S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Biosensors and Bioelectronics 195 (2022) 113656

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

ELSEVIER

Check for

Magnetofluidic immuno-PCR for point-of-care COVID-19 serological testing |

Pengfei Zhang?, Liben Chen ", Jiumei Hu", Alexander Y. Trick ?, Fan-En Chen?,
Kuangwen Hsieh b Yang Zhao “, Branch Coleman °, Kate Kruczynski 4. Thomas R. Pisanic II°,
Christopher D. Heaney “, William A. Clarke ¢, Tza-Huei Wang > "

@ Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD, 21218, USA

® Department of Mechanical Engineering, Johns Hopkins University, Baltimore, MD, 21218, USA

¢ Department of Pathology, Johns Hopkins School of Medicine, Baltimore, MD, 21205, USA

4 Department of Environmental Health and Engineering, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, MD, 21205, USA
€ Institute for NanoBioTechnology, Johns Hopkins University, Baltimore, MD, 21218, USA

ARTICLE INFO ABSTRACT

Keywords:

COVID-19

Serological testing
Point-of-care
Immuno-PCR
Magnetofluidic device

Serological tests play an important role in the fight against Coronavirus Disease 2019 (COVID-19), including
monitoring the dynamic immune response after vaccination, identifying past infection and determining com-
munity infection rate. Conventional methods for serological testing, such as enzyme-linked immunosorbent as-
says and chemiluminescence immunoassays, provide reliable and sensitive antibody detection but require
sophisticated laboratory infrastructure and/or lengthy assay time. Conversely, lateral flow immunoassays are
suitable for rapid point-of-care tests but have limited sensitivity. Here, we describe the development of a rapid
and sensitive magnetofluidic immuno-PCR platform that can address the current gap in point-of-care serological
testing for COVID-19. Our magnetofluidic immuno-PCR platform automates a magnetic bead-based, single-
binding, and one-wash immuno-PCR assay in a palm-sized magnetofluidic device and delivers results in ~30
min. In the device, a programmable magnetic arm attracts and transports magnetically-captured antibodies
through assay reagents pre-loaded in a companion plastic cartridge, and a miniaturized thermocycler and a
fluorescence detector perform immuno-PCR to detect the antibodies. We evaluated our magnetofluidic immuno-
PCR with 108 clinical serum/plasma samples and achieved 93.8% (45/48) sensitivity and 98.3% (59/60)
specificity, demonstrating its potential as a rapid and sensitive point-of-care serological test for COVID-19.

1. Introduction Peeling et al., 2020; Winter and Hegde, 2020).

Conventional COVID-19 serological tests include enzyme-linked

Coronavirus Disease 2019 (COVID-19), caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), has spread throughout
the world at an alarming rate and caused more than 170 million in-
fections with 3.5 million lives claimed as of May of 2021 according to
the Johns Hopkins University Coronavirus Resource Center (“COVID-19
Dashboard by the Center for Systems Science and Engineering (CSSE) at
Johns Hopkins Univeristy (JHU)”). Serological tests, which measure the
antibodies against specific proteins of SARS-CoV-2, play an important
role in detecting past infection (Yong et al., 2020), determining com-
munity infection rate (Klumpp-Thomas et al., 2021), characterizing the
disease progression (Amanat et al., 2020; Long et al., 2020a), and
guiding return-to-work decision-making (Cheng et al., 2020; Hansen
et al., 2021; Krammer and Simon, 2020; Mina and Andersen, 2021;

immunosorbent assays (ELISA), chemiluminescence immunoassays
(CLIA), and lateral flow immunoassays (LFIA). Each method has pros
and cons (Duong et al., 2020; Espejo et al., 2020). ELISA is the gold
standard for serological testing and provides quantitative and highly
sensitive measurement (Amanat et al., 2020). However, ELISA requires
sophisticated laboratory infrastructure and a protracted workflow that
includes multiple steps of incubation and washing, thus leading to a
turnaround time of 2-5 h. CLIA can provide high sensitivity as well and
is amenable to automation with high-throughput capability (Long et al,
2020a, 2020b). However, it is also limited by the requirement of bulky
equipment and/or long turnaround times. The need for sample delivery
to centralized laboratories can result in further delay of clinical
reporting. LFIA, on the other hand, enables rapid, point-of-care (POC)
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serological testing in 15-30 min but is less sensitive than ELISA and CLIA
and thus prone to yielding false-negative results and potentially conse-
quential underestimates of infection rates (Duong et al., 2020; Lin et al.,
2020; Lisboa Bastos et al., 2020; Montesinos et al., 2020; Whitman et al.,
2020). For example, LFIA showed a pooled sensitivity of 66.0% (95%
confidence interval: [49.3%, 79.3%]) while ELISA and CLIA demon-
strated pooled sensitivities of 84.3% (95% confidence interval: [75.6%,
90.9%]) and 97.8% (95% confidence interval: [46.2%, 100%]),
respectively (Lisboa Bastos et al., 2020). An ideal POC serological test
would combine the best of each of these approaches, providing the
diagnostic performance of ELISA and CLIA with the short turnaround
time afforded by LFIA.

