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Abstract

COVID-19 is now a severe threat to global health. Facing this pandemic, we developed a space-encoding microfluidic biochip for

high-throughput, rapid, sensitive, simultaneous quantitative detection of SARS-CoV-2 antigen proteins and IgG/IgM antibodies in

serum. The proposed immunoassay biochip integrates the advantages of graphene oxide quantum dots (GOQDs) and microfluidic

chip and is capable of conducting multiple SARS-CoV-2 antigens or IgG/IgM antibodies of 60 serum samples simultaneously with

only 2 μL sample volume of each patient. Fluorescence intensity of antigens and IgG antibody detection at emission wavelength of

~680 nmwas used to quantify the target concentration at excitation wavelength of 632 nm, and emission wavelength of ~519 nmwas

used during the detection of IgM antibodies at excitation wavelength of 488 nm. The method developed has a large linear quanti-

fication detection regime of 5 orders of magnitude, an ultralow detection limit of ~0.3 pg/mL under optimized conditions, and less

than 10-min qualitative detection time. The proposed biosensing platform will not only greatly facilitate the rapid diagnosis of

COVID-19 patients, but also provide a valuable screening approach for infected patients, medical therapy, and vaccine recipients.
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Introduction

As of January 27, 2021, a cumulative total of over 98.2 million

COVID -19 cases and 2.1million deaths have been reported and

is now a severe threat to global health [1]. Therefore, diagnosis

and prognosis of COVID-19 are facing serious challenges for

the whole world. The current common method to diagnose

SARS-CoV-2 infection is based on the detection of viral RNA

in nasal swab samples with RT-PCR [2–7]. PCR-based diagno-

sis is straightforward and reliable; however, it requires the ma-

nipulation detail in sample collection with long time of more

than hours and is unable to track the immune response to the

viral infection. Most recent studies on SARS-CoV-2 have

shown that SARS-specific antibodies [8, 9], for instance, IgG,

IgM, and IgA, appeared in serum after viral infection [10–13].

The researches have indicated that the neutralizing antibody

dynamic levels at different time points for different persons

present different clinical characteristics [14, 15]. Generally, the

antibodies (IgG, IgM) appear from the 4th day after COVID-19

infection [16], and the seropositivity rate reached up to 100.0%

within 20 days since onset and remained 100.0% until days 41–

53 [14]. The patients aged over 31 years had a higher neutraliz-

ing antibody level than those aged 16–30 years [14]; the gener-

ation of IgG antibody in female tended to be stronger than male

patients in disease early phase, and in severe status, the average

IgG antibody level in female patients tended to be higher than

that of in male patients [17]. Therefore, virus-specific antibodies

in serum can be used as effective diagnostic biomarkers for viral

infection screening and the evaluation of patient’s adaptive im-

mune responses after patients are discharged and vaccine injec-

tion. In addition to SARS-CoV-2 specific antibodies, viral anti-

gens (spike (S) protein [18–20] and nucleocapsid (N) proteins

[21–23]) in circulating blood can be used for the prognosis
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investigation of COVID-19-related viremia. A number of

groups reported the SARS-CoV-2 specific antibodies (IgG,

IgM) and viral antigen detection and evaluation through differ-

ent techniques [24–26]. Present detection methods of SARS-

CoV-2 specific antibodies and viral antigens include electronic

transistor-based biosensor [10], gold nanoparticle-based lateral

flow assay [11], and enzyme-linked immunosorbent assays

(ELISAs) [12]. Electronic transistor-based biosensor presents

high sensitivity during SARS-CoV-2 antigen protein detection,

and its practical applications are limited by very complex

manufacturing processes [10]. Gold nanoparticle-based lateral

flow assay is applied in rapid detection of SARS-CoV-2 IgG/

IgM antibodies with limited sensitivity to conduct quantitative

detection [27]. ELISA, on the other hand, can provide quantita-

tive detection; however, it involves complicated labor manipu-

lation process and long detection time [28]. Though the obvious

progress of the SARS-CoV-2 antigen protein and antibody de-

tection has been made through different techniques, the

COVID19 pandemic still desires high-throughput, economic,

highly-automatic, rapid, and sensitive platform to conduct si-

multaneous detection of SARS-CoV-2 IgG/IgM antibodies

and SARS-CoV-2 antigen proteins for effective diagnosis, ther-

apy, convalescent tracking, and future vaccination validation.

Carbon-based nanomaterials, for instance, graphene oxide

(GO), reduced graphene oxide (rGO), and graphene quantum

dots (GQDs) etc., were intensively explored in biosensors

because of their fluorescence resonance energy transfer

(FRET), biocompatible and economic properties, which have

achieved essential progress in bio-molecular sensing [29–31].

