has been linked to increased COVID-19 severity and vaccine
ineffectiveness (62). To investigate the ability of the chip to detect
IgA, we introduced an anti-SARS-CoV-2 S1 RBD IgA antibody with
a concentration of 333 pg/ml into saliva samples from healthy con-
trols. Subsequently, we purified these samples using the sample pu-
rification module and high-speed centrifugation (16,000g for 15 min).
As shown in Fig. 2K, the acoustically purified sample yields a
positive enzyme-linked immunosorbent assay (ELISA) signal for the
IgA antibody.

In contrast, the signal in the raw and centrifugation-purified sam-
ples is masked by high background noise because of nonspecific pro-
tein absorption. This result indicates that our purification technique
can lower the detection threshold for rare antibodies and other perti-
nent biomarkers by mitigating the influence of large contaminants and
small proteins in biological samples. To assess the impact of acoustic
purification on antigen detection, 18 samples were analyzed: 9 from
patients with COVID-19 who are PCR positive and 9 from prepan-
demic healthy controls. Each sample underwent on-chip acoustoflu-
idic purification followed by off-chip electrochemical detection, and
the results were compared to those of raw samples. In the PCR-positive
group, eight samples showed a two- to fivefold increase in signal inten-
sity after purification, while one sample exhibited low readings both
before and after purification (Fig. 2L). In contrast, all healthy control
samples consistently showed negligible readouts regardless of purifica-
tion (Fig. 2M). These findings suggest that acoustofluidic purification
notably enhances the detection of antigens in PCR-positive samples
without affecting the readouts of control samples. The observed signal
enhancement following acoustofluidic purification highlights the po-
tential of integrating this technique with on-chip detection methods
for viral biomarkers.

Improved detection by enriched multiple RNA biomarkers
via local acoustofluidic lysis

To improve the capability of our portable AIMDx chip to detect
multiple RNA biomarkers, we used an on-chip continuous two-step
approach with an acoustofluidic lysis module and an RNA detection
module. In the lysis module, we used acoustic streaming generated
by the wedge microstructures to help lyse viral particles (Fig. 3A).
Virus in purified saliva samples was mixed with lysis buffer (10%
Tween 20) using the acoustic streaming vortices (Fig. 3A, solid pur-
ple lines), resulting in near-immediate viral lysis and RNA release.
To evaluate lysis performance, we first varied sample processing
time. To this end, we introduced a pellet of pure inactivated SARS-
CoV-2 whole virus (no. 76460-364, VWR, US) in 100 pl of 0.1X
tris-acetate-EDTA (TAE) buffer (no. B49, Thermo Fisher Scientific,
US) in molecular standard water into the device. The virus sample
was passed through the lysis module both with and without acous-
tics; processing time (resident time in the chamber) was determined
by adjusting the sample flow rate through the channel. The particle
concentration of the collected sample at the outlet was quantified by
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NTA. Nearly half of the viral particles remained intact without
acoustofluidic lysis after 20 min of processing. In contrast, acous-
tofluidic lysis effectively processed almost all of the viral sample in
just 2 min (Fig. 3B). To further visualize the effects of acoustofluidic
lysis, we captured transmission electron microscopy (TEM) images
of the purified virus sample with and without acoustics for 2 min.
Numerous viral particles were visualized without acoustics on TEM;
in contrast, after acoustofluidic lysis, viral debris was visualized with
few intact viruses (Fig. 3C).

Meanwhile, the RNA detection module comprises four wells de-
signed for the detection of targeted genes via RT-LAMP technology
(Fig. 3D). These wells detect (i) the nucleocapsid gene of SARS-
Cov-2 (N), (ii) open reading frame 1a of SARS-CoV-2 (O), (iii) the
envelope gene of SARS-CoV-2 (E), and (iv) a negative control (NC).
All necessary RT-LAMP reagents were premixed to mitigate the risk
of contamination and subsequent false-positive results associated
with multiple manual sample handling steps. To ensure simultane-
ous detection across the four wells, auxiliary microfluidic channels
were incorporated into the RNA detection module to allow simulta-
neous sample loading into all four wells (fig. S6). After purified and
lysed saliva samples were loaded, the pre-prepared RT-LAMP mix
reagents (initially pink) were directly added to their corresponding
wells. A thermoelectric cooler (Amazon, TEC126306) was used to
achieve the required temperature (65°C) for the reaction. Thermal
profiling of the colorimetric RT-LAMP reagent upon exposure to
the thermoelectric cooler is shown in fig. S7. After incubation at
65°C for 30 min, the final solution color was observed: Yellow indi-
cated a positive result, while pink indicated a negative outcome. In
this study, raw saliva samples spiked with inactivated SARS-CoV-2
virus and healthy saliva samples were tested. An image of RT-LAMP
results for a sample containing SARS-CoV-2 viral particles is shown
in Fig. 3E: As expected, the wells corresponding to the targeted
genes (SARS-CoV-2 genes N, O, and E) demonstrated a colorimet-
ric change, while the negative control did not. In contrast, all four
wells showed no colorimetric healthy saliva shift samples. This colo-
rimetric change is quantified in fig. S8.