Immuno-PCR is a particularly promising approach for highly sensi-
tive antibody detection but translating it to POC settings remains chal-
lenging. By combining antigen-antibody recognition with the
unparalleled sensitivity of PCR, immuno-PCR has demonstrated ultra-
sensitive antibody-based detection in benchtop assays (Hendrickson
et al.,, 1995; Malou and Raoult, 2011; Niemeyer et al, 2005, 2007).
However, immuno-PCR involves a complicated workflow that has hin-
dered its use in POC settings. Immuno-PCR follows a protocol similar to
ELISA but uses oligo-tag-initiated PCR as a readout instead of
enzyme-based color development as in ELISA. Generally, immuno-PCR
is lengthier than ELISA because the PCR detection, which requires
1-2 h, is much longer than the colorimetric detection in conventional
ELISA (Niemeyer et al., 2007). Moreover, in conventional immuno-PCR
on benchtop, the PCR step ordinarily necessitates a bulky thermocycler,
which, together with the lengthy workflow, complicates the translation
of immuno-PCR into a POC test. Consequently, even though in theory
immuno-PCR can improve the sensitivity of serological testing, its
translation to the point of care is a technical challenge.

In this work, we report successful achievement of a POC immuno-
PCR assay for anti-SARS-CoV-2 Immunoglobulin G (IgG) detection
using a palm-sized magnetofluidic instrument. This platform, termed
magnetofluidic immuno-PCR, provides reliable, high-sensitivity detec-
tion of targeted epitopes in approximately 30 min. To develop this
approach, we first streamline the lengthy immunobinding workflow,
including IgG capture and oligo-tagged goat anti-human IgG antibody (i.
e., oligo-anti-IgG) binding, into a 15 min single-step, one-pot reaction.
We then implement the streamlined assay into the palm-sized magne-
tofluidic device, which uses magnetic particles to transport bimolecular
targets through discrete reagent droplets, enabling the integration of
biomolecular assays without the need for complex fluidic cartridges and
instrumentation (Chen et al., 2019; Shin et al, 2017, 2018; Trick et al.,
2021; Zhang and Nguyen, 2017; Zhang and Wang, 2013). Our magne-
tofluidic device automates magnetic bead transfer across different wells
in a USB drive-sized disposable cartridge, performs an ultrafast 15 min
PCR using a miniature thermocycler and a fluorescence detector, and
finally reports the testing results to a smartphone app via Bluetooth.
With a streamlined and automated workflow, our magnetofluidic
immuno-PCR significantly shortened the immuno-PCR assay time to
~30 min. To demonstrate the clinical performance of our immuno-PCR
platform, we test 108 clinical samples, including 48 convalescent ser-
um/plasma samples from SARS-CoV-2 patients and 60 negative ser-
um/plasma samples. Overall, our platform demonstrates strong
potential as a POC solution for serological testing for COVID-19 or other
immunoassay-based applications.

2. Experimental
2.1. Biological samples

Cohort 1 of thirty-four convalescent plasma samples from SARS-CoV-
2 patients confirmed with Roche ECLIA test (Elecsys® Anti-SARS-CoV-2)
were provided by the Advanced Clinical Chemistry Diagnostics Labo-
ratory at Johns Hopkins Hospital. Cohort 2 of fourteen convalescent
serum samples confirmed by a custom-developed magnetic bead-based
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serological test was provided by the Environmental Health Microbi-
ology and Immunology Laboratory at Johns Hopkins Bloomberg School
of Public Health. The two series of progression samples were also pro-
vided by the Advanced Clinical Chemistry Diagnostics Lab at Johns
Hopkins Hospital. The negative control samples, including 40 serum
samples and 20 plasma samples, were collected before pandemic. All the
plasma/serum samples were de-identified and stored at —80 °C before
the test. The study protocol was approved by the respective Institutional
Review Board (IRB00247886).

2.2. Materials

The magnetic beads (Dynabeads® MyOne™ Carboxylic Acid, 65011)
were bought from Life Technologies Corporation (Carlsbad, CA). 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, E1769-5G), N-
hydroxy succinimide (NHS, 130672-5G), negative control human serum
(H4522-20 ML), and single-stranded salmon sperm DNA (ssDNA,
D7656-1 ML) were bought from Sigma (St. Louis, MO). Human whole
blood was bought from BioIVT (Westbury, NY). Recombinant SARS-
CoV-2 spike subunit 1 (S1) protein (40591-VO8H, 40591-V08B1) and
chimeric anti-SARS-CoV-2 IgG (40150-D006) were bought from Sino
Biological (Chesterbrook, PA). Recombinant SARS-CoV-2 S1 protein
(RP01261) was from ABclonal Technology (Woburn, MA). Recombinant
SARS-CoV-2 S1 protein (PNA002) and receptor-binding domain (RBD)
protein (PNA004) were bought from Sanyou Biopharmaceuticals Co.,
Ltd (Shanghai, China). Another recombinant RBD protein (NR-52306)
was provided by BEI Resources. The goat anti-human IgG (AffiniPure
Goat Anti-Human IgG, 109-005-170) was bought from Jackson Immu-
noResearch Laboratories, Inc (Pennsylvania, USA).