However, most nanomaterial-based biosensors conducted de-

tections in liquid phase, and it is still challenging to achieve

ultrasensitive detection because of the limited factors includ-

ing the distribution of complex substance in the reaction so-

lution to the optical detection system, the influence of solution

components on FRET efficiency, and relatively high back-

ground noise from the optical effects of nanoparticles in solu-

tion. Herein, we develop a high-throughput GOQDs-based

immunoassay biochip with detection in solid phase to realize

ultrasensitive and rapid simultaneous detection of COVID-19

specific antigens and immunoglobulin IgM/IgG antibodies

including spike RBD protein (S-antigen), nucleocapsid pro-

tein (N-antigen), and SARS-CoV-2 spike RBD IgG/IgM (S-

IgG/S-IgM) and nucleocapsid IgG/IgM (N-IgG/N-IgM). In

solid phase detection, the immunoassay biochip integrated

the advantages of GOQDs and microfluidics: (1) multiple par-

allel microchannels are integrated with the large surface/

volume ratio and abundant functional groups of GOQDs to

printed antibody/antigen barcode array and (2) the non-

specifically adsorbed fluorescence molecule is quenched by

the GOQDs substrate, which contributes to extremely low

background noise. As a result, the proposed biochip is capable

of the COVID-19 specific neutralizing antibodies and antigen

biomarker detection using only 2 μL serum sample volume

within as short as less than 10 min. The proposed immunoas-

say biochip will greatly facilitate rapid and economic screen-

ing of infected populations or vaccine response of vaccine

recipients.

Materials and methods

Materials and reagents

B u l l s e r u m a l b u m i n ( B S A ) a n d 3 -

aminopropyltrimethoxisylane (APTES) were purchased from

Sigma-Aldrich. The phosphate buffered saline (PBS) was pur-

chased from Corning. The glass substrates (3″ × 1″) were pur-

chased from Citotest. Silicon wafers were purchased from

Meixin Electronic Technology Co. Ltd. SU-8 2025, AZ5214

photoresist and developer were ordered from Bynano

Co. Ltd. Streptavidin-allophycocyanin (streptavidin-

APC) was purchased from Biolegend (America).

Treated chlorotrimethylsilane (TMCS) was purchased

from Sinopharm Group Chemical Reagent Co. Ltd.

Alexa Fluor® 488-conjugated goat anti-mouse IgG were

purchased from Abcam. Anti-COVID-19 spike Mab (S-

Ab), Anti-COVID-19 Nucleocapsid Mab (N-Ab),

Recombinant COVID-19 Spike-RBD Protein (S-anti-

gen), Recombinant COVID-19 Nucleocapsid Protein

(N-antigen), Human IgM Anti-Covid-19 Spike (S-IgM),

Human IgG Anti-COVID-19 Spike (S-IgG), Human IgM

Anti-COVID-19 Nucleocapsid (N-IgM), Human IgG

Anti-COVID-19 Nucleocapsid (N-IgG), and ELISA kit

were purchased from Smart Life Sciences (Changzhou,

China). Alexa Fluor™ 488-conjugated goat anti-human

IgM and Alexa Fluor™ 633-conjugated goat anti-human

IgG were purchased from Thermo Fisher Scientific. The

ultrapure water (18.25 MΩ cm) used throughout all ex-

periments was made by a Millipore system. All

chemicals in this work were analytical grade or highest

puri ty available for direct use without further

purification.

The detection antibodies of S-antigen and N-antigen

were labeled with biot in using commercial ki ts

(ab201795-Biotin, Abcam). Briefly, 100 μL of Biotin

Modifier regent was added into lyophilized detection an-

tibodies to obtain an antibody concentration of 1 mg/mL.

After incubation for 15 min at room temperature, 10 μL

biotin quencher reagent was added into the mixed solution

and incubated for 4 min. Then the conjugates are ready

for use without any purification. Biotinylated detection

antibody is mixed with streptavidin-APC at a ratio of

100:1. The mixed solution was incubated for 10 min at

room temperature and then is ready for use.
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Immunoassay biochip fabrication

The biochips consist of the GOQDs functionalized sub-

strate with detection barcode array, capturing antibody/

antigen array microprinting PDMS chip and sample

loading PDMS chip. The GOQDs functionalized sub-

strate is assembled with high-density GOQDs through

coupling agent APTES, on which capturing antibody/

antigen array is imprinted through π – π stacking to

produce repeatable and space-encoded antibody/antigen

barcode array with the assistance of microprinting

microfluidic chip. The capturing antibody/antigen array

microprinting PDMS chip has 20 parallel microchannels

of 20 μm in width to allow at most 20 kinds of capture

antibodies/antigens microprinting. The sample loading

PDMS chip is made of 1 mm thick PDMS with 60

detection chambers of 2 mm × 2 mm. Each chamber

covers a complete antibody/antigen array and has a ca-

pacity of 4 μL sample volume.

GOQDs functionalization process The glass substrates were

cleaned thoroughly with ultrasonic in ethanol and deionized

water, sequentially, and dried with N2 blowing. Then the sub-

strate was treated with APTES solution and followed by ul-

trasound cleaning in deionized water. The APTES treated

substrates were treated in GOQDs solution to assemble

GOQDs on it. The properties of the GOQDs were char-

acterized and analyzed as shown in supplementary ma-

terial part and Fig. S1. Finally, extra GOQDs on the

substrates were cleaned away by deionized water wash-

ing. The GOQDs functionalized substrates are ready for

antibody/antigen detection barcode array microprinting

as shown in Fig. S2a.

