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Abstract
Rapid detection of antibodies during infection and after vaccination is critical for the
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control of infectious outbreaks, understanding immune response, and evaluating
vaccine efficacy. In this manuscript, we evaluate a simple ultrarapid test for SARS‐
CoV‐2 antibodies in COVID‐19 patients, which gives quantitative results (i.e.,
antibody concentration) in 10–12 s using a previously reported nanomaterial‐based
three‐dimensional (3D)‐printed biosensing platform. This platform consists of a
micropillar array electrode fabricated via 3D printing of aerosolized gold
nanoparticles and coated with nanoflakes of graphene and specific SARS‐CoV‐2
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antigens, including spike S1, S1 receptor‐binding domain (RBD) and nucleocapsid (N).
The sensor works on the principle of electrochemical transduction, where the
change of sensor impedance is realized by the interactions between the viral
proteins attached to the sensor electrode surface and the antibodies. The three
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sensors were used to test samples from 17 COVID‐19 patients and 3 patients
without COVID‐19. Unlike other serological tests, the 3D sensors quantitatively
detected antibodies at a concentration as low as picomole within 10–12 s in human
plasma samples. We found that the studied COVID‐19 patients had higher
concentrations of antibodies to spike proteins (RBD and S1) than to the N protein.
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These results demonstrate the enormous potential of the rapid antibody test
platform for understanding patients' immunity, disease epidemiology and vaccine
efficacy, and facilitating the control and prevention of infectious epidemics.

Abbreviations: ACE2, angiotensin‐converting enzyme 2 receptor; Ag/AgCl, silver/silver chloride; AM, additive manufacturing; BSA, bovine serum albumin; BSL, biosafety level 3; CE, counter
electrode; CLIA, chemiluminescence immunoassays; Cr, chromium; EDC, 1‐ethyl‐3‐(3‐dimethylaminopropyl) carbodiimide hydrochloride; EIS, electrochemical impedance spectroscopy; ELISA,
enzyme‐linked immunosorbent assays; IgM, immunoglobulin G (IgG) or M; IIFT, indirect immunofluorescence tests; LFAs, lateral flow assays; LoD, limit‐of‐detection; MCLIA, magnetic
chemiluminescence enzyme immunoassay; N, nucleocapsid; NC, nitrocellulose; NHS, N‐hydroxysuccinimide; PBS, phosphate‐buffered solution; PD, peptidase domain; PDMS,
polydimethylsiloxane; PMMA, polymethylmethacrylate; RBD, receptor‐binding domain; Rct, charge transfer resistance; RE, reference electrode; rGO, reduced graphene oxide; rGO‐Au, reduced
graphene oxide‐gold; RT‐qPCR, reverse transcriptional real‐time polymerase chain reaction; SDS‐PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; SEM, scanning electron
microscopy; TBST, tris‐buffered saline with 0.1% tween‐20 solution; UPMC, University of Pittsburgh Medical Center; WE, working electrode.
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| INTRODUCTION

A number of sensing modalities have been explored to detect IgG
or IgM responses to SARS‐CoV‐2 infection in different body fluids

Understanding the human immune response to pathogens and

such as whole blood, serum, and plasma. These include ELISA,27

vaccination is central to the management of infectious epidemics,

microsphere immunoassays,28 chemiluminescence immunoassays

enabling informed decision‐making in public health policies.

1–3

In

(CLIA), lateral flow assays (LFAs), and indirect immunofluorescence

COVID‐19, the status of immune response can be revealed through

tests (IIFT).29,30 One major concern with these methods (ELISA and

the

LFA)31 is the relative long detection time (0.3–24 h) and the inability

measurement

of

antibody

titers

against

SARS‐CoV‐2

infection.4–10

for point‐of‐care use. In addition, a few research reports describe

The SARS‐CoV‐2 genome consists of several functional genes, of

efforts to sense COVID‐19 antibodies using electrochemical

which nucleocapsid (N) and spike (S) proteins are widely used in

tests.3,5,32 Their sensing modalities include organic electrochemical

11–13

As the

transistors,3 paper‐based analytical devices,32 gold microcuboids‐

structural proteins, S and N, are expected to show high expression

based microsensors,33 microfluidic devices,34 terahertz plasmonic

levels during infection. The S glycoprotein of SARS‐CoV‐2, which

metasensors,35 and a set of planar two‐dimensional electrodes.36–38

protrudes from the virus surface, plays an important role in viral

None of these methods, however, can provide results in seconds.

SARS‐CoV‐2 molecular and serological detection.

infection through the specific molecular interaction of its receptor‐

To overcome the limitations of the current tests for infections of

binding domain (RBD) with the human angiotensin‐converting

pathogens, we recently used a completely new jetting‐based

enzyme 2 receptor (ACE2).14–16 Hence, the antibodies to S protein

microscale additive manufacturing (AM or colloquially called three‐

are expected to play an important role in the immunity against SARS‐

dimensional “[3D] printing”) technique39 to create a 3D electro-

CoV‐2 infection.

chemical sensor device platform that achieves sensitive and rapid

Recent studies have shown that the knowledge gained by

detection of biomolecules such as SARS‐CoV‐2 proteins and

antibody tests can help develop preventive and therapeutic

antibodies in seconds.40,41 Note that 3D printing allows the

approaches against SARS‐CoV‐2. The development of rapid test

manufacture of structures via a layer‐by‐layer “addition” of materials,

platforms is expected to facilitate the development of methods to

which leads to the realization of structures with complex architec-

The risk of re‐

tures, controlled microstructures, and material combinations.42 A

infection is higher when individuals have a lower level of antibodies.

large effort in academia as well as in industry is currently devoted to

For example, severely ill COVID‐19 patients with lower levels of

bringing the advantages of AM to biomedical device fabrication, as

antibodies may have a higher risk of death.3,18 Thus, analyzing the

described in our recent review article.43 Specifically, we used aerosol‐

host‐pathogen relationship can improve the disease management for

jet (AJ)‐based 3D printing to develop a fabrication method to make

COVID‐19 patients.21–23

microscale 3D metallic structures such as micropillars and micro-

improve the durability of immune responses.

17–20

Cheng et al. measured the immunoglobulin G (IgG) or M (IgM)

lattices, without any sacrificial support.39,41 Further, we note that

antibody responses to SARS‐CoV‐2 by applying traditional method

graphene and its derivates are exploited as transducer materials for

such as enzyme‐linked immunosorbent assay (ELISA) of a cluster of

biosensing of SARS‐CoV‐2 due to their excellent properties.44,45

24

patients recovered from mild to severe COVID‐19 infection.

