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We report protein- and aptamer-based electrochemical biochips
for low-cost, one-step, sensitive and accurate multiplex detection
of SARS-CoV-2 spike (S) and nucleocapsid (N) proteins, and I1gG
antibody in unprocessed clinical samples, allowing citizens to
achieve rapid diagnosis at home or in community settings.

The COVID-19 pandemic has claimed millions of lives and put
health systems under enormous strain. Safe reopening of the
public spaces requires a series of measures to mitigate the risk
of infections, including widely available vaccines and a large-
scale testing capacity to rapidly confirm and isolate infected
individuals." Commercial diagnostic approaches for COVID-19
include quantitative real-time PCR with reverse transcription
(RT-qPCR) assay for nucleic acid detection and serologic-/
immuno-assays for rapid antigen and antibody tests.> RT-
gPCR based nucleic acid detection can be time-consuming,
and requires expensive devices and trained medical personnel
to perform the analysis, thus limiting detection capacities.?
COVID-19 serologic tests can rapidly detect human SARS-CoV-2
antibodies (IgM or IgG) to determine whether a person has ever
been infected and possesses a certain degree of immunity to
SARS-CoV-2.*> Immunological tests, such as the lateral flow
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assay (LFA) and enzyme-linked immunosorbent assay (ELISA),
utilize SARS-CoV-2 neutralizing antibodies as the probes to
detect SARS-CoV-2 antigens and are less expensive than RT-
gPCR tests.” However, the serologic- or immuno-assay tests
demonstrate poor sensitivity and modest limit-of-detection
(LoD).°

The major SARS-CoV-2 biomarkers detected through rapid
SARS-CoV-2 viral tests are the spike (S) and nucleocapsid (N)
proteins.” The S protein contains two subunits, S1 and S2. The S1
protein comprises a unique receptor-binding domain (Sggp) that
can specifically interact with human angiotensin-converting
enzyme 2 (ACE2) and mediate host cell recognition.® This Sggp
is an ideal target for developing sensing probes in the specific
recognition of SARS-CoV-2. The N protein is the most abundant
structural protein of the SARS-CoV-2 virus.” It shows strong
immunogenicity and often serves as the diagnostic biomarker
for COVID-19 detection. Aptamers are short nucleic acid
sequences that form distinctive three-dimensional structures
that bind to target proteins (Sgpp) with comparable specificity
and binding affinity to antibodies."® SARS-CoV-2 antigen-specific
and high-affinity DNA aptamers have been developed from
single-stranded DNA (ssDNA) libraries through systematic
evolution of ligands by exponential enrichment (SELEX)."" Of
note, these aptamers exhibit several advantages compared to
antibodies in COVID-19 diagnostic and therapeutic applications,
including better physicochemical stability, much cheaper and
easier processes to produce, lower denaturation susceptibility,
simpler modification steps to provide covalent bonds to other
material surfaces, and lower steric hindrance due to the favour-
ably small size (2-3 nm). Therefore, aptamers are considered as
an alternative to antibodies and are capable of being utilized to
establish a point of care (POC) test for rapid COVID-19 antigen
detection.

We reported protein- and aptamer-initiated electrochemical
biochips that allow for low-cost, one-step, sensitive, and rapid
multiplex detection of SARS-CoV-2 S and N proteins, and IgG
antibody. Our sensing biochips demonstrated a competitive
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(a) Scheme of electrochemical biochips for multiplex detection of SARS-CoV-2 S and N proteins and 1gG antibody. (b) ELISA assessing the binding

against time between the aptamers and their target SARS-CoV-2 antigens, minimum free-energy secondary structures (https://www.nupack.org/) and
dissociation constant (Kg) for the aptamers. Arrows represent the 3’ end of the aptamers, and nucleotides were color-coded according to their
equilibrium probability. (c) Cross-reactivity verification of RBD-Ap-1, RBD-Ap-2, and N-Ap aptamers.

LoD, fast turnaround time (10 min) and good selectivity,
allowing for early-stage screening and tracing of suspected
cases at home or in community settings.