PDMS chip fabrication The hard molds were designed and

fabricated on silicon wafer through photolithography and

etching process as shown in Fig. S3. To make antibody/

antigen array microprinting and sample loading PDMS chip,

silicon wafer molds were treated with chlorotrimethylsilane

(TMCS) for 20 min. A ratio of Sylgard 184 A: B = 10:1 by

weight was mixed thoroughly and loaded onto TMCS-treated

silicon mold in a Petri dish. After all the bubbles in the PDMS

were vacuumed out, the Petri dish containing PDMS mixer

was cured at 80 °C for 60 min. Then the PDMS layers were

peeled off from the silicon wafer molds. The antibody/antigen

array microprinting PDMS layer (Fig. S2b) was punched to

produce inlets and outlets for antibody/antigen barcode

microprinting and then lined up and bonded with the

GOQDs functionalized glass substrate forming spacing

encoding microfluidic biochip. The sample loading PDMS

chip was made of 1-mm-thick PDMS layer, and 60 chambers

of 2 mm × 2 mm were punched according to the designed

pattern (Fig. S2c).

Clinical sample preparation First, 1–2 mL venous blood from

the healthy person and vaccinated individual volunteers was

collected into a non-anticoagulant tube and kept standing for

2 h. Then, the supernatant was collected into a new Eppendorf

tube and centrifuged at 3000 rpm for 10 min. Finally, 100 μL

supernatant was collected into a new tube and stored at −80 or

− 20 °C for detection.

Antibody/antigen barcode array To microprint detection

barcode array, 2 μL capture antibody/antigen of

500 μg /mL was loaded into an inlet connected to a

20-μm-wide microchannel of the capturing antibody/

antigen array microprinting PDMS chip. Loaded

antibody/antigen was pumped through the microchannel

and immobilized on the substrate through simple π – π

stacking. Finally, the capturing antibody/antigen array

microprinting PDMS chip was removed, and the sub-

strate (Fig. S2d) was blocked with 3% BSA solution

for 10 min to reduce non-specific adsorption.

SARS-CoV-2 IgG/IgM/antigen detection by the
microfluidic biochip

The barcode array substrate was bonded with the sam-

ple loading PDMS chip. The target antibody/antigen

samples (2 μL of each sample) were introduced into

the chambers of the microfluidic biochip. After incuba-

tion at room temperature for 3–20 min, the sample load-

ing PDMS chip was peeled off from the substrate and

immersed in 1% BSA (BSA power diluted in PBS), and

the substrate was flushed with 1% BSA. For antigen

detection, 300 μL fluorescence-conjugated detection an-

tibody complex of 10 μg/mL was loaded onto the sub-

strate and dispersed all over the whole substrate. The

reaction time between detection antibody and antigen

is from 2 to 20 min. While for antibody detection,

300 μL goat-anti-human IgG and IgM secondary anti-

body labeled with fluorescence was loaded with concen-

tration of 10 μg/ml and incubated for 2–20 min at room

temperature. Finally, the substrate with detection fluo-

rescence signal was washed by 1% BSA, PBS, and DI

water and then span to dry. The substrate with detection

fluorescence signal was scanned by GenePix 4400 to

analyze target antibody/antigen concentration. Genepix

4400A scanner was used to obtain scanned fluorescence

images in fluorescein isothiocyanate APC (635 nm),

Alexa Fluor™ 633 (635 nm), and Alexa Fluor™ 488

(488 nm) channel. The image was analyzed using

GenePix Pro software by aligning signals with array

template. Fluorescence intensities were then extracted

and exported into Excel files. The illustrated detection

processes of SARS-CoV-2 IgM/ IgG/antigens on the

biosensing chip are described in Fig. S4.
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SARS-CoV-2 IgG/IgM/antigen detection by ELISA

The SARS-CoV-2 antibody or antigen is fixed on each well of

ELISA plate. Then 100 μL of target antigen/antibody samples

were introduced into each well of ELISA plate. After incuba-

tion at room temperature for 2 h, sample residue was removed

from each well, and the substrate was cleaned with 1% BSA

for five times. Then 100 μL of corresponding enzyme-linked

antibody/antigen were added to bind the antigen/antibody

immobilized on the solid carrier. After incubation for 2 h,

the residue was removed from each well, and the substrate

was cleaned with 1%BSA for five times. Finally, the substrate

solution was added, and the catalysis led to a color change

which can be measured for quantification of target antigen/

antibody concentration.

Material property characterization

Particle size and shape of GOQDs nanoparticles were charac-

terized using high-resolution transmission electron microsco-

py TEM (FEI-G20, America). Surface morphologies of the

substrate during fabrication process were examined using a

SmartSPM AFM system. The UV-vis absorption of the

GOQDs solutionwas obtained with a UV-vis absorption spec-

trophotometer (UV-2700, Shimadzu, Japan). Amultifunction-

al microplate reader (CYTATION5, BioTek, USA) was uti-

lized to perform the photoluminescence (PL) spectrum of

GOQDs. Raman spectra of all the samples were conducted

by a Renishaw inVia Raman microscope at room temperature

excited by a laser of 785 nm. The fluorescence signals were

collected by GenePix 4400 and analyzed with Genepix 4400

software.

