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ABSTRACT: The COVID-19 pandemic has highlighted the importance and urgent need for rapid and accurate diagnostic tests for
COVID-19 detection and screening. The objective of this work was to develop a simple immunosensor for rapid and high sensitivity
measurements of SARS-CoV-2 nucleocapsid protein in serum. This assay is based on a unique sensing scheme utilizing dually-
labeled magnetic nanobeads for immunomagnetic enrichment and signal amplification. This immunosensor is integrated onto a
microfluidic chip, which offers the advantages of minimal sample and reagent consumption, simplified sample handling, and
enhanced detection sensitivity. The functionality of this immunosensor was validated by using it to detect SARS-CoV-2 nucleocapsid
protein, which could be detected at concentrations as low as S0 pg/mL in whole serum and 10 pg/mL in 5X diluted serum. We also
adapted this assay onto a handheld smartphone-based diagnostic device that could detect SARS-CoV-2 nucleocapsid protein at
concentrations as low as 230 pg/mL in whole serum and 100 pg/mL in 5X diluted serum. Lastly, we assessed the capability of this
immunosensor to diagnose COVID-19 infection by testing clinical serum specimens, which revealed its ability to accurately
distinguish PCR-positive COVID-19 patients from healthy, uninfected individuals based on SARS-CoV-2 nucleocapsid protein
serum levels. To the best of our knowledge, this work is the first demonstration of rapid (<1 h) SARS-CoV-2 antigen quantification
in whole serum samples. The ability to rapidly detect SARS-CoV-2 protein biomarkers with high sensitivity in very small (<50 uL)
serum samples makes this platform a promising tool for point-of-care COVID-19 testing.
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he current coronavirus disease (COVID-19) pandemic is

widely considered one of the worst public health crises of
the 21st century, with >50 million reported cases and >1
million fatalities worldwide occurring within 1 year after the
virus was identified in Wuhan, China, in December 2019."
Nucleic acid testing based on reverse transcription-polymerase
chain reaction (RT-PCR) has been the primary method of
detecting severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the virus that causes COVID-19. While PCR-
based tests are highly specific for SARS-CoV-2, their accuracy
is influenced by several factors, such as variations in the sample
collection process and the persistence of viral RNA in the nasal
cavity/throat weeks after infection and recovery, leading to
false-negative/false-positive test results.” > In addition, RT-
PCR involves multiple sample processing steps (e.g., nucleic
acid extraction, purification, and amplification), making it
tedious and time-consuming (~3—6 h), requires expensive (>
$10,000) PCR instrumentation, and needs to be performed in
a laboratory setting, making it poorly suited for large-scale
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testing. Recently, there has been a push to develop serological
tests for COVID-19 that detect immune or viral proteins in the
blood of infected individuals. Serological specimens are
generally more stable than viral RNA and tend to have less
variations than nasopharyngeal or oropharyngeal viral RNA
specimens because proteins are uniformly distributed in the
blood, minimizing the likelihood of false-negative test results.’

Current efforts to develop serological tests for COVID-19
are largely based on the detection of SARS-CoV-2
immunoglobulin G and M (IgG and IgM) antibodies using

enzyme-linked immunosorbent assay (ELISA)>’~'? or lateral
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flow immunoassays (LFAs).'"”'" While antibody tests have

shown to be useful in identifying individuals with prior
COVID-19 infections, it can take 2—3 weeks for viral-specific
antibodies to be produced after infection,'” limiting their utility
for early-stage disease detection. In contrast, antigen tests
enable the detection of viral proteins that appear at the onset
of symptoms. A clinical study showed that SARS-CoV-2
nucleocapsid (N) protein could be detected in the serum of
COVID-19 patients (PCR-positive) with a sensitivity and
specificity of 92 and 97%, respectively.'” In another study,
SARS-CoV-2 spike (S1) and N proteins were detected in the
plasma of COVID-19 patients at concentrations ranging from
~8 to 20,000 and ~0.8 to 1700 pg/mL, respectively."* These
clinical studies demonstrate that quantitative measurements of
SARS-CoV-2 antigens, such as N and S1 proteins, in serum/
plasma are useful for accurate and early detection of COVID-
19. While immunoassays (ELISA, Simoa) for quantifying
SARS-CoV-2 antigens are commercially available, they involve
multiple liquid handling steps (e.g, sample dilution, plate
washing, etc.) and lengthy incubation (~3—4 h in total) and
need to be performed in a laboratory setting, limiting their
usefulness for large-scale testing. Currently, only two antigen
tests (Sofia 2 SARS Antigen FIA and BD Veritor System) have
been approved by the FDA for the detection of N protein in
nasopharyngeal/nasal swab samples. However, these tests only
provide qualitative results and lack the sensitivity needed to
detect low levels of SARS-CoV-2 antigens in the plasma/sera
of COVID-19 patients.

