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Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the cause of Coronavirus Disease 2019
(COVID-19), poses extraordinary threats and complex challenges to global public health. Quantitative mea-
surement of SARS-CoV-2 antibody titer plays an important role in understanding the patient-to-patient vari-
ability of immune response, assessing the efficacy of vaccines, and identifying donors for blood transfusion
therapy. There is an urgent and ever-increasing demand for serological COVID-19 antibody tests that are highly
sensitive, quantitative, rapid, simple, minimally invasive, and inexpensive. In this work, we developed a single-
step, wash-free immunoassay for rapid and highly sensitive quantitative analysis of serological human IgG
against SARS-CoV-2 which requires only a single droplet of serum. By simply incubating 4 pL human serum
samples with antibody-functionalized gold nanoparticles, a photonic crystal optical biosensor coated with the
recombinant spike protein serves as a sensing platform for the formation of sandwich immunocomplex through
specific antigen—antibody interactions, upon which the detected IgG molecules can be counted with digital
precision. We demonstrated a single-step 15-min assay capable of detecting as low as 100 pg mL~' human
COVID-19 IgG in serum samples. The calculated limit of detecting (LOD) and limit of quantification (LOQ) is
26.7 + 7.7 and 32.0 + 8.9 pg mL™}, respectively. This work represents the first utilization of the Activate
Capture + Digital Counting (AC + DC)-based immunoassay for rapid and quantitative analysis of serological
COVID-19 antibody, demonstrating a route toward point-of-care testing, using a portable detection instrument.
On the basis of the sandwich immunoassay principle, the biosensing platform can be extended for the multi-
plexed detection of antigens, additional IgGs, cytokines, and other protein biomarkers.

1. Introduction

The ongoing Coronavirus Disease 2019 (COVID-19) pandemic is
caused by a novel coronavirus, now known as Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) [1]. The rapid spread of the
SARS-CoV-2 virus worldwide has led to >23.5 million documented cases
and over 800 000 deaths at the time of this writing (August 2020)
(https://coronavirus.jhu.edu/map.html). While detection of
SARS-CoV-2  specific nucleic acid sequences by reverse

transcriptase—polymerase chain reaction (RT-PCR) and (to a lesser
extent) serological tests for the presence of bloodborne antigen are the
predominant diagnostic assays for COVID-19 infection [2-7], these tests
do not reveal the presence or intensity of a patient’s immune response,
or enable identification of a patient who experienced a COVID-19
infection, but was not tested while displaying a measurable viral load.
Serological antibody testing is an important diagnostic tool for
combating the COVID-19 pandemic [8]. Studies have shown that mea-
surement of SARS-CoV-2 specific antibodies may be helpful for the
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diagnosis of suspected patients with negative RT-PCR results and for the
identification of asymptomatic infections [9]. More importantly, anti-
body testing can detect both recent and prior infections, while playing
vital roles in epidemiology studies [10]. Measuring the immune
response against SARS-CoV-2 by antibody testing is an important tool
for assessing the outcomes of patients and understanding global preva-
lence. Quantitative assessment of SARS-CoV-2 antibody titer is espe-
cially important as clinicians and researchers more fully understand the
patient-to-patient variability of immune response, in terms of the onset
time for post-infection antibody production, and the post-recovery time
that antibodies continue to be present [11]. As vaccines become avail-
able, it will be urgent for patients to know the extent to which their
immune response has been stimulated. Furthermore, quantitative mea-
surement of SARS-CoV-2 antibody titer in donated blood is important for
blood transfusion therapy, which has shown promising results for
treating patients with severe symptoms [12]. Therefore, there will be an
urgent and increasing demand for serological COVID-19 antibody tests
that are highly sensitive, quantitative, rapid, simple, minimally invasive,
and inexpensive.

