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ABSTRACT: A high-throughput, accurate screening is crucial for
the prevention and control of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Current methods, which involve
sampling from the nasopharyngeal (NP) area by medical staffs,
constitute a fundamental bottleneck in expanding the testing
capacity. To meet the scales required for population-level
surveillance, self-collectable specimens can be used; however, its
low viral load has hindered its clinical adoption. Here, we describe a
magnetic nanoparticle functionalized with synthetic apolipoprotein
H (ApoH) peptides to capture, concentrate, and purify viruses. The
ApoH assay demonstrates a viral enrichment efficiency of >90% for
both SARS-CoV-2 and its variants, leading to an order of magnitude
improvement in analytical sensitivity. For validation, we apply the
assay to a total of 84 clinical specimens including nasal, oral, and mouth gargles obtained from COVID-19 patients. As a result, a
100% positivity rate is achieved from the patient-collected nasal and gargle samples, which exceeds that of the traditional NP swab
method. The simple 12 min pre-enrichment assay enabling the use of self-collectable samples will be a practical solution to overcome
the overwhelming diagnostic capacity. Furthermore, the methodology can easily be built on various clinical protocols, allowing its
broad applicability to various disease diagnoses.

■ INTRODUCTION
Despite the varying levels of public health efforts being made
to prevent the rapid spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), a considerable
number of new infected cases and deaths continue to arise
globally.1 Since the World Health Organization declared
coronavirus disease 2019 (COVID-19) outbreak as a
pandemic, various forms of vaccines and therapeutic reagents
have been actively developed and clinically validated for
emergency use approval.2 However, the emergence and rapid
succession of new variants along with growing evidences
showing that some mutated types often evade immune
responses produced by prior vaccinations or infections raise
concerns existentially.3 As the social and economic burdens
extend, demands and attempts to gradually reopen business
and schools regardless of the recurrent outbreak have become
inevitable.
To effectively contain the local viral transmission, while

returning to daily life, large-scale diagnostic tests to identify,
trace, and isolate infected individuals are mandated.4,5 The

current standards to detect SARS-CoV-2 involve testing
nasopharyngeal (NP) swab samples using quantitative reverse
transcription-polymerase chain reaction (RT-qPCR).6 Ap-
proaches using isothermal amplification or extraction-free
methods have been proposed, with emphasis on simplifying
the procedure and reducing the turnaround time.7−9 However,
the delay in obtaining test results mainly occurs not only in the
time required for a single assay. More importantly, the overall
capacity to sample and perform multiplexed reactions appears
to be a great hurdle for regular base population-level
screening.10,11 Due to the quality of specimens, which highly
depends on the proper swabbing technique and safety issues,
NP swab sampling requires the assistance of trained
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professionals.12 Consequently, this leads to an increase in the
wait time and gatherings at each testing location which also
escalates the risk of exposure to SARS-CoV-2. On the other
hand, the absence of medical staffs being reassigned to areas to
support COVID-19 severely disrupts the general healthcare
services.
Diagnostic tests utilizing self-collectable samples such as

nasal swab, oral swab, saliva, or mouth gargle are being
evaluated as potential alternatives to resolve the accessibility
and throughput constraints, negating the needs for human-to-
human interactions, and improve patient compliance.10,13−19

In spite of these advantages, the viral load associated with
disease progression and severity is typically low,14−16 which
constitutes the possibility of generating false-negative results.
Recently, some studies have shown that self-collectable
specimens often have similar or higher viral material compared
to the NP swabs.10,17,18 However, it has been found that the
total viral load can vary dynamically, not only between
sampling locations, but also according to the time of collection
after infection.19−21 Along with these studies, several attempts
have been made to improve the analytical sensitivity or testing
capacity, for instance, utilizing next-generation sequencing;11

however, the additional time and cost required per operation
have hindered their widespread clinical adoption for SARS-
CoV-2 diagnosis. To expedite the use of self-collectable
samples to our current COVID-19 screening practice as an NP
substitute, continuous efforts to enhance the assay sensitivity
accompanied by the exploration of the correlation of viral loads
between sampling sites are necessary.
In this study, we present a synthetic apolipoprotein H