To validate the effect of acoustofluidic purification on viral RNA
detection, we processed two symptomatic clinical samples with the
developed AIMDx chip to perform integrated sample purification,
viral RNA extraction, and on-chip RT-LAMP. The two samples were
then transferred to an off-chip electrochemical-based viral RNA de-
tection platform (described in Materials and Methods). The same
two symptomatic samples were also directly lysed and analyzed by
RT-LAMP oft-chip, followed by the electrochemical detection pro-
cess for viral RNA. The negative (water) and positive control (pure
target RNA) results are plotted for reference. As shown in Fig. 3F
the acoustically treated samples show a nearly fivefold increase in
electrochemical signal compared with the untreated (no acoustics)
group. We therefore conclude that acoustic removal of the inhibitors
in the saliva samples enhances the RT-LAMP reaction, allowing for
a higher signal from electrochemical detection.

As described above, acoustofluidic-based sample purification
plays a crucial role in enhancing the sensitivity of multiplex RNA
detection by removing large impurities from saliva samples. To
demonstrate the impact of this purification on RNA detection per-
formance using the on-chip colorimetric method, we serially dilut-
ed inactivated SARS-CoV-2 virus into raw saliva samples. In Fig. 3
(G to I), we characterize the detection limit of our integrated AIM-
Dx chip for each of the three gene regions of interest (N, O, and E)
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chip viral lysis. (B) Concentration of viral particles as a function of processing time in the acoustofluidic lysis module both with and without acoustics, as measured by NTA
(n = 3). Without acoustics, ~50% of particles are lysed at 20 min. With acoustic enhancement, nearly all viruses are lysed within 2 min. (C) TEM images of purified saliva
samples before and after acoustofluidic lysis. Inset (right): magnified view of boxed area. (D) Image of RNA detection module. (E) Image of colorimetric RT-LAMP results
for a sample containing SARS-CoV-2 viral particles. (F) Electrochemical detection of RT-LAMP-amplified clinical samples shows signal enhancement in acoustically puri-
fied samples compared to raw (unpurified) samples. (G to I) Detection limit of the integrated chip for the three gene regions N, O, and E of SARS-CoV-2 with and without

acoustofluidic isolation (n = 4).

of SARS-CoV-2, both with and without acoustofluidic purification.
With a “positive” result threshold of AOD = 1, we demonstrated an
eightfold improvement in the detection limit for all three queried
SARS-CoV-2 genes using the integrated chip. In particular, the viral
RNA detection limit of the N gene was improved 32-fold in treated
versus untreated saliva samples, with a limit of detection (LOD) of
~44 copies/pl. The enhanced sensitivity after acoustofluidic purifica-
tion likely arises from improved primer-target binding because of
inhibitor removal, with the N gene showing the greatest amplifica-
tion efficiency because of its optimized primers and stable RNA
structure. These data demonstrate that our integrated AIMDx chip
enables high-sensitivity multiplex detection of RNA biomarkers
from saliva samples without the need for off-chip preprocessing.

