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ABSTRACT: The COVID-19 pandemic, and future pandemics, RAPID FLOW-THROUGH GLYCO-ASSAYS FOR DETECTING
require diagnostic tools to track disease spread and guide the COVID-19 IN PATIENT SAMPLES

isolation of (a)symptomatic individuals. Lateral-flow diagnostics

(LFDs) are rapid and of lower cost than molecular (genetic) tests, (@]

with current LFDs using antibodies as their recognition units. f—
Herein, we develop a prototype flow-through device (related, but Ao,

distinct to LFDs), utilizing N-acetyl neuraminic acid-function-

alized, polymer-coated, gold nanoparticles as the detection/capture q ' 1§

unit for SARS-COV-2, by targeting the sialic acid-binding site of O

the spike protein. The prototype device can give rapid results, with <L

higher vi’ral load.s being. faster than lower. viral .loads. Tbe COVID\S @ céViD-19
prototype’s effectiveness is demonstrated using spike protein,

lentiviral models, and a panel of heat-inactivated primary patient

nasal swabs. The device was also shown to retain detection capability toward recombinant spike proteins from several variants
(mutants) of concern. This study provides the proof of principle that glyco-lateral-flow devices could be developed to be used in the
tracking monitoring of infectious agents, to complement, or as alternatives to antibody-based systems.
KEYWORDS: COVID-19, SARS-COV-2, glycans, nanoparticles, polymers, lateral flow, flow-through, rapid diagnostics, glycobiology

he COVID-19 pandemic has led to >171 million the average wait time for an RT-PCR test result was 4 days
confirmed cases and ~3.7 million deaths worldwide, with 37% of people receiving the results within 2 days.” The
reported to WHO, as of the 4th of June 2021." COVID-19 is availability of RT-PCR testing also varies significantly between
caused by the coronavirus SARS-COV-2, first reported in countries; per 1000 people (31/7/2020)” the United Kingdom
Wouhan (China).” Despite global efforts, there are still a limited (2.27) and the United States (2.91) have significantly out-

number of effective therapeutics. Vaccines have now been tested LEDCs such as Zimbabwe (0.07) or Myanmar (0.01).
approved for use, but with limited supplies; a major In Iran, for example, CT scanners are more abundant'® than
mechanism for controlling disease spread remains testing, RT-PCR machines.' !> Faster RT-PCR devices, such as those
identification, and patient isolation. based on DNAnudge, have been developed and allow for

The testing system deployed by more economically decentralized testing outside of hospital or lab environments

developed countries (MEDCs) and less economically
developed countries (LEDCs) has been based primarily on
molecular (genetic) approaches such as real-time reverse-
transcription polymerase chain reaction (rRT-PCR).*™°
However, RT-PCR-based approaches require dedicated
laboratory facilities and trained personnel, meaning early in
the pandemic CT scans, which are not recommended for
routine use, were initially employed.” Due to the infrastructure Received: July 12, 2021
needs of RT-PCR and long processing times, RT-PCR does Accepted: September 23, 2021
not typically provide a rapid turnaround, especially in a high Published: October 11, 2021
volume laboratory setting, although it is considered the gold

standard for COVID-19 diagnosis. In July 2020 during the

early stages of the COVID-19 pandemic, in the United States,

but do have capacity requirements of one machine to one
test."”” Other molecular genetic techniques have also been
developed, which similarly do not require centralized testing
infrastructure. For example, loop-mediated isothermal ampli-
fication (LAMP)'* can return a diagnosis in just over 90 min
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Figure 1. Nanoparticle synthesis and flow-through devices. (A) NeuSNAc-terminated polymer coating; (B) TEM micrograph of polymer-coated
AuNPs; (C) C 1s portion of the XPS spectrum of polymer-coated AuNPs; and (D) flow-through device layout and assay procedure (top to

bottom).

(LamPORE device). Although faster than conventional RT-
PCR, neither of these offer rapid results at a capacity that
would facilitate mass screening or at a cost per device that
would allow point-of-care testing in the home or in low-
resource environments. >

Lateral-flow devices (LFD) are established tools for rapid
diagnosis, giving results often in under 30 min and therefore
can rapidly identify infected individuals. LFDs, such as the
home-pregnancy test,'” use antibodies as detection units in
both the stationary phase (test line bound to nitrocellulose)
and as a coating for the mobile phase (on the surface of a gold
nanoparticle). Upon binding the target analyte, the stationary
and mobile phase form a “sandwich” with the analyte in the
middle. The results are visible by the eye as a red or blue line
depending on the precise gold formulation, although other
nanomaterials, such as fluorescent particles, can be used.'®
LFDs are typically cheap (compared to molecular methods),
require little to no training or clinical infrastructure to use, and
can be scaled up to enable large population testing. LFDs tend
to have lower sensitivity (some false negatives) but high
selectivity (few false positives). The cost-effectiveness and
clinical usefulness of LFDs have been demonstrated by malaria
rapid diagnostic tests,'””" in the diagnosis of cutaneous
leishmaniasis®" and in comparisons with more expensive RT-
PCR approaches for Ebola diagnosis.”” Consequently, the
appeal of LFDs in the COVID-19 pandemic is that their low
cost and rapid turnaround time may enable mass testing of
large populations.”® This could find asymptomatic individuals
spreading the virus, who would not be identified by
symptomatic RT-PCR testing only,”*™*° currently the
preferred option in most healthcare systems.