Several groups have recently developed immunosensors for
rapid quantification of SARS-CoV-2 antigens in biofluids.
Fabiani et al. demonstrated the detection of SARS-CoV-2 S1
and N proteins at concentrations as low as 19 ng/mL and 8
ng/mL, respectively, in saliva using an electrochemical
immunosensor.'> Tan et al. developed a microfluidic
chemiluminescent ELISA platform that could detect SARS-
CoV-2 S1 and N proteins in 10X diluted serum in 40 min.'®
Torrente—Rodriguez et al. reported a multiplexed electro-
chemical immunoassay capable of detecting SARS-CoV-2 N
protein and SARS-CoV-2 S1 IgG and IgM in 100X diluted
serum samples.’” While these immunosensors were successful
in measuring SARS-CoV-2 antigens in biofluids samples, they
could not achieve high sensitivity (pg/mL) or required high
sample dilution.

In this work, we demonstrate for the first time rapid (<1 h),
high sensitivity measurements of SARS-CoV-2 N protein in
whole (undiluted) serum. This unique immunosensor utilizes
dually-labeled magnetic nanobeads (DMBs) for on-chip
immunomagnetic enrichment and signal amplification. Several
assay parameters, including the antibody pair, the volume ratio
of the sample to magnetic beads, the magnetic enrichment
time, and the incubation time, were optimized to enhance the
detection sensitivity. We show the capability of this immuno-
assay to detect SARS-CoV-2 N protein in undiluted human
serum samples in <1 h with pg/mL sensitivity. We also
demonstrate the detection of SARS-CoV-2 N protein in serum
samples using a smartphone-based diagnostic device that can
achieve high sensitivity and reproducibility. Lastly, we
demonstrate the utility of this platform for accurately detecting
COVID-19 infection by performing measurements of clinical
serum specimens from COVID-19 patients and healthy,
uninfected individuals.

B EXPERIMENTAL SECTION

Biochemicals and Reagents. Dimethyl sulfoxide (DMSO),
phosphate-buffered saline (PBS, pH 7.4), (ethylenedinitrilo)-
tetraacetic acid (EDTA), 2-Iminothiolane hydrochloride, human
serum (from male AB-clotted whole blood), and 3,3,5,5'-
tetramethylbenzidine (TMB) substrate (supersensitive) were pur-
chased from Sigma-Aldrich (St Louis, MO). N-(3-Dimethylamino-
propyl)-N'-ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS) were obtained from Thermo Fisher Scientific (Waltham,
MA). StabilBlock immunoassay stabilizer, StabilCoat Plus immuno-
assay stabilizer, StabilZyme HRP stabilizer, and MatrixGuard assay
diluent were purchased from SurModics, Inc. (Eden Prairie, MN).
Carboxylated magnetic nanobeads (200 nm) were purchased from
Ademtech (Pessac, France). SARS-CoV-2 nucleocapsid protein was
obtained from Advaite, Inc. (Malvern, PA). Mouse monoclonal SARS-
CoV/SARS-CoV-2 nucleocapsid antibody [6H3] (GTX632269),
rabbit polyclonal SARS-CoV-2 nucleocapsid antibody
(GTX135357), SARS-CoV-2 nucleocapsid antibody pair [HL5410/
HL455-MS] (GTXS500042), and horseradish peroxidase (HRP)-
conjugated rabbit monoclonal SARS-CoV-2 nucleocapsid antibody
[HL448] (GTX635686-01) were purchased from GeneTex (Irvine,
CA). Human monoclonal anti-SARS-CoV-2 nucleocapsid antibody
[SQab20177] (ARG66735), MERS-CoV nucleocapsid recombinant
protein (His-SUMO tagged, N-ter), and SARS-CoV nucleocapsid
recombinant protein (His-SUMO tagged, N-ter) were purchased from
Arigo (Taiwan, ROC). Recombinant SARS-CoV-2 spike glycoprotein
RBD (ab273065) was obtained from Abcam (Cambridge, MA). De-
identified serum samples obtained from healthy volunteers and
COVID-19 patients were purchased from BioIVT (NY, USA).