(ApoH) peptide-coated magnetic nanoparticle that can
efficiently bind to live viruses. Considering that biological
specimens are eluted and stored in 2−4 mL of viral transport
media prior to RT-qPCR and the maximum reaction volume of
a typical PCR machine used in clinical laboratories is around
<100 μL per slot, in practice, only 2.5−5% of the total samples
is subjected for testing. We use the ApoH nanoparticle assay to
capture, purify, and concentrate viral particles and demonstrate
the detection of SARS-CoV-2 with a 10-fold increase in
analytical sensitivity. The synthetic ApoH peptide-coated
nanoparticle differs from other immunomagnetic based
strategies such as antibody-coated nanobeads as it can bind
to and cover a wide range of viral species including its variants.
Next, we measure the viral loads from the nasal and oral swabs
and mouth gargles collected by the patients themselves along
with NP and oropharyngeal (OP, throat) swabs taken by
healthcare workers simultaneously. We discover that the total
viral load obtained from the self-collectable specimens is, on
average, significantly lower than that of the NP swab samples
which have, so far, questioned its clinical adoption. However,
by applying the assay, we realize a 100% positivity rate of
detecting SARS-CoV-2 from both patient-collected nasal swab
and mouth gargles which were unable to achieve even through
conventional NP swab-based testing methods, regardless of the
large variation of the sample collection quality. Our work
finally provides a pragmatic solution of implementing self-
collection of biospecimens into current COVID-19 testing
standards by overcoming the false-negative concerns. More-
over, with the unique binding characteristics of the synthetic
ApoH peptide to a broad spectrum of viruses, ultimately, the
assay will resolve the capacity limit of diagnosis for COVID-19
as well as for the forthcoming pandemic and infectious
diseases.

■ EXPERIMENTAL SECTION
Clinical Specimen Collection. Clinical samples were

obtained from hospitalized patients, who were confirmed
positive for SARS-CoV-2, after obtaining informed consent for
research testing that complied with the ethical regulations
under an Institutional Review Board (IRB)-approved protocol
(2009-098-1157) at the Seoul National University Hospital
(SNUH). Written informed consent was obtained from all
patients. All specimens including NP, OP, nasal, and oral swab
samples and mouth gargles were collected at the same time and
stored at 4 °C before processing. NP and OP swab samples
were collected by clinicians, whereas the nasal and oral swabs
and mouth gargles were obtained by the patients themselves.
NP swabs were taken from the posterior nasopharynx via the
nostril, whereas the OP swabs were taken from the pharyngeal
tonsil and posterior pharynx, excluding the tongue. The swabs
were slowly rotated in place, removed, and inserted in a
transfer tube containing 2 mL of 0.9% PBS (10010-023,
Gibco). For the self-collectable nasal and oral swab samples, all
participants were first asked to clean their hands and cough
three to five times. The patients were then asked to gently
insert the swab either into the nostril (nasal) or the floor of the
mouth (oral), including the outer gums and inside the cheeks,
and slowly rotate 10 times. Then, similar to the NP and OP
specimens, these swabs were inserted into a transfer tube.
Finally, in the case of mouth gargles, the patients were
instructed to hold 10 mL of saline solution in their mouth,
gargle the solution for 5 s and repeat by tilting their head back,
and expel the content into an empty 50 mL sterile tube.
SARS-CoV-2 Enrichment Using ApoH Nanoparticles.