Results and discussion

The construction of the biochip for SARS-CoV-2
antibody/antigen detection

SARS-CoV-2 is a new kind of virus consisting of antigen

protein (surface spike (S), membrane (M), and nucleocapsid

(N) proteins) and RNA viral genome as shown in Fig. 1a,

which invades humans through S protein interaction with hu-

man cells and duplicates itself through RNA viral genome in

human cells. Once the person is infected by SARS-CoV-2, the

adaptive immune system will develop SARS-CoV-2 antibod-

ies (IgG/IgM) to prevent SARS-CoV-2 from invading. The

schematic of designed microfluidic biochip is shown in Fig.

1b for the detection of the SARS-CoV-2 antigen proteins and

IgG/IgM antibodies, which has the capability of 60 samples

simultaneous detection consuming small sample volume of

2 μL. In order to microprint capture antibody/antigen

barcodes on the substrate, GOQDs were assembled on

amination-treated glass substrates and used to immobilize cap-

ture barcodes through simple π – π stacking. For SARS-CoV-

2 antigen detection, the target antigen is sandwiched by cap-

ture and detection antibody specifically, as presented in Fig.

1c. To conduct anti-SARS-CoV-2 IgG/IgM detection, specific

antigen is microprinted on the GOQDs functionalized sub-

strate to capture target antibody firstly, and fluorescence-

labeled goat-anti-human secondary antibody IgG and IgM

are used for specific binding to IgG/IgM and output fluores-

cence signals as shown in Fig. 1d. The whole detection pro-

cess was recorded in Video 1. To confirm the successful con-

jugation of each step of the detection process, the AFM and

Raman (Fig. S5) characterizations were performed on the

microfluidic biochip. The results showed slight changes in

surface morphology after GOQDs functionalization, capture

antibody immobilization, and target antigen capture, together

with the appearance of representative Raman peaks for the

typical material in each step, which indicated successful fab-

rication and sensing process of the microfluidic biochip for

SARS-CoV-2 IgG/IgM/antigen detection. Finally, the detec-

tion conditions are optimized, and the results are shown in Fig.

S6.

ESM2ðMP4285925kbÞ

During practical applications, detection time is an extreme-

ly important parameter, and the time optimization of each

detection step was performed, and the best conditions were

presented in Fig. 2. Figure 2a shows the immobilization pro-

cess of capture antibody/antigen barcode on the substrate,

which took about 130 min. But these barcode substrates can

be prepared and stored at 4 °C or − 20 °C ready for use. For

SARS-CoV-2 antigen detection, as shown in Fig. 2b, it takes

20 min for capture antibody/antigen and target antigen/

antibody to achieve adequate reaction and only 10 min for

biotin and streptavidin conjugation. Also, it takes 20 min for

adequate reaction of target antigen/antibody and detection

antibody/secondary antibody. As a result, the best quantitative

detection process consumes 40 min, since the conjugation of

biotin labeled capture antibody and streptavidin-APC is pre-

pared in advance before SARS-CoV-2 antigen detection,

which is stored in the refrigerator ready for use anytime. For

anti-SARS-CoV-2 IgG/IgM detection, as shown in Fig. 2c, it

takes 20 min for sufficient incubation of microprinted antigen

and IgG/IgM antibody and 10 min for adequate reaction of

target IgG/IgM antibody and secondary antibodies. There is a

tradeoff between detection time and detection limit. These

optimized process time guarantees the lowest detection limit,

and the total detection time could be reduced according to

special requirement in practice, which increases the detection

limit in some extent. The detection time can be shortened to be

10 min, as shown in Fig. 2 d and e by reducing sample incu-

bation time to 6 min and fluorescent secondary antibody
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incubation to 4 min. In addition, the whole detection time can

be even reduced to n 5 min, as shown in Fig. 2 f and g.

However, the additional rinse steps during detection process

could potentially take longer depending on the user without

the assistance of automated equipment.

Specificity and sensitivity of SARS-CoV-2
antibody/antigen detection

To detect S-antigen and N-antigen proteins, 2 μL recombinant

S-antigen and N-antigen samples with different concentra-

tions from 1 to 105 pg/mL are loaded into the biochip followed

by adding detection antibodies labeled with fluorescence.

Both S-antigen and N-antigen detections appear excellent

specificity, as in Fig. 3a. The fluorescence intensity depen-

dence on target antigen concentration is presented in Fig. 3 b

and c, together with their fitting equations, which show a

similar binding affinity for both S-antigen and N-antigen.