Preparation of Dually-Labeled Magnetic Nanobeads. DMBs
were prepared by dispersing 1 mg of carboxylated magnetic
nanobeads in 400 L of MES buffer (pH 5.0, 25 mM) and washing
thrice (gentle agitation for S min followed by magnetic separation for
S min and subsequent removal of the supernatant). Next, 100 yL of
MES buffer containing HRP and detection antibody (dAb) at a 400:1
molar ratio was mixed with the nanobeads preactivated with 10 mg/
mL of EDC/NHS and incubated overnight at room temperature.
After washing with PBS and blocking of nonspecific binding sites with
a StabilCoat Plus stabilizer, the DMBs were dispersed in 400 uL of
StabilZyme HRP stabilizer to a final concentration of 2.5 mg/mL and
used immediately or stored at 4 °C for up to 2 weeks.

Preparation of Immunosensors. Screen-printed gold electrode
(SPGE) sensors were obtained from Metrohm AG (Herisau,
Switzerland). Capture antibodies (cAbs) were first thiolated by
incubating 100 uL of cAb at SO pg/mL with 100-fold molar excess of
2-iminothiolane in PBS containing 2 mM of EDTA for 1 h at room
temperature, followed by centrifugation for 25 min at 13,800 g to
remove excess reagents. Thiolated cAbs were immobilized on the
SPGE sensor by incubating 6 uL of cAb solution at 50 yg/mL on the
working electrode (WE) for 2 h at room temperature, followed by
rinsing with PBS and gently drying with purified N,. StabilBlock
stabilizer solution was dispensed on the sensor and dried at room
temperature to passivate the surface and enhance the stability of the
immobilized cAb. Sensors were stored at room temperature in a
desiccator (<15% RH) and used within 1 week.

Fabrication of Microfluidic Chips. The microfluidic chips
consist of a 100 um-thick polyethylene terephthalate (PET) film
(McMaster-Carr) stacked with a 3 mm-thick poly(methyl meth-
acrylate) (PMMA) cartridge on top of an immunosensor. Micro-
channels and microfluidic components were designed using AutoCAD
software (Autodesk, Inc.). Microchannels, inlets, and outlets were
generated in the PET and PMMA layers using a CO, laser cutter
(Universal Laser Systems, Scottsdale, AZ). The PET film, PMMA
cartridge, and SPGE sensor were bonded together using double-sided
adhesive film (Adhesives Research, PA).

Electrochemical Measurements. Electrochemical measure-
ments were performed at ambient conditions using either a
PalmSens4 potentiostat connected to a desktop PC or a Sensit
Smart potentiostat connected to a Google Pixel 2 smartphone. Prior
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Figure 1. Schematic illustrations of (A) microfluidic immunosensor chip highlighting the magnetic concentration of DMBs to the sensor surface,
(B) microfluidic immunosensor chip for the smartphone-based diagnostic device, and (C) experimental setup and electrochemical sensing scheme

using the PalmSens4-based sensing platform.

