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ABSTRACT: Rapid and accurate quantification of low-abundance
protein biomarkers in biofluids can transform the diagnosis of a
range of pathologies, including infectious diseases. Here, we
harness ultrabright plasmonic fluors as “digital nanolabels” and
demonstrate the detection and quantification of subfemtomolar
concentrations of human IL-6 and SARS-CoV-2 alpha and variant
proteins in clinical nasopharyngeal swab and saliva samples from
COVID-19 patients. The resulting digital plasmonic fluor-linked
immunosorbent assay (digital p-FLISA) enables detection of
SARS-CoV-2 nucleocapsid protein, both in solution and in live
virions. Digital p-FLISA outperforms the “gold standard” enzyme-linked immunosorbent assay (ELISA), having a nearly 7000-fold
lower limit-of-detection, and outperforms a commercial antigen test, having over 5000-fold improvement in analytical sensitivity.
Detection and quantification of very low concentrations of target proteins holds potential for early detection of pathological
conditions, treatment monitoring, and personalized medicine.
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Ultrasensitive detection and quantification of low abun-
dant proteins in a reliable manner is critical for early

detection of pathological conditions, risk stratification and in
various fields biomedical and life sciences research, including
biomarker discovery and validation and drug discovery and
testing.1 To meet this need, digital immunoassays that count
individual immune complexes (composed of capture antibody,
analyte, and detection antibody) have been proposed. In a
standard digital assay such as “single-molecule array” (SIMOA)
technology, these complexes are sorted into femtoliter bins and
counted,2−4 significantly improving the limit of detection
compared to their analog counterparts. However, the majority
of signal is lost in the sorting process, and complex read-out
procedures are required, limiting their use in routine
biomedical research and clinical laboratories.5−7

Molecular tests that detect viral genetic material (RNA) are
the current standard-of-care for identifying patients with a
virus, such as severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), the virus underlying the COVID-19 pandemic.
For SARS-CoV-2, reverse-transcription polymerase chain
reaction (RT-PCR) is used to amplify RNA in nasopharyngeal
(NP) swabs or saliva and has proven effective in tests
identifying individuals who have contracted SARS-CoV-2. In
the past few years, there has been remarkable progress in the
detection of RNA targets in point-of-care and resource-limited
settings.8−13 Some of these methods enable naked-eye

detection of RNA by harnessing the unique optical and
catalytic properties nanoparticles.8−10 However, these tests
have a major shortcoming: RT-PCR testing cannot distinguish
between replication-competent (infectious) virus and remnant
RNA. Thus, individuals can remain positive for months after
most patients cease to shed replication-competent virus.14−19

These noninfectious individuals cannot be distinguished from
infectious immunocompromised patients who shed viable
SARS-CoV-2 for weeks to months.20−23

Antigen tests may be able to differentiate infectious
individuals from those with past infections if they detect
antigens that are expressed when there is a replication-
competent virus, and they do not persist after viral
clearance.24,25 In the COVID-19 pandemic, accurate identi-
fication of antigen proteins from severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) within bodily fluids
holds potential for reducing spread, assessing risk, and
controlling emerging variants. However, existing antigen tests
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are limited by their low accuracy and sensitivity, with a
sensitivity of 37.7−84.1% compared to molecular, nucleic acid-
based tests.15,17,19,26−31

Here, we introduce a digital protein detection technology
that parallels the workflow of a standard laboratory procedure,
enzyme-linked immunosorbent assay (ELISA), but improves
the limit-of-detection by nearly 7000-fold. The digital
detection technology relies on ultrabright fluorescent nano-
constructs, plasmonic fluors, comprising a plasmonic nano-
structure (Au@Ag nanocuboid) as fluorescence enhancer, a
light emitter (molecular fluorophores), and a biological
recognition element (e.g., biotin, streptavidin) (Figure
1A).32−35 Plasmonic fluors serve as digital nanolabels that
can be imaged by using a standard epifluorescence microscope
and counted by using a simple image-processing algorithm
(Figure S1A). The system builds from partition-free bead-
based assays,36 in that it does not require sorting of the
immunocomplexes into bins, but has a simple workflow
analogous to that of ELISA.