The first LEDs for the COVID-19 pandemic were designed
to detect antibodies in patient blood samples produced in
response to SARS-COV-2 infections.”” > These were
intended to report if a patient has previously been infected;
not to indicate active infection, so could not effectively be used
in screening/ triage settings or mass testing for active infections.
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Antigen LFDs, in contrast, are designed to diagnose the
presence of the virus i.e, an active infection. Several antigen
lateral-flow tests, by late 2020, had passed Phase 3 testing in
the United Kingdom,™ gained WHO “Emergency Use Listing”
approval,”" or had emergency approval granted by The United
States Food & Drug Administration.””*’ These devices all
utilize antibodies as detection/capture units. To the best of our
knowledge, these devices all use antibodies to target the
nucleocapsid protein of SARS-COV-2. A university-based
validation testing between LFDs and PCR confirmed that
LFDs cannot detect lower viral loads but were estimated to be
capable of identifying up to 85% of infections in the cohort
trialed** showing their potential for frequent, low-cost testing
when deployed appropriately.

It is important to note that antibodies are not essential
components in LFDs, and other recognition moieties could be
used, including nucleic acids,** glycans, and lectins.* Glycan-
based LFDs could offer advantages over other recognition
moieties. For example, glycans are the site of pathogen
adhesion during many viral infections®>” especially respiratory
viruses such as influenzas,®® and glycans can be chemically
synthesized at scale. Glycan binding can also explore the
“state” of a pathogen; for example, LecA/B are upregulated by
Pseudomonas aeruginosa during infection.>”*° PFurthermore,
glycans are often more thermally robust than proteins®*’
making them ideal candidates for low-resource environments.
Glycosylated gold nanoparticles (the mobile phase) are well
established having been used in colorimetric/aggregation-
based diagnostics, surface enhanced-Raman, and other bio-
assays.”” " Despite this, glycans as capture units have not
been widely applied in lateral flow™ and to the best of our
knowledge have not been shown to function using clinical
samples, only models.

We have previously reported that the S1 domain of the
SARS-COV-2 spike protein can bind a,N-acetyl neuraminic
acid (NeuSNAc), a sialic acid,”” and similar binding has been
observed for other zoonotic coronaviruses toward sialic
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acids"* ™" (e.g,, MERS). The exact biological role of sialic acid
binding is not yet understood for SARS-COV-2, with clear
differences in its role in cell entry compared to MERS.”'
Microarray, ELISA and STD NMR have been used to further
demonstrate that sialic acids are receptors for the SARS-COV-
2 spike protein.’>>* It has also emerged that sulfated
glycosaminoglycans (including heparin sulfates) bind SARS-
COV-2 spike protein, and can inhibit viral entry.”>>” Glycans
(including those carrying terminal sialic acids) have been
shown to participate in the angiotensin-converting enzyme 2
(ACE2) receptor binding during SARS-COV-2 cell adhesion/
entry.”® Incorporation of a,N-acetyl neuraminic acid onto a
polymer-stabilized glyconanoparticle platform enabled detec-
tion of (purified) spike protein in an LED (§ pg-mL™") and
also detection of a pseudotyped lentivirus presenting the
SARS-COV-2 spike protein at 1.5 X 10* transduction units-
mL ™" in a dipstick test.”’

Herein, we demonstrate that glycan-based flow-through
devices can detect SARS-COV-2 in heat-inactivated primary
patient swabs and validate these initial results against RT-PCR.
Compared to an LFD format, no test line was used, rather the
sample is directly absorbed onto the nitrocellulose strip.
Device optimization was achieved using a lentivirus and
recombinant SARS-COV-2 spike protein showing that heat (or
chemical) inactivation did not prevent usage. The prototype
devices were then used with a panel of primary heat-inactivated
swabs, demonstrating the principle that flow-through glyco-
assays can be used to detect viral infection and hence that
glyco-LFDs are feasible if suitable test lines can be developed.
Furthermore, the devices were shown to detect recombinant
mutant spike proteins showing that glycan-based detection
may still detect variants of concern. This conceptual approach
could be broadly applied to other pathogens/disease states and
provide redundancy in testing regimes compared to using
antibodies alone.