to measurements, 2.5 yuL of DMB solution was mixed with 50 yL of
serum spiked with N protein or clinical serum specimens, vortexed for
S s, and dispensed into the microfluidic chip. Spiked serum samples
were either used as is or diluted 5X in MatrixGuard assay diluent. For
measurements using the PalmSens4 and desktop PC, the sample was
infused through the chip for 30 s at 100 yL/min using a syringe pump
(KD Scientific, MA). For measurements using the smartphone-based
sensing device, the sample was dispensed into the chip using a
capillary tube and plunger (Abbott). The microfluidic chip was then
placed on a 4 mm neodymium magnet (McMaster-Carr) for 1 min to
concentrate the DMBs on the WE and incubated in the dark for either
50 min for whole serum samples or 25 min for diluted serum samples.
Measurements of clinical serum specimens were performed by
diluting samples SX in an assay diluent (to conserve the sample for
replicate measurements), followed by immunomagnetic enrichment
and incubation for 25 min. A wash buffer (1X PBS containing 0.05%
Tween-20) was flushed through the chip for 4 min at 100 uL/min,
followed by a TMB substrate for 1 min at 100 yL/min for
measurements using the PalmSens4 and desktop PC. For measure-
ments using the smartphone-based sensing device, a 1 cc plastic
syringe (Thermo Fisher Scientific) was inserted into the inlet of the
microfluidic chip and used to purge the sample from the chip,
followed by the sequential application of 80 yL of wash buffer and 80
UL of TMB substrate into the chip using fresh capillary tubes and
plungers. After 2 min, chronoamperometric measurements were
performed by applying a bias potential of —0.2V (vs Ag/AgCl) for
100 s. Current values were averaged over the final 5§ s of
chronoamperograms.

B RESULTS AND DISCUSSION

Design of the Microfluidic Chip. The integration of this
immunosensor on a microfluidic platform offers several
advantages over open well format immunoassays. Specifically,
the recommended working volume for a standard 96-well
microtiter plate is 100—200 uL, whereas our microfluidic
immunosensor requires only 25 uL of sample and 80 uL of
reagent per measurement. In addition, sample processing and
liquid handling for open well format assays involve multiple
pipetting steps, which are tedious and time-consuming. In
contrast, sample processing (immunomagnetic enrichment)
and liquid handling (sensor washing) are performed directly
on our microfluidic chip, which minimizes the labor and time
required for each measurement, facilitating its use for point-of-
care testing. Lastly, the integration of immunosensors with
microfluidics has been shown to significantly reduce the time
for antibody—antigen reactions and enhance the detection
sensitivity compared with open well format immunoassays.'*"”
We briefly studied the analytical performance of our
microfluidic immunosensor compared with an open-well
immunosensor and observed that the amperometric currents
and signal-to-background (S/B) ratios generated from the
microfluidic immunosensor were 3—4X higher than those
generated from the open-well immunosensor (Supporting
Information Figure S1).
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Figure 2. (A) Amperometric currents generated from undiluted serum samples spiked with SARS-CoV-2 N protein at 0 and 1 ng/mL and
corresponding S/B ratios using immunosensors with five different SARS-CoV-2 N protein antibody pairs. Measurements were performed using
magnetic enrichment and incubation times of 1 and SO min, respectively. (B) Amperometric currents generated from undiluted serum samples
spiked with SARS-CoV-2 N protein at 0 and 1 ng/mL and corresponding S/B ratios with varying sample/DMB volume ratios. Measurements were
performed using magnetic enrichment and incubation times of 1 and SO min, respectively (C) Amperometric currents generated from undiluted
serum samples spiked with the SARS-CoV-2 N protein at 0 and 1 ng/mL and corresponding S/B ratios with varying magnetic enrichment times
and a 50 min sample incubation duration. (D) Amperometric currents generated from undiluted serum samples spiked with SARS-CoV-2 N
protein at 0 and 1 ng/mL and corresponding S/B ratios with varying incubation times and 1 min of magnetic enrichment. Each bar represents the
mean =+ standard deviation (SD) of three separate measurements obtained using new sensors.

Different microfluidic chips were designed for measurements
using the PalmSens4-based sensing platform and the
smartphone-based diagnostic device. For measurements using
the PalmSens4, the chip consists of a 400 pm-high reaction
chamber encompassing the immunosensor connected to the
inlet and outlet (Figure 1A). The microfluidic chip for
measurements using the Sensit Smart and smartphone consists
of a 400 pm-high reaction chamber encompassing the
immunosensor connected to a 9 X 12 mm waste reservoir
via a 500 ym-wide serpentine channel (Figure 1B) and an air
vent. A rubber gasket is installed at the inlet of the chip to
facilitate the insertion of the capillary tube and prevent leaking.