Currently, there are three methods that represent the most widely
adopted serological COVID-19 antibody tests. The traditional enzyme-
linked immunosorbent assay (ELISA) performed in microplates can
quantify the different isotypes and subclasses of antibodies, and has
been used for the detection of COVID-19 antibodies against SARS-Cov-2
spike and nucleocapsid proteins [13-15]. Chemiluminescent immuno-
assays (CLIA) combine the immunoassay with photon-generating
chemiluminescence reporters by using a luminescent molecule-labeled
antibody [16]. CLIA systems have been developed for verifying the
performance of commercial COVID-19 IgG and IgM antibodies testing
kits [17]. Although ELISA and CLIA offer high sensitivity and specificity,
both ELSIA and CLIA-based workflows are time-consuming due to the
multiple sample reagent handling and washing steps, while they also
require a relatively large sample volume. The lateral flow immunoassay
(LFIA) is a paper-based method that has emerged as a rapid diagnostic
tool for point-of-care non-quantitative detection that offers benefits,
such as low cost and ease of use [18]. However, while a number of
commercial LFIAs have been rapidly developed for measuring COVID-19
IgG and IgM qualitatively [19,20], the sensitivity of LFIA is relatively
low (ng mL™! level) and it lacks the capability for quantitative analysis.
Due to the limitations of ELISA, CLIA, and LFIA, there is an important
unaddressed gap in the currently available technologies for quantitative
and simple SARS-CoV-2 antibody testing. Ideally, the diagnostic work-
flow would require a single step, an inexpensive/portable detection in-
strument, an inexpensive/disposable assay cartridge, and only a
fingerstick quantity of serum.

To achieve the single molecule biosensing, numerous sensing tech-
nologies have been intensely explored recently, such as electrochemical
biosensors (droplet digital PCR) [21], impedance-based biosensors
(nanopores) [22], interferometric biosensors (interferometric detection
of scattering (iSCAT)) [23], and photonic crystal (PC)-based biosensors
[24,25]. Among these digital biosensing technologies, PC-based bio-
sensors provide a combination of low cost, simple operation, short assay
time, and high sensitivity [24]. PC-based biosensors have been widely
applied to the detection of multiple biological targets, such as cells,
proteins, metabolites, glucose, DNAs, and RNAs [25-30]. Additionally, a
diverse range of PC structures have been incorporated with other
emerging technologies, such as microfluidics [31], flexible materials
[32], and smartphones [33], to offer portable platforms in biosensing
applications in point-of-care (POC) testing. For a recent review of
digital-resolution biomolecular detection technologies, we refer the
reader to Refs. [34].

In recent studies, we reported the development of a highly sensitive,
single-step, enzyme-free assay with digital biomolecular precision for
quantifying the presence of serum biomarkers called “Activate Capture
+ Digital Counting (AC + DC)” [25,31]. AC + DC uses a PC biosensor
and a new form of microscopy called photonic resonator absorption
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microscopy (PRAM). AC + DC was initially utilized for ultrasensitive
(100 aM limits of detection) detection of cancer-specific microRNA
(miRNA) sequence with digital-resolution and single-mismatch
discrimination without target amplification or wash steps [25], while
using only a 30 pL sample volume. We further developed the AC + DC
assay approach by integrating the PC biosensor into a microfluidic
cartridge to demonstrate a simple quantitative viral load assay for HIV-1
p24 antigen in human serum, which required only 40 pL sample volume
and provided a result in ~30 min [31].