B RESULTS

Our previously reported synthetic strategy to generate a-
NeuSNAc-polymer-tethered gold nanoparticles was employed
(Supporting Information).*” Telechelic poly(N-hydroxyethyl
acrylamide), pHEA, was synthesized using RAFT (reversible
addition—fragmentation chain transfer) polymerization, and 2-
amino-2-deoxy-N-acetyl-neuraminic acid was conjugated to the
w-terminus by displacement of a gpentaﬂuorophenyl ester
(allowing monitoring by '’F NMR).”” These polymers were
then assembled onto gold nanoparticles (~35 nm by TEM),
Figure 1A—C, and characterized by DLS/UV—Vis (Supporting
Information) and XPS (Figure 1C and Supporting Informa-
tion). Just 10 mg of the glycan-terminated polymer can
produce sufficient gold colloid for >2500 assays, highlighting
the scalability of this approach. The use of a polymer linker
between the particle and glycan provides colloidal stability and
reduces nonspecific binding.

In a standard lateral-flow device, a test line is printed onto
the paper to capture the antigen (e.g., a virus), which is then
“sandwiched” by the nanoparticle detection unit. To streamline
the development process, no test line was used, and instead,
the patient sample is directly deposited and dried onto the
strip with the viral components absorbing onto the stationary
phase; hence, this is a flow-through, rather than lateral-flow,
device.”>*® This removes the need for a validated, stable and
specific test line, accelerating the development process and
allowing us to prove the potential of glycan recognition for
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future complete lateral-flow devices. The setup of this
approach is shown in Figure 1D, with the sample application,
the flow of the glycan—gold conjugate, and then detection.
Figure 1D also shows a silver-staining step, which can improve
detection limits in flow-through devices (and LFDs)
(discussed in detail later). The silver stain enhances the signal,
as silver ions that are soluble in water are reduced to insoluble
metallic silver catalyzed by the gold nanoparticles. This causes
the silver to precipitate onto the surface of the gold increasing
the signal.

Flow-through cassettes were manufactured in-house, as
described in the Supporting Information. SARS-COV-2 spike
protein-bearing lentivirus was applied to the test line in 20
devices at 10* transduction unitss-mL™'—a concentration
within the expected viral range of COVID-positive patient
respiratory swabs (Figure 2A).°"°> Nineteen out of 20 devices
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Figure 2. Device validation. (A) Photographs of the test line of
lentivirus (no silver staining) positive for spike protein, negative
(bald), and also after heat treatment at 60 °C for 30 min. The
recombinant S1 domain of spike protein in flow-through devices; (B)
heat treatment at 60 °C for 30 min [spike] 0.25 mg-mL™
(Escherichia coli expressed). (C) Tergitol treatment for 30 min
[spike] = 0.5 mg:mL™" (HEK293 expressed). Note control lines are
not optimized but weak signals are present. “+” indicates a positive
response and “—” indicates a negative response.

showed a positive result on the test line (no silver staining
used). As a negative control, bald virus (without the spike
protein) was also run in 20 cassettes. Five out of twenty
showed potential weak positives, confirming the role of spike
protein as the binding partner for the nanoparticles. The
control line used in these devices was Ricinus communis
agglutinin I (RCA,,,) lectin at S mg:mL™", hence, a strong red
line/crescent formed as the AuNPs were sequestered by the
high concentration of RCA,,, used. Later, the RCA,, control
spot concentration was lowered to 1 mg-mL™" to improve the
performance. In the development of a “real” finished device,
the control line also has to be validated, which is outside of the
scope of this work. As 1 uL of the lentiviral solution was
applied to each device, ~10 transduction units/devices were
applied, which would suggest a very low limit of detection. A
possible explanation for this observation is that inert
(nontransducible) particles, which also display spike protein,
may contribute but are not counted in the transduction unit
concentration, ie., there are more potentially detectable
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particles than expected. Lentiviral vectors have been reported
to show variance between the number of transduction units to
genome copy in a range of 60—600, supporting this
hypothesis.®”

In current PCR testing laboratory protocols, nasal swabs are
heat-treated during the processing cycle to sterilize and
deactivate the virus prior to RNA-extraction steps.64 To
evaluate if our flow-through device was compatible with a heat-
inactivated virus, the lentivirus was heated to 60 °C for 30 min,
and 20 repeats were run, and all cases gave a positive result.
[Please note, when using primary swab samples, below, a
different inactivation temperature is used, which was following
a clinical workflow]. To probe the origin of thermal tolerance,
a truncated SARS-COV-2 spike protein (expressed in-house in
E. coli, see the Supporting Information) was heated to 60 °C
for 30 min, then applied to devices (Figure 2B). As can be
seen, heat treatment did not prevent binding. These
observations show that glycan-based diagnostics may detect
both intact and deactivated virus; this is also a condition of
PCR, the current gold standard. The chemical deactivation
medium was also explored to probe the tolerance. Tergitol NP-
40 is a surfactant, which has been validated to inactive SARS-
COV-2 at 0.1 and 0.5 wt % within 30 min.*® Figure 2C shows
devices with spike protein (expressed in HEK293 cells*’) and
Tergitol showing detection with 0.1 wt % but more spreading
of the sample spot, which reduced the intensity. At the higher
0.5 wt %, the signal was reduced significantly due to the
spreading of the test spot.