Design of the Electrochemical Magneto Immuno-
assay. Prior works have demonstrated the use of antibody-
labeled magnetic beads for immunomagnetic enrichment and
signal amplification, enabling sensitive analyte detection in
complex biofluids.””*" Otiena et al. reported a microfluidic
magneto immunoassay for multiplexed detection of a para-
thyroid hormone-related peptide and peptide fragments in
serum.”” While this assay was capable of performing ultra-
sensitive protein measurements, the experimental setup
involves multiple components (e.g., magnetic stirrer, sample
injector, syringe pump, switching valve, etc.), hindering its use
for point-of-care applications. In this work, we utilize a simple
and rapid (1 min) method for immunomagnetic enrichment
using a low-cost neodymium magnet. The serum sample is

premixed with DMBs prior to loading into the microfluidic
chip, which is carried out using either a syringe pump or
capillary tubes and plungers (for the smartphone-based
device). If the sample contains the target antigen, it binds to
the DMB and forms a DMB—antigen immunocomplex. When
the chip is placed on the magnet, a magnetic field is generated,
causing the DMB-—antigen immunocomplexes to rapidly
migrate to the sensor surface where they subsequently bind
to the cAb-immobilized WE (Figure 1A). In the presence of
the TMB substrate, the HRP-coated DMBs catalyze the
reduction of TMB upon application of a bias potential, which
generates an amperometric current that is proportional to the
concentration of target antigen attached to the sensor surface
(Figure 1C). If the sample does not contain the target antigen,
then the DMBs are washed away from the sensor surface and a
negligible electrochemical signal is generated upon the
application of a bias potential.

Optimization of Assay Parameters. Several assay
parameters, including the antibody pair, sample to DMB
solution volume ratio, magnetic enrichment time, and
incubation time, were optimized to enhance the analytical
performance of this immunosensor for SARS-CoV-2 N protein
detection. One of the most important parameters that affects
the performance of immunoassays is the antibody affinity
toward the target antigen. There are numerous SARS-CoV-2 N
protein antibodies that are commercially available, and each
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Figure 3. (A) Chronoamperograms generated from whole serum samples spiked with SARS-CoV-2 N protein at varying concentrations. (B)
Calibration plots based on amperometric currents at 100 s for whole serum samples with 50 min incubation and 5X diluted serum samples with 25
min incubation. Each data point represents the mean + SD of three separate measurements obtained using new sensors. The inset shows
amperometric currents for samples containing SARS-CoV-2 N protein from 0 to 1 ng/mL. Each bar represents the mean + SD of three separate
measurements obtained using new sensors. The dashed and solid lines correspond to the lower LOD for measurements of whole serum and 5X
diluted serum, respectively. (C) Amperometric currents generated from serum samples containing SARS-CoV-2 N protein, SARS-CoV N protein,
MERS-CoV N protein, SARS-CoV-2 Spike RBD protein and nonspiked serum (blank control). Each bar represents the mean + SD of three

separate measurements obtained using new sensors.

one possesses a specific antigenicity to the SARS-CoV-2 N
protein. Therefore, to determine the optimal antibody pair for
our immunosensor, we performed measurements of SARS-
CoV-2 N protein spiked in whole serum at 0 and 1 ng/mL
using SPGE sensors with five different antibody pairs. The
cAbs were immobilized on the WE of the sensors as described
in “Preparation of Immunosensors,” and dAbs were conjugated
with DMBs as described in “Preparation of Dually-Labeled
Magnetic Nanobeads”. The amperometric signals generated
using the five antibody pairs are presented in Figure 2A.
Antibody pairs consisting of a mouse or rabbit cAb generated
very low amperometric signals (<0.5 #A) and low S/B ratios of
<2, indicating poor antigenicity to SARS-CoV-2 N protein
because they are raised against nonhuman species. Ampero-
metric signals generated from immunosensors using a human
monoclonal cAb were significantly larger than those generated
from sensors using a nonhuman monoclonal cAb; however,
when paired with a mouse monoclonal antibody or rabbit
polyclonal antibody as the dAb, a very high background signal
was observed, resulting in negligible improvement in the S/B
ratio. Lastly, we evaluated the use of a rabbit monoclonal
antibody conjugated with HRP as the dAb, which generated a
large electrochemical current with a low background signal,
resulting in a S/B ratio of ~6. Thus, a human monoclonal cAb
and a HRP-conjugated rabbit monoclonal dAb were selected as
the optimal antibody pair and used for subsequent assay
optimization experiments.