Our proposed COVID-19 test strip array consisted of five
independent sensing biochips. Based on the categories of
biomarkers, the test strip arrays were classified into protein-
initiated immunosensors and DNA-enabled aptasensors
(Fig. 1a). For immunosensors, S1-IgG antibody and S1 protein
were chosen as the sensing ligands to recognize S1 protein in
the swab samples and S1-IgG antibody in the blood, respec-
tively. For the aptasensors, two S1-specific aptamers (RBD-Ap-1
and RBD-Ap-2) and one N-specific (N-Ap) aptamer, screened via
the competition-based SELEX method, were anchored onto the
biochips to capture S1 and N proteins (Table S1, ESIt). Nucleic
Acid Package (NUPACK) predicted the minimum free energy
required to form the secondary structures of the aptamers. The
estimated dissociation constants (Ky) (5.8 £ 0.8 nM for RBD-Ap-
1, 44.78 £ 9.97 nM for RBD-Ap-2, and 0.7 £+ 0.1 nM for N-Ap)
were comparable to commercial neutralizing antibodies
developed to bind S1 and N proteins (Fig. 1b)."*"* According
to the biorecognition tests, the highest ELISA signal response
was assigned to the N-Ap aptamer, indicating the best binding
affinity among the tested probes and consistent with the
minimal K4 value (the lower the Ky value, the higher the
binding capability) (Fig. 1b). The aptamers bound to the target
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proteins immediately after mixing and reached their surface
saturation within 6 minutes, demonstrating a rapid SARS-CoV-
2 antigen recognition. To evaluate the specificity, we investi-
gated whether the screened aptamers could also bind non-
specific proteins by incubating the biotinylated aptamers into
PBS buffer (pH 7.4) (blank), bovine serum albumin (BSA), S1, S2
and N protein solutions. No obvious BSA, S2 or N binding for
RBD-Ap-1 and RBD-Ap-2 aptamers was observed, even at the
target concentration of 10 ng mL " (Fig. 1c). N-Ap aptamer did
not bind to BSA, S1 or S2. Thus, the used aptamers targeted
SARS-CoV-2 S1 and N with high specificity.

We prepared the COVID-19 immunosensor- and aptasensor-
based biochips by immobilizing SARS-CoV-2 specific probes
(proteins and aptamers) onto gold nanoparticle (~154 nm in
diameter) (Fig. S1, ESIf) modified screen-printed -electrodes
(AuNP-SPE) (Fig. S2 and S3, ESIf). The electrochemical property
of AuNP-SPE was characterized by interrogating cyclic voltammetry
(CV) scanning in 0.5 M H,SO, and K;[Fe(CN)s]/K,[Fe(CN)g] redox
indicator solution. An apparent reduction peak of gold oxide
(~0.9 V vs. Ag/AgCl pseudo-reference electrode) and a well-
defined duck-shaped voltammogram (AE, ~ 92.5 mV) were
obtained, indicating successful electroplating of gold nanoparticles
onto the SPE and the good electrochemical performance of the
AuNP-SPE (Fig. S4, ESIt). The consistent CV diagrams indicated
that our manufacturing process can uniformly prepare sensing

This journal is © The Royal Society of Chemistry 2022
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electrodes. The process of immobilizing sensing ligands onto the
COVID-19 biochip is critical for acquiring high-quality signals. For
immunosensor-based biochips, the S1-IgG or S1 protein probes
were covalently immobilized onto the AUNP-SPE through the amine
coupling process. The treatment of the AuNP-SPEs with cysteamine
introduced -NH, groups onto their surface via the thiol group (S-
Au bond). The S1-IgG or S1 probe was anchored on the amino-
functionalized AuNP-SPEs through cysteamine-glutaraldehyde (GA)
coupling (as illustrated in Fig. S5, ESIt).

The AuNP-SPE surface was activated by reacting its free
-NH, groups with -CHO of bi-functional GA at its one end.
The other free -CHO group reacted with -NH, in S1-IgG or S1
proteins, forming the Schiff base between the GA-activated
AuNP-SPE and the protein probes. We used ethanolamine to
deactivate remaining GA sites and introduced BSA proteins to
the surface for antifouling treatment, ensuring that all non-
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active sites were blocked. The sensorgram produced from
square wave voltammetry (SWV) measurement at various stages
of surface modification (S1-IgG immunosensor) is shown in
Fig. 2a. The SWV peak currents decreased with respect to the
surface modification step by step, indicating that S1-IgG anti-
bodies adsorbed onto AuNP-SPEs. A distinct N-element peak in
the X-ray photoelectron spectroscopy (XPS) spectrum con-
firmed the successful surface modification of the protein probe
(Fig. S6, ESIf). The control of 1 pg mL™' N (non-specific
protein) did not produce any measurable response, which
indicated that the surface of the S1-IgG immunosensor-based
biochip was well blocked, and the response to S1 was highly
specific (Fig. 2a). The surface modification of the immunosen-
sor necessitated 5.5 hours and 5 steps, yet it only required 3
hours and 2 stages to immobilize aptamer probes and blocking
agents (Fig. 1a). We utilized mercaptoethanol (MCH) as the
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(a) SWV peak current response during the functionalization process used to immobilize the sensing ligands onto the immunosensor (S1-1gG as