■ DIGITAL PLASMONIC FLUOR-LINKED
IMMUNOSORBENT ASSAY (DIGITAL P-FLISA)

We first established the use of plasmonic fluorescence in a
“partition-free” digital assay that does not require sorting
individual micro/nanoscale particles into bins prior to
counting. Plasmonic fluor-IR650 (PF-650) were synthesized
by coating BSA-biotin-IR650 conjugates on Au@Ag nano-
cuboids (Figure 1B) with a longitudinal localized surface
plasmon resonance (LSPR) wavelength of 670 nm (Figure
1C). The size, shape, and composition of the plasmonic
nanoantenna were chosen to maximize the plasmon-enhanced
fluorescence according to our previous reports.32,33

We built a simple theoretical model to estimate the
sensitivity of the digital plasmonic fluor-linked immunosorbent
assay (p-FLISA) relative to its analogue counterpart (Figure
1D). For lower resolution (i.e., large pixel size) images,
multiple labels, and consequently multiple analyte molecules,

are required within one pixel to produce a discernible signal
with signal-to-noise ratio (SNR) ≥ 3 (Figure S1B), thus
precluding the detection of analytes at low concentrations.
One-to-one correspondence between individual plasmonic-
fluors in scanning electron microscopy (SEM) images and
fluorescence images confirmed that the individual plasmonic
fluors could be imaged with a high signal-to-background ratio
(∼20) (Figure S2A) using a standard epifluorescence micro-
scope under a 20× objective (Figure 1E). In the idealized case
in which each analyte molecule in a sample well is captured
and labeled by a single plasmonic fluor to complete the
sandwich assay, the signal intensity of the analogue assay is
simply the average fluorescence signal from all pixels in an
image of the well. Dose−response curves thus varied with label
brightness and with spatial resolution of the image. As the
brightness of the labels with respect to background pixels
increased, the LOD (limit of detection, defined as the
concentration of the analyte at a SNR of 3) decreased (Figure
S2B). While higher resolution improves the sensitivity of the
analogue assay, the finite contribution of background intensity
to the mean pixel intensity still limits the LOD of the assay
(Figure S2C). This limitation is mitigated in digital p-FLISA,
as there is no contribution of background signal; signal
intensity is determined by counting the number of the
nanolabels, with the background signal below a preset
threshold disregarded. Thus, the signal from the digital assay
exhibits a detectable increase proportional to the analyte
concentration, enabling the detection of ultralow analyte
concentrations (Figure 1D). Therefore, the model suggests
that the digital assay offers a broader dynamic range and lower
LOD compared to analogue assay, limited only by the
nonspecific binding of the detection antibodies and the
nanolabels on the sensor surface.
To validate the improved bioanalytical performance (i.e.,

larger dynamic range and lower LOD) of the partition-free
digital p-FLISA, we compared it to ELISA and analogue p-
FLISA for the detection of human IL-6, a pro-inflammatory

Figure 1. (A) Schematic illustration representing the design of plasmonic-fluor as a digital nanolabel. (B) Transmission electron microscopy image
of PF-650. (C) Normalized visible−NIR extinction spectrum of PF-650. (D) Theoretical model comparing analog and digital p-FLISA and its
effect on the slope of the standard curve at low concentration of analyte. (E) Confirmation of single particle fluorescence by correlating scanning
electron microscopic images (left) and epifluorescence microscopy images (right) of the same plasmonic-fluor nanolabels. Scale bar: 5 μm.
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cytokine. For the analog assays (ELISA and p-FLISA),
conventional optical density or ensemble fluorescence intensity
vs concentration was analyzed using a four-parameter logistic
(4PL) curve to determine the LOD and limit-of-quantification
(LOQ). We tested a broad range of antigen concentrations (10
log orders) 5 ng/mL to 0.81 ag/mL to determine the analytical
parameters (LOD, LOQ, and dynamic range) of digital p-
FLISA. The LOD was defined as the signal from the blank well
plus three times the standard deviation (3σ) of the blank and
was used as a parameter to compare the performance of the
assays.
The digital assay protocol is essentially identical to analogue

p-FLISA except that the microtiter plate is imaged using an
epifluorescence microscope, and the images are analyzed using
a custom-developed algorithm (Figure 2A). The number of
plasmonic fluors at the bottom of the well increased
monotonically with the concentration of IL-6 (Figure 2B−
D). The LOD of digital p-FLISA (283 ag/mL) was over 7000-
fold lower than ELISA and 60-fold lower than analogue p-
FLISA (Figure 2D−G). At the lowest detectable IL-6
concentration (283 ag/mL), each microtiter well containing
200 μL of analyte solution consists ∼1625 molecules. The
significant improvement in sensitivity of digital p-FLISA
compared to the analog counterpart stems from the ultrahigh
brightness of plasmonic fluors, which enables single particle
counting. Compared to analogue p-FLISA, digital p-FLISA
sensitively detected changes in concentration over a broader
dynamic range extending below the femtomolar concentration
limit of analogue p-FLISA (Figure 2F).