The sample to DMB solution ratio was optimized by
performing measurements of serum samples spiked with

increasing concentrations of SARS-CoV-2 N protein using
varying volumes of DMB solution. As shown in Figure 2B, the
amperometric signal is correlated with the sample/DMB
volume ratio where measurements using higher sample/DMB
volume ratios resulted in lower electrochemical currents.
However, measurements using low sample/DMB volume
ratios (<10:1) resulted in high background signals and low
S/B ratios (<3.5) due to an excessive amount of DMBs, which
increases the likelihood of nonspecific binding of DMBs on the
sensor. As the sample/DMB volume ratio increases, the
background signal decreases until a sample/DMB volume ratio
of 20:1, after which point, the background signal remains
constant. The largest S/B ratio (~5.5) was obtained using a
sample/DMB volume ratio of 20:1, which was selected as the
optimal volume ratio.

Experiments were also performed to optimize the magnetic
enrichment time by detecting SARS-CoV-2 N protein spiked
in serum samples at 0 ng/mL and 1 ng/mL with varying
durations of magnetic enrichment (Figure 2C). With no
magnetic enrichment, a very low (<0.5 uA) amperometric
signal is generated at 1 ng/mlL, resulting in a S/B ratio of ~3.
Applying magnetic concentration for 1 min resulted in a
significant increase in the amperometric signal by SX,
compared with no magnetic enrichment, with a minimal rise
in the background signal (S/B ratio of ~6). These results
demonstrate that the migration of DMBs to the sensor surface
is significantly enhanced in the presence of a magnetic field,
which facilitates the attachment of antigen—DMB immuno-
complexes on the cAb-coated immunosensor. Applying
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Figure 4. (A) Smartphone-based diagnostic device for electrochemical measurements of SARS-CoV-2 N protein. (B) Microfluidic immunosensor
chip consisting of a cAb-coated SPGE sensor and PET—PMMA cartridge. (C) Calibration plots based on amperometric currents at 100 s for whole
serum samples with 50 min incubation and 5X diluted serum samples with 25 min incubation. Each data point represents the mean + SD of three
separate measurements obtained using new sensors. The inset shows amperometric currents for samples containing SARS-CoV-2 N protein from 0
to 1 ng/mL. Each bar represents the mean + SD of three separate measurements obtained using new sensors. The dashed and solid lines
correspond to the lower LOD for measurements of whole serum and 5X diluted serum, respectively.

magnetic concentration for >1 min resulted in a minimal rise in
the amperometric signal with a more pronounced increase in
the background signal, causing the S/B ratio to decrease. We
hypothesize that the increase in the background signal with
longer magnetic enrichment durations (>1 min) is due to the
accumulation and subsequent trapping of unbound DMBs on
the coarse SPGE sensor surface, which cannot be completely
removed with laminar flow rinsing.

The last parameter that was studied was the post-
immunomagnetic enrichment incubation time. Measurements
were performed using serum samples spiked with SARS-CoV-2
N protein at 0 and 1 ng/mL using a magnetic concentration
duration of 1 min with varying incubation times. As shown in
Figure 2D, longer incubation times resulted in higher S/B
ratios until a steady state was reached at 50 min. While larger
amperometric signals can be generated with incubation times
longer than S50 min, the background signal also increases
proportionally, leading to a negligible improvement in the S/B
ratio. Therefore, S0 min was selected as the optimal incubation
time.