In this work, we adapted the AC + DC assay method to demonstrate a
single-step, wash—free immunoassay for rapid quantitative analysis of
serological human IgG against SARS-CoV-2. Simply incubating the
human COVID-19 IgG with the test sample and secondary antibody-
functionalized gold nanoparticles (2°Ab-AuNPs) the recombinant
COVID-19 spike protein-coated PC biosensor serves as a surface for
formation of sandwich immunocomplex through specific antigen—anti-
body interactions, enabling highly sensitive and quantitative digital-
resolution detection of human IgG antibody within 15 min. Of note,
the term “single-step” refers to the one-pot reaction of human COVID-19
IgG as target, 2°Ab-AuNPs as detection probe and spike protein coated
PC sensing platform. Without any pre-incubation step after mixing the
sample and 2°Ab-AuNPs in a vial, the mixture is immediately applied on
the spike protein-coated PC biosensing platform for the subsequent
PRAM imaging. Also, no washing steps are involved in the assay. This
work represents the first utilization of the AC + DC-based immunoassay
platform for rapid quantitative analysis of serological COVID-19 anti-
body with high sensitivity and selectivity. The calculated limit of
detection (LOD) is 26.7 + 7.7 pg mL~! and the calculated dynamic
detection ranges from 93.3 pg mL ™! to 25.7 ng mL~!. The estimated
limit of quantification (LOQ) is 32.0 + 8.9 pg mL ™. The results support
the potential for POC testing of serological antibodies against SARS-
CoV-2 using a portable detection instrument. On the basis of the sand-
wich immunoassay principle, this PC digital biosensing platform can be
extended to become a universal analytical platform for the multiplex
detection of antigens, additional IgGs, cytokines, and other protein
biomarkers [35,36].

2. Material and methods
2.1. PC biosensors

The PC biosensors were fabricated on 8-inch diameter glass sub-
strates (Moxtek, Orem, UT) based on our design specifications, and cut
into 10 x 12 mm? pieces that were used in all experiments. The PC
periodic structure, fabrication process, and resonant optical properties
have been described in prior publications [25,31]. Briefly, the PC has a
linear grating period of 380 nm and a grating depth of 97 nm etched into
a glass substrate by reactive ion etching. The grating is coated by TiO5
thin film with a high refractive index of 2.25 and a thickness of 98.5 nm,
which yields a surface structure with high-efficiency resonant reflection
at a wavelength of 625 nm when the PC surface is covered in aqueous
media (Fig. S1). PCs are used once and are discarded after an assay.

2.2. PRAM instrument setup

The PC used here is a sub-wavelength periodic grating structure
acting as a highly efficient narrow bandwidth resonant reflector [26,31,
37]. The digital-resolution immunoassay in this work is based on the
PRAM system we reported previously [25], where the light absorption of
single bound plasmonic nanoparticles is dramatically enhanced when
the surface plasmon-resonant wavelength of the nanoparticle matches
the PC resonance wavelength. As a result, the local reflected resonant
intensity from the PC is substantially reduced by the presence of indi-
vidual nanoparticles (Fig. S1). Our PRAM system therefore enables the
observation of single particles and digital-resolution counting of detec-
ted target molecules. A schematic diagram of the PRAM instrument used
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in this work is in Fig. S2. Peak intensity value (PIV) images are obtained
to visualize the captured single AuNPs under PRAM, where the value of
the reflection intensity at the resonant wavelength are used as the
contrast modality to provide high signal-to-noise microscopy, while
using low intensity LED illumination and an ordinary uncooled image
sensor. AC + DC detection is highly quantitative and robust, as it does
not utilize fluorescent dyes that are subject to the effects of
photobleaching.

2.3. PC silanization and functionalization

The PC surface was cleaned by acetone, isopropyl alcohol (IPA), and
Milli-Q water within a series of separate glass jars and sonicated for 2
min, after which the PC was dried by N3 and baked in an 80 °C oven for
10 min to allow the water on the PC surface evaporate. The PC surface
was further cleaned and activated by a 10-min oxygen plasma treatment
(Pico plasma system, diener electronic, power = 100%). Then, each PC
was coated with a layer of (3-Glycidyloxypropyl) trimethoxysilane
(GPTMS, Sigma Aldrich) in an 80 °C vacuum for 6 h. Redundant silane
was removed by washing with toluene, methanol, and Milli-Q water
sequentially. A PDMS gasket with six circular openings (diameter = 3
mm) was placed onto the PC surface to form six independent liquid
compartments. For the human COVID-19 IgG capture assay, the PC was
coated with 10 pL of recombinant COVID-19 spike protein (40 pg mL ™,
10-011, ProSci) overnight at 4 °C. For the positive control, the PC was
immobilized with 20 pL of human COVID-19 IgG (20 pg mL~}, 10-551,
ProSci) overnight at 4 °C. After washing with 20 pL of PBS twice, each
well was filled with 20 pL of blocking buffer (SuperBlock™ in PBS,
Thermo Scientific) and incubated at room temperature for 4 h to mini-
mize the non-specific binding of AuNPs during the assay. Finally, the PC
surface was washed with PBS (20 pL per well), at which point it is ready
for the immunoassay.