2.3. Protein coating

We use the EDC/NHS chemistry to conjugate recombinant SARS-
CoV-2 protein on magnetic beads. Briefly, 20 pL well-mixed 10 mg/
mL Dynabeads were recovered back to room temperature (r.t.) and then
washed in 40 pL activation buffer (100 mM MES, 0.01% Tween-20, pH
4.5) four times before finally resuspended in 180 pL activation buffer.
Next, 20 pL 80 mg/ml EDC & 80 mg/ml NHS were prepared and
immediately mixed with the magnetic particles solution to activate the
surface for protein conjugation for 15 min. The activated magnetic beads
were washed twice in activation buffer to remove remaining EDC/NHS
and immediately resuspended in 15 pL activation buffer before adding 5
pL 1 mg/mL protein solution for overnight conjugation at 4 °C. The
magnetic beads after protein conjugation were quenched in 40 pL
quenching buffer (100 mM boric acid, pH 8.5, 30 mM 2-(2-amino-
ethoxy) ethanol, 0.01% Tween-20) for 30 min followed by six washings
in 120 pL washing buffer (10 mM PBS/0.05% Tween 20). The coated
beads were finally resuspended in 200 pL storage buffer (10 mM PBS,
0.1% BSA, 0.02% Tween-20, 0.05% sodium azide, pH 7.4) for immuno-
PCR test. We note that we have tuned the EDC/NHS concentration for
optimal conjugation condition (see Supplementary Information). Addi-
tionally, for the initial ELISA tests we sought to screen optimal recom-
binant SARS-CoV-2 antigens, we used 250 pg/mL protein instead for
magnetic bead conjugation and the conjugated beads were resuspended
in 40 pL storage buffer at a bead concentration of 5 mg/mL.

2.4. Oligo-anti-human IgG antibody conjugation

We chose a short luciferase sequence as the amplification target for
our immuno-PCR assay (Johnson et al., 2005). To conjugate the oligo
and the goat anti-human IgG, the oligonucleotides synthesized with a
5’-thiol modifier (C6 S-S) (Integrated DNA Technologies, see sequence
in the Supplementary Table 1) was first reduced using dithiothreitol
(DTT) to restore thiol groups (Assarsson et al., 2014). To do that, the
oligo was resuspended at 0.5 mM in 100 mM phosphate buffer with 20
mM EDTA and 2.6 pL oligo solution was distributed in a tube. Then, 4.4
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pL 40 mM DTT (1x PBS buffer) was added to the 2.6 pL oligonucleotide,
mixed, and incubated at 95°, 2 min, followed by a 1 h incubation step at
37°. The excess DTT was removed using two consecutive 7 kDa Zeba
columns (Thermo Scientific, Rockford, IL) equilibrated with 100 mM
phosphate buffer after mixing the oligo solution with 17 uL PBS buffer
(100 mM PBS) with 20 mM EDTA. The reduced oligo concentration was
measured using Nanodrop and immediately stored in a freezer until
usage.

At the same time, the goat anti-human IgG antibody (anti-IgG) was
activated using maleimide before conjugating with the reduced oligo.
First, the anti-IgG was resuspended at 1 mg/mL in PBS and 14 pL anti-
IgG was taken out and purified using a 40 kDa Zeba column equili-
brated four times with 100 mM phosphate buffer, pH 7.3. Then, 2 pL
3.33 mM sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-
carboxylate (sulfo-SMCC, Thermo Scientific) in 100 mM phosphate
buffer was added to the anti-IgG solution, mixed, and incubated at 4° for
2 h with three times intermittent mixing. The excess sulfo-SMCC was
then removed using a new 40 kDa Zeba column equilibrated four times
with 100 mM phosphate buffer with 20 mM EDTA. The purified anti-IgG
concentration was measured using Nanodrop.

Finally, the sulfo-SMCC-treated anti-IgG was mixed with the DTT
treated oligonucleotides at 10x molar excess of oligo to anti-IgG and
incubated overnight at 4 °C for conjugation. To purify the oligo-anti-IgG
conjugate, a 0.5 mL 40 kDa Zeba spin desalting column was equilibrated
four times with 100 mM phosphate buffer, pH 7.3. The oligo-anti-IgG
conjugation solution was added to the desalting column, spun at
1000xg for 3 min, and collected in a new tube. The conjugation was
confirmed with polyacrylamide gel electrophoresis (PAGE) and the
concentration of the purified oligo-anti-IgG conjugate was measured
using Pierce™ BCA Protein Assay Kit (Thermo Scientific). The oligo-
anti-IgG conjugate was stored at —20 °C until usage.