Detection of SARS-CoV-2 N Protein in Serum.
Measurements of whole serum and 5X diluted serum spiked
with increasing concentrations of SARS-CoV-2 N protein were
carried out to assess the analytical performance of this
immunosensor. Chronoamperograms generated from whole
serum samples containing SARS-CoV-2 N protein from 0 to 10
ng/mL are shown in Figure 3A, which show a positive
correlation between the amperometric current and SARS-CoV-
2 N protein concentration. Calibration plots based on
amperometric currents at 100 s for whole serum and 5X
diluted serum are presented in Figure 3B. The response of this
sensor is highly linear for whole serum with a R* correlation
coeflicient of 0.9943. The linearity of the calibration curve for

5% diluted serum (R* = 0.9697) is lower than that for whole
serum, which is likely due to the use of a supersensitive TMB
substrate, resulting in limited reaction kinetics at higher (>1
ng/ mL) analyte concentrations. While the use of an alternative
TMB substrate could improve the linearity, this could lead to a
less desirable analytical performance with a lower detection
sensitivity. The lower LOD, calculated as 3X the SD at 0 ng/
mL divided by the slope of the calibration curve, of this
immunosensor for SARS-CoV-2 N protein detection in whole
serum and 5X diluted serum is 50 and 10 pg/mL, respectively.
We attribute the improved sensitivity obtained from diluted
serum compared with whole serum to the use of a commercial
assay diluent, which contains blocking agents that inhibit/
neutralize the interference of antigen—antibody binding caused
by endogenous components, such as heterophilic antibodies
and human anti-animal antibodies, in the sample matrix.**~>*
Our results are consistent with those reported in prior works,
which demonstrate that matrix interference effects in immuno-
assays can be diminished by using heterophilic antibody
blocking alge)nts.26’27 While a lower LOD can be achieved using
5X diluted serum with a shorter 25 min incubation time, this
requires the serum sample to be diluted prior to the
measurement. For applications where sample dilution is
undesired, whole serum samples can be used requiring a
slightly longer (50 min) incubation time to achieve high
sensitivity detection. The sensitivity of this immunosensor is
within the range of SARS-CoV-2 N protein serum levels in
individuals infected with COVID-19 (1 pg to >10,000 pg/
mL""*?*), suggesting that it will be suitable as a diagnostic
tool for the detection of COVID-19 infection.

The specificity of this immunosensor was evaluated by
performing measurements of whole serum samples spiked with
1 ng/mL of SARS-CoV-2 Spike RBD, another biomarker of
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COVID-19 infection, SARS-CoV N protein, MERS-CoV N
protein, and nonspiked serum. As shown in Figure 3C, the
amperometric signals generated from the samples containing
SARS-CoV-2 Spike RBD and MERS-CoV N protein are
similar to the nonspiked serum sample (blank control),
indicating that these protein biomarkers do not cross-react
with this immunosensor. The amperometric signal from the
sample containing SARS-CoV N protein is ~1.5X larger than
the background signal, indicating moderate cross-reactivity
with the SARS-CoV-2 N protein antibody used in this assay.
This is due to >90% conserved similarity in protein sequences
between SARS-CoV-2 and SARS-CoV.”* While cross-reactivity
between SARS-CoV N protein and SARS-CoV-2 N antibodies
has been previously reported'” and is an issue for all
immunoassays utilizing SARS-CoV-2 N protein antibodies,
its impact on the current COVID-19 pandemic is negligible
because the number of individuals infected with SARS-CoV is
very small compared with SARS-CoV-2 and no new SARS-
CoV outbreaks have been reported for nearly two
decades.'”***"