Each

They have excellent electron transfer characteristics, high surface

test took about 24 h to generate results. Magnetic chemilum-

area, and tunable electrochemical properties, which makes them

inescence enzyme immunoassay (MCLIA) was used to measure the

suitable candidates for biosensing applications.46–49 Recently, gra-

patient antibody response to SARS‐CoV‐2.25 This study revealed that

phene was also used to develop a capacitance‐based biosensing

the level of S antibody response is 1.5 fold higher than that of an N

platform which detects the surface protein of SARS‐CoV‐2 with a

antibody response.25 The MCLIA test is quite complex and can take

limit of detection of 1 fg/ml.44

several hours per test. A recent study showed a comprehensive

Our recent work utilized this capability to build a test platform to

mapping of the immunological response of COVID‐19 patients and

quantitatively measure specific antibodies to SARS‐CoV‐2 in sec-

investigated the cellular pathways of complex immune networks for

onds.40 In addition to the incredibly short time, this label‐free

patients with severe COVID‐19 infection to understand the correla-

platform shows an ultra‐low limit‐of‐detection (LoD) down to the

tion between dysregulation of cytokines and immune hyperactiva-

femtomolar level of antibody concentrations.40 This sensor40,50

tion.26 Understanding immune response to COVID‐19 infection and/

demonstrated sensing capability for multiple SARS‐CoV‐2 antibodies

or vaccination is of significant interest and can benefit from the

to S and N proteins, which is a feature not found in other sensors.

development of new rapid tests that can provide quantitative

The method, however, was successfully tested only on rabbit‐derived

antibody results, ideally in seconds.

antibodies and its validation on human samples remained to be done.
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In this study, we use the unique features of the 3D biosensing

The SYLGARD™ 184 Silicone Elastomer Kit was purchased from Dow

platform we developed39,40 for the evaluation of antibody responses

Corning Inc. To create a microfluidic channel in the sensor

in COVID‐19 patients. The biosensing platform used in this study

(Figure 1A), the ratio of polydimethylsiloxane (PDMS) oligomer and

allows the detection of antibodies to N, spike 1 (S1), and RBD

linker was set to 10:1 (wt %). The powder form of rGO nanosheets

proteins in seconds via simple direct electrochemical transduction

(CAS‐No. 7782‐42‐5) was purchased from ACS Materials LLC. The

without adding labeling agents. In the sensor structure, the working

rGO powder was dispersed in deionized water at a concentration of

electrode (WE) is an array of 3D‐printed and sintered 3D gold

0.2mg ml−1 and sonicated for 2 h before use. A commercial silver/

micropillars coated with reduced graphene oxide (rGO‐Au) and

silver chloride (Ag/AgCl) ink was purchased from Ercon, Inc. Silicone

functionalized with S1, RBD, or N proteins (antigens). These proteins

oil was purchased from Ease Release™ 205, Reynolds Advanced

are used to analyze the levels of SARS‐CoV‐2 antibodies in plasma

Materials.

samples from COVID‐19 positive (n = 17) and COVID‐19 negative
(n = 3) patients confirmed by reverse transcriptional real‐time
polymerase chain reaction (RT‐qPCR). The same patient samples

2.2 |

Instruments

were used in three separate antibody tests including antibodies to S1,
RBD, and N proteins. We also demonstrate that the sensor has the

A scanning electron microscopy (SEM, Sirion SEM; FEI Inc.) was used

ability to quantify concentrations of antibodies ranging from

to image the sensor array structures. A 3D computer aided design

femtomolar to nanomolar levels due primarily to the unique 3D

(CAD) software, SolidWorks 2020, was used to create a 3D

micropillar geometry realized via our AJ‐based microscale 3D printing

schematic of the device shown in Figure 1. For antibody sensing, a

technique.

VersaSTAT 3 Potentiostat/Galvanostat from Princeton Applied
Research, with Zview software was used to record the electrochemical impedance spectroscopy (EIS) signals and analyze all the

2

| MATERIALS AND METHODS

spectra with its in‐built software. The EIS technique was used for the
spiking study. This technique measures the change in the electrical

2.1

| Chemicals and sensor materials

impedance at the electrode surface/interface due to protein‐
antibody interactions.55 It is known to be a label‐free, sensitive

Recombinant proteins of SARS‐CoV‐2, namely, RBD‐His protein

detection method.56 In this study, the AC signal during EIS

(50 μg/ml), N‐His protein (50 μg/ml), and spike S1‐His protein (50 μg/

measurement had an amplitude of 1 mV and a frequency range of

ml), were purchased from Sino Biological, Inc.51,52 The S1, RBD, and

10 000–1 Hz. An e‐beam evaporator (Kurt Lesker PVD 75) was

N antigens were immobilized separately on the sensor surfaces,

utilized to deposit chromium and gold layers on the glass substrates.

which acted as a capturing element for corresponding antibodies in

For the printing of the 3D microelectrode array, the Aerosol Jet

an aqueous solution, that is, human plasma samples from SARS‐CoV‐

nanoprinter (Model AJ‐300; Optomec Inc.) was used. An AutoCAD

2 patients. These three SARS‐CoV‐2 proteins were prepared in

software (AutoCAD 2021; Autodesk Inc.) was utilized to create the

carbonate buffer of pH 9.6 and aliquoted at –80° C before use. For

sensor design and CAD programming files for printing. Further,

immobilization, the concentrations of all the antigens were set to

AutoLISP language was used to create a program that was converted
to a printing compatible “prg” file to print the sensor structure, similar

5 μg/ml.
Two rabbit IgG antibodies to S1 and RBD, and a mouse

to that in our previous work.38 An automated cutter was purchased

monoclonal antibody (IgG) to N protein were purchased from Sino

from Silhouette Curio™, Silhouette America®, Inc., and used to create

Biological Inc.50,53 For titration measurements, the antibody solutions

a Kapton tape‐based shadow mask for the device.

of S1, RBD, and N were prepared in a phosphate‐buffered solution
(PBS) of pH 7.4 (50 mM) containing an equimolar concentration of
5 mM of ferro and ferricyanide. We used the same PBS for serial

2.3 |

Details of human COVID‐19 patient samples

dilution and spiking antibodies. A set of other chemicals, namely
sodium

(1‐ethyl‐3‐(3‐

A total of 20 human samples were utilized to analyze the presence or

dimethylaminopropyl) carbodiimide hydrochloride), and NHS (N‐

carbonate,

sodium

bicarbonate,

EDC

absence of COVID‐19 antibodies. The suspected COVID‐19 patients

hydroxysuccinimide) were obtained from Sigma Aldrich. Lyophilized

were confirmed by the SARS‐CoV‐2 RT‐qPCR test. Among the

powder of bovine serum albumin (BSA) was also purchased from

20 samples, 17 samples were from COVID‐19 positive patients and

Sigma Aldrich and prepared in a PBS (50 mM) at a concentration of

3 samples were from COVID‐19 negative patients. Each sample,

2 mg/ml.54

positive and negative, was collected and then divided into three

A commercial ink of gold (Au) nanoparticles (UTDAu40) was
purchased from UT Dots Inc. The Au nanoparticle ink has an average

separate tubes, allowing the plasma in each tube to be used for one
of the three antibody tests.

particle size of 4 nm and a viscosity of 3 cP. Particle loading in an

The study was approved by the Institutional Review Board (IRB)

organic non‐polar solvent was 40 wt% and this ink solution was used

of the University of Pittsburgh (STUDY20090114). The human

to build the 3D sensor using an AJ 3D printer (AJ 300; Optomec Inc.).