Improved simultaneous detection of multiple SARS-CoV-2
antibodies via AIMDx

In addition to multiplex RNA biomarker detection, our AIMDx chip
can achieve multiplex antibody (anti-SARS-CoV-2 S1 RBD IgG/IgM/
IgA) detection from raw saliva samples. While on-chip detection of
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anti-SARS-CoV-2 S1 RBD IgG has been documented, on-chip detec-
tion of IgA remains a challenge. IgA often coexists with saliva mucin
proteins (63), potentially inhibiting its detection using on-chip tech-
niques. However, acoustofluidic purification offers a promising solu-
tion. Strong acoustic streaming forces can dissociate IgA from the
complex environment dominated by mucin proteins (63), rendering
IgA detectable by most on-chip detection methods (Fig. 4A). Unlike
typical methods that require an off-chip purification step and a stan-
dard electrochemical sensing working station, our device combines
the sample purification module with electrochemical sensors for an-
tibody detection (Fig. 4B). Three detection units are used to detect
IgA, IgG, and IgM antibodies. To ensure simultaneous detection
across the chambers, we designed auxiliary microfluidic channels to
allow the sample to flow into each chamber at a consistent velocity
(see fig. S6). A schematic showing a single detection unit comprising
four electrochemical sensors is shown in Fig. 4C. Three sensors are
coated with SARS-CoV-2 spike protein RBD for repeated measure-
ments. In contrast, the fourth sensor is uncoated and is a negative
control. In this schema, the working electrodes of the four sensors are
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Fig. 4. Detection performance of the AIMDXx chip for multiple SARS-CoV-2 antibodies. (A) Strong acoustic streaming can dissociate IgA from saliva mucin proteins.
(B) Schematic of the portable AIMDx device integrating the sample purification and antibody detection modules. (C) Image of a single detection unit consisting of four
electrochemical sensors. (D) lllustration of an electrochemical sensor containing a working electrode and a counter electrode. (E and F) Detected background noise and
net signal in saliva samples with varying concentrations of IgA (n = 3). (G and H) LOD of IgA antibody with and without on-chip purification (n = 3). (I) Typical antibody
profile versus time, adapted from published work (67). (J and K) Detected net signal of anti-SARS-CoV-2 IgA and IgG antibodies in (J) raw (unpurified) PCR-positive samples
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labeled W1, W2, W3, and W4, while C represents the counter elec-
trode. The lower right inlet serves as a sheath flow and is used to pro-
gram the rate at which detection reagents are introduced, while the
left outlet serves as a waste outlet. Purified samples are introduced
into the sensor through the upper right inlet. An image of one sens-
ing unit is shown in Fig. 4D. Each unit consists of an array of
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microelectrochemical sensors, and the working electrode is coated
with the SARS-CoV-2 spike protein RBD antigen. As the purified sa-
liva sample passes over the sensor, host antibodies (anti-spike-RBD-
IgA/IgM/IgG) in the sample bind to the RBD protein. Next, secondary
antibody (biotinylated anti-human IgA/IgM/IgG from rabbit) and
streptavidin-poly-horseradish peroxidase (poly-HRP) conjugates are
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sequentially added to the detection unit. Last, an ELISA 3,3,
5,5'-tetramethylbenzidine (TMB) solution is added to the detection
unit and the amperometric current is measured using a microam-
meter. The measured current is directly proportional to the concen-
tration of the host anti-SARS-CoV-2 antibody.

Because raw saliva samples contain various impurities, including
large cells and microvesicles, they are prone to nonspecific binding
during electrochemical sensing. This results in high background
noise, which can lead to false positive detection. To address this
problem, our device incorporates an acoustofluidic-based sample
purification module to remove impurities, thereby reducing back-
ground noise and enhancing detection sensitivity and specificity. To
demonstrate the efficacy of this approach, we spiked healthy saliva
samples with varying concentrations of the anti-SARS-CoV-2 Sl
RBD IgA antibody and loaded said samples into the device with and
without acoustofluidic purification. We then compared the electrical
readout from sensors coated with SARS-CoV-2 spike protein RBD
versus uncoated sensors to determine the relative strength of the to-
tal signal versus background noise. Figure 4 (E and F) shows the de-
tected background noise and net signal (difference between total
signal and background noise) of saliva samples with varying concen-
trations of IgA with and without on-chip purification. The detected
total signal is shown in fig. S9. Background noise is notably reduced,
and the net signal is greatly enhanced when acoustic purification is
used. To quantify this performance improvement further, we quanti-
fied the LOD of host IgA, which we defined as the point at which the
total signal exceeds the background noise. Figure 4 (G and H) de-
picts the LOD of IgA with and without on-chip purification. Without
on-chip acoustofluidic purification, the LOD of IgA is 2 ng/ml (at
1 ng/ml, background noise is not distinguishable from the total sig-
nal); however, when the sample is acoustically purified on a chip, the
LOD can be improved to 15.6 pg/ml, representing a substantial en-
hancement in detection sensitivity. This is further illustrated in the
ratio of total signal to background noise (fig. S9). IgA and IgM are
often reported as early detectable antibody biomarkers in COVID-
19, with IgA being particularly valuable for indicating disease sever-
ity (62). However, detecting IgA in noninvasively collected samples,
such as saliva, is challenging. This difficulty arises because IgA often
appears alongside mucoprotein (63).

Figure 41 illustrates the expected COVID-19 IgA, IgG, and IgM
antibody levels over time. Comprehensive detection of these antibod-
ies is crucial for early identification of an immune response, which
aids in distinguishing active infection from the recovery phase. To
demonstrate the early detection capability of our device, we tested
eight PCR-positive samples for SARS-CoV-2 IgG and IgA without pu-
rification (Fig. 4]) and after acoustofluidic purification (Fig. 4K). All
samples showed enhanced signal levels with acoustofluidic purifica-
tion. For sample S4, neither IgA nor IgG was detected before acous-
tofluidic purification, while IgA became detectable after acoustofluidic
purification. This result indicates that IgA can serve as an early-stage
immune biomarker with acoustofluidic purification.

In addition to detecting early immune biomarkers such as IgA,
the stability of antibodies during processing is critical for reliable di-
agnostics. IgM, which is known to be less stable than other antibod-
ies, was validated for stability using electrochemical detection of 16
clinical samples processed with the AIMDx chip. The results showed
no notable degradation of IgM under cooling conditions, demon-
strating that the device preserves antibody integrity during purifica-
tion. Moreover, the AIMDx chip exhibited consistent purification
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performance across different samples, further supporting its robust-
ness and reliability in diverse diagnostic scenarios (fig. S10).