2.5. ELISA tests

To start ELISA tests, the S1/RBD-coated beads were first blocked in
1% fish gelatin for 1 h to minimize nonspecific adsorption. The magnetic
beads were then washed three times in washing buffer (1x PBS, 0.05%
Tween-20, 150 mM NaCl) before being resuspended in 0.1% BSA solu-
tion in PBST (1 x PBS, 0.05% Tween-20) at 5 mg/mL. At the same time, a
series of 10-fold dilutions of chimeric anti-S1 IgG (40150-D006) in 0.1%
BSA PBST solution (0, 2, 20, 200, 2000 ng/mL) was prepared and kept
on ice. Before mixing the beads and anti-SARS-CoV-2 IgG, the reaction
tubes were washed to minimize any nonspecific adsorption. Then, 10 pL
of S1/RBD-coated beads and 10 pL of IgG spike-in sample were mixed
and incubated for 1 h at r.t. with continuous mixing on an end-over-end
mixer. Following incubation, the beads were separated using magnetics
for 2 min and washed three times with 60 pL washing buffer for 20 s. The
washed beads were resuspended in 20 pL of HRP-conjugated goat-anti
human IgG antibody (1:2000 dilution in 0.5% BSA PBST solution), fol-
lowed by another 60 min incubation at r.t. with continuous mixing.
Then, the magnetic beads were washed three times with 60 pL of
washing buffer. At the third wash, the beads were transferred to a new
tube to avoid nonspecific adsorption on the tube wall. The magnetic
beads were then incubated with 20 pL 3,3',5,5'-Tetramethylbenzidine
(TMB) for 30 min before taking out the supernatant for optical density
(OD) measurement at 655 nm using a microplate reader.

2.6. Benchtop 2-step immuno-PCR

For the 2-step immuno-PCR, the RBD-coated beads were first incu-
bated in 0.25 mg/mL RBD solution for 2 h at 4 °C followed by 1 h
blocking in 10% goat serum in 1xTBS buffer (20 mM Tris-HCI, 150 mM
NaCl, 5mM EDTA, 100 pg/mL ssDNA, pH 7.5) atr.t. The magnetic beads
were then washed three times in washing buffer before being resus-
pended in goat serum at 1 mg/mL. Similarly, a series of 10-fold dilutions
of chimeric anti-S1 IgG (40150-D006) in 1/100 (for Fig. 2C) or 1/500
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(for Fig. 2B) diluted human serum solution (0, 2, 20, 200, 2000 ng/mL)
was prepared and kept on ice. Then, 10 puL of RBD-coated beads and 10
pL of IgG spike-in sample were mixed and incubated for 1 h at r.t. with
continuous end-over-end mixing. Instead of adding HRP-conjugated
goat-anti human IgG antibody for measurement, 20 pL 1 fM oligo-anti-
IgG conjugate was used to incubate with IgG-captured beads for 60
min at r.t. with continuous mixing. Again, the magnetic beads were
washed three times with 60 pL of washing buffer and at the third wash,
the beads were transferred to a new tube to avoid nonspecific adsorp-
tion. For thorough cleaning of remaining oligo-anti-IgG conjugate, we
added another two washes before resuspending the magnetic beads in
10 pL PBS buffer. To perform ultrafast PCR, 1 pL bead aliquot was mixed
with 1 pL 10 x FAST buffer, 0.13 pL primer/probe mix (40 pM forward/
reverse primers, 20 pM TaqMan probe, see primer and TagMan probe
sequences in Supplementary Tables 1) and 1 pL. 2 mM dNTP, 0.2 uL 5000
U/mL SpeedSTAR polymerase, 2 uL 10% Tween-20, and 5.67 pL water.
The PCR was performed using BioRad CFX96 real-time detector. The AC;
for each sample was calculated by subtracting C; values from the average
C; of negative control for quantification measurement. The limit of
detection (LOD) was calculated at three standard deviations above the
background.

2.7. Benchtop 1-step immuno-PCR

The initial beads preparation was similar to 2-step immuno-PCR.
However, for the 1-step immuno-PCR workflow, we directly mixed 10
pL 1 mg/mL RBD-coated beads, 20 pL of IgG spike-in sample and 10 pL
0.4 pM oligo-anti-IgG conjugate and incubated for different amount of
time at r.t. with continuous mixing on an end-over-end mixer (60 min for
Fig. 2C and Supplementary Fig. 5, 30 min for Fig. 2E, and 15 min for
Supplementary Fig. 6). Then, the beads were transferred to a new tube
and washed with the different number of washing steps (5 times for
Fig. 2C and D, and Supplementary Figs. 5 and 1 time for Supplementary
Fig. 6). All other remaining steps were same with 2-step immuno-PCR.
For the carrier bead blocking, we incubated 2 mg Dynabeads in 200
pL whole goat serum at 4 °C for 2 h followed by an additional 1 h
blocking using 200 pL 10/50 pg/mL goat anti-human IgG in 1xTBS
buffer at r.t. The carrier beads were then washed three times before
using. We note that 1/100 diluted human serum was used for results in
Fig. 2C, 2D, 2E and Supplementary Fig. 5 while 1/500 diluted human
serum was used for Supplementary Fig. 6 to improve AC; for better
differentiation.

2.8. Magnetofluidic immuno-PCR for point-of-care serological testing

A detailed description of our POC magnetofluidic device can be
found in our previous publications (Shin et al, 2017, 2018). The
disposable cartridges used for the immuno-PCR test were fabricated as
described before. Briefly, the bottom polypropylene layer was thermo-
formed with three extruded wells, including sample well, washing well
and PCR well. Next, the middle acrylic spacer was laser cut and bonded
with the bottom layer by a pressure-sensitive adhesive. Then, the
washing well and the PCR well were preloaded with 50 pL washing
buffer containing 100 pg fully-blocked blank magnetic beads and 10 pL
PCR buffer, respectively, followed by filling the remaining space with
50 cSt silicone oil after sealing the cartridge with a top lid layer.
Assembled cartridges were kept on ice before loading samples and being
processed in our portable device.