plasma samples were collected from the University of Pittsburgh
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F I G U R E 1 3D‐printed biosensor for in vitro sensing of SARS‐CoV‐2 antibodies in COVID‐19 patients. (A, B) Schematic illustration of a
3D‐printed microfluidic sensor showing that the WE consists of a micropillar array of gold nanoparticles and the WE is situated between the
RE and CE (B). (C) An optical image of an actual device. (D) SEM images (tilted view) of the printed micropillar array at different magnifications
before coating by graphene and proteins. The zoomed‐in SEM images show the surface microtexture of the sintered gold micropillars, which
helps the rGO nanoflakes to bind with this surface. (E) SEM image showing the rGO nanoflakes coated on the array electrode.
(F) Schematic illustration depicting the functionalization of the electrode by attaching SARS‐CoV‐2 proteins on rGO sheets via EDC‐NHS
conjugation chemistry. In this amidation reaction, EDC activates the COOH groups of rGO, while NHS acts as a stabilizer, resulting in amide
bonds between proteins and rGO sheets on the Au pillar surface. Antibodies to SARS‐CoV‐2 proteins attached to the antigens during sensing are
also depicted. 3D, three‐dimensional; CE, counter electrode; EDC, 1‐ethyl‐3‐(3‐dimethylaminopropyl) carbodiimide hydrochloride;
NHS, N‐hydroxysuccinimide; RE, reference electrode; rGO, reduced graphene oxide; SEM, scanning electron microscopy;
WE, working electrode.
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Medical Center (UPMC) hospital from patients who were admitted to

nanoparticles, was manufactured on the evaporated Au layer. The

an intensive care unit (ICU) with severe COVID‐19.57–59 We obtained

geometrical shape of the micropillar array is shown in Figure 1B.

informed consent from the patients or their legally authorized

To obtain this geometry of micropillar electrode, the AJ‐

representatives under an IRB‐approved protocol before enrollment

300 nanoparticle printer was used, as described before. The printer

and sample collection. Plasma samples used in this study were

is equipped with a programmable motor‐driven stage (X‐Y direction)

separated from whole blood samples through centrifugation. These

with a temperature control unit, an ultrasound atomizer, a

samples were aliquoted and stored at −80°C before the study. These

deposition head containing a nozzle, and a shutter to break the

human plasma samples were mixed into PBS at a fixed ratio of 1:250

streamline flow of the aerosol ink. During printing, 1 ml of Au

for this testing. All the testing was conducted in Biosafety Level 2+

nanoparticle ink was loaded into a glass vial and converted into a

(BSL2+) facility.

mist of aerosol droplets (each containing the Au nanoparticles) via
the ultrasonic energy of the AJ printer. Note that an external
heating chamber was positioned on top of the X‐Y stage to maintain

2.4 | Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS‐PAGE)

a constant temperature of 150°C for the platen during printing.
Nitrogen (N2) gas was used as a carrier gas to transport the aerosol
droplets to the deposition head at an optimized pressure of

The SARS‐CoV‐2 recombinant proteins were analyzed by SDS‐PAGE.

25 sccm. Further, a sheath gas (also N2) was applied at a pressure

Each recombinant protein at 10 µg/well was loaded into a 12‐well

of 60 sccm surrounding the printer nozzle to aerodynamically focus

4%–20% SDS‐PAGE gel and run at 120 V for 80 min. Images of gels

the aerosol ink stream before printing. The minimum feature size of

were taken with a BIO‐RAD Imagine System following Coomassie

Au ink in the study was 15 µm. Before printing, the geometry of the

brilliant blue staining (Bio‐Rad Laboratories).

micropillar array was drawn using AutoCAD software and the
program was written using AutoLISP software, followed by
converting to a prg file which is compatible with the AJ‐300

2.5

| Western‐blotting

nanoprinter as described in our previous work.40 The external
heating element helped rapid drying of the binder and solvent from

For the Western‐blotting analysis, the S1, RBD, and N recombinant

the ink once a layer was printed. Because of its strong surface

proteins were analyzed by SDS‐PAGE gels and then transferred onto

tension, the dried layer of the ink was able to hold the next layer of

nitrocellulose (NC) membranes with a Trans‐Blot Turbo Transfer

printing. Such layer‐by‐layer printing formed the desired micropillar

System (Bio‐Rad). Each membrane with a recombinant protein was

array without any support structures.60,61 Once printed, the dry

blocked by 5.0% nonfat milk for 1 h at room temperature (25°C) and

layer of Au created a surface tension to hold the second printed

incubated with a specific antibody to the protein diluted in 1.0% BSA

layer. Au printing was continued until the pillar reached 250 µm in

in tris‐buffered saline with 0.1% tween‐20 solution (TBST) solution at

height. The dried micropillar array was then sintered to 400°C for

4°C overnight. After washing it three times for 5 min each in TBST

4 h, wherein the Au nanoparticles formed the micropillars with

solution, the membrane was incubated with the respective secondary

highly porous surface features (Figure 1D,E). A thin layer (5 µm) of

antibody.

Ag/AgCl ink was coated on top of Au surface of the RE by placing
another Kapton tape‐based shadow mask and dried it at 150°C for
2 h.62 An optical photograph of the complete device is shown in

2.6

| Sensor construction and functionalization

Figure 1B. The diameter of the nozzle was chosen as 150 µm to
maintain the uniform pillar diameter (which is known to create a

A schematic diagram of the sensor for human trials is shown in

droplet stream of about 15 µm in diameter). The height, pillar‐to‐

Figure 1. Fabrication details of the 3D‐printed sensor are described in

pillar distance, and diameter of the micropillar were controlled by an

our previous work.40 In brief, three‐electrodes on a glass substrate

AutoCAD program. The micropillar diameter, pillar‐to‐pillar dis-

were first fabricated by directly depositing a 100 nm‐thick Au layer

tance, and height were 72, 118, and 250 µm, respectively, as

and 10 nm‐thick Cr layer, which acted as an adhesion layer via an e‐

measured by the processing camera of the printer. Sintered pillars

beam evaporator. For this, a shadow mask of a Kapton tape was

formed a micro‐texture of Au nanoparticles (Figure 1D), which is

prepared using an automated cutter with the help of AutoCAD

expected to help the adhesion of a coating of rGO sheets during the

software and mounted on the glass slide before depositing the Au

functionalization step.

layer. The Au layer was a base connector for the three electrodes,

Next, the micropillar array was modified with rGO sheets. A

namely the counter electrode (CE), reference electrode (RE), and the

PDMS fence was placed surrounding the array, and a 20 µl colloidal

WE for the impedance measurements. The Au layer was used to

suspension of rGO (0.2 mg/ml) was drop‐casted and dried at 80°C for

collect the impedance signal from the sensor. The gap of each

1 h. This process was repeated for an additional two times, allowing

electrode in the sensor geometry is shown in Figure 1B. Note that the

more graphene flakes to adhere on the pillar surface. SEM image of a

working area was 2 mm × 2 mm where the 3D‐printed structure of

micropillar array modified with rGO sheets is shown in Figure 1E in

the sensor was built. A 10 × 10 array of Au micropillars, made of Au

which the wrinkled graphene flakes are clearly visible on the pillar
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surface. After rGO modification, three separate rGO‐Au sensors were

The three electrodes of the sensor chip were connected to copper

made, and each was functionalized with one of three recombinant

tapes using silver paste which was dried at room temperature. The

proteins of SARS‐CoV‐2, either RBD, N, or S1.

copper tapes were connected to the potentiostat for the

The schematic representation of the surface functionalization on

measurements.

the rGO‐Au micropillar array is shown in Figure 1F. For this, three
independent rGO‐Au sensors were functionalized with specific
proteins, namely S1, RBD, and N proteins. Before applying the

2.7 |

Spiking analysis

proteins, the ─COOH groups present on the rGO‐Au array were first
activated by introducing EDC (0.2 M) as a crosslinker and then