2.4. Preparation of 2°Ab-AuNPs

2°Ab-AuNPs were prepared via EDC/NHS chemistry and hetero-
bifunctional polyethylene glycol (PEG) linkers following the protocol we
previously reported [31]. In detail, aqueous solutions of 36.5 pL of 4 pM
heterobifunctional polyethylene glycol (SH-PEG-COOH, JenKem Tech-
nology), 146 pL of 1 pM 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC, Thermo Scientific), 58 pL of 2.5 pM N-hydroxy succinimide
(NHS, Thermo Scientific) were mixed with 174.5 pL of Milli-Q water.
After pH adjustment to 7.4 by adding 50 pL of 10 x concentrated PBS
and 25 pL of 0.01 M NaOH, the solution was incubated at room tem-
perature for 1 h with gentle shaking. Then, 7 pL of 1.4 pM goat
anti-Human IgG Fc highly cross-adsorbed secondary antibodies (2°Ab,
A18831, Thermo Scientific) were added into the solution and incubated
at room temperature for 2 h. After centrifuging at 4 °C for 10 min at 14,
000 g using a 50-kDa centrifuge filter, the mixture was further washed
with PBS buffer twice under the same centrifuge conditions to remove
any byproduct. The as-prepared SH-PEG-2°Ab conjugate (12 pL) was
mixed with 200 pL of 80 nm diameter gold nanourchin stock solution
(13 pM, Cytodiagnostics) and incubated at room temperature for 1 h
with gentle shaking. After overnight incubation at 4 °C, 2 uL of Super-
Block™ blocking buffer was added to block the bare AuNP surface to
eliminate non-specific binding. The 2°Ab-AuNPs were gently shaken at
room temperature for 1 h and washed by centrifuge at 4 °C for 30 min at
800 g. The pellet was re-dispersed with PBS and stored at 4 °C for later
use. The 2°Ab-AuNPs were characterized by a NanoDrop® ND-1000
Spectrophotometer (pathlength = 1 mm) and Dynamic Light Scat-
tering Analyzer to confirm the conjugation of antibodies (Fig. S3).

2.5. AC + DC immunoassay for COVID-19 antibody detection

In a typical immunoassay in buffer, 9 pL of 2°Ab-AuNPs conjugate
(Abs = 0.070 + 0.005, diluted with 0.1 x PBS) was mixed with 1 pL of
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human COVID-19 IgG in PBS at variable concentration (0, 1, 10, 100,
1000 and 5000 ng mL_l) in a 0.6 mL microcentrifuge tube. The final
concentration of COVID-19 IgG is 0, 0.1, 1, 10, 100 and 500 ng mL~ L.
For the human serum sample analysis, 6 pL of 2°Ab-AuNPs (Abs = 0.155
+ 0.005) were added into a 0.6-mL microcentrifuge tube. Serial di-
lutions of 100% human serum samples containing COVID-19 IgG (4 pL
for each) were added to achieve a final concentration of 0.1, 1, 10, 100
and 500 ng mL~!. After thoroughly mixing, the mixture was immedi-
ately added into a PDMS well attached on the spike protein-coated PC
for PRAM imaging. All the assays were repeated three times
independently.