ApoH nanoparticles and a custom capture buffer (75 μL used
for 1 mL of sample) were added to the sampled specimen and
gently mixed by inverting the tube three times. The primary
role of the capture buffer was to ensure that the solution was
kept at neutral pH. Considering the isoelectric point of SARS-
CoV-2 and its variants,22 these viruses bear negative charge at
pH = 7. As the functional region of the ApoH peptide presents
a positive charge on its surface, a tight control of the solution’s
pH to neutrality was important. The samples were placed in a
thermomixer (KTM-100C, KBT), set at 4 °C with a rotation
speed of 800 rpm, for 5 min to enable an efficient binding of
ApoH nanoparticles to the virions. Next, the sample tubes were
placed in a magnetic rack (DynaMag Magnet, Invitrogen) for 5
min for particle enrichment. After removing the supernatant,
the magnet was removed, and the remaining content consisting
of ApoH-bound viral particles was used for the following RNA
extraction and RT-qPCR. In the case of mouth gargles, the
samples were treated with 3% NAC solution (850 μL used for
1 mL of sample, A7250, Sigma) and incubated for 30 min at 37
°C prior to the virus enrichment procedure mentioned above.
RNA Extraction and RT-qPCR. Following virus enrich-

ment, RNA was extracted using the QIAamp Viral RNA Mini
kit (Qiagen) according to the manufacturer’s instruction. In
brief, the ApoH particle-bound viruses were resuspended using
560 μL of lysis buffer and incubated for 10 min at 37 °C. Next,
the solution was placed in a magnetic rack for 5 min. The
supernatant containing the viral nucleic acids, separated from
the ApoH nanoparticles, was collected and purified. Finally, the
extracted RNA was eluted and stored at −70 °C before
analysis. RT-qPCR was performed using the QPLEX COVID-
19 test (QMCOVID02, QuantaMatrix Inc.). A mixture
containing 10 μL of 2× One-step Premix, 5 μL of Oligo
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Mix, and 5 μL of RNA sample was prepared and used for
complementary DNA (cDNA) synthesis using reverse tran-
scription and amplification of the target genes in the same
reaction tube. The primer and probe sets used in the kit were
designed to target the RdRp and E genes of SARS-CoV-2. Of
note, the primers were applied to 22 different types of other
respiratory viruses and bacteria to test the specificity of the
assay (Table S1). After five cycles of pre-amplification, the
product was subjected to 35 cycles of PCR for measurement.
The positivity of infection was defined when both RdRp and E
genes were detected; inconclusive when either gene target was
detected; and negative when both were undetectable.23

■ RESULTS
Design and Synthesis of ApoH-Coated Nanoparticles.

The ApoH protein, also known as beta-2 glycoprotein 1, is a
plasma glycoprotein which is predominantly expressed in the
liver. Although, the functions of ApoH are not yet fully

understood, it appears to be involved in blood coagulation
pathways and immune responses.24 An interesting property of
ApoH is that it interacts with hydrophobic or negatively
charged substances with high affinity, such as anionic
phospholipids, heparin, activated platelets, and apoptotic
cells.25−28 Also, we and others have previously shown that
ApoH binding frequently occurs with infectious agents like
bacteria or viruses, making the protein promising for use in
various diagnostic approaches.29,30 Inspired by these aspects, a
synthetic ApoH peptide was designed and engineered by
mimicking the corresponding functional regions of the ApoH
protein. In this form, the size and the molecular complexity of
the virus-binding domain were minimized, allowing the ApoH
peptide to be densely packed to functionalized surfaces,
resulting in a 27.29% improvement in the virus capture
efficiency (Figure S1). Moreover, the protein-by-protein
variation was controlled, allowing reliability and repeatability
in its production. The synthesized peptide was then attached

Figure 1. Schematic of SARS-CoV-2 enrichment procedure using ApoH nanoparticles. (a) Virus sampling locations available for COVID-19
testing. Samples that can be self-collected are outlined in red. (b) Molecular structure of the ApoH protein (left) and illustration of a synthetic
ApoH peptide-coated nanoparticle bound to a SARS-CoV-2 virion (right). (c) Strategy to enhance the virus detection efficiency. The total amount
of viruses in the sampled specimen can be concentrated using ApoH nanoparticles, overcoming the traditional RT-qPCR volume limit, which
results in the increase of analytical sensitivity and detection rate. (d) SARS-CoV-2 enrichment workflow. The entire procedure consists of ApoH
nanoparticle binding, magnetic separation, and removal of the supernatant to concentrate and collect the viruses. The total time required for the
enrichment assay is less than 12 min, and the entire viral detection procedure is completed within 2 h.
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and functionalized to magnetic nanoparticles of a mean
diameter of 200 nm. The ApoH nanoparticles were used for
SARS-CoV-2 enrichment following a simple protocol which
consists of ApoH particle binding and magnetic separation
(Figure 1). During the virus-binding process, a capture buffer
was added to the solution to support the viral capture and cell
lysis to extract the virus from the infected cells for enrichment.
SARS-CoV-2 Enrichment Using ApoH-Coated Nano-