We compared the performance of the plasmonic-fluor-based
digital assay with that of existing fluorescent nanolabels under
identical assay conditions. Specifically, we chose commercially
available semiconducting quantum dots, Strep-Qdot 655
(ThermoFisher Scientific) as a fluorescent nanolabel for
comparison. Under a 20× objective lens, with quantum dots
as nanolabels we did not observe any discernible dose-
dependence for analogue or digital assay. At higher
magnification (60× objective), we observed individual particle-
like features, which increased in number with an increase in the
concentration of the analyte. However, these features suffered
from fluorescence intermittency (blinking), making them
unsuitable for digital imaging (Figure S3).37 The LOD (∼14
pg/mL) of the quantum dot-linked immunosorbent assay was
nearly 1000-fold inferior compared to even analogue p-FLISA.
These findings underscore the importance of ultrabright
nanolabels, such as plasmonic fluors, for realizing an
ultrasensitive partition-free digital detection technology,
which is not feasible with moderately bright nanolabels such
as quantum dots.

■ ULTRASENSITIVE DETECTION OF SARS-COV-2
ANTIGEN USING DIGITAL P-FLISA

Next, we set out to detect the SARS-CoV-2 specific protein
antigen in human nasopharyngeal (NP) swabs and saliva
(Figure 3A). Nucleocapsid (N) protein was chosen as target
antigen from among the four SARS-CoV-2 structural proteins
(membrane (M), envelope (E), nucleocapsid (N), and spike
(S)) because of its abundance and distinct structure compared

Figure 2. (A) Schematic illustration of digital p-FLISA. (B) Fluorescence image of analog p-FLISA. (C) Zoomed-in epifluorescence microscopic
images of digital p-FLISA. (D) Particle count vs concentration plot of digital p-FLISA of human IL-6. n = 2 (5 images per well). (E) Fluorescence
intensity vs concentration plot for analog p-FLISA. n = 3. (F) Comparison of analog vs digital. (G) ELISA (n = 3). Digital R2 = 0.9939, Analog R2 =
0.9995, ELISA R2 = 0.9992.
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to previously reported coronaviruses. The N protein aids in
transcription, replication, packaging of the viral genome. We
determined the optimal concentration of capture and detection
antibodies for attaining the highest sensitivity in p-FLISA. We
tested nine combinations of capture and detection antibody
concentrations to determine the optimal assay conditions
(Figure S4, see the Materials and Methods). Under optimal
assay conditions, the analogue p-FLISA exhibited a LOD of
110 pg/mL, which was further improved by digital p-FLISA to
9 pg/mL, which is 870-fold lower than ELISA (LOD of 7.9
ng/mL) (Figure 3B and Figure S5). We also verified the
detection of N protein in serial dilutions of SARS-CoV-2 virus
stock (diluted in UTM (BD universal viral transport media)
with 0.05% Tween to disrupt the virus and release N protein).
Digital p-FLISA enabled the detection of N protein in virus
solutions diluted down to 100 PFU/mL compared to 1364
PFU/mL for analogue p-FLISA (Figure S6).
Finally, we set out to investigate the applicability of the

digital assay in analyzing NP swabs and saliva samples obtained
from 60 COVID-19 patients (RT-PCR positive) and 30 non-
COVID-19 respiratory illness (RT-PCR negative) (Figure

3C). The samples were obtained from the Washington
University School of Medicine’s COVID-19 biorepository,
and the diagnosis of SARS-CoV-2 was made based upon RT-
PCR. Since NP swabs from patients are eluted in UTM, which
is designed to transport and maintain the viral particles at
room temperature, we first tested the performance of p-FLISA
in this medium, as opposed to reagent diluent (1% BSA),
described above. For the N protein digital p-FLISA, we
observed a 4-fold improvement in LOD (2 pg/mL) with UTM
as the standard diluent (Figure S7). Digital p-FLISA exhibited
sensitivity of 82% and specificity of 100% (negative percent
agreement) for N protein. The receiver operating characteristic
(ROC) curve analysis for N protein showed that at a cutoff
value of >2.3 pg/mL, the digital p-FLISA assay exhibited 81.6%
sensitivity and 100% specificity (area under the curve (AUC) =
0.983, p < 0.0001) (Figure S8).