For the POC test, the 40 pL solution after 15 min immunobinding
(including 10 pL 1 mg/mL RBD-coated beads, 20 pL of IgG spike-in
sample (1:500 serum dilution) and 10 pL 0.4 pM oligo-anti-IgG conju-
gate) was added into the sample well of the cartridge, which was then
loaded into our portable magnetofluidic device to start bead transfer.
Our device relies on a pre-programmed dual-axis (Z-0) manipulator to
move beads from one well to another using two opposing permanent
magnets. The carrier beads in the washing well were first moved to the
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sample well to aid the enrichment and transfer of immunomagnetic
(RBD-coated with captured IgG and oligo-anti-IgG) beads to washing
well. After washing and removing carryover of the nonspecifically-
adsorbed oligo-anti-IgG conjugate in the washing well, the magnetic
beads were further transferred into PCR well to initiate PCR. The ul-
trafast PCR recipe was the same as the bulk test. The denature time and
annealing time was set to 2 s and 5 s, respectively, slightly longer than
the bulk test (1 s for both denature and annealing) to ensure stable
amplification. Importantly, the entire process was completed in an
automated manner and controlled by a smartphone app via Bluetooth
communication or a computer user interface via serial communication.

Each experiment was replicated twice to ensure the reproducibility
of the assays. To quantify the result, the real-time amplification curve
was fitted using a logistic regression to calculate a C; value for each
amplification, which was then used to calculate AC; values by being
subtracted from the average C; of the negative control. The AC; values
were then plotted against spike-in IgG concentrations and a linear fitting
between the AC; values and IgG concentrations was used to calculate the
limit of detection by setting a threshold as three standard deviations
above the negative control.

2.9. Testing of clinical samples

For all the clinical sample tests, the same workflow was followed as
just described for spike-in samples. To counterpart the batch-to-batch
variation of RBD coating, duplicated negative control serum tests were
included for each batch of beads to set a C; threshold (mean C; value of
control serum minus three times standard deviation). The AC; for each
clinical sample was then calculated by subtracting C; values from the
threshold. Any AC; values below and equal to zero (meaning sample C;
values are higher than the threshold) would be count as IgG-negative
and vice versa.

3. Results and discussion

3.1. Overview of magnetofluidic immuno-PCR platform for SARS-CoV-2
serological testing

Our magnetofluidic immuno-PCR was realized through a stream-
lined immuno-PCR assay implemented within a portable magnetofluidic
device (Fig. 1A). First, magnetic beads functionalized with the receptor-
binding domain (RBD) of SARS-CoV-2 spike protein capture SARS-CoV-
2 IgG from the sample and then bind with the oligo-anti-IgG to form
bead-IgG-(oligo-anti-IgG) complexes (Fig. 1B). The bead-IgG-(oligo-
anti-IgG) complexes were loaded into the sample well of a disposable
thermoplastic cartridge, which was subsequently mounted onto a heat
block within the faceplate of our palm-sized magnetofluidic device to
start the POC test. The magnetic beads were transferred into the washing
well to remove unbound oligo-anti-IgG before being moved into PCR
well for PCR detection. The readout in immuno-PCR - threshold cycle
(Cp values — quantifies the oligos on the bead-IgG-(oligo-anti-IgG)
complexes, of which concentration corresponds to the SARS-CoV-2
IgG titer from the sample. Importantly, our magnetofluidic device au-
tomates the magnetic bead transfer across different cartridge wells,
controls the PCR thermal cycling and real-time fluorescence measure-
ment, and reports the results to a smartphone app via Bluetooth, thus
enabling a completely self-contained POC test (Supplementary Fig. 1).
Moreover, by optimizing the PCR chemistry and minimizing the thermal
mass of the heat block, we were able to achieve PCR amplification in as
little as ~15 min, which significantly shortens the turnaround time of
immuno-PCR from 4 to 7 h (Niemeyer et al., 2007) to ~0.5 h.

3.2. Development of a streamlined immuno-PCR assay for SARS-CoV-2

We first developed a protocol for conjugating recombinant SARS-
CoV-2 antigen with magnetic beads for capture of anti-SARS-CoV-2

Biosensors and Bioelectronics 195 (2022) 113656

(A)

Magnetofluidic Device

Sample

(B)

RBD-coated

magnetic beads
0.0

e ¢
o 777, Washing 0077 PCR
9,0 o_o —_— 0,

Serum/ %% + oo‘oz)
Plasmal _’47_ %L \

Whole blood )
7% e
3 o\‘\Qo

Rapid PCR

Washing
I | | |
0 min 15 min 17 min 32 min

Fig. 1. Overview of the magnetofluidic immuno-PCR platform. (A) The
magnetofluidic immuno-PCR features a streamlined immuno-PCR assay per-
formed in a disposable 3-well cartridge using a portable magnetofluidic device,
which automates magnetic bead transfer and PCR thermal cycling and com-
municates results via Bluetooth to a smartphone app. (B) Receptor-binding
domain (RBD)-coated magnetic beads capture anti-SARS-CoV-2 IgG together
with oligo-goat anti-human IgG antibody (oligo-anti-IgG) conjugates before
being loaded into the sample well of the cartridge. The IgG-captured magnetic
beads are then transferred to the washing well to remove nonspecifically-
adsorbed oligo-anti-IgG conjugates followed by another bead transfer to the
PCR well to initiate PCR. The entire process is completed in ~0.5 h, including
15 min immunobinding, 2 min washing, and 15 min for rapid PCR.