Before sensing of antibodies in the plasma samples, the sensor was

stabilized with NHS (0.05 M). For a single sensor, a mixture of EDC

validated by spiking the specific antibodies to RBD at a final

and NHS solution was prepared first at a ratio of 1:1 (volume). Using a

concentration of 10 nM into plasma from a subject without

pipette, 30 µl of this mixture solution was applied to the surface of

COVID‐19 (Figure 2C–E) at different dilutions in PBS. An RBD

the micropillar. The sensor was then kept in a humid chamber having

sensor was used for this study. As a control, the impedance

100.0% humidity for 4 h and then washed with a buffer solution. A

responses of the RBD sensor were used to measure human plasma

20 µl RBD protein (5 µg/ml) was spread on the EDC‐NHS modified

at similar dilutions without spiking of RBD antibodies. Specifically, the

sensor and kept in the humid chamber for 4 h. The ─NH2 groups of

human plasma was diluted at 1:10, 1:250, 1:500, and 1:1000 in PBS.

the protein (antigen) bind with ─COOH groups of rGO by creating a

An AC input signal was applied by setting an amplitude of 1 mV and

C─N amide bond

63

as shown in Figure 1F. In addition to covalent

frequencies of 10 000–1 Hz during all the EIS measurements.

interactions on the sensor surface, we also expected that some of the
antigen molecules may interact with the pillar surface via electrostatic interactions. At the end of the functionalization process, a BSA

2.8 |

Sensing of antibodies in plasma samples

(2 mg/ml) coating on the sensor surface was added to block the
nonspecific sites of the sensor. A similar process of functionalization

The sensor with three electrodes (WE, CE, and RE) was connected to

was applied to the N and S1 sensors. For measurements, a set of all

an electrochemical analyzer (potentiostat) and used for the EIS

three sensors including RBD, N, and S1 were fabricated to complete

experiments to detect the antibodies to SARS‐CoV‐2 proteins. The

the tests of the COVID‐19 samples. Note that each sensor is

sensors were tested on 17 samples from COVID‐19 positive patients

sensitive to specific antibodies to SARS‐CoV‐2 as designed and does

and 3 samples from COVID‐19 negative patients. These aliquoted

not require any external labeling agents. The coated sensors were

samples were mixed with PBS at different dilutions from 1:10 to

stored at 4°C until use.

1:1000 (plasma: buffer) and injected into sensors via a syringe.

To create a microfluidic channel in the sensor, a soft‐replica
method was used and integrated with the sensor containing WE, CE,
and RE.41 The schematic diagram of the PDMS channel that was

2.9 |

Statistical analysis

placed on the glass substrate containing the electrodes is shown in
Figure 1A. A polymethylmethacrylate (PMMA) mold containing a

All the samples were tested at least three times per experiment.

channel was fabricated using a high‐precision milling machine.64 The

GraphPad Prism 9.3.1 was used in the present study for plotting

dimension of the channel was set to 1 mm × 2 mm × 2 mm (depth ×

figures and for statistical analysis. Sensor testing data were presented

width × length). Note that the middle portion (~1 cm) of the channel

as mean ± standard error of the mean (SEM). p Value was calculated

had a width of 2 mm. A PDMS solution was prepared by mixing

by unpaired two‐tailed student's t‐test. p < 0.05 was considered to be

PDMS oligomer and crosslinker at a ratio of 10:1 (wt %) and poured

statistically significant.

into the PMMA channel to get an opposite pattern. Before pouring,
the PDMS mixer solution was placed in a degassed chamber to
remove bubbles for 1 h at 10−4Torr. Upon curing at 80°C for 2 h, the

3 |

RESULTS

opposite pattern of PDMS was peeled off from the PMMA. The
resulting channel acted as a mold to make the final microfluidic

3.1 |

3D‐printed sensor construction

channel. Silicone oil was sprayed on the top surface of the PDMS
mold before applying a new PDMS layer. Finally, a PDMS solution

As discussed in the Methods section, AJ AM method65 was used to

was poured on the PDMS mold and cured at the same temperature

fabricate the 3D geometry of the sensor used in this study. The

(80°C) and peeled off the PDMS mold. The final PDMS channel was

sensor was constructed to detect antibodies to multiple SARS‐CoV‐2

utilized as PDMS housing for the biological fluids. At the end of the

proteins including S1, RBD, and N in plasma samples. The construc-

channel, two holes were created and connected to Tygon tubes and a

tion of the sensor device is shown in Figure 1. The details of sensor

syringe to handle the aqueous and plasma samples. The resulting

fabrication is described in our previously reported work.40 In brief,

PDMS channels were placed manually into the glass substrates

Figure 1A shows a schematic of the device where a 3D‐printed

containing the functional electrodes for the sensing measurements.

micropillar array electrode is integrated with a microfluidic channel.
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The glass substrate in the sensor configuration contains three‐

binding of proteins in the human plasma (Figure 2C). This change is

electrodes: WE, CE, and RE, all of which were attached with a PDMS

insignificant compared to the sensor response with RBD antibodies

microfluidic channel. The CE is made of Au of thickness ~100 nm. The

as shown in Figure 2D. When spiking with RBD antibodies, a drastic

RE is an Au layer of thickness ~100 nm, which is then coated with a

change in the signal, 330.7% compared to baseline (p < 0.0001),

5 µm thick layer of Ag/AgCl. The WE was made of a 3D‐printed Au

represents the detection of specific antibodies (Figure 2E). Further, a

micropillar array. A 10 × 10 array was chosen to fit a PDMS

change of 4.0% was observed with different concentrations of

2

(2 × 2 mm ) microchannel. The gaps between RE and CE to WE were

human plasma, which is insignificant when compared to the initial

set equally to 1.5 mm (Figure 1B). An optical photograph of the

signal. This indicates the reliable sensing of RBD antibodies at

sensing device is shown in Figure 1C. The SEM images show the

different dilutions of human plasma. The sensor impedances

tilted view of the 10 × 10 Au micropillar array at different magnifica-

(imaginary) are plotted against response time (seconds) with and

tions (Figure 1D).

without RBD antibody spiking to a set of human plasma concentrations (Figure 2F). Upon adding 10 nM of RBD antibodies, the sensor
was capable of detecting 67.8% signal within 12 s as compared to the

3.2 | Validation of SARS‐CoV‐2 proteins and
specific antibodies

final signal which was found at 18 s. This indicates that the sensor can
identify the RBD antibodies within 12 s, which is the fastest readout
system compared to any other serological tests.