We also tested another 15 clinical samples using our integrated
AIMDx device: 8 samples from patients who recovered from SARS-
CoV-2 and 7 samples from healthy individuals. The detected net
signals of anti-SARS-CoV-2 S1 RBD IgA, IgG, and IgM antibodies
in all 15 clinical samples are shown in Fig. 4 (L to N). Clinical sam-
ples from healthy individuals exhibit very low (almost negligible)
detectable currents for IgA, IgG, and IgM antibodies. Conversely,
clinical samples from recovered patients previously exposed to
SARS-CoV-2 show high loads of IgA, IgG, and IgM antibodies. The
relatively lower detected current associated with IgM detection in
some samples from recovered patients may be attributed to lower
IgM levels, as IgM tends to be a marker of recent infection, and se-
rum levels of this antibody decrease rapidly over time. In contrast to
previous detection methods that can only identify IgG antibodies,
our device can simultaneously detect IgA, IgG, and IgM antibodies.
This comprehensive approach allows us to identify patients exposed
to Covid versus healthy controls. By plotting the detection current
for IgA, IgG, and IgM antibodies on the x, y, and z axes in a three-
dimensional space, as shown in Fig. 40, we can visualize the im-
mune profiles of eight patient samples and seven healthy controls.
The results are obvious, as healthy samples occupy a distinct region
in this three-dimensional space, easily distinguishable from the pa-
tient samples. Notably, because of variations in IgM levels, we ob-
served that four of the patients’ samples were from the early recovery
stage, while the remaining four were from the later recovery stage.
This underscores the versatility of our device in tracking and assess-
ing the immune levels of patients and highlights its value for clinical
applications. These findings demonstrate that our integrated AIM-
Dx device effectively purifies unprocessed saliva samples containing
SARS-CoV-2 viral RNA and host antibodies. Moreover, it enables
on-chip simultaneous multiplexed detection, efficiently analyzing
multiple antibodies and viral RNA.

DISCUSSION

Nucleic acid testing and immunity protein (antibody) detection are
widely used diagnostic tools in tracking population health during
outbreaks of infectious diseases. Nucleic acid testing is highly sensi-
tive and can detect a pathogen’s genetic material (RNA or DNA),
even in the early stages of infection. However, nucleic acid testing
can only track current infections and cannot provide information
about past infections or immunity. Meanwhile, antibody detection
can identify past infection and therefore track disease spread and
population immunity; however, it may be unable to determine early
infection if a robust antibody response has not yet developed. Recent
work has attempted to comprehensively address this issue by com-
bining nucleic acid testing with antibody detection on a single plat-
form to assess infection status and vaccination response (29).
However, these detection methods typically require either off-chip
prepurification of biological fluids or an attempt to use unprocessed
saliva or plasma samples. Unfortunately, biological samples, espe-
cially saliva, contain debris and large cells, which can create consid-
erable background noise that hinders accurate detection. In addition,
these impurities can interfere with protein binding in antibody de-
tection testing or nucleic acid amplification in nucleic acid testing,
leading to delays in detecting antibody and viral RNA biomarkers.
Last, prior work in the antibody detection space has focused on the
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detection of IgG and IgM (15, 64, 65), which are highly concentrated
in biological samples; unfortunately, few studies have explored low-
concentration IgA (66, 67), which is an essential biomarker in early
infection and an indicator of infection severity.

In this work, we describe a fully integrated acoustic chip that not
only purifies raw clinical saliva samples via acoustic vortexes and
Gor’kov potential well at a 1/10,000 subwavelength scale in micro-
fluidic channels but also enables the simultaneous detection of viral
RNAs and multiple host antibodies with high sensitivity and speci-
ficity using RT-LAMP reaction wells and electrochemical sensors.
The key innovations of this technology are fourfold. First, we have
developed an acoustically oscillating wedge microchannel specifi-
cally engineered to trap bacteria, cells, and microvesicles from raw
saliva samples to improve downstream detection. Second, we have
accomplished the rapid on-chip acoustofluidic lysis of viral particles
in saliva samples; this allows us to release viral RNAs efficiently for
downstream on-chip detection. Third, we have integrated sample
preparation and multiple electrochemical sensors into the device to
simultaneously detect IgA, IgG, and IgM antibodies with high de-
tection sensitivity; this allows accurate and comprehensive antibody
profiling to track the host immune response. Last, we have seam-
lessly integrated sample purification, RNA detection, and antibody
detection onto a single chip to streamline sample processing and
enhance the overall performance of the AIMDx chip.