The results delivered that the biochip has a broad detection

range, excellent specificity, and ultra-sensitivity of ~0.3 pg/

mL for both SARS-CoV-2 S-antigen and N-antigen. The

fitted linear relationship equations between fluorescence in-

tensity and target concentration in Fig. 3 b and c provides

standard curves to calculate the concentrations of targets in

unknown samples. During practical applications, once the

fluorescence intensity at different barcode area is detected,

the concentration of corresponding target can be calculated

by the fitted equations.

To perform SARS-CoV-2 IgG/IgM antibody detection, the

human S-IgM, S-IgG, N-IgM, and N-IgG with different con-

centrations from 1 to 105 pg/mL are loaded separately in each

loading chamber with a full array of capture antigens on the

biochip substrate to perform their specificity and sensitivity.

Actually, S-antigen is used to capture both S-IgM and S-IgG,

and N-antigen is used to capture both N-IgM and N-IgG, but

their signals are separated by secondary IgM and IgG labeled

with fluorescence. Figure 3d shows that they all specifically

react with their corresponding capture antigen and secondary

antibody, since paired capture antigen-antibody presents

much higher fluorescence signal than mismatched pairs. The

dependence of fluorescence intensity on antibody concentra-

tions is shown in Fig. 3e–h, and further analysis demonstrates

that fluorescence intensity has a similar linear relationship

with target antibody concentrations in log scale for all four

antibodies. The concentrations of targets in unknown samples

can be calculated through the fitted equations in Fig. 3e–h

based on the detected fluorescence intensity at different

barcode strips. Detection limit of two target antigens and four

target antibodies was calculated based on the representative

equation LOD=3Sb1/S [32, 33], where S is the gradient of

Fig. 1 Schematic illustration of a the SARS-CoV-2 virus and b the im-

munoassay biochip: sample loading chip with reaction units (60 units per

chip) is bonded with barcode array chip, and each unit covers an intact

array of barcodes. Detection mechanism schematic of c SARS-CoV-2

antigen, the target antigen in sample is firstly captured by barcodes, and

labeled detection antibody is conjugated with target. Detection mecha-

nism schematic of d anti-SARS-CoV-2 IgM/IgG in samples, and labeled

secondary antibody reacts with target antibody to present fluorescence

signal
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linear regression equation at low concentration (the low con-

centration range from 1 to 103 pg/mL in this manuscript) and

Sb1 is the standard deviation of background. The calculation

formula of standard deviation is Sb1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

∑
N

i¼1

xi−meanð Þ

s

2,

where mean is the average of the background values

(the valve is 60.12 in this article) and N = 20. The

method equation in Table S1 is the linear regression

equation at concentration range of 1 to 103 pg/mL,

and the calculated detection limit is listed in Table S1,

which are 0.23 pg/mL, 0.35 pg/mL, 0.21 pg/mL,

0.32 pg/mL, 0.31 pg/mL, and 0.29 pg/mL for S-antigen,

N-ant igen, S-IgM, S-IgG, N-IgM, and N-IgG,

respectively. All the results indicate that the developed

microfluidic biochip has good specificity and sensitivity

for SARS-CoV-2 antibody/antigen detection. The nega-

tive control signal in Fig. 3 a and d is ~60 a.u., which

means very low background noise contributed by the

quenching function of GOQDs for fluorescence close

to the subst ra te . The non-speci f ica l ly bonded

fluorescence-labeled detection antibody or secondary an-

tibody does not show fluorescence intensity because of

the short distance to the substrate. And only the detec-

tion antibody binding to the target has output fluores-

cence signal because of the enough long distance from

the substrate.

Fig. 2 Graphical illustration for

the assay protocols. a Procedure

of the antibody/antigen array

preparation processes. b Protocol

for optimized antigen detection

with detection time of 40 min. c

Protocol for optimize IgG/IgM

detection with detection time of

30 min. d Protocol for antigen

detection with detection time of

10 min. e Protocol for IgG/IgM

detection with detection time of

10 min. f Protocol for antigen de-

tection with detection time of

5 min. g Protocol for IgG/IgM

detection with detection time of

5 min
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Detection limit and detection time of SARS-CoV-2
antibodies/antigens

SARS-CoV-2 antibody/antigen detection time of the biochip

is a very important factor during pandemic outbreak. At the

same time, the critical detection limit is required to distinguish

health and infected patients. To determine the effective detec-

tion time of SARS-CoV-2 antibody/antigen, we performed

the target S-antigen, S-IgG, and S-IgM antibody detection

with different detection time since the developed biochip has

similar specificity and sensitivity for SARS-CoV-2 antibody/

antigen detection demonstrated above. The fluorescence in-

tensity results detected with 5 min, 10 min, 20 min, and

40 min for the S-antigen, S-IgG, and S-IgM antibody with

concentrations from 5 to 500 ng/mL in serum are shown in

Figs. S7-S9, which were used to determine the detection limit

according to the representative formula LOD=3Sb1/S [32, 33].