particles. To optimize the viral enrichment procedure,
mixtures of different volume ratios of solutions containing
ApoH nanoparticles (1.9 × 1010 particles/μL) to samples
spiked with 125 plaque-forming units (PFUs) of SARS-CoV-2
virions in diethylpyrocarbonate (DEPC)-treated water were
prepared. After collecting the viruses following ApoH nano-
particle binding (Figure S2) and magnetic separation, each
sample was subjected to RT-qPCR to estimate the recovery
rate. The primers used in the reaction were designed to
specifically target the RNA-dependent RNA polymerase
(RdRp) and envelope (E) genes (Table S1 and Figure S3).
As a result, a particle concentration above 4.75 × 1010
particles/mL was determined to be deemed optimal for
efficient virus retrieval (Figure 2a).
To quantitatively assess the volume-dependent virus capture

efficiency, a fixed number of 125 PFU virions was again
dispensed into varying amount of sample volume ranging from
1 to 10 mL (Figure 2b). Using the optimized concentration of
ApoH nanoparticles for capture, the CT values of each sample
were measured before and after the enrichment process. The
total number of RNA copies was derived from CT values by
converting a single infectious unit (PFU) to 1 × 104 copies of

viral RNA to calculate the capture efficiency.31 In total, an
average of 90.32 ± 2.90% and 93.20 ± 4.12% capture efficiency
was achieved for RdRp and E gene, respectively, revealing the
successful recovery of virus, regardless of the processing
volume. Similar results were also derived through a different
quantification method based on the plaque assay, showing a
total capture efficiency of 96.0 ± 4.45% (Figure S4).
Next, to demonstrate the viral concentration using the

ApoH assay for improved COVID-19 detection accuracy, a
solution containing 125 PFU/mL of SARS-CoV-2 was divided
into aliquots of 1, 2, 4, and 10 mL and tested (Figure 2c).
Compared to the CT cycles obtained from a 140 μL suspension
which refers to the maximum volume that a conventional PCR
machine can accommodate, a substantial reduction in CT value
was observed with the increasing sample volume used. The
increase in ΔCT verifies that the loss of viral RNA due to
limited reaction volume during RT-qPCR can be significantly
reduced through the viral concentration. Finally, the limit of
detection (LoD) of the assay was evaluated (Figure 2d,e).
Based on the 33 cycles defined as the PCR cutoff, a 10-fold
increase in analytical sensitivity was achieved. In addition, the
ApoH assay was performed against several SARS-CoV-2
mutations, including the alpha, beta, and gamma variants
(Figures 2f and S5). Each type of viruses was spiked in 2 mL of
DEPC-treated water at a concentration of approximately 12.5
PFU/mL and processed. Similar to the original COVID-19
virus, the ApoH nanoparticles efficiently bound to all variants,
exhibiting an average CT reduction of 3.04 ± 0.14 and 3.12 ±
0.27 for RdRp and E gene, respectively. The variant-
independent binding behavior illustrates the broad applicability