Prior work has described sample purification methods such as ul-
tracentrifugation, ultrafiltration, and specially designed interdigital
transducers (68-70) for virus and antibody isolation. However, inte-
grating these methods with downstream detection modules on a single
chip has been a continued challenge in the field. For instance, ultracen-
trifugation is associated with the loss of rare antibodies during purifi-
cation, as these antibodies can mix with mucins and precipitate out of
the solution. Meanwhile, the membranes used in ultrafiltration are
prone to blockage by food debris in saliva samples, thereby hindering
effective sample processing. Last, while high-frequency acoustic sys-
tems, such as those using specially designed interdigital transducers,
are favored for generating subwavelength potential wells, their rapid
attenuation in fluids, nonuniform energy distribution, and reliance on
extensive and expensive equipment, such as function generators and
amplifiers, pose notable limitations for point-of-care applications. In
contrast, our approach uses low-frequency acoustic waves and precise-
ly engineered wedge-shaped microstructures to achieve robust and
uniform trapping at larger scales. This design, activated by a 5-kHz
acoustic buzzer, efficiently traps debris, cells, and submicrometer vesi-
cles from saliva, overcoming limitations of traditional systems with a
portable and cost-effective setup. Future optimizations, such as refin-
ing microstructures and incorporating resonators, could further en-
hance the precision and performance of this technology for biomedical
applications (71, 72).

In addition, this acoustofluidic design facilitates rapid on-chip
lysis of viral particles. Previous on-chip viral lysis methods have used
resistive heaters (73, 74), laser beams (75, 76), and interdigital trans-
ducers (77, 78). In contrast, our integrated device requires adding a
surfactant solution to purified saliva samples. The acoustic streaming
vortexes within the device effectively mix the surfactant with the sa-
liva sample, resulting in rapid lysis. Our design offers a cost-effective
and efficient solution for on-chip sample purification and lysis.

Last, the AIMDx chip integrates an RNA detection module and a
multiplexed antibody detection module. Together, these allow for the
simultaneous detection of multiple targeted SARS-CoV-2 RNAs (N,
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O, and E) and multiple host antibodies (IgA, IgG, and IgM) from clin-
ical saliva samples. Saliva samples are an excellent substitute for blood
samples and nasal swabs, as they are easier to collect and do not re-
quire specially trained operators or expensive collection equipment.
Furthermore, saliva samples contain both viral RNA and host anti-
bodies, providing information about current infection, prior infec-
tion, and vaccination response. The RNA detection module of our
AIMDx device consists of four wells to which pre-prepared RT-LAMP
mix reagents can be directly added, eliminating the need for RNA ex-
traction kits. This lab-on-chip platform minimizes the number of
steps required of the end user to avoid contamination and human er-
ror, allowing untrained users to operate the device efficiently and
maximizing the chips value as a point-of-care testing system. Com-
bining the four modules on the AIMDx chip notably enhances the
antibody and virus detection capability via the effective processing of
saliva samples, allowing for the analysis of low-concentration anti-
bodies at early infection stages. These integrated device features bring
promising advanced technology in the rapid, accurate, and compre-
hensive detection of viral immunoglobulins and nucleic acids that
could revolutionize diagnostic approaches during disease outbreaks.

MATERIALS AND METHODS

Design, fabrication, and assembly of integrated

AIMDx device

The integrated AIMDx device consists of four modules with distinct
functionalities: (i) sample purification, (ii) viral lysis, (iii) detection
of RNAs, and (iv) detection of viral immunoglobulins (Fig. 1C). A
two-dimensional schematic of the integrated AIMDx device depict-
ing the entire path of the microchannel is shown in fig. S1A. The
purification and lysis modules feature 1.2-mm-wide serpentine
channels with three turns and wedge microstructures. In the purifi-
cation module, each row of the microfluidic channel measures
22 mm in length and contains 40 identical tilted wedge microstruc-
tures on its sidewall (20 on each side). In the lysis module, each row
of the microfluidic channel measures 11 mm in length and contains
18 identical tilted wedge microstructures on its sidewall (9 on each
side). Figure S1B provides a detailed zoom view of a small section of
a microchannel showcasing six wedge microstructures. These mi-
crostructures have a distinctive design with a bottom edge measur-
ing 0.2 mm and a sloping edge extending to 0.5 mm. The sharp
edges are angled at 45° along the channel and are uniformly spaced
at 1-mm intervals. The antibody detection module comprises three
chambers equipped with inlet and outlet ports to facilitate sample
flow. Last, the RNA detection module consists of four circular wells,
each with a diameter of 2 mm.

The electrochemical sensor contains an array of working and
counter electrodes (fig. S1C). Figure S1D shows a detailed zoom
view of the electrodes. A ring-shaped counter electrode with an
outer diameter of 80 pm surrounds each circular 40-pm-diameter
working electrode. The electrodes are uniformly spaced on a rectan-
gular grid at 90-pm-length and 200-pm-width intervals.