SARS-CoV-2 N Protein Detection Using a Smart-
phone. To enhance the portability and simplicity of this
immunosensor, we also developed a handheld diagnostic
device for quantitative measurements of SARS-CoV-2 N
protein in serum. As shown in Figure 4A, this device consists
of a Google Pixel 2 smartphone, Sensit Smart potentiostat, and
microfluidic immunosensor chip. The microfluidic chip
incorporates a waste reservoir to store the liquid samples
after being dispensed into the chip (Figure 4B). The sample,
wash buffer, and TMB substrate are sequentially dispensed into
the chip using capillary tubes and plungers, which circumvents
the need for an external pump and power source. We observed
that the washing effectiveness using a capillary tube and
plunger is lower than that using a syringe pump, which can
diminish the detection sensitivity and/or sensor reproduci-
bility. Therefore, an additional step was added to purge the
microchamber with air using a 1 cc plastic syringe after each
liquid loading step to enhance the removal of unbound DMBs
and nonspecific species from the sensor. To evaluate the
analytical performance of this device, electrochemical measure-
ments were performed using whole serum and $X diluted
serum samples spiked with increasing concentrations of SARS-
CoV-2 N protein. Calibration plots for whole serum and 5X
diluted serum samples are presented in Figure 4C, which
exhibit excellent linearity with R* correlation coefficients of
0.9906 and 0.9972, respectively. The lower LOD calculated for
whole serum and 5X diluted serum samples is 230 pg/mL and
100 pg/mL, respectively. The detection sensitivity obtained
using the smartphone-based device is lower than that using the
PalmSens4-based sensing platform because of the reduced
effectiveness of the capillary tube and plunger to fully rinse the
sensor surface. However, the sensitivity of the handheld device
is much higher compared with rapid COVID-19 antigen tests,
while offering similar portability, simplicity, and speed, making
it useful for point-of-care testing.

SARS-CoV-2 N Protein Detection in Clinical Serum
Specimens. To evaluate the utility of this immunosensor for
diagnosing COVID-19 infection, measurements were per-
formed using serum samples obtained from COVID-19
patients confirmed by RT-PCR (P,—P,) and from healthy,
uninfected individuals (N;—N,). Samples N;—N; were
collected pre-COVID-19 from healthy volunteers and sample
N, was obtained from an individual with a negative PCR

COVID-19 test result. As shown in Figure SA, the electro-
chemical signals generated from specimens obtained from
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Figure 5. (A) Electrochemical signals generated from serum
specimens obtained from COVID-19 patients (positive) and
uninfected individuals (negative). Each bar represents the mean +
SD of three separate measurements obtained using new sensors. (B)
Calculated SARS-CoV-2 N protein concentration and corresponding
S/B ratios for clinical serum specimens.

uninfected individuals (N;—N,) are very low (<1 pA). In
contrast, the electrochemical signals generated from the
specimens obtained from COVID-19 patients are at least 5X
larger, ranging from ~5 to 17 yA, which is consistent with the
PCR results. Using the calibration plot in Figure 3B, the
calculated SARS-CoV-2 N protein concentration and corre-
sponding S/B ratios were determined for the clinical
specimens. The data was normalized so that the lowest
calculated N protein concentration (which was a negative
value) was set to 0 ng/mL (and 1 for the S/B ratio). As shown
in Figure 5B, the calculated levels of SARS-CoV-2 N protein in
COVID-19 positive specimens range from ~3 to 12 ng/mlL,
which is consistent with those measured by Torrente-
Rodriguez et al. using a graphene-based immunosensor.'”
Based on these preliminary results, this immunosensor can
accurately distinguish COVID-19 patients from healthy,
uninfected individuals based on SARS-CoV-2 N protein
serum levels, demonstrating its usefulness as a diagnostic test
for COVID-19.

B CONCLUSIONS

We present a microfluidic immunosensor for rapid, high
sensitivity measurements of SARS-CoV-2 N protein in serum.
This assay utilizes a unique sensing scheme employing DMBs
for immunomagnetic enrichment and signal amplification
based on a simple magnetic enrichment process. The analytical
performance of this assay was evaluated by performing
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measurements of human serum samples spiked with SARS-
CoV-2 N protein, which could be detected at concentrations as
low as 10 pg/mL in 5X diluted serum within 30 min and 50
pg/mL in whole serum within 55 min. This immunosensor was
also adapted for a smartphone-based diagnostic device, which
does not require external pumps or power sources. Using this
handheld device, SARS-CoV-2 N protein could be detected in
5X diluted serum and whole serum samples at concentrations
as low as 100 and 230 pg/mL, respectively. We also assessed
the utility of this immunosensor to detect COVID-19 infection
by testing clinical serum specimens, which revealed that it can
accurately distinguish PCR-positive COVID-19 patients from
healthy, uninfected individuals based on SARS-CoV-2 N
protein serum levels. The portability, simplicity, and high
sensitivity of this immunosensor makes it a promising tool for
point-of-care COVID-19 testing.
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