Spike and nucleocapsid proteins are the principal structural proteins
of SARS‐CoV‐2 (Figure 2A). In the present study, SARS‐CoV‐2
recombinant S1, RBD, and N proteins were used to treat the sensors
for immobilization with which the recombinant protein‐specific

3.4 | Quantitative sensing of SARS‐CoV‐2
antibodies in COVID‐19 positive samples

antibody was expected to bind to and be detected. SDS‐PAGE
analysis with Coomassie blue staining showed that the purities of

After the sensor validation, we performed quantitative sensing of the

recombinant S1, RBD, and N proteins are all >95%, which are

specific SARS‐CoV‐2 antibodies in COVID‐19 patient samples at

qualified to be used in sensor functionalization for antibodies testing

different dilutions. This experiment allowed the identification of a

(Figure 2B, lanes 1, 3, and 5). The protein tertiary structures of S1,

suitable dilution concentration of human plasma that the sensor can

RBD, and N proteins are shown in Figure 2B.

easily detect the SARS‐CoV‐2 antibodies. In addition, this testing

Subsequently, Western‐blotting was conducted to detect the

establishes the lower limit of concentration of antibodies that the

antigens with antibodies. The results of Western‐blotting (Figure 2B)

sensor can quantitatively measure. Figure 3 shows the sensing results

show a single band for each protein (S1, RBD, and N). A short

of the RBD sensor with COVID‐19 patient samples. In this

exposure time and specific band in Western‐blotting indicated that

experiment, one COVID‐19 negative sample and two COVID‐19

the specificity of the antibodies.

positive samples were used as negative and positive controls,
respectively, at 1:20, 1:40, 1:60, 1:80, 1:100, 1:250, and 1:500
dilutions in PBS. Sensing of these samples was conducted using the

3.3

| Spiking analysis of the sensors

EIS method as described above.
The RBD sensor was first exposed with a negative control human

The spiking analysis of the sensors was conducted by EIS. An RBD

plasma at different dilutions. Testing results of these samples are

sensor was used for this study and the human plasma was diluted at

shown in Figure 3A,D. Compared to the baseline signal (without any

1:10, 1:250, 1:500, and 1:1000. Figure 2C shows the Nyquist plots in

human plasma), the RBD sensor signal exhibits a relative standard

the diluted plasma samples without the specific RBD antibodies using

deviation of 2.5% (Figure 3D) at all the dilutions. Once the positive

the RBD sensor. Compared to the baseline signal, which does not

control (COVID‐19) sample was introduced, the sensor signal shown

have any human plasma, there was only a minute change of 5.9% the

in Figure 3B,E was increased to a higher value compared to the

charge transfer resistance (Rct) value observed due to the nonspecific

baseline signal. This is due to the specific interaction of recombinant

F I G U R E 2 Spiking experiments to validate detection of antibodies to RBD in a plasma with a sensor. (A) Schematic illustration of SARS‐CoV‐
2 genome. (B) Detection of SARS‐CoV‐2 recombinant proteins (RBD, N, and S1) used in sensors. Lanes M: protein markers; lanes 1, 3, 5: RBD, N,
and S1, respectively, observed by SDS‐PAGE; lanes 2, 4, 6: RBD, N, and S1 detected by Western‐blotting with corresponding specific antibodies,
respectively. (C, D) Nyquist plots for the sensor in presence of human plasma at 1:10; 1:250; 1:500, and 1:1000 dilution without (C) and with
spiking of 10 nM RBD antibodies (D). (E) Rct values obtained from graphs in (C, D). Three independent experiments were conducted for the plots
in (C–E). (F) Impedance, Z, versus detection time(s) without and with spiking RBD antibodies in plasma sample. EIS experiments involved applying
an AC signal with an amplitude of 1 mV and a fixed frequency range of 10,000 Hz to 1 Hz. E, envelope; EIS, electrochemical impedance
spectroscopy; M, membrane; N, nucleocapsid; ORF1a, open reading frame 1a; ORF1b, open reading frame 1b; RBD, receptor‐binding domain; S,
spike; SDS‐PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
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F I G U R E 3 Quantitative detection of COVID‐19 antibodies in plasma samples. (A–C) Response of sensor to a COVID‐19 negative sample
(#5306) (A) and two COVID‐19 positive samples #5265 (B) and #5308 (C). The plasma sample was diluted with PBS from 1:20 to 1:500. An RBD
sensor was chosen for this study. (D–F) Rct values from the (A–C), respectively. Rct plot shows p values of <0.0001 compared to the baseline for
the COVID‐19 positive samples (E, F). EIS, electrochemical impedance spectroscopy; RBD, receptor‐binding domain.

spike RBD protein on the sensor with specific antibodies in the

the sensor signal is due to the gradual decrease of antibodies

COVID‐19 plasma, which changes the interfacial impedance of the

captured by the sensor. However, the sensing impedance is

sensor, resulting in higher impedance.

significantly higher with a dilution of 250 times than that of the

In the diluted samples or COVID‐19 plasma, the sensor response
reduced gradually. The sensor provided an excellent detection

baseline, indicating that RBD antibodies can be detected at a low
concentration of plasma samples (p < 0.0001).

capability with a dilution up to 250 times (Figure 3E). Thus, 1:250

In another COVID‐19 plasma, the sensor shows a similar pattern

was chosen as an initial dilution of COVID‐19 plasma samples for

(Figure 3C,F), but the antibody sensing was realized with a maximum

further testing. In the more diluted plasma samples, the reduction of

dilution of 500 times. The sensing impedance in Figure 3F is
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significantly higher compared to the baseline signal (p < 0.0001),

note that the detection of antibodies within this range of frequencies

indicating that RBD antibodies can also be sensitively detected in this

is high enough compared to the baseline signal. The baseline of the

plasma.

RBD sensor was set with PBS (50 mM; pH ~7.4) containing an
equimolar concentration of ferro/ferricyanide (5 mM) without any
RBD antibodies (Figure 4A,B). The reason for choosing ferro/

3.5 | Sensing of RBD antibodies in COVID‐19
patients

ferricyanide as a mediator is to enhance the electron transfer from
the electrolyte to the 3D electrode so that a reasonable signal can be
detected to differentiate biomolecular events at the electrode

The spike protein RBD was used to functionalize the rGO‐Au
micropillar array. To measure RBD antibodies, we established a

surface.
The baseline signal of the RBD sensor exhibited anRctof 1.7 kΩ.

standard curve of the antibodies. A concentration range of RBD

In this study, the Rct values of all EIS signals were calculated by fitting

antibodies from 10 fM to 50 nM was prepared in PBS and used for

in‐built semicircles in the same instrument (as described in Section 2)

the sensor calibration before testing COVID‐19 patient samples. We

to the Nyquist plots (Figure 4A) wherein the diameter of the

F I G U R E 4 Sensing RBD antibodies in
COVID‐19 samples. (A, B) Standard curve of the
RBD sensor with Nyquist plots recorded as a
function of RBD antibodies from 10 fM to 50 nM
(A) and their corresponding charge transfer
resistances (Rct) plotted according to the different
RBD antibody concentrations (B). (C, D) RBD
sensing results of plasma samples showing
Nyquist plots of 17 COVID‐19 positive samples
and 3 COVID‐19 negative samples (C), and their
calculated Rct values plotted as a function of
sample numbers (D). The deviation of the fitted
semicircle and the raw semicircle of all impedance
spectra was less than ±3.0%. All COVID‐19
positive samples have p values of <0.0001
compared to the COVID‐19 negative samples. All
EIS experiments for sensing of antibodies were
conducted by applying an AC signal with an
amplitude of 1 mV and a fixed frequency range of
10 000–1 Hz. PBS (50 mM) mixed with a ferro/
ferricyanide (5 mM) mediator was used to dilute
plasma samples at 1:250. EIS, electrochemical
impedance spectroscopy;
PBS, phosphate‐buffered solution;
RBD, receptor‐binding domain.
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F I G U R E 5 RBD sensor‐to‐sensor variation for detecting SARS‐CoV‐2 antibodies in COVID‐19 samples examined by regression co‐efficient
analysis. (A–C) The same samples were tested with four different sensors. Regression co‐efficients (r2) were calculated for (A) sensor 1 versus
sensor 2, (B) sensors 1 versus sensor 3, and (C) sensor 1 versus sensor 4. All responses of sensors are shown in Supporting Information:
Figure S3. (D) The values of r2 are plotted against the sensor number. RBD, receptor‐binding domain.