Figure 2. Characterization of SARS-CoV-2 enrichment performance of ApoH nanoparticles. (a) Optimization of the ApoH nanoparticle
concentration for SARS-CoV-2 capture. (b) Virus capture efficiency as a function of processing volume. A constant amount of 125 PFU viruses are
spiked into different volumes of solution. (c) Improvements in the CT value after applying the ApoH assay to varying amounts of sample volume.
Samples are spiked with a constant concentration of 125 PFU/mL viruses. ΔCT is calculated by subtracting the CT values from each enrichment
test to the CT value obtained from a 140 μL sample, which represents the conventional RT-qPCR procedure. Comparison between the RT-qPCR
detection limit, with and without using the ApoH nanoparticles, for (d) RdRp and (e) E genes. (f) Variant independent binding of ApoH
nanoparticles. The average ΔCT of RdRp gene for each alpha, beta, and gamma variant after ApoH enrichment is presented in a line plot (red)
above.
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and efficacy of the ApoH assay for the sensitive diagnosis of
viral infections.
Before applying the assay directly to clinical specimens, the

viral enrichment procedure was validated using nasal swab, oral
swab, and mouth gargles obtained from healthy individuals.
Here, mouth gargles were chosen over saliva due to the ease of
collection, patient comfort, and to neglect the additional
preprocessing steps required to digest the residual substances
such as sputum (Figure S6). Considering that the majority of
viruses from COVID-19 patients reside within the cells
infected through continuous replication and propagation
(assumed to be around 105 virions per cell),32 first, the cell
lysis efficiency of the capture buffer was inspected (Figure
S7a,b). The capture buffer of 150 μL was added to 2 mL of
phosphate-buffered saline (PBS) containing 2 × 106 of Vero
cells and slightly vortexed. A portion of cells was sequentially
sampled after 5, 10, 30, and 60 min to observe the amount of
cell membrane rupture using a live/dead viability assay. An
average of >99% of cells was completely permeable within 5
min, allowing the viruses to be extracted and exposed in
suspension for ApoH nanoparticle binding. Next, each nasal
and oral swab was eluted in 2 mL of PBS, and mouth gargles
were collected by rinsing out 10 mL of saline solution in an
empty 15 mL sterile tube. PBS was selected as a sample
collection and transport medium based on the 4 day virus
preservation test at 4 °C in which negligible amount of RNA
degradation was observed (Figure S8). To mimic the presence
of viral infection in SARS-CoV-2 patients, 125 PFUs of live
viruses were spiked into these samples for the test. Here, the
amount of ApoH nanoparticles was slightly adjusted to a
concentration of 1.9 × 1011 particles/mL to ensure sufficient

binding to viruses which may be affected by impurities such as
epithelial cells. As expected, a significant decrease in CT values
was noticed in all sample types after viral concentration
(Figure S7c−e).
Clinical Validation of the ApoH Nanoparticle Assay.

Following the ApoH nanoparticle characterization, the assay
was applied to a total of 84 clinical specimens obtained from
19 hospitalized patients who were confirmed positive to SARS-
CoV-2 infection. Based on the patient consent available, NP
and OP swabs sampled by medical staff members as well as
nasal swab, oral swab, or mouth gargles collected by the patient
themselves were subjected to the test. Similar to the approach
above, the swab samples were eluted in 2 mL of PBS, and
mouth gargles were collected after rinsing out 10 mL of saline
solution in a 15 mL tube. However, this time, 140 μL of the
sampled specimens was separated and directly ran through RT-
qPCR, following the current diagnostic procedure used for
COVID-19 detection, and later, the remaining volume was
used for ApoH capture. All samples were processed within 6 h
upon collection.
To investigate the correlation between the sampling sites

and determine the potential candidate among the self-collected
specimens that could be used to diagnose SARS-CoV-2 most
effectively, the viral loads from the 140 μL aliquots were
analyzed in pairs (Figure 3a−c). Within the patient cohort
studied, the average viral loads found in the self-collected nasal
swab, oral swab, and mouth gargles were substantially low
compared to the matched NP samples (Figure 3d−g).
Surprisingly, even in OP swabs, which are often used in
some COVID-19 screening kits, the number of viral materials
was only comparable to the self-collected nasal swabs.