A glass wafer (50 mm by 45 mm) was spin coated with positive
photoresist SPR3012 to fabricate the electrochemical sensors. Stan-
dard photolithography techniques were used to pattern the sensor
electrodes onto the wafer. Next, electron beam evaporation depos-
ited a 5-nm chrome layer and a 50-nm gold layer onto the wafer. The
excess photoresist was dissolved and removed using a liftoff process
to realize the final sensor design.
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To fabricate the microfluidic channels, a silicon wafer was spin
coated with negative photoresist SU-8 50, and the microchannel de-
signs were patterned onto the wafer using photolithography. PDMS
microfluidic channels were obtained using the resultant SU-8 mold
through a mold-replica process. Inlet/outlet holes and the four wells
used for RNA detection were created using hole punches (World
Precision Instruments, US).

The fabricated glass wafer with sensor electrodes was bonded
with the PDMS microchannel following a 6-min treatment in an
oxygen plasma cleaner and cured at 65°C for 24 hours to achieve
complete device assembly. An acoustic buzzer (no. 668-1407-ND,
Digikey) was adhered to the bottom of the glass wafer using a thin
layer of epoxy (PermaPoxy 5 Minute General Purpose, Permatex).

As the integrated AIMDx device combines both antibody detection
and RNA detection modules to enable diverse detection functions on a
single chip, minimizing any potential interference between these two
modules is crucial. Two microfluidic valves were introduced at the ini-
tial microchannel junctions of both the RNA and antibody detection
modules to address this issue. The fabrication process of this device
with microfluidic control valves is detailed in fig. S11. Through precise
control of these microfluidic valves, the sample flow can be effectively
regulated to permit or obstruct sample entry into the antibody and
RNA detection modules. Detailed information about the designed mi-
crofluidic valves and their functions can be found in fig. S12.

Numerical simulation

Finite element simulations were conducted using COMSOL Multi-
physics commercial software to investigate the normalized acoustic
streaming velocities generated by the vibration of a wedge micro-
structure. A two-dimensional cross-sectional model of the micro-
channelin the x-y plane, featuring five pairs of wedge microstructures,
was established. The material inside the channel was defined as wa-
ter. A thermoviscous acoustic module and frequency-domain analy-
sis were used to obtain an initial solution. The displacement has
in-plane and out-of-plane components. However, the out-of-plane
components are nearly constant over short channel heights (50 pm)
and do not result in acoustic streaming. Therefore, only the in-plane
displacement was considered. The wavelength of the acoustic wave
is 0.3 m, which is orders of magnitude larger than the wedge micro-
structure geometry and channel. Therefore, the background dis-
placement can be written as d = doe”, where dj is the amplitude of
the in-plane displacement. To calculate the acoustic field, a back-
ground acoustic vibration velocity was introduced at the left end of
the channel (fig. S13A). The right end of the channel was set to a
prescribed pressure of 0 Pa. The model is calculated at a frequency
of 5 kHz in the Frequency Domain Solver. The acoustic vibration
velocity will change around the tip of the wedge microstructure (fig.
S13B). The acoustic Gor’kov potential (79) is calculated from the
pressure p and acoustic vibration velocity v (v, v)) via
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where p,=1g/cm’, ¢,=1500 m/s, p, =1.04 g/cm’,and ¢, =2320 m/s
are the density and speed of sound in water and particles, respec-
tively. V}, is the volume of a particle with a diameter of 100 nm, and
< > is the time average operator.

To calculate acoustic streaming in the microfluidic channel, a
body force F (Fy, F,) is applied to the laminar flow module (80)

Fo= 2 < Relr, d(v,x) 41, d(v)] )
P * *
F,= 30 < Re[v, d(v,,x)+v, d(vy’y)] (5)

The left end is set to the flow inlet with v, = 0.5 mm/s, and the
right end is set to the outlet. The main challenge of the acoustic
streaming calculation is the convergence of the module with a Sta-
tionary solver, as acoustic streaming is a nonlinear phenomenon.
Therefore, a time-dependent solver better fits the requirements. To
help the module converge, we first calculated the Stationary results
without the body force described above as an initial value of a time-
dependent solver. The time-dependent solver starts at time ¢ = 0 and
ends at t = T, with a step of T/50, where T is the period of the acous-
tic waves. The acoustic streaming velocity distribution is calculated
by averaging the flow velocity in a period. Longer times T were also
calculated, but no apparent changes were observed.

Image acquisition and analysis

Images and movies of particle trajectories were obtained using an
upright microscope (Olympus, Japan) coupled with a charge-
coupled device camera (Photometrics, US). Movies were recorded at
a frame rate of 100 frames/s. To create the particle tracing figure
(Fig. 2E), frames were selected at 10-frame intervals and overlaid.
The green fluorescent polystyrene particles used in the experiment
were purchased from Magsphere, US.