semicircle is the Rct value. Note that the deviation of fitted

10–1 Hz. The analytical sensitivity of the RBD sensor is found to

semicircles and raw data is from ±0.5% to ±3.9%. Once a 10 fM

be 10 fM, which is extremely low compared to other serological tests

concentration of RBD antibodies was introduced, the sensor showed

such as ELISA, chemiluminescence, and lateral‐flow immunoassays.32

a higher Rct of 3 kΩ. This indicates the presence of RBD antibodies in

Thus, we expect to detect extremely low levels of antibodies.

the aqueous solution. Further, the concentration of RBD antibodies

Next, four RBD sensors were chosen to analyze the 20 plasma

increased from 10 fM to 50 nM, and the EIS responses of the RBD

samples. These samples were diluted 250 times in PBS before testing

sensor were recorded. It is noticed that the semicircle in the Nyquist

via the impedance method. For the sensing measurements, the

plot (Figure 4A) increases with increasing concentrations of anti-

parameters of EIS measurement were kept the same, with the

bodies. At 50 nM of RBD antibodies, the sensor provided an Rct of

detection frequency of the input signal at 10 000–1 Hz and its

5.43 kΩ. Captured RBD antibodies on the RBD sensor change the

amplitude at 1 mV. Because the sensor surface would be washed with

interfacial impedance due to hindering of the electron transfer

a buffer solution between measurements, the sensor was first

produced from the redox reactions at the electrode/electrolyte.66

exposed to buffer solution without any samples to set a baseline (Rct

The calibration curve of the RBD sensor is shown in Supporting

of 1.55 kΩ). Then, three plasma samples from healthy individuals

Information: Figure S1, wherein the Rct value of sensor is directly

were injected into the first sensor via the microfluidic channel, and

proportional to the concentration of RBD antibodies. The calibration

their impedances were recorded.

equation is given as Rct (Ω) = (367.6 ± 2) Ω × (RBD antibody ×

The testing results of the first sensor for plasma samples are

10−9 M) + (4787.6 ± 58) Ω; r2 = 0.992. Supporting Information:

shown in Figure 4C,D. Compared to the baseline signal, a deviation of

Figure S2 shows the change of magnitude of impedance (|Z|) with

±2.5% was found with the three COVID‐19 negative controls. This

frequency (10 000–1 Hz) for different RBD antibody concentrations.

slight deviation is due to the nonspecific interactions on the sensor

Results indicate that the change of sensor impedance due to

with the proteins present in the plasma samples. The negatively

protein–antibody interactions are dominant in the range of

charged rGO flakes and BSA molecules on the sensor surface repel
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the negatively charge proteins (e.g., albumin) at pH 7.4 (due to its low

100% sensitivity toward the detection of COVID‐19 antibodies. To

isoelectric point of 5.0) in the plasma, which provides a good

confirm this, we tested three additional RBD sensors with the same

specificity of the sensor.67 Then, 17 COVID‐19 positive samples

samples. The results (Rct values) of the first RBD sensor was

were introduced into the first sensor one‐by‐one, and the EIS spectra

compared with the three additional RBD sensors and the correlation

were recorded. The sensor was washed with buffer solution multiple

co‐efficient (r2) was evaluated. Supporting Information: Figure S3

times between sample tests.

shows the EIS spectra of the other three RBD sensors, and the

The sensor impedances were found to be higher for the

corresponding linear regression plots of Rct values as shown in

COVID‐19 positive human samples due to the capture of the specific

Figure 5A–C. Almost a perfect corelation (r2 = 0.905) was found

spike RBD antibodies on the electrode surface. The Rct values of all

when the same human samples were tested using sensor 2 as shown

samples are different, indicating different levels of RBD antibodies

in Figure 5A. For the third and fourth testing times (sensors 3 and 4),

present in the samples. The impedances of COVID‐19 samples are all

the sensors showed a gradual reduction of Rct values, resulting in

significantly higher than those of the baseline and the negative

decreased r2 (Figure 5D). The reduction of Rct values in the third and

controls (p < 0.0001). It is noteworthy that the RBD sensor showed

fourth measurements compared to the first measurement may be due

F I G U R E 6 Sensing of N antibodies in COVID‐19 plasma samples. (A) EIS response of N sensor. Nyquist plots of the N sensor were recorded
as a function of N antibodies (10 fM to 50 nM). (B, C) N antibody sensing results of COVID‐19 samples with corresponding Nyquist plots of each
sensing graph of the samples (B) and calculated Rct values corresponding to samples plotted as a function of the sample number (C). COVID‐19
samples were treated as described in Figure 4. The deviation of fitted semicircle and raw semicircle of all impedance spectra was less than ±3.
0%. All COVID‐19 positive samples have p values of <0.0001 compared to the COVID‐19 negative samples except sample #5118, which is not
significant. All EIS experiments for sensing of antibodies were conducted by applying an AC signal with an amplitude of 1 mV and a fixed
frequency range of 10 000 Hz to 1 Hz. PBS (50 mM) mixed with a ferro/ferricyanide (5 mM) mediator was used to dilute both COVID‐19
negative and positive plasma samples at 1:250. EIS, electrochemical impedance spectroscopy; PBS, phosphate‐buffered saline.
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to the limited number of RBD antibodies in the samples. However, all

Nyquist plots. Similar to the RBD sensor, a minimum detection time

sensors showed the presence of RBD antibodies in COVID‐19

of 12 s was taken to monitor the trace level of N antibodies by the N

samples, indicating that the RBD sensor has a 100% sensitivity

sensor. The analytical sensitivity of N sensor is found as 1 pM.

without an indication of a false positive signal.

Once the sensor was calibrated with the standard concentrations
of N antibodies, we tested the N sensor for the detection of N
antibodies in the patient samples. The sensing results are shown in

| Sensing of N antibodies in COVID‐19 samples

Figure 6B,C. First, the N sensor was set to the baseline by introducing

In this case, the sensor surface with an rGO‐Au micropillar array was

235 Ω, which is low compared to RBD sensor (1.7 kΩ). This may be

modified with N proteins instead of RBD proteins. Before sensing

due to the low molecular weight of the N proteins attached to the

plasma samples, the sensor was tested with PBS mixed with N

microelectrode array surface. The sensor was then independently

antibodies ranging from 10 fM to 50 nM. As in the RBD sensing,

tested with three COVID‐19 negative plasma samples. Compared to

impedance spectroscopy was used as the sensing modality, with

the baseline signal, the N sensor showed a relative standard deviation

parameters as previously described.