probes to detect S1) and aptasensor (RBD-Ap-1 aptamers as probes to detect S1) biochips. (b) CV interrogation in 0.5 M NaCl/5 mM Kz[Fe(CN)gl/
K4[Fe(CN)g] solution concerning the detection of S1 protein by the RBD-Ap-1 aptasensor. (c) SWV interrogation concerning the detection of 1 pmol S1
protein by the RBD-Ap-1 based aptasensor. (d) Response time of the RBD-Ap-1, RBD-Ap-2, and N-Ap aptasensors with incubation of the chips into
1pg mL~* Sl or N proteins, respectively. (e) Calibration curves (S1-1gG functionalized immunosensor) of the change in SWV peak current (Al/lo) versus the
S1 protein concentration from 0.1 fg mL™* to 100 pg mL™™ /o is the initial peak current, and Al refers to the current change before and after
biorecognition. The EC signal was defined as Al divided by /o. (f) Calibration curves (S1 protein functionalized immunosensor) of EC signal versus the S1-
IgG antibody in a range of concentrations from 1 fg mL™* to 1 ng mL™™. (g) Calibration curves (RBD-Ap-1 aptasensor) of the EC signal versus the S1 protein
concentration from 0.1 fg mL~* to 100 pg mL~. (h) Calibration curves (RBD-Ap-2 aptasensor) of the EC signal versus the S1 protein concentration from
1 fg mL™! to 1 ng mL™2 (i) Calibration curves (N-Ap aptasensor) of the EC signal versus the N protein concentration from 1 fg mL™* to 1 ng mL™%.
(j) Specificity evaluation of the RBD-Ap-1 aptasensor, tested with S1 and N protein, S1-1gG antibody, and influenza A and influenza B protein. (k) Specificity
evaluation of the RBD-Ap-2 aptasensor. (1) Specificity evaluation of the N-Ap aptasensor. (m) Clinical validation of the aptasensor.
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blocking agent to help the thiolated-aptamer probe to stay
upright at the surface and remove non-specific bonds from
the chip surface. As shown in Fig. 1a, the decrease of the SWV
signal after anchoring the MCH layer indicated the successful
surface antifouling blocking.

We further validated the feasibility of detecting SARS-CoV-2
antigens and antibodies using our COVID-19 test biochips.
COVID-19 S1-IgG and S1 modified on the biochips allowed
the target biomarkers to recognize and combine, thus introducing
an extra protein layer onto the chip surface. Here, we used a
surface-sensitive technique based on electrochemical cyclic vol-
tammetry (CV) and SWV measurement to in situ probe the
electrode’s surface resistance changes, allowing for monitoring
the biorecognition process in a highly sensitive way. Taking the
RBD-AP-1 aptasensor-based biochip as an example (Fig. 2b and c),
upon capturing S1 protein, bonded targets formed an additional
physical barrier on the surface that hindered the redox indicator
transferring to the electrode, leading to a decrease in the peak
current (0.19 V) of CV and SWV scans. This peak current change
extrapolated from the SWV scan was defined as the electroche-
mical sensing signal.

The binding as a function of time interpreted with EC
signals was approximately consistent with that of the ELISA
test, and thus a 10 min duration was selected for the sensor’s
turnaround time (Fig. 2d). We determined the biochips’ LoD by
conducting S1, N and S1-IgG detection at concentrations ran-
ging from fg mL ™" to ng mL~". The S1-IgG and S1 modified
biochips showed an LoD of 7.62 fg mL™" and 1.28 pg mL ™"
(Fig. 2d-f) for S1 protein and S1-IgG antibody detection, respec-
tively (Fig. S7, ESIT). The N-Ap-based aptasensor demonstrated
the best sensitivity in terms of the highest EC signal (AI/l, =
18.7%) at the 1 fg mL ™' target concentration, significantly
surpassing the RBD-Ap-1, and RBD-Ap-2 biochips (11.3% and
7.3%, respectively) (Fig. 2-i). The signal was positively corre-
lated with the binding affinity, indicating that the N-Ap-based
aptasensor possessed the highest binding capacity to capture
SARS-CoV-2 viral antigens. To verify that our biochips were able
to distinguish biological interferents, we proceeded with the
aptasensor to detect artificially prepared samples containing
non-specific viral proteins (Influenza A and Influenza B). Fig. 2-1
shows that a discernible EC signal specific to the target biomar-
ker was observed concerning the three aptasensors. However,
RBD-Ap-1 demonstrated a lower specificity (minor EC signal
differences) than RBD-Ap-2 and N-Ap. In the first two weeks
after the onset of symptoms, the concentration of SARS-CoV-2
RNA in clinical samples ranged from 104 to 1010 copies mL ™"
(corresponding 0.13 fg mL~ ' to 1.30 ng mL ™' S1 proteins)."?
Thus, our biochips may provide valuable early-stage detection of
antigens from suspected COVID-19 patients in a clinically rele-
vant scenario.

Finally, we explored the possibility of one-step and specific
detection of SARS-CoV-2 virus from unprocessed clinical samples
(Fig. S8, ESIT). Blind testing of 5 clinical swab samples showed
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that the analysis results of RBD-Ap-2 were in accordance with
that of N-Ap, indicating the accuracy of 100% to discriminate
between positive and negative samples (Fig. 2m and Table S3,
ESIT). In comparison, RBD-Ap-1 could not correctly identify all
the samples due to its relatively low selectivity (Fig. 2j).

In summary, our biochips exhibited a low LoD, a broad
dynamic range, and excellent selectivity concerning SARS-CoV-2 S
and N proteins, and IgG antibody diagnosis, which were highly
competitive compared to published data (Table S4, ESIt). Our
biochip array provides one-step, low-cost (2.845 $), convenient
and reliable COVID-19 testing, which allows citizens, even in the
poorest and most remote locations, to achieve self-testing at home
or rapid diagnosis (10 min) in community settings (Table S4, ESIt).
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