Western blot and ELISA analysis

To compare the concentrations of mucoprotein and a-amylase in the
raw (unpurified) versus purified saliva samples, equal volumes (60 pl)
of each sample were collected. SDS-polyacrylamide gel electro-
phoresis was used for protein separation. The proteins were trans-
ferred onto a polyvinylidene fluoride membrane (Bio-Rad, US). The
membrane was incubated overnight at 4°C with primary antibody
(anti-salivary alpha amylase antibody and recombinant anti-Mucin
5 AC antibody, Abcam, UK). Next, the membrane was exposed
to an appropriate HRP-conjugated secondary antibody (goat anti-
rabbit IgG, Abcam, UK) for 1 hour at room temperature. Last,
protein expression levels were imaged using a ChemiDoc XRS+ im-
aging system (Bio-Rad, US).

The concentration of whole IgG in the raw (unpurified) versus pu-
rified saliva samples was quantified using a standard Human IgG ELISA
kit (no. ab195215, Abcam, UK). Before analysis, the samples were di-
luted 5000 with Sample Diluent NS from the kit. The detection sensi-
tivity for anti-SARS-CoV-2 S1 RBD IgA antibody by a standard
COVID-19 S1 RBD protein human IgA ELISA kit (no. IEQ-
CoVS1RBD-IgA, RayBiotech, US) was also quantified in raw (unpuri-
fied) versus purified saliva samples. For this analysis, anti-SARS-CoV-2
S1 RBD IgA antibody (no. srbd-mab6, InvivoGen, US) was added to
untreated saliva from healthy controls. The samples were then passed
through the device with (purified) and without (unpurified) acoustics
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and diluted 30X using the sample diluent from the standard kit. To
detect the total signal and background noise, 96-well microplates coated
with SARS-CoV-2 S1 RBD protein and albumin were used for ELISA. The
results of Fig. 2K were determined by calculating the net RBD-
attributable signal, which was obtained by subtracting the background
noise from the total signal.

TEM imaging

The virus sample was prepared by diluting inactivated SARS-CoV-2
whole virus pellet (no. 76460-364, VWR, US) into 100 pl of molecu-
lar standard water and mixing with an equal volume of 0.1x TAE
buffer (no. B49, Thermo Fisher Scientific, US). The virus sample,
along with the lysis buffer, was then passed through the lysis module
of the device, both with and without acoustic lysis. Samples were
then collected for TEM imaging. Briefly, TEM samples were pre-
pared by placing a 30 pl droplet of the sample on a Parafilm (VWR,
US) sheet, followed by transfer to a 300-mesh copper grid support
film (Electron Microscopy Sciences, US) over 20 min. The grid was
washed three times with 30 pl of distilled water for 2 min. Last, the
grid was left to dry at room temperature, and the sample was imaged
using an FEI Tecnai G2 Twin microscope (FEI Company, US).

Saliva sample preparation

After obtaining informed consent from participants and receiving
approval from the institutional review board at the University of
California, Los Angeles, saliva samples were collected from healthy
individuals (IRB no. 06-07-018-11), symptomatic patients (IRB no.
20-000473), and patients who recovered from COVID-19 (IRB
no. 20-000500). These samples were carefully pipetted into cryotubes
for storage at —80°C. Heat-inactivated SARS-CoV-2 virus (American
Type Culture Collection, US) was introduced into saliva samples
from healthy controls at the desired concentrations to generate sam-
ples spiked with the virus. Similarly, to create samples spiked
with antibodies, anti-SARS-CoV-2 S1 RBD IgA antibody (no. srbd-
mab6, InvivoGen, US) was added to samples from healthy controls
at the desired concentrations.

RT-LAMP assay

The heat-inactivated SARS-CoV-2 virus (no. NR52286, isolate:
USA-WA1/2020) was purchased from BEI (American Type Culture
Collection) with a total concentration of 1.77 x 10° genome equiva-
lents/ml. The mixed RT-LAMP reagents were prepared following the
manufacturer’s instructions. Briefly, RT-LAMP 2X Master Mix (no.
M1804, New England Biolabs) and primers (1.6 pM forward inner primer,
1.6 pM backward inner primer, 0.2 pM F3, 0.2 pM B3, 0.4 pM Loop E
and 0.4 pM Loop B) were combined in ultrapure distilled water (no.
2646316, Invitrogen). Primer sequences for the three targets (N, E, and
O genes of SARS-CoV-2) are described in table SI.

For each RT-LAMP assay, virus samples were prepared by directly
spiking the virus into saliva samples from healthy controls to achieve
the desired concentration. The virus samples were loaded into the
inlet of the device and passed through the purification channel of the
integrated device. Upon reaching the lysis channel, a mixture of 0.1x
TAE buffer (no. B49, Thermo Fisher Scientific, US) and 10% Tween
20 was combined with the virus sample at a ratio of 5:5:1 (v/v/v)
virus sample:TAE buffer:Tween 20, both to facilitate lysis and to sta-
bilize the obtained viral RNA sample. The previously prepared RT-
LAMP reagents were added when the purified and lysed samples
reached the RNA detection module. Using a thermoelectric cooler,
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the reaction was then incubated at 65°C for 30 min per the manufac-
turer’s recommendation.