2.6. Selectivity test

We selected native IgG, IgM and Human Serum Albumin (HSA)
isolated from complete human serum (ab98981, ab91117, ab205808,
Abcam) as control proteins. 1 pL of 100 ng mL ! IgG, IgM or HSA in PBS
was added to 9 pL of 2°Ab-AuNPs (Abs = 0.070 =+ 0.005). For the human
serum blank control (HS blank), 4 pL of complete human serum was
mixed with 6 pL of 2°Ab-AuNPs (Abs = 0.155 + 0.005). After mixing
well, the mixture was immediately introduced into the PDMS well on the
PC surface for PRAM imaging.

2.7. PRAM imaging

The PRAM system is built upon the body of a bright field microscope
(Carl Zeiss Axio Observer Z1) (Fig. S2). A 20 x objective lens was used to
acquire the resonant reflection spectrum of each pixel within the field-
of-view at a line-scanning mode. A 512 x 512 pixel image was gener-
ated by collecting the reflected light using a charge-coupled device
camera (Photometrics Cascade). As shown in Fig. S1, the Peak Intensity
Value (PIV) represents the highest intensity of the resonantly reflected
wavelength from the PC surface, and a localized reduction in PIV occurs
when an AuNP attaches to the PC surface. By gathering a baseline PIV
image of the PC biosensor surface before introduction of the test sample,
reductions in PIV are registered by comparison of the baseline image to
subsequent PIV images gathered after AuNP attachment. A watershed
algorithm is applied to the resulting PIV “shift” image to identify clusters
of pixels with reduced PIV, and to thus count the number of attached
AuNPs in the field of view.

3. Results and discussion
3.1. Design of PRAM-based AC + DC digital immunoassay

The design of a PRAM-based AC + DC immunoassay for human
COVID-19 IgG detection is schematically illustrated in Fig. 1. The
immunoassay employs a typical sandwich configuration, which is based
on the principle of AC + DC we previously reported [25,31]. We prepare
2°Ab-AuNPs by covalently conjugating urchin-shaped nanoparticles
(nanourchins) with anti-human IgG Fc secondary antibody (Fig. 1A).
The human COVID-19 IgG sample and 2°Ab-AuNPs are mixed in a tube
and the mixture is immediately applied on the spike protein-coated PC
biosensing platform for PRAM-based single-step immunoassay (Fig. 1B).
COVID-19 IgGs will activate the system by binding either functionalized
AuNPs or the spike protein-coated PC through specific antigen-antibody
interaction, allowing for the subsequent capture of COVID-19 IgG-AuNP
complexes or AuNPs to form sandwich immunocomplex on the PC.
PRAM imaging is then conducted for quantitative detection of human
COVID-19 IgG antibody by digitally counting the number of bound
AuNPs on the PC (Fig. 1C), where each AuNP in the PRAM image rep-
resents one IgG target molecule. We have previously demonstrated that
AC + DC-based immunoassays can effectively reduce the time
requirement for a diffusion-limited assay [31]. In this work, because no
pre-incubation and washing steps are required, our AC + DC immuno-
assay method allows for a 15-min rapid test of human COVID-19 IgG in
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Fig. 1. Schematic illustration of PRAM-based AC + DC immunoassay for human COVID-19 IgG detection. (A) Preparation of secondary antibody (2°Ab) func-

tionalized AuNPs. Highly cross-adsorbed secondary antibodies were conjugated

with 80 nm diameter gold nanourchins via EDC/NHS chemistry and hetero-

bifunctional HS-PEG-COOH linkers. (B) Workflow of the PRAM-based AC + DC immunoassay. The COVID-19 IgG sample in a tube was first added to a reagent
comprised of 2°Ab-AuNPs and the mixture was immediately introduced into a PDMS well with spike proteins coating a photonic crystal (PC) surface, followed by
PRAM imaging with digital resolution. (C) Zoom-in view of the AC + DC immunoassay on the PC surface (top) and the corresponding peak intensity value image
(bottom). In this single-step assay, COVID-19 IgG (yellow) activates the system by specific binding to 2°Ab-AuNPs or spike protein (light blue) on the PC surface,
leading to capture of COVID-19 IgG-AuNPs and formation of sandwich immunocomplex on the PC. Peak intensity value image is obtained by PRAM allowing for the
digital counting of particles for the quantitative analysis of COVID-19 IgG within 15 min. Images are not to scale. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

human serum in the clinically relevant concentration range.