of 4.6% (Figure 6C). This indicates that the N sensor has an excellent

3.6

only PBS to the sensor. The Rct value of baseline is calculated as

Figure 6A shows the sensing results with different concentra-

selectivity because it rejected other proteins that are presented in the

tions of N antibodies to establish the calibration plot. It was expected

plasma samples. The N sensor was used to test the 17 COVID‐19

that when the sensor captured N antibodies from the aqueous

positive samples. The Nyquist plots and corresponding Rct values of

solution, the sensor showed a change of impedance signal, which was

the N sensor are shown in Figure 6B,C, respectively. Once a plasma

recorded and analyzed. As we increased the concentration of N

sample was introduced, the N sensor showed a significant change of

antibodies, the sensor showed a significant increase of Rct in their

Rct values compared to the baseline signal, indicating presence of N

F I G U R E 7 Sensing results of S1 sensor in
plasma samples. (A, B) S1 sensor result of
COVID‐19 patient samples showing the Nyquist
plots for each human samples (A) and the
calculated Rct values for each patient samples
(B). The deviation of fitted semicircle and raw
semicircle of all impedance spectra was less than
±4.0%. All COVID‐19 positive samples have p
values of <0.0001 compared to the COVID‐19
negative samples. All EIS experiments for the
sensing of antibodies were conducted by applying
an AC signal with an amplitude of 1 mV and a
fixed frequency range of 10 000–1 Hz. The PBS
(50 mM) mixed with a ferro/ferricyanide (5 mM)
mediator was used to dilute both negative and
positive COVID‐19 human plasma (ratio of buffer
to human plasma set to 250:1). EIS,
electrochemical impedance spectroscopy; PBS,
phosphate‐buffered saline.

10969071, 2022, 12, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jmv.28075, Wiley Online Library on [15/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

5820

|

ET AL.

T A B L E 1 Comparative analysis of the detection of RBD, N, and
S1 antibodies
Samples/
sensors

RBD

N

S1

5821

described in the RBD sensor, the reduction of Rct values compared to
the first measurement may be due to the decreasing number of
antibodies that are assessible in each successive measurement. We

1

2

3

1

2

3

1

2

3

PCR
test

5092

+

+

+

+

+

+

+

+

+

+

5097

−

−

−

−

−

−

−

−

−

−

5110

+

+

+

+

+

+

+

+

+

+

5111

+

+

+

+

+

+

+

+

+

+

5112

+

+

+

+

+

+

+

+

+

+

5113

+

+

+

+

+

+

+

+

+

+

5115

+

+

+

+

+

+

+

+

+

+

S1 antibodies in the same SARS‐CoV‐2 plasma samples. A total of

5116

+

+

+

+

+

+

+

+

+

+

three independent S1 sensors were chosen to evaluate the sensor‐

5118

+

+

+

−

−

−

+

+

+

+

5120

+

+

+

+

+

+

+

+

+

+

5125

+

+

+

+

+

+

+

+

+

+

Nyquist plots of sensors 1–3 are shown in Figure 7A, and Supporting

5126

+

+

+

+

+

+

+

+

+

+

Information: Figures S6A,B, respectively.

5127

+

+

+

+

+

+

+

+

+

+

5129

+

+

+

+

+

+

+

+

+

+

When the sensor was exposed to COVID‐19 negative samples, a

5264

+

+

+

+

+

+

+

+

+

+

standard deviation 1.4% was calculated. This indicates that the S1

5265

+

+

+

+

+

+

+

+

+

+

sensor was not sensitive to the proteins and other antibodies present in

5266

+

+

+

+

+

+

+

+

+

+

5306

−

−

−

−

−

−

−

−

−

−

signal (335 Ω), indicating the presence of S1 antibodies (Figure 7B).

5307

−

−

−

−

−

−

−

−

−

−

Similarly, the impedance signals of the S1 sensor were recorded for

5308

+

+

+

+

+

+

+

+

+

+

other COVID‐19 positive samples. The significant changes of Rct values

also note that all sensors showed the presence of N antibodies with
COVID‐19‐positive patients. The exact concentration of N antibodies
is described in the later section of the study.

3.7 | Sensing of spike S1 antibodies in COVID‐19
samples
Similar to the RBD and N sensors, the S1 sensor was used to detect

to‐sensor variation. In this case, the sensor surface of an rGO‐Au
micropillar array was modified with S1 proteins instead of RBD or N
proteins. The results of the S1 sensor 1 are shown in Figure 7A,B. The

The S1 sensor 1 was set to the baseline by exposing it to PBS. The
Rct value of the baseline with PBS was calculated as 335 Ω (Figure 7B).

the samples. Once a COVID‐19 sample was introduced, the S1 sensor
showed a significant change of Rct (416 Ω) compared to the baseline

are observed for all 17 COVID‐19 samples (p < 0.0001). The S1 sensor
Note: The COVID‐19 status of the patients was confirmed by
RT‐qPCR test.
Abbreviations: RBD, receptor‐binding domain; RT‐qPCR, reverse
transcriptional real‐time polymerase chain reaction.

showed a sensitivity of 100% towards S1 antibodies. Further, the same
testing was performed with the other two sensors (sensors 2 and 3)
with the same COVID‐19 samples (Supporting Information: Figure S6).
These two sensors also showed a similar trend with a 100% sensitivity.
Based on their Rct values, the sensor‐to‐sensor variation is evaluated

antibodies in the patient sample. A statistically significant change in

(Supporting Information: Figure S7).

the Rct values was observed for all the plasma samples (p < 0.0001),

Before testing COVID‐19 samples, the S1 sensor was also tested

except for one sample. Thus, the sensor showed a lower, 94.1%,

with S1 antibodies to establish a standard curve. The S1 sensor

sensitivity toward N antibodies. It is also possible that the one sample

showed a significant increase of Rct with increasing concentrations of

may have had an extremely low concentration of N antibodies.

S1 antibodies. This is due to the capture of S1 antibodies by the

As in the case of the RBD sensor, the N antibodies were

specific S1 proteins on the sensor surface. The analytical sensitivity

evaluated using three additional N sensors. The Rct values of these N

of the S1 sensor was found to be 0.1 pM. To evaluate the correlation

sensors were compared with the first N sensors (discussed above)

coefficients, the Rct values of S1 sensor 1 were compared with sensor

and their correlation co‐efficients (r2) evaluated. Supporting Informa-

2 (Supporting Information: Figure S7A) and sensor 3 (Supporting

tion: Figure S4 shows the EIS spectra of the other three RBD sensors,

Information: Figure S7B). A correlation co‐efficient was obtained as

and their corresponding linear regression plots of Rct values are

0.924 for sensor 1 as compared to sensor 2 (Supporting Information:

shown in Supporting Information: Figure S5A–C. A correlation co‐

Figure S7A). When the Rct values of sensor 1 were compared to

efficient (r2) was obtained as 0.85 when the same samples were

sensor 3, the correlation co‐efficient was found to be 0.727

tested with sensor 2 (Supporting Information: Figure S5A). Further,

(Supporting Information: Figure S7C). Similar to the RBD and N

when sensor 3 (Supporting Information: Figure S5B) and sensor 4

sensors, the gradual reduction of correlation coefficients in the

(Supporting Information: Figure S5C) were tested with the same

sensor testing is primarily due to the repeated exposing of the same

samples, the sensors showed a gradual reduction of Rct values and

samples to multiple sensors. Supporting Information: Figure S7C

their correlation coefficients (Supporting Information: Figure S5D). As

shows the change of correlation co‐efficient with the sensors.
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F I G U R E 8 Quantitative examination of
COVID‐19 antibodies using RBD, N and S1
sensors. The concentrations of RBD, N and S1
antibodies were calculated using the respective
standard curves in Figures 4D, 6C, and 7B. (A)
Concentration of RBD antibodies in positive and
negative COVID‐19 samples. The maximum
concentration of RBD antibodies detected was
1 nM. (B) Concentration of N antibodies in
positive and negative COVID‐19 samples. The
maximum concentration of N antibodies detected
was 0.21 nM. (C) Concentration of spike S1
antibodies for the positive and negative
COVID‐19 samples. The maximum concentration
of S1 antibodies detected was 6.3 nM. Black lines
indicate the maximum and minimum antibodies
concentrations detected. RBD, receptor‐binding
domain.