IgG from serum samples. We leveraged the carboxylic group on Dyna-
beads’ surface to react with the primary amine group from recombinant
antigens via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxy succinimide (NHS) activation (Supplementary Note 1, Supple-
mentary Fig. 2A and Supplementary Fig. 2B). We then developed a
protocol for conjugation between an oligo and goat anti-human IgG
antibody (i.e., anti-IgG) that would be used as the target for PCR. We
chose sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-
carboxylate (Sulfo-SMCC) to activate the anti-IgG, which subsequently
mediated the conjugation with freshly reduced 5'-thiol modified oligos
(Supplementary Fig. 2C, see Methods). The oligo-anti-IgG conjugate was
then purified via spin desalting column and confirmed via poly-
acrylamide gel electrophoresis (PAGE) (Supplementary Note 2 and
Supplementary Fig. 3).

Using the SARS-CoV-2 antigen conjugated magnetic beads and the
oligo conjugated anti-IgG, we then established the immuno-PCR assay
for anti-SARS-CoV-2 IgG detection on benchtop. We first assessed the
efficiency of recombinant SARS-CoV-2 antigens for capture of anti-
SARS-CoV-2 IgG and optimized the blocking buffer to minimize
nonspecific interactions. We first tested five different recombinant an-
tigens, including two RBD proteins and three spike subunit 1 (S1) pro-
teins of the SARS-CoV-2, by creating a 10-fold dilution series of chimeric
anti-S1 IgG spike-in using a magnetic bead-based ELISA assay. We note
that we focused on the S1 and RBD protein here because the antibodies
against these epitopes correlate well with virus neutralization (Ju et al.,
2020; Zost et al., 2020) and we tested different sources for the same
antigen because the difference in recombinant protein expression can
also affect the result (Jiang et al., 2020). The results showed that the
RBD protein from Sanyou Biopharmaceuticals produced highest signal
and provided the best sensitivity among the five recombinant antigens
(Fig. 2A). Moreover, our results indicated that 10% goat serum per-
formed best among the blocking buffers for minimizing nonspecific
binding from human serum (Supplementary Note 3 and Supplementary
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Fig. 2. Development of a streamlined immuno-PCR assay. (A) Five different recombinant SARS-CoV-2 antigens were tested using ELISA for assessing anti-SARS-
CoV-2 IgG capture efficiency. (B) A dilution series of anti-SARS-CoV-2 IgG spike-in in diluted human serum were tested using benchtop immuno-PCR to evaluate the
assay sensitivity. (C) The 1-step, one-pot immunobinding showed differentiable C, values between background and 10 ng/mL spike-in sample even though the AC;
decreased compared with the 2-step workflow. (D) The immunobinding time was reduced from 60 min to 15 min to shorten the assay time. (E) The immuno-PCR was
further simplified by reducing the number of washing steps from 5 times to 1 time. The error bars are standard deviations from duplicated experiments.

Fig. 4). Using the identified capture antigen and optimized blocking
buffer, we established the immuno-PCR assay on benchtop with the
dilution series of chimeric IgG spike-in samples in diluted human serum
(see Methods). We observed a strong linear relationship between the
spike-in IgG concentrations and the AC; values (defined as the C; dif-
ference between each spike-in IgG concentration and control serum
without IgG spike-in (i.e., background)) with a dynamic range across 5
orders of magnitude. The calculated limit of detection (LOD) of our
immuno-PCR assay was determined to be 21 pg/mL (Fig. 2B).

To transition benchtop immuno-PCR to POC serological testing, we
streamlined, simplified, and accelerated the binding and washing steps.
To simplify the characterization and optimization, we spiked in 10 ng/
mL anti-S1 IgG in diluted human serum as a positive control and used
diluted serum without spiked-in IgG as background. The conventional
immuno-PCR workflow consists of a 2-step immunobinding, including a
1-h anti-SARS-CoV-2 IgG capture followed by another 1-h oligo-anti-IgG
conjugate binding with multiple washing cycles after each immuno-
binding. We first sought to simplify this lengthy 2-step immunobinding
into a 1-step, one-pot reaction to reduce overall assay time. To test the
feasibility of the 1-step immunobinding, we mixed RBD-coated magnetic
beads with both the chimeric anti-S1 IgG and oligo-anti-IgG conjugate
for simultaneous anti-S1 IgG capture and oligo-anti-IgG binding. We
observed that with 1-step immunobinding, the AC; between the positive
control and background increased proportionally when the oligo-anti-
IgG conjugate concentration was raised from 1 fM to 100 fM (Supple-
mentary Note 4 and Supplementary Fig. 5), though it was ultimately
lower than the AC; achieved with the conventional 2-step workflow
(Fig. 2C). To accelerate the 1-step immunobinding, we tested 60 min, 30
min, and 15 min incubation time. We found that even 15 min provided
sufficient time for IgG and oligo-anti-IgG to bind and achieved IgG
detection (Fig. 2D). We then further simplified the workflow by reducing
the washing steps after immunobinding. We tested 5 washes, 3 washes,
and 1 wash, and found that IgG remained detectable even after only 1
wash (Fig. 2E).