The detection limit for S-antigen and S-IgG/IgM increases

from ~0.3 pg/mL to ~4 ng/mL with detection time decreasing

from 40min to 5 min as shown in Fig. 4a–c, which result from

the partial reaction between SARS-CoV-2 antibodies/antigen

with the substrate and fluorescence labeled detection

antibodies. To further validate the shortest effective detection

time with reasonable sensitivity, the relative low S-antigen, S-

IgG, and S-IgM sample concentration of 5 ng/ml was chosen

to detect with 5–40 min for the microfluidic biochip. The

results in Fig. 4d–f indicate that SARS-CoV-2 antibodies/

antigen of 5 ng/mL could be distinguished basically in as short

as 5 min and obviously in 40 min.

Reproducibility of SARS-CoV-2 antibody/antigen
detection

The reproducibility of the biochip determines the detection

accuracy of SARS-CoV-2 antibody/antigen. In order to per-

form the repeatability of proposed biosensing platform, 5 re-

peated tests were conducted for the same samples with SARS-

CoV-2 antibodies/antigens of 100 ng/mL, and the detected

fluorescence intensity is shown in Fig. S10. The detected con-

centration has small variations, and the relative standard devi-

ation (RSD) of all six targets is less than 3%, as shown in

Fig. 5a–f, which indicates excellent reproducibility of the pro-

posed SARS-CoV-2 antibody/antigen detection microfluidic

biochip.

Fig. 3 SARS-CoV-2 antibody/antigen detection specificity and sensitiv-

ity of the biochip. Detection specificity of a S-antigen/N-antigen and d

IgG/IgM antibodies. Fluorescence intensity dependence and fitted linear

equation of c S-antigen, dN-antigen, e S-IgG, fN-IgG, g S-IgM, and hN-

IgM. Note: Error bars are standard deviations in three parallel experi-

ments. Note: Control sample in a and d is 3% BSA in PBS buffer, and

the fluorescence signal is obtained at ~680 nm
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Detection and analysis of simulated samples

During practical applications, all the targets are mixed in se-

rum or other body fluids together with lots of bio-substance,

and high-performance detection platform is desired to have

the capability of handling clinical samples with excellent

specification and sensitivity. Prior to performing serum sam-

ple analysis, it is necessary to test the platform using mixed

target samples. First, S-antigen protein and N-antigen protein

are mixed into 1% BSA or healthy serum to form 3 samples

with different concentrations, and four kinds of target IgG/

IgM antibodies are mixed into 1% BSA or healthy serum to

form 3 samples, as listed in Table S2. Fluorescence quantita-

tive analysis of target antigens is measured, as shown in

Fig. 6a–c. Fluorescence quantitative analysis of target anti-

bodies in mixed BSA and healthy serum is shown in Fig.

6d–f. The test concentrations derived from the relationship

equation in Fig. 3 are described in Fig. 6g–l, which present

Fig. 4 Detection limit and quantitative detection dependent on detection

time of the microfluidic biochip. The detection limit of the biochip with 5,

10, 20, and 40 min detection time for a S-antigen, b S-IgG, and c S-IgM

antibodies of SARS-CoV-2 antibody/antigen in serum. The detected fluo-

rescence intensity of the biochip with 5, 10, 20, and 40 min for d S-

antigen, e S-IgG, and f S-IgM antibodies with concentration of 5 ng/μL

in serum. Note: The red-dotted lines represent fluorescence intensity of

the background from 3 times detection. Error bars are standard deviations

in three parallel experiments, and the fluorescence signal is obtained at

~680 nm in e–f

Fig. 5 Reproducibility tests of a S-antigen, b N-antigen, c S-IgG, d N-IgG, e S-IgM, and f N-IgM. Relative standard deviation of biomarkers detected

from 5 individual tests through the calculation: RSD ¼ 100%� 1
x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N−1

∑
N

i¼1

xi−xð Þ

s

2
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recovery of 90.36–109.98% for all targets. In addition, detect-

ed concentrations of targets in spiked 1% BSA are consistent

with those in spiked healthy serum, and it shows slight devi-

ation less than 5%, as presented in Fig. S11. All the results

delivered the practical application capability of the proposed

biochip.

High-throughput detection and analysis of the
simulated samples

To demonstrate the high-throughput and statistical sensitivity

of the biochip, we performed multiple SARS-CoV-2 antigen/

antibody simultaneous detection with different concentra-

tions. SARS-CoV-2 S-antigen, S-IgG, and S-IgM in serum

were tested under 5 min in 2-μL sample volume. A total of

60 samples for each antigen/antibody were tested on one in-

dividual biochip including 12 negative control (0 ng/mL) and

16 positive simulated samples with concentration of 5, 50, and

100 ng/mL, respectively. The tested results were presented in

Fig. 7a–c, which show apparent fluorescence signals for dif-

ferent samples and are consist with the concentrations of sim-

ulated samples. The quantitative fluorescence intensity from

S-antigen, S-IgG, and S-IgM is shown in Figs. S12-S14, re-

spectively. Figure 7d–f present the statistical analysis of the

detected fluorescence intensity. The difference between nega-

tive control and positive simulated samples is significant,

which delivers p < 0.0001 in Student t test. The detected con-

centrations of the simulated S-antigen, S-IgG, and S-IgM in

Fig. 6 Detection results of mixed samples in 1%BSA and healthy serum.