3.2. Preparation and characterization of 2°Ab-AuNPs conjugate

We prepared 2°Ab-AuNPs by conjugating goat anti-human IgG Fc
highly cross-adsorbed secondary antibodies with 80 nm diameter gold
nanourchins via EDC/NHS chemistry and heterobifunctional poly-
ethylene glycol (PEG) linkers. Gold nanourchins with a protruding tip
morphology (Fig. S3A) were chosen as the label for PRAM-based im-
aging due to their enhanced light harvesting across the particle surface,
and because their surface plasmon resonance wavelength closely
matches the PC resonant reflection wavelength [38]. The as-prepared
2°Ab-AuNPs were characterized by UV-Vis spectroscopy to confirm
the conjugation of the secondary antibody (Fig. S3B). A slight red-shift
(~5 nm) was observed after the antibody modification and the

maximum absorption wavelength is approximately 625 nm, which
perfectly matches the resonant reflection wavelength of the PC. As a
gauge of conjugation performance, dynamic lighting scattering (DLS)
measurements showed that 2°Ab-AuNPs displayed an distinct increase
of ~25.6 nm in average diameter compared to non-functionalized bare
AuNPs (103.4 nm vs 77.8 nm, Fig. S3C).

3.3. Digital inmunoassay for human COVID-19 IgG in buffer

As a proof-of-concept demonstration, we first tested the human
COVID-19 IgG against SARS-Cov-2 spike protein in buffer using the
developed single-step immunoassay. The PC coated with recombinant
COVID-19 spike protein was first blocked with SuperBlock™ blocking
buffer to eliminate non-specific binding during the assay. A series of
human COVID-19 IgG samples in phosphate buffered saline (PBS) at
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variable concentrations were simply mixed with 2°Ab-AuNPs, followed
by the direct introduction into the polydimethylsiloxane (PDMS)
container on the PC surface for PRAM imaging. As shown in Fig. 2A, the
surface-attached AuNPs that form through the sandwich immunocom-
plexes were clearly observed at single-particle digital resolution after 30
min. The count of AuNPs increased with the increased human COVID-19
IgG concentration from 0 to 500 ng mL L. Fig. 2B show the counting of
AuNPs using an optimized algorithm for PIV images. A customized
watershed algorithm for the bound AuNPs is utilized to ensure the ac-
curacy of the particle counting [25]. Fig. 2C presents the dose-response
relationship obtained by correlating the AuNPs counts with COVID-19
IgG concentration. Detecting the target IgG in buffer, the PRAM-based
single-step immunoassay has a wide dynamic range and good linear
relationship from 0.1 ng mL™! to 100 ng mL™! (Fig. 2C and $4). The R
square (R?) is 0.986 (Table S1). The calculated 1.OD is determined by
extrapolating the COVID-19 IgG concentration to a signal equal to a
blank signal (all conditions the same, but no IgG present) plus 3 standard
deviations (blank+3c) [39], which is 62.3 + 19.3 pg mL ! for the assay
in buffer. We also calculated the LOQ to be 565.2 + 101.0 pg mL~},
which is defined as the COVID-19 IgG concentration at a signal equal to
a blank signal plus 10 standard deviations.