The remaining challenge for implementation of the streamlined
immuno-PCR assay in our magnetofluidic device was achieving
adequate bead concentration to overcome surface tension (Zhang and
Wang, 2013) and ensure successful bead transfer across the water-oil
interface between wells. The 10 pg RBD-coated beads are not enough
to overcome the high surface tension and therefore resulted in less
efficient transport of beads between the reagent droplets. To address this
problem, we decided to include unconjugated magnetic beads as “carrier
beads” to enhance the bead transfer and determined that consecutive
goat serum and anti-IgG blocking steps minimized reagent carryover
from the carrier beads, maintaining a consistent AC; between the posi-
tive control and background (Supplementary Note 5 and Supplementary
Fig. 6). We noted that adding carrier beads also suppressed the back-
ground variation which further improved the sensitivity (Supplemen-
tary Fig. 6).

3.3. Implementation of SARS-CoV-2 immuno-PCR in the magnetofluidic
device

We next adapted the magnetic-based immuno-PCR assay for POC use
by employing a palm-sized magnetofluidic device (Shin et al., 2018;
Trick et al., 2021), previously developed by our group, that utilizes a
disposable thermoplastic cartridge to automate its sample processing
and PCR detection. The magnetofluidic device relies on a
pre-programmed biaxial manipulator to move magnetic beads from one
well to another in the cartridge using two opposing permanent magnets
that are attached to a servo motor assembly (Supplementary Fig. 7). It
provides automated thermal cycling using a thermoelectric
element-driven miniature heat block while real-time fluorescence signal
is acquired and recorded using a fluorescence detector and software
control interface, respectively. The disposable thermoplastic cartridge is
assembled from a combination of low-cost thermoformed and laser-cut
components that can be easily laminated together, and is thus well
suited for use in POC testing (Supplementary Fig. 8).
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To perform the immuno-PCR assay using the portable magneto-
fluidic instrument, the sample together with RBD-coated magnetic beads
and oligo-anti-IgG is first loaded into the sample well immediately after
a 15 min 1-step immunobinding, followed by automated bead transfer to
the washing well that is initiated via smartphone app connected through
Bluetooth communication (Supplementary Fig. 1). After the beads are
washed to remove nonspecifically-adsorbed oligo-anti-IgG conjugate,
they are then transferred to the PCR reaction well and PCR is initiated.
To speed up PCR for POC testing, we improved the reaction kinetics with
enhanced assay chemistry and accelerated the temperature ramping by
optimizing heat block geometry (Trick et al., 2021). As a result, we
achieved a maximal thermal ramping rate of 10.4 °C/s and a maximal
cooling rate of 18.5 °C/s between 60 and 100 °C. The ultra-fast ramping
and cooling enable an ultrafast PCR with 40 thermal cycles in only ~15
min (Supplementary Fig. 9) for a total assay turnaround time of ~0.5 h.

To evaluate our magnetofluidic immuno-PCR, we tested a 10-fold
dilution series of anti-S1 IgG samples in diluted human serum. The
resulted real-time fluorescence curves showed clear amplification in
which the higher IgG concentration amplified with earlier C; values
(Fig. 3A). The AC; values between samples and background were plotted
against the input IgG concentrations in which a strong linear relation-
ship was observed, suggesting the potential quantification capability of
our magnetofluidic immuno-PCR (Fig. 3B). Additionally, the LOD of 2
ng/mL is comparable to recently developed platforms for anti-SARS-
CoV-2 antibody detection (Fig. 3B) (Liu et al., 2020). To demonstrate
the feasibility of using whole blood as sample input for our magneto-
fluidic immuno-PCR, we tested a 10-fold dilution series of anti-S1 IgG
samples spiked in diluted human whole blood. We also observed a linear
increase of AC; values against the input IgG concentrations. Though we
observed higher background from whole blood, the LOD of our mag-
netofluidic immuno-PCR can still maintain at 22 ng/mL, which shows
the potential of our magnetofluidic immuno-PCR to directly use whole
blood for POC serological testing (Fig. 3C).