■ COMPARISON TO A COMMERCIAL ANTIGEN TEST
The high sensitivity of digital p-FLISA was further validated by
comparison to a commercially available antigen kit with FDA
emergency use authorization that had previously been

Figure 3. (A) Schematic illustration representing the collection of human nasopharyngeal (NP) swabs and saliva samples followed by digital p-
FLISA. B) Fluorescence intensity vs concentration plot (analog p-FLISA) and Particle count vs concentration plot (digital p-FLISA) for detection
of recombinant nucleocapsid protein. n = 2. (5 images per well for digital p-FLISA). Analog R2 = 0.9967, Digital R2 = 0.9953. (C) Concentration of
nucleocapsid protein in PCR-positive (n = 60) and PCR-negative (n = 30) human swabs and saliva as calculated by digital pFLISA, **p = 0.0041,
unpaired t test (two-tailed) with Welch’s correction. A low concentration (0.01 pg/mL) below the LOD was selected as an arbitrary value for
representing the “not detectable” data points. (D) Comparison of the performance of a commercial antigen kit (BD Veritor) with that of a
nucleocapsid protein digital assay (n = 2). (E) Detected nucleocapsid protein by digital assay (black bars) and BD Veritor kit (marked with #) in
PCR positive patient samples (n = 19).
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validated in the Barnes Jewish Hospital clinical lab (BD
Veritor, Becton, Dickinson and Company, Franklin Lakes,
NJ).38 In serial dilutions of N protein, digital p-FLISA detected
concentrations down to 10 pg/mL, but the commercial antigen
kit indicated samples with concentrations below 50 ng/mL as
“presumptive negative,” indicating that the digital p-FLISA had
5000-fold better analytical sensitivity (Figure 3D). Digital p-
FLISA also outperformed the commercial antigen kit when
analyzing PCR-positive COVID-19 patient samples. The
commercial kit detected antigens in 8 of the 19 PCR positive
samples, while the digital p-FLISA detected N protein in 16/19
(p = 0.017, using two-tailed Fisher’s exact test). Among
patients in the acute stage of illness (duration of symptoms
<10 days), 13/14 samples tested positive by p-FLISA (93%
sensitivity), compared to 7/14 by the commercial kit (50%
sensitivity) (p = 0.032, using two-tailed Fisher’s exact test)
(Figure 3E, Table S1).
Among the remaining five, three patients were tested on day

14 of illness and two patients were asymptomatic. Among the
three patients who were tested on day 14 of illness, digital p-
FLISA was negative in 2 patients who had moderate COVID-
19 illness and positive in one patient who had poorly
controlled human immunodeficiency virus (HIV) and
potentially prolonged active viral replication because of their
immunocompromised status. Interestingly, this patient with
poorly controlled HIV tested positive with the commercial kit
and had a low RT-PCR cycle threshold (CT) value (21.8),
which supports the possibility of active viral replication.
Among the two asymptomatic patients, digital p-FLISA was
positive, but it is unclear whether they had active viral
replication.
Although not conclusive, our results are consistent with the

hypothesis that an ultrasensitive antigen test may be able to
indicate current infection and possibly infectivity. Although the

majority of patients (>95%) with mild to moderate COVID-19
continue to shed SARS-CoV-2 RNA from the nasopharynx for
more than 10 days after symptom onset, no replication-
competent virus shed beyond 9 days.14,15 The exceptions are
critically ill and immunocompromised patients, who can shed
replicating virus at least through day 20.23 Consistent with this,
digital p-FLISA identified 13 out of 14 patients during the
acute phase of illness when they were expected to have the
replicating virus, tested negative as expected in two patients
after 10 days of moderate COVID-19 illness, and tested
positive as expected in an immunocompromised patient even
after 10 days. These results warrant further evaluation of the p-
FLISA antigen test with larger patient samples to confirm its
role in identifying infectious patients as there is a need for non-
culture-based tests for decision making regarding hospital
infection prevention measures and removing quarantine on
patients who are beyond transmissible stage of the illness.
Future attempts to optimize the antigen concentration
thresholds of the p-FLISA using ROC curve to accurately
capture samples in the infectious stage of illness (samples with
low cycle threshold (CT) values and positive viral cultures)
while retaining sufficient sensitivity may help in development
of p-FLISA antigen test as a surrogate to identify replication-
competent virus (Table S1).