Figure 3. Correlation of viral loads between sampling sites. Matched-paired viral loads of NP, OP, nasal, and oral swabs and mouth gargles
measured using (a) RdRp and (b) E genes. Bold line indicates the median viral load obtained from each sampling location. (c) Heatmap of
correlation coefficient between sample types. Viral RNA copy number from (d) OP (n = 18), (e) nasal (n = 19), (f) oral swab (n = 19), and (g)
mouth gargles (n = 9) compared to NP swab samples. Each data point reflects samples that are collected from the same patient at the same time.
Regression lines for RdRp and E genes are expressed in blue and orange dotted lines, respectively. ρ represents Spearman’s rank correlation
coefficient.
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Considering the relation to the NP specimen, the highest
correlation was found in the nasal swab samples. As a result, a
higher number of false-negatives were observed in all samples
compared to the NP specimen. However, in the case of mouth
gargles, given that only 1.4% of the sample volume was
analyzed, the total amount of virus contained in the 10 mL
collection was estimated to be comparable to the NP swab
samples.
Finally, the ApoH nanoparticles were applied to the

remaining swab samples and mouth gargles of 1.84 and 9.86
mL, respectively, to evaluate the accuracy and enhancement of
detecting COVID-19 compared to the traditional RT-qPCR
method measured from the 140 μL aliquots (Figures 4a and
S9). The CT values from all samples decreased significantly,
demonstrating the benefit of ApoH nanoparticles for improved
analytical sensitivity. The largest difference in CT values was
shown in mouth gargles, particularly due to the increased
sampling volume of 10 mL, compared to the swab specimens.
Interestingly, the virus concentration using the ApoH assay
was more efficiently analyzed in samples with lower viral loads
(Figure S10). The noticeable difference in CT numbers also led
to changes in positivity rate for COVID-19 detection (Figure
4b−f). The incidence of false-negative cases decreased
dramatically from all sampling locations. Specifically, for the
NP swab, nasal swab, and gargle samples, 5.3, 26.3, and 33.3%

of the false-negative cases, respectively, all turned positive after
applying the ApoH assay.

■ DISCUSSION
Despite various strategies that are being developed to improve
the throughput for COVID-19 diagnosis, the sampling
procedure which involves NP swabbing constitutes a huge
barrier of scaling up the overall testing capacity. We explore the
possibility of utilizing self-collectable specimens that could
easily be acquired noninvasively from home, to avoid the needs
of timely in-person visits to designated examination areas,
mitigating the fundamental hurdles of population-level screen-
ing. The synthetic ApoH nanoparticle we describe enables the
sensitive capture and concentration of live viruses from diluted
biological specimens which significantly increase the number of
virions subjected to RT-qPCR analysis. The improvements
made through the simple 12 min protocol allow a 10-fold
increase in analytical sensitivity compared to the regular RT-
qPCR process performed without prior enrichment steps,
permitting the accurate diagnosis of SARS-CoV-2 from the
nasal and oral swab and gargle samples which typically suffer
from insufficient viral loads. Surprisingly, by testing the nasal
swab or mouth gargles collected by COVID-19 patients
themselves, the ApoH assay shows a 100% detection rate
which outperforms the use of conventional NP swab-based
testing methods.

Figure 4. Diagnosis of COVID-19 from hospitalized patients using the ApoH assay. (a) Comparison between matched-paired CT values of the
RdRp gene measured from NP, OP, nasal, and oral swabs, and mouth gargles, with (red) and without (blue) applying the ApoH assay. Bold line
indicates the median CT values obtained from each sampling location. Change in CT values and COVID-19 positivity rate from (b) NP (n = 19),
(c) OP (n = 18), (d) nasal (n = 19), and (e) oral (n = 19) swabs and (f) mouth gargle (n = 9), with and without using the ApoH assay. Paired
samples are connected in lines. The gray area represents the PCR cutoff of CT = 33. Green, orange, and yellow areas in the pie chart indicate the
proportion of positive, negative, and inconclusive test results, respectively. (p-values: ** < 0.01; *** < 0.001, the Wilcoxon signed-rank test).
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Various types of self-collectable biospecimens have been
exploited for their use in SARS-CoV-2 diagnosis. However, due
to the lack of standardized protocols, differing groups of
patient cohorts, and samples being tested between studies, the
optimal sampling site that holds the largest, stable amount of
viral material has remained unclear.16,33 From our matched-
paired analysis, swabs taken from the nasal cavity revealed the
highest correlation in viral load to the NP area, at the same
time, demonstrating the lowest false-negative rate of 26.3%.
However, the fact that the detection rate cannot be reached up
to the level of NP specimen, even from the nasal swab sample
itself, questions the adoption of using self-collectable speci-
mens for clinical purposes. On the other hand, using the ApoH
assay, the amount of viral material has significantly been
increased, particularly in mouth gargles which instantly became
comparable to the NP swabs. The effect of virus concentration
has most apparently been observed in gargles due to the large
collection volume. Consequently, together with nasal swabs,
the false-negative rate from using mouth gargles decreased
dramatically down to 0%, presenting potentials as a NP swab
substitute.
Although the approach in our study focuses on utilizing self-