3.4. Selectivity of PRAM-based digital-resolution immunoassay

We next evaluated the selectivity of the method and its response to
interfering proteins in human serum. Native human IgG and IgM were
selected as control proteins due to their similarity to the target IgG and
their abundance in serum [40]. We also tested human serum albumin
(HSA) because it is the most abundant protein in human blood plasma
[41]. As depicted in Fig. 3, all control proteins (10 ng mL~1) show a
small number of particles (HSA: 20 + 3, IgM: 12 + 2,1gG: 15 + 4) and no
significant difference to the blank control (18 + 5) in PBS after 30 min.

A
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In contrast, the COVID-19 IgG at the same concentration results in an
elevated number of AuNPs (144 + 38) bound to the PC through specific
antigen-antibody binding, which is 7 times higher than that of control
proteins. We further examined complete human serum (100% human
serum) which contains different types of interfering substances,
including proteins, electrolytes, antigens and hormones. A small number
of particles (34 + 8) were observed, indicating that the 2°Ab-AuNPs can
tolerate the complicated components in human serum. Taken together,
the results demonstrate our PRAM-based immunoassay has good spec-
ificity towards human COVID-19 IgG and is not affected by a variety of
protein interferences in human serum.

3.5. Digital detection of human COVID-19 IgG in serum samples

Having demonstrated AC + DC detection of human COVID-19 IgG in
buffer with high sensitivity and selectivity, we next challenged the
method with human serum samples spiked with human COVID-19 IgG.
Interestingly, we found that the signal-to-noise ratio (SNR) of the assay
relies on the volume mixing ratio of 2°Ab-AuNPs and serum samples. A
relatively high SNR of 13.9 was achieved when 2°Ab-AuNPs and the
human serum blank sample were mixed at a volume ratio of 6:4
compared to 5:5, which yielded a SNR of 5.1 (Fig. S5). Considering the
natural IgG proteins in human serum may react with 2°Ab-AuNPs and
therefore reduce the efficacy of the assay, we further increased the
concentration of 2°Ab-AuNPs (2 x [AuNPs]lg, Absgsnm = 0.155 +
0.005) to obtain a SNR of 18.9 for the detection of 400 ng mL ! COVID-
19 IgG (Fig. S5). The AuNP counts were determined to be 643 + 34. In
contrast, for the same concentration of COVID-19 IgG in serum, 2°Ab-
AuNPs with the original concentration (1 x [AuNPslg, Absg2spm =
0.070 + 0.005) only yielded an AuNP count of 132 + 16. This number is
much lower than that of assays performed in PBS for 100 ng mL~!
COVID-19 IgG (432 + 111) using 1 x [AuNPs]o. The optimal volume
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Fig. 2. Digital-resolution detection of human COVID-19 IgG by PRAM in buffer. (A) Peak intensity value PRAM images for different concentrations of COVID-19 IgG
in PBS. Blank represents the negative control performed with no COVID-19 IgG in the test sample. The assay time was 30 min. (B) Left: expanded single tile from (A)
(dashed tile). Right: digital counting of bound particles in the selected tile with a watershed algorithm. The detected individual particles are indicated by red dots. (C)
Particle quantification as a function of COVID-19 IgG concentration in PBS at 30 min. The dashed horizontal line indicates the threshold (blank signal + 3 standard
deviations). The error bars represent the standard deviation of three independent assays. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 3. Selectivity of PRAM-based digital-resolution immunoassay towards human COVID-19 IgG. (A) Peak intensity value images for COVID-19 IgG, control proteins
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ng mL L. The assay time was 30 min. (B) Quantification of particle count for comparison of COVID-19 and control experiments. The error bars represent the standard

deviation of three independent assays.

mixing ratio of 6:4 and increased AuNP concentration (Absgosnm =
0.155 + 0.005) were used for the following experiments.