3.8 | Comparative results of analysis of antibodies
with different sensors in COVID‐19 samples

sensors. Except N‐sensor, which failed to detect 1 of 17 (5.9%)
COVID‐19 samples, the other two sensors had a 100% sensitivity.
Figure 8 shows the detected concentrations of RBD, N, and S1

Table 1 summarizes the qualitative sensing results of SARS‐CoV‐2

antibodies in samples. These results were obtained by comparing the

antibodies in the patient samples detected by the RBD, N, and S1

Rct values for RBD, N, and S1 antibodies (Figures 4D, 6C, and 7B,
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respectively) with the respective sensor calibrations. The concentra-

time and the ability to detect low concentrations is likely due to the

tions of RBD antibodies are plotted in Figure 8A. This figure shows

enhanced interaction of the analyte molecules (antibodies in our case)

that all COVID‐19 samples have detectable RBD antibodies ranging

within the micropillar electrode.41

from >1 fM to <1 nM. Similarly, the concentrations of N antibodies

It is noted that the viral load determines the severity of the

were calculated from Figure 6C using standard curve (Figure 6A) and

disease for COVID patients.76,77 A recent study that correlates the

plotted against the patient samples (Figure 8B). The N sensor

viral load with pathogenesis has shown the kinetics of viral load and

detected antibodies in 94.0% of the COVID‐19 patients. The

antibody response for COVID‐19 patients with different severities.77

COVID‐19 sample that was negative for N antibodies were positive

It was found that for most of the severely ill COVID‐19 patients

for spike antibodies (RBD and S1). The highest concentration of N

(66.7%) in the ICU, the viral shedding in a variety of tissues was

antibodies detected was 0.21 nM. Similarly, the concentrations of S1

within ~20–40 days of the disease onset. For a majority of mildly ill

antibodies are plotted against the patient samples (Figure 8C). The

COVID‐19 patients (81.8%), however, the viral shedding was limited

values of S1 concentrations are calculated from Figure 8B and

to the respiratory tract ~10 days after the onset of the disease.77 A

standard curve (not shown). The S1 sensor shows a sensitivity of

low level of antibody response was noticed in mildly ill patients

100%. Note that the concentrations of S1 antibodies were found to be

compared to severely ill patients.77 From this perspective, a rapid

the highest compared to spike RBD and N antibodies. The highest of

point‐of‐care antibody test can aid in the understanding of the

S1 antibodies detected was 6.3 nM. It is noteworthy that we observed

kinetics and tissue distribution of SARS‐CoV‐2 viral load, as well as

variations of RBD, N, and S1 antibodies in COVID‐19 samples, which

neutralization of antibodies in patients, which could further help

might reflect the different infection kinetics of these subjects, which

disease management in a personalized manner.78

could also be impacted by individual genetics, health history, and

The results of this study demonstrate that the 3D‐printed

general immune responses, an area that is worth future investigation.

ultrarapid sensing platform we developed can be used in the
diagnosis of biomarkers for other pathogens. We can potentially
also attach antibodies to the electrodes to detect antigens or

4

| DISC US SION

pathogen proteins to detect antibodies. The developed sensors
use spike S1 and RBD in addition to N protein to detect antibodies.

The results presented in this study provide a validation of our

It is noted that VOCs have a high mutation rate in the spike

ultrarapid and ultrasensitive detection platform for pathogen

protein.79 The use of specific antibodies to individual VOCs could

40,41

in clinical samples. We achieve a label‐free detection

potentially detect the different variants.80–82 In fact, our

of pathogen biomarkers in seconds using this platform. The speed of

unpublished research shows that we can attach SARS‐CoV‐2

antibody detection demonstrated in this study is the fastest yet

antibodies to the electrode surface and detect corresponding

reported.

SARS‐CoV‐2 antigens and SARS‐CoV‐2 pseudoviruses. We can

biomarkers

We note that in the test we conducted (e.g., Figure 6C), the

also integrate multiple working electrodes in the device to create a

sensor could not detect N‐antibodies for one of the COVID‐19

multiplexed system that detects different antibodies to the same

positive patients. The same patient, however, showed RBD and S1

pathogen or different pathogen biomarkers. Finally, pathogen‐

antibodies. Thus, compared to the 100.0% (17/17) sensitivities of

related ailments such as Sepsis, a leading cause of death in the

RBD and S1 sensors, N sensor showed a sensitivity of 94.0% (16/17).

United States83,84 would greatly benefit from the timely detection

A number of serological studies demonstrate that the concentrations

offered by our sensing platform. Future research efforts will be

of S antibodies are usually higher than those of N antibodies in

focused on these areas.

infected individuals.68,69 Future studies with larger sample sizes could
further compare the sensitivities and specificities of these sensors.
Our platform provides a means of quantifying antibodies. As

5 |

CONCLUSION

different SARS‐CoV‐2 variants of concern (VOCs) have spread
worldwide causing numerous re‐infection waves asynchronously in
various regions,

70,71

obtaining such quantitative results can be of

In this manuscript, we have demonstrated the feasibility of rapid
detection of SARS‐CoV‐2 antibodies in human plasma samples within

significant value for analyzing the efficacies of vaccines to SARS‐

10–12 s by using a 3D‐printed sensor platform. The concentrations

CoV‐2,72 especially, the quantification of RBD and S1 antibodies.

of antibodies to SARS‐CoV‐2 RBD, N, and S1 proteins were detected

Similarly, detection of N antibodies to SARS‐CoV‐2 could help

in 17 COVID‐19 positive samples but not in 3 COVID‐19 negative

determine the status of infection, particularly in vaccinated subjects.

samples. The sensing was achieved by modifying the surfaces of each

Quantification of the exact concentrations of SARS‐CoV‐2 antibodies

sensor with rGO and one of the viral proteins of SARS‐CoV‐2 (RBD,

in plasma or whole blood could reveal the infection statuses and

N, and S1). We conclude that:

73

The sensor has a high specificity because of

(a) We have validated the 3D‐printed rapid biosensing platform

the negatively charged graphene layer74 on the array electrode repels

(Ali et al.40) with human plasma samples with detection times for

the negatively charged albumin molecules (isoelectric point ~5)75 and

RBD, N, and S1 antibodies within 12 s. This represents by far the

other proteins present in human samples. Finally, the short detection

fastest detection platform of antibodies for any pathogens.

vaccine effectiveness.
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(b) In addition to the detection of antibodies, the rapid platform can

4.

quantify the actual concentrations of different antibodies in the plasma
samples. The results show that the concentrations of S1 antibodies are

5.

much higher than those of RBD and N antibodies in COVID‐19 samples.
The rapid sensing of antibodies to viral proteins is achieved based on the

6.

novel 3D microneedle array geometry of the sensor.
(c) Direct simultaneous detection of multiple antibodies, specifically N and S (RBD and S1) antibodies, in the same COVID‐19 sample

7.
8.

can provide a complete spectrum of antibodies in the tested human
subjects.
9.
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