collectable biospecimens, the ApoH assay can also be
selectively applied to and benefit the most widely used NP-
based testing methods in situations where the test accuracy is
critical. Recent studies have revealed that the false-negative rate
produced by NP swab samples can range from 15−30%, which
is yet considered high regarding the disease infectivity.34,35

This percentage further increases during the presymptomatic
phase in which the viral material is relatively insufficient but
highly contagious.36 Also, unlike previously emerged corona-
viruses, epidemiological studies have indicated that the
infectious period for SARS-CoV-2 frequently begins prior to
the symptom onset, approximately 2 days after the initial
exposure, making the disease highly transmissible.37 Thus,
failures to identify such pauci-symptomatic or even asympto-
matic subjects during the early spread can lead to an explosive
transmission of SARS-CoV-2 through super-spreaders.36,38

Furthermore, the occurrence of false-negative results can
raise particular concerns in places such as hospitals or
intermediate care facilities, where a group of high-risk
individuals are present. Studies have shown that vulnerable
patients with older age, comorbidities, impaired immune
function, or pregnancy are found to contain low viral loads due
to their prolonged nuclear acid conversion (viral shed-
ding).39,40 Therefore, sensitivity improvements made by
implementing the ApoH assay to the standard NP-based
surveillance tests can contribute to mitigate the local surge of
COVID-19 and prevent the collapse of the overall healthcare
systems.
With efforts to reduce the cost and number of RT-qPCR for

population-level screening, several pooling strategies have been
proposed and developed to scale up the COVID-19 testing
capacity.11,41 However, as each pool contains multiple samples
in a single pot, it seems inevitable to dilute the viral loads
contained in individual specimens. This inherently restricts the
available number of samples being included in a single pool.
We propose that the ApoH assay can address the trade-off
between the analytical sensitivity and throughput caused by the
PCR volume limit. Taking into account that the current NP
swab testing methods utilize a specimen volume of around 20−
100 μL per reaction, the successful demonstration of
concentrating viruses from a 10 mL mouth gargle implies

that a total number of samples of more than 2 orders of
magnitude can be pooled together and processed without
sacrificing the sensitivity. This opens up opportunities to
realize the pooled-test method for accurate screening and
massive surveillance tests.

■ CONCLUSIONS
As the disease evolves and spread continues, emphasis is being
placed on establishing new strategies or examination guidelines
to overcome the capacity limit of current COVID-19 screening
practices. In this regard, the capability to diagnose SARS-CoV-
2 using self-collectable specimens and to perform multiplexed
sample reaction without affecting the test accuracy using the
ApoH assay can be a practical solution for a scalable
surveillance option. To accelerate the deployment of our
technology to clinical fields, further validation over extended
patient cohorts must be followed. Nevertheless, from the
results featuring higher enrichment efficiency at lower viral
loads, we anticipate that the ApoH assay will also be able to
accommodate groups of presymptomatic patients that were
considered difficult to be diagnosed using conventional
methods. Finally, beyond SARS-CoV-2 and its variants, the
high affinity of ApoH nanoparticles against a variety of viruses
and pathogens, allows us to easily expand our approach to
multiple diseases including future species with pandemic
potential and also integrate with other clinical protocols.
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