We tested a series of human COVID-19 IgG-spiked serum samples of
4 pL volume at concentrations of 0.1-500 ng mL~!. COVID-19 IgG was
diluted to the desired concentration in human serum and mixed with
2°Ab-AuNPs for the PRAM-based immunoassay. As shown in Fig. 4A, the
bound AuNPs were clearly observed in PIV images for all tested con-
centrations of COVID-19 IgG in human serum within 15 min. The counts
of AuNPs decreased concomitantly with decreasing COVID-19 IgG
concentration, and COVID-19 IgG can be differentiated from the blank
control at concentration as low as 0.1 ng mL™'. We incubated the assay
for an additional 15 min, and repeated the imaging procedure to explore
whether increased assay time would reduce the detection limit. Inter-
estingly, the PIV images and quantitative analysis show that the AuNP
counts after 30 min remain the same as those obtained after only 15 min
(Fig. 4A and B). The results imply that the kinetics of antigen-antibody
interaction in human serum are fast enough that assembly of the AuNP
tagged immunocomplex is not limited by the rate of diffusion to the PC
biosensor surface. As the 15 min sample incubation time is sufficient to
obtain detection limits in the clinically relevant range, and the particle
counts have reached a stable threshold, we conclude that the assay
volume, sample size, and fluid compartment dimensions provide a
robust environment for obtaining easily reproduced results. Fig. 4C
depicts the dose response relationship between COVID-19 IgG concen-
tration and counts of bound AuNPs on the PC. The calculated dynamic
detection range is from 93.3 pg mL~! to 25.7 ng mL™!. The immuno-
assay has a good linear range from 0.1 to 100 ng mL ! (Fig. $6). The R?
is determined to be 0.995 and all the linear correlation coefficients are
listed in Table S2. The calculated LOD and LOQ is 26.7 + 7.7 pg mL ™
and 32.0 + 8.9 pg mL-1, respectively. It is thus demonstrated that our
PRAM-based single-step digital-resolution immunoassay is capable of
quantitatively detecting serological antibody against SARS-CoV-2 with
high sensitivity in 15 min.

It is noteworthy that the high sensitivity of our method rivals that of
ELISA or CLIA which typically range 1-100 pg mL™! [42]. It is > 50
times more sensitive than commercial pGOLD High Accuracy IgG/IgM
Assay Kit (https://www.nirmidas.com/pgold-covid-19-igg-igm-assay-
kit), which is based on NIR fluorescence and offers a detection limit of
~1.6 ng mL ™! for COVID-19 IgG [43]. In terms of assay time, our 15-min
assay method is comparable to LIFA and substantially more rapid than
ELISA and CLIA (>2 h). More importantly, with calibration against
concentration standards, it can achieve quantitative detection of

COVID-19 antibody which is vital for assessment of the level of immune
response and identifying donors for blood transfusion therapy [12,44].

4. Conclusions

In summary, we have developed a single-step and washing-free
immunoassay for rapid quantitative detection of serological human
COVID-19 IgG with digital resolution, high sensitivity, low sample vol-
ume, and high selectivity. Taking advantage of the AC + DC assay
principle, COVID-19 IgG proteins induce the activation of the func-
tionalized AuNPs in solution and the specific binding of activated AuNPs
to the PC, followed by the digital imaging by PRAM. We first demon-
strated the proof-of-concept assay for highly sensitive and selective
detection of human COVID-19 IgG in buffer and in human serum. We
achieved a detection limit of 100 pg mL ™! with a 15 min assay time. Our
method possesses many attractive features, such as easy operation, a
simple assay cartridge, and the need of a small volume of serum sample
(~4 pL).

Although the benchtop PRAM instrument was used in this work, we
are developing portable and inexpensive instrument by utilizing LED
illumination and a webcam-quality 2-dimensional image sensor that
eliminates the spectrometer and requirement for line-scanning. We will
describe the design and operation of the portable PRAM in a future
publication as we consider how to perform serological assays in point of
care settings. Given the broad set of assays that are performed using the
sandwich assay approach used here, our method holds great promise for
the development of a universal diagnostic platform for multiplexed
detection of a variety of analytes, including antigens, proteins additional
IgGs, cytokines, and other protein biomarkers.
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