3.4. Clinical evaluation of magnetofluidic immuno-PCR

After analytical validation using serum/whole blood spike-in sam-
ples, we proceeded to test clinical samples with our magnetofluidic
immuno-PCR platform. We performed the magnetofluidic immuno-PCR
in two independent cohorts of convalescent serum/plasma samples from
SARS-CoV-2 patients, including a cohort of 34 plasma samples that were
confirmed IgG-positive using an electrochemiluminescence immuno-
assay (ECLIA) from Roche and a cohort of 14 serum samples confirmed
IgG-positive using a previously-reported Luminex bead-based platform
(Pisanic et al., 2020). Our magnetofluidic immuno-PCR test was able to
detect 32/34 of ECLIA cohort samples and 13/14 of Luminex cohort
samples, equivalent to 94.1% and 92.9% sensitivity, respectively, and
overall sensitivity of 93.8% (45/48) (Fig. 4A). To validate the specificity
of the portable serological test, we tested 60 archived serum/plasma
samples that were collected before the pandemic. Of these 60
pre-pandemic samples, only one showed a positive AC; when compared
to our control serum, indicating 98.3% specificity. In total, we achieved
an area under the curve (AUC) of 0.968 (95% CI: [0.933, 1.000]) via
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receiver operating characteristic curve analysis, demonstrating the high
sensitivity and specificity of our magnetofluidic immuno-PCR platform
(Fig. 4B).

Of note, our magnetofluidic immuno-PCR workflow is designed with
a balance between sensitivity and speed. By slightly increasing the
immunobinding time, we can further improve the sensitivity of the POC
serological testing (Fig. 2D). To confirm this, we chose the three
convalescent samples that resulted in false-negative calls and increased
the immunobinding time from 15 min to 30 min. Indeed, we were able to
detect the anti-SARS-CoV-2 IgG in these samples and increased the
sensitivity to 100% and the AUC to 0.999 (95% CI: [0.997, 1.000]) with
approximately 45 min turnaround time (Supplementary Fig. 10).

We also tested two series of progression samples from recovered
COVID-19 patients. We observed generally increased anti-SARS-CoV-2
IgG levels over time after symptom onset and this increasing trend in
concordance with benchtop Roche ECLIA results (Pearson’s Correlation
Coefficient = 0.5). Further investigations may be warranted to further
demonstrate the quantification capability of our POC serological test
(Supplementary Fig. 11).

4. Conclusion

Serological tests play an important role in the management and
surveillance of the COVID-19 pandemic. The goal of our study was to
develop an improved serological test that combines the best attributes of
ELISA/CLIA and LFIA as a potentially useful tool in the fight against
COVID-19. Toward this end, we developed a streamlined immuno-PCR
assay and applied it to a portable magnetofluidic device for POC
SARS-CoV-2 serological testing. With an only slightly longer turnaround
time than LFIA, our magnetofluidic immuno-PCR demonstrated higher
sensitivity (93.8%) and specificity (98.3%) than most LFIA tests (Sup-
plementary Table 2 and Supplementary Table 3). Moreover, our mag-
netofluidic immuno-PCR is designed with a balance between speed and
sensitivity, and 100% sensitivity was achieved by just increasing the
total assay time from 30 min to 45 min. The assay time of our magne-
tofluidic immuno-PCR assay can be set to 45 min when sensitivity is
more desirable such as confirm past infection for individuals, or to 30
min when speed is more important such as entrance screening.

Our magnetofluidic immuno-PCR is made possible by three enabling
features. First, the highly sensitive immuno-PCR assay, which was
established for COVID-19 serological testing for the first time, takes
advantage of the exponential amplification power of PCR for protein
analysis and lays the foundation of the improved sensitivity of the
magnetofluidic immuno-PCR. Second, the simplified and accelerated
immuno-PCR protocol significantly shortens the assay time and sim-
plifies the conventional complicated workflow for more POC amendable
testing. Last, our portable magnetofluidic device provides a self-
contained platform for automated and ultrafast sample preparation
and PCR, which significantly minimizes hands-on operation time
compared with benchtop immuno-PCR. Importantly, the magnetofluidic
device enables implementation of ultrafast (~15 min) PCR by the
enhanced PCR assay chemistry as well as the optimized heat block.
Taken together, our magnetofluidic immuno-PCR significantly shortens

(A) (B) Dilited Sxi (©) Diluted Whole Blood Fig. 3. Implementation of SARS-CoV-2 immuno-
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H 2001 — 1000 ngimi, ,—} i Lo immuno-PCR tests showed earlier amplification with
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the lengthy workflow of conventional immuno-PCR and facilitates a
rapid and sensitive POC serological test for COVID-19. To the best of our
knowledge, our magnetofluidic immuno-PCR is the first to successfully
demonstrate immuno-PCR for sensitive POC test by overcoming the
lengthy workflow and obviating the need for heavy instrumentation.

It is worth noting the limitations in the current study and opportu-
nities for future improvements. We validated our platform using positive
convalescent samples that were confirmed with benchtop serological
tests, but due to limited access to appropriate negative controls, we were
not able to test the cross-reactivity of our platform with other virus in-
fections, including influenza viruses and other coronaviruses (Liu et al.,
2020). More extensive tests are warranted to further validate the clinical
translatability of our magnetofluidic immuno-PCR in real clinical set-
tings in the future. Nevertheless, with further development, our mag-
netofluidic immuno-PCR offer a useful diagnostic tool for rapid and
sensitive serological testing for COVID-19 and other infectious agents.
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