Fluorescence intensity of S-antigen and N-antigen in a sample 1, b sam-

ple 2, and c sample 3. Fluorescence intensity of IgG/IgM in mixed d

sample 4, e sample 5, and f sample 6. The correlation of spiked and

detected concentrations: g S-antigen, h N-antigen, i S-IgG, j N-IgG, k

S-IgM, and l N-IgM. Error bars represent standard deviations in three

parallel experiments. Note: the fluorescence signal is obtained at ~680 nm
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serum samples were distributed in the range of 0.001–100 ng/

mL, which had the recovery regime of 90.36–109.98%.

Therefore, the developed microfluidic biochip provides a

new high-throughput, rapid simultaneous SARS-CoV-2

antigen/antibody detection and analysis.

To evaluate the detection accuracy of the proposed

microfluidic biochip, a comparison of the spiked SARS-

CoV-2 S-antigen and S-IgG in healthy serum and 1% BSA

sample detection between our biochip and commercial

Enzyme-Linked Immunosorbent Assay (ELISA) was per-

formed, since ELISA is the gold standard for protein bio-

markers analysis. The ELISA detection procedures of the

SARS-CoV-2 S-antigen and S-IgG are illustrated in Fig.

S15, which took ~4.5 h. The ELISA detected results of

Fig. 7 Detection of SARS-CoV-2 S-antigen, S-IgG, and S-IgM in spiked

healthy serum. a–c Fluorescence pattern of detection chip. Fluorescence

intensity dependence on concentration of SARS-CoV-2 S-antigen, S-

IgG, and S-IgM a S-antigen, b S-IgG, and c S-IgM. d–f Statistical com-

parison between the negative samples and the positive samples. Since

p < 0.05, the difference between these two groups is statistically

significant. Assay results of spiked in healthy serum using the Proposed

and Elisa Methods. Correlation between the two detection methods: g S-

antigen and h S-IgG. Note: Control samples in a–c are serum sample

from healthy persons. The fluorescence signal is obtained at ~680 nm

in a and b, and the fluorescence signal is obtained at ~519 nm in c
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SARS-CoV-2 S-antigen and S-IgG are presented in Fig. S16.

It has a linear range of 1–100 ng/mL and detection limit of

1 ng/ml for both simulated samples spiked in healthy serum

and 1% BSA samples. In the detectable range of ELISA, the

comparison of detected results between our biochip and com-

mercial ELISA are presented in Fig. 7g–h, and the specific

analysis data are shown in Table S3, which has recovery

values of 97.19–103.01%. Thus, the proposed biochip is con-

sistent with the commercial ELISA. Moreover, the

microfluidic biochip has shorter detection time, lower detec-

tion limit, smaller reagent, and sample volume consuming

than ELISA, indicating its potential use in rapid, economic,

and high-throughput detection of SARS-CoV-2 antigens and

IgG/IgM antibodies in clinical diagnosis and vaccine recipi-

ents’ evaluation.

Anti-SARS-CoV-2 IgG/IgM detection of clinical
samples

In order to test the biochip in practical applications, 15 serum

samples from vaccinated individuals of SARS-CoV-2 virus

and 5 serum samples from healthy persons without vaccina-

tion were collected and detected. The results in Fig. 8a–d

show that vaccinated individuals have much higher fluores-

cence intensity of all IgG/IgM antibodies than healthy persons

without vaccination whose intensity is similar to background.

Figure 8d–f presents the statistical analysis of the detected

fluorescence intensity. The difference between healthy and

vaccinated individuals is significant, which delivers

p < 0.0019 in Student t test. The expression level of neutraliz-

ing antibodies, anti-S-RBD (S-IgG and S-IgM), represents the

effectiveness of vaccination, because neutralizing antibodies

could bind the S-RBD on SARS-CoV-2 virus and effectively

protect human cells from virus infection by blocking the bind-

ing of SARS-CoV-2 virus with ACE2 on human cells. The

level of anti- SARS-CoV-2 IgG/IgMmay decrease with times

goes after vaccination, and long-term tracking detections are

needed to evaluate the protective induration of vaccination.