■ CROSS-REACTIVITY OF N PROTEIN DIGITAL
P-FLISA AND DETECTION OF SARS-COV-2
VARIANTS

Immunoassays are susceptible to cross-reactivity leading to
false positive results.39−41 The SARS-CoV-2 N protein digital
assay exhibited no detectable cross-reactivity with the N
protein from two other coronaviruses: MERS-CoV and HCoV-
HKU1 virus (Figure 4A). The mean particle count in the blank

Figure 4. (A) Absence of cross-reactivity of nucleocapsid protein against recombinant protein from HCoV-HKU1 and MERS-CoV. 1:40 ng/mL,
2:200 ng/mL, 3:1000 ng/mL of N protein from different variants of viruses. (B) Particle count corresponding to concentration of nucleocapsid
protein in patient samples tested positive for seasonal coronaviruses and other respiratory viruses. (C) Digital assay for nucleocapsid protein
derived from SARS-CoV-2 variants B.1.1.7 (alpha) and B.1.351 (beta). (D) Concentration of nucleocapsid protein in samples positive for SARS-
CoV-2 variant B.1.617.2 (delta).
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sample +3σ was set as the threshold for a detectable signal.
Human patient NP swabs positive for other common
respiratory viruses (HCoV OC43, HCoV NL63, rhinovirus,
and adenovirus) exhibited no detectable signal, establishing the
high specificity of digital p-FLISA for SARS-CoV-2 N proteins
(Figure 4B).
Mutations in SARS-CoV-2 have led to the emergence of

variants of concern that are more transmissible and with
alterations to the protein or physical structure that could
impact the diagnostic accuracy of antigen tests.42,43 Most
mutations in the variants of concern involve the S-gene.
Although fewer N-gene mutations exist, some can escape
antigen detection tests.44,45 A diagnostic test that misses
variants can potentially lead to the spread of those variants by
failing to identify individuals needing isolation and hindering
contact tracing efforts.
Finally, we determined the applicability of digital p-FLISA in

detecting antigens from two variants of concern: B.1.1.7
(Alpha) and B.1.351 (Beta).46 The recombinant N protein
from B.1.1.7 has mutations D3L and S235F, and the
recombinant protein from B.1.351 has mutation T205I. The
D3L, T205I, and T205I, S235F mutations in the N protein are
located outside the RNA interaction and dimer interfaces, in
the intrinsically disordered regions of the N-terminal domain
(NTD) and linker regions, respectively.47 The N protein
antigen corresponding to these variants was obtained from
SinoBiologicals and was serially diluted, and LOD was assessed
using digital p-FLISA. The N protein assay for prototypic N
protein was found to be applicable to B.1.1.7 and B.1.351
variants with a LOD of 60 and 203 pg/mL, respectively
(Figure 4C). We also tested 16 PCR-positive patient samples
that were confirmed to be positive for B.1.617.2 (Delta)
variant using gene sequencing. All samples showed a positive
signal for the N protein using digital p-FLISA (Figure 4D).
Thus, we conclude that digital p-FLISA holds the potential to
serve as a universal method for the detection of prototypic
SARS-CoV-2 as well as current and widely circulating variants.
We introduced a simple and ultrasensitive digital fluoro-

immunoassay and demonstrated its utility for the detection of
SARS-CoV-2 antigens. Partition-free digital p-FLISA was
implemented in standard microtiter wells by using plasmonic
fluors as nanolabels. These ultrabright fluorescent nano-
constructs can be imaged and counted by using a standard
fluorescence microscope. The workflow for digital p-FLISA is
essentially identical to that of ELISA, but digital p-FLISA
exhibited a limit-of-detection that is more than 7000-fold lower
than that of ELISA across multiple protein analytes. Digital p-
FLISA enabled ultrasensitive detection of SARS-CoV-2 antigen
and live virions through detection of N protein, with no cross-
reactivity to seasonal coronaviruses and other respiratory
viruses. Digital p-FLISA outperformed a commercial antigen
test in terms of sensitivity and proved to be effective in
detecting SARS-CoV-2 variants of concern. Results were
consistent with the hypothesis that an ultrasensitive antigen
test can potentially distinguish individuals with an actively
replicating virus (who are thus more likely to be contagious)
from patients who are past the infectious stage of illness. This
simple, ultrasensitive, and widely deployable test may be useful
for expanding the testing capacity and improving disease
surveillance and control during infectious disease outbreaks.
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