To quantify the colorimetric readout of the RT-LAMP reaction,
spectrophotometric optical density (OD) was measured using a Nano-
Drop machine (no. 13-400-525, Thermo Fisher Scientific, US). The
color value obtained after the RT-LAMP reaction was determined by
calculating the difference in absorbance at the two wavelengths exhib-
iting the maximum absorption in phenol red (AOD = OD43p nm —
OD560 nm)- A threshold of AOD > +1 was used to classify samples as
positive for SARS-CoV-2 RNA on the basis of RT-LAMP.

Electrochemical sensing

Electrochemical sensing was used to detect SARS-CoV-2 viral RNA
and host anti-SARS-CoV-2 antibodies. The product from the RT-
LAMP reaction was retrieved after sample purification, viral RNA
extraction, and on-chip RT-LAMP processes using the AIMDx chip.
Electrochemical sensing assays were then conducted to detect viral
RNA. Restrictive enzyme digestion was performed using four endo-
nucleases (Hae II, Hinc II, Bco DI, and Pst I) from New England
Biolabs to facilitate detection. Thirty-microliter reaction mixtures
were prepared, consisting of 3 pl of 10x Cutsmart Buffer, 0.5 pl of
HaeIL, 0.5 pl of Hinc II, 0.5 pl of Pst I, 1 pl of Bco DI, 19.5 pl of water,
and 5 pl of the product obtained from the RT-LAMP reaction. The
mixture was then incubated at 37°C for 15 min. As previously
described, the amplified and digested N targets were subsequently
determined using electric field-induced release and measurement
assays (81).

Electrochemical sensing assays for antibody detection were per-
formed in five distinct steps: (i) protein immobilization, (ii) primary
antibody binding, (iii) secondary antibody binding, (iv) streptavidin-
poly-HRP conjugate binding, and (v) signal readout.

Protein immobilization

A protein immobilization master mix (MM) was prepared by com-
bining 5 pl of pyrrole (no. W338605, Sigma-Aldrich, US) and 50 pl of
3 M potassium chloride (no. 60137, Sigma-Aldrich, US) in 940 pl of
ultrapure water (no. 10-977-015, Thermo Fisher Scientific, US). MM
with RBD was prepared by adding 33.71 pl of SARS-CoV-2 spike
protein RBD (no. Z03483-1, Genscript, US) to 996.29 pl of MM. MM
without RBD was prepared by mixing 995 pl of MM and 5 pl of ultra-
pure water. Electrodes on the glass substrate were precoated with ei-
ther MM with RBD or MM without RBD by applying a voltage of 1.1 V
for 1 s, followed by a voltage of 0.35 V for 1 s for four cycles. The
electrodes are washed with wash buffer (1x phosphate-buffered sa-
line with 0.05% Tween 20) for 3 min.

Antibody binding

Saliva samples were loaded into the channel to fill the antibody de-
tection chamber. The sample was incubated in the device for 10 min
at room temperature to allow any detection antibody (anti-SARS-
CoV-2 S1 RBD IgA/IgM/IgG) present in the sample to bind to
the RBD protein. The chamber was then washed with wash buffer
for 3 min.

Secondary antibody binding

Biotinylated rabbit anti-human IgA (no. 31-1030-02, RevMAD Bio-
sciences, US) was diluted in Blocker Casein (no. 37528, Thermo Fish-
er Scientific, US) at a 1:800 (v/v) ratio. Similarly, biotinylated goat
anti-human IgG (no. 13-4998-83, Invitrogen, US) and biotinylated
goat anti-human IgM (no. 31778, Invitrogen, US) were diluted in
Blocker Casein at a 1:400 (v/v) ratio. The prepared anti-human IgA/
IgG/IgM biotinylated antibodies were loaded into the corresponding
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chambers and incubated at room temperature for 10 min to bind
the primary detection antibody. The chamber was then washed with
wash buffer for 3 min.

Streptavidin-poly-HRP conjugate binding
Streptavidin-poly-HRP conjugate (no. 65R-S122, Fitzgerald, US) was
diluted in Blocker Casein at a 1:5 (v/v) ratio. The diluted conjugate
was added to each chamber and incubated for 10 min to bind the
secondary antibody. Subsequently, the sample was washed with a
wash buffer for 3 min.

Signal readout

For electrochemical signal readout, a 1-Step TMB ELISA substrate
solution (no. 34028, Thermo Fisher Scientific, US) was added to each
chamber. Following a 1-min incubation at room temperature, the
amperometric current in each chamber was read on the developed
sensing module of an integrated printed circuit board (fig. S14) by
applying a —0.2-V current to the electrodes for 1 min.

Supplementary Materials
The PDF file includes:

Figs.S1to S14

Table S1

Legends for movies S1to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S3
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