Discussion

The World Health Organization (WHO) has developed the

ASSURED criteria as a benchmark to evaluate if the tests

efficiently address the needs for disease control: affordable,

sensitive, specific, user-friendly, rapid and robust, equipment-

free, and deliverable to end users [34, 35]. However, none of

the current methods fulfill all the criteria. For SARS-CoV-2

pandemics, currently, sensitive, rapid, high-throughput, and

low-cost methods are essentially demanded to detect antibod-

ies and antigens in practical applications including diagnos-

tics, epidemiology, vaccine evaluation, disease understanding,

and public health policies at the stage of large-scale outbreak

all over the world [36]. Various immunosensors based on

varied matrices have been compared on the basis of their per-

formance and are summarized in Table S4. Most sensing plat-

forms conduct single biomarker with narrow detection range,

higher detection limit, and longer than 15-min qualitative de-

tection time. The proposed microfluidic biochip platform has

the capability of relatively large detection range of 5 orders of

magnitude, simultaneous detection of 4 or evenmore (up 20 in

current biochip design) biomarkers with 2 μL of each sample,

high-throughput (60 samples for each biochip), as short as less

than 10 min for qualitative detection, and 40 min for quanti-

tative detection with ultralow detection limit of ~0.3 pg/mL,

which essentially reduce SARS-CoV-2 antigen/antibody de-

tection cost, time-consuming, and transmission probability. In

addition, the main facilities to fabricate the proposed biochips

are the photolithography process-related apparatus and a

temperature-controlled furnace. The material cost of one bio-

chip is about 1–2 dollar. Thus, in comparison to reported

SARS-CoV-2 antigen/antibody detection methods, the pro-

posed microfluidic biochip strategy could be more suitable

for the current needs of SARS-CoV-2 pandemics.

Though the developed microfluidic biochip has the distinct

merits mentioned above, some points and limitations still need

to be discussed. Firstly, what is the best dilute factor for real

SARS-CoV-2 antigen/antibody samples evaluation? As re-

ported recently, the concentration of SARS-CoV-2 IgG/IgM

antibodies in COVID-19 patients is in the range of tens ng/mL

to several mg/mL [37, 38] And higher than 1 μg/mL, the

neutralization of SARS-CoV-2 antibody concentration could

ensure an effective protection (>50% protection) depending

on the binding epitope and the affinity of the antibodies [15,

37, 39–42]. The proposed microfluidic biochip has detection

limits of ~0.3 pg/mL under 40 min process and ~ 4 ng/mL

under 5-min process. For quick qualitative evaluation of

SARS-CoV-2 antibodies, direct detection of the samples with-

out any dilution could be performed using the microfluidic

biochip, which also takes the advantage of 2 μL small sample

volume requirement of the microfluidic biochip. For quantita-

tive evaluation of SARS-CoV-2 antibodies, the samples dilut-

ed in 1:10000 could still be distinguished if the patient sample

is with lowest concentration of tens ng/mL [37, 38]. But in

order to improve detection accuracy, the reasonable dilution

rate should be determined based on the situation of the sam-

ples and applications for real practical tests. Secondly, the

required multiple user steps need trained personnel at present,

since the automated equipment is still in development. And

the additional rinse steps during detection process could po-

tentially take longer depending on the user without the assis-

tance of automated equipment.

Generally, a diagnostic technology development could be

divided into four phases: Phase 1 refers to technologies that

are at the proof-of-concept stage where researchers use syn-

thetic targets to validate the concept. Phase 2 refers to
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technologies that have analyzed a small number of patient

samples (i.e., <100 samples). Phase 3 typically refers to tech-

nologies that advance to clinical trials with a large patient

cohort. Phase 4 is when the technology is commercialized

and used in patients [5]. However, many approaches

[43–45], for instance, ELISA, Fluorescence Immunoassays

(FIAs), Lateral Flow Immunoassays (LFIAs), CRISPR

Systems, and our microfluidic biochip, were developed for

SARS-CoV-2 diagnosis and evaluation. Most of the methods

are in phase 1 and 2, but they would still play essential roles in

SARS-CoV-2 diagnostics, epidemiology, vaccine evaluation,

disease understanding, and public health policies [5, 36].

Currently, ELISA, a gold standard of protein assay, is used

to validate the accuracy of our microfluidic biochip, and re-

markable results were obtained, indicating the potential appli-

cations in detection of the real SARS-CoV-2 samples. Limited

by the lab environment qualification since clinical COVID-19

samples need to be done in authorized hospital or lab, the

SARS-CoV-2 antigens of clinical samples have not been de-

tected by our biochip, and only anti-SARS-CoV-2 IgG/

IgM was tested in vaccinated individuals. Next, long-

term tracking detection of vaccinated persons will be

conducted to evaluate the vaccination effectiveness

through collaborations.

Fig. 8 Detection of SARS-CoV-2 antigen/IgG/IgM antibodies in the se-

rum from healthy and vaccinated individuals. Fluorescence intensity of a

S-IgG, b N-IgG, c S-IgM, and d N-IgM; statistical comparison of e S-

IgG, f N-IgG, g S-IgM, and h N-IgM between the healthy persons and

vaccinated individuals. Note: The fluorescence signal of IgG in (a) and

(b) is obtained at ~680 nm, and the fluorescence signal of IgM in (c) and

(d) is obtained at ~519 nm
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Conclusion

In this work, we developed a microfluidic immunoassay to

conduct rapid (less than 10min), high-throughput (60 samples

per chip), reliable, and ultrasensitive detection of multiple

SARS-CoV-2 antigens and antibodies simultaneously. The

platform integrates the advantages of nanomaterials to conju-

gate high-density biomolecules and microfluidics to realize

high-efficient, low-volume, and high-integration biosensing

platform. The proposed microfluidic biosensing platform not

only has great potential benefits for the fast screening of

SARS-CoV-2 infections, but also provides valuable tool for

valid vaccination screening.
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