As this flow-through approach requires direct addition of the
swab extracts onto the test zone, the impact of volume applied
was explored to optimize the deposition process. Figure 3A
shows test zones of devices run as a function of the volume of a
heat-inactivated primary nasal swab sample, which was
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Figure 3. (A) Impact of sample volume applied to the test line. From
2 mL primary swab elution of Ct 8.3 (+ve) and a primary swab
elution negative by RT-PCR (—ve), no silver staining used. (B)
Impact of stress conditions on device function. Heat-treated devices
tested with the swab sample (Ct 6.29) or after 21 days using indicated
lentivirus (“Bald” ~1 x 10* LP-mL™" and “+ Spike” 1.5 X 10* TU-
mL™"). “+” indicates a positive response on the test strips, “++”
indicates a very strong positive response, “(+)” indicates a weak
positive response, and “—” indicates a negative response.
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validated as positive by RT-PCR (Ct = 8.3 from swab eluted
with 2 mL of water) and an RT-PCR negative sample. Up to 3
UL (0.15 vol % of the total sample) could be applied to the test
line without problems. However, further study (Table S8)
highlighted problems with 3 uL with high viral load samples.
Larger volumes (>3 uL) captured essentially all of the particles
in flow, preventing the development of the control line. Some
false positives also occurred with larger volumes, therefore 2
uL was chosen as the optimal application volume for
experiments from here on.

Antibody-based LFDs (lateral-flow immunoassays) should
not be exposed to extremes of humidity and heat, but it is
expected that the glycan/polymer particles used here could be
more robust. Devices were manufactured and left in the
laboratory (on a shelf, with no desiccant) for 21 days, while
some were baked in an oven for 12 h at 70 °C (Tables S5 and
S9). Figure 3B shows the results of these preliminary stability
tests, indicating that the tests retained function compared to
cassettes not exposed to the atmosphere for 21 days (Tables S3
and S4) or subjected to heating (Table S9). It is important to
note that the heat-treated devices did give weaker signals, but
the conditions used for this were extreme and no silver staining
was used at this point and hence the weaker signal. These
initial robustness studies highlight the promise of glycopolymer
systems; however, further studies and control line optimization
are necessary. Device robustness is crucial for use “in the
community” or in low-resource settings where cold chains are
not established and more widely to reduce the number of failed
devices.

Encouraged by the positive results with pseudotyped
lentivirus, primary samples were the next step. For this,
surplus nasal swabs eluates (which had been eluted and heat
inactivated as part of clinical investigation of symptomatic
patient/staff and assessed by RT-PCR) were used. These tests
were not conducted blind, with the PCR result known to the
user. After specimen application, devices were dried at 37 °C
to ensure consistency across this study in terms of drying
conditions. Figure 4A shows devices, following the addition of
buffer: note that a lower Ct value indicates a higher viral load.
A positive result (red line/spot at the test position) was clear,
whereas control line/spot intensity varied between samples. It
is crucial to note that a usable real-world device requires both
control and test lines for a valid result. Converting Ct to viral
concentration is not a linear relationship and varies between
the methods used, but Figure 4 covers a wide range from weak
to very strong positives. As these tests are “homemade”, there
is likely to be more variance than in mass-manufactured
devices and hence the silver-staining step employed here
provides signal enhancement. Figure 4B exemplifies this with 5
other swab samples, which despite having relatively low Ct
values gave weaker signals on the test line. After silver staining,
Figure 4C shows that these (from Figure 4B) all now give clear
and strong positives. Negative samples, after silver staining, did
not lead to false positives (discussed further below in the
context of larger sample numbers) (Tables S13—S15), unless
longer developing times were used. Figure 4D shows the
impact of silver staining on the signal intensity (from image
analysis), confirming that low viral loads benefitted more from
the signal increase, compared to higher viral loads (low Ct). It
is notable that commercial lateral-flow diagnostics have a time
window for reading results, as over-development can lead to
false positives.
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Figure 4. Flow-through device with clinical samples. Total 2 uL of the
sample was applied to each test line. (A) Photographs taken after 20
min of buffer. (B) Photographs from different panels taken after 20
min of the buffer and then (C) subjected to silver-staining
enhancement. (D) Impact of silver staining on signal intensity of
control and test lines, obtained by image analysis.

As previously discussed for the lentiviral data, as only 2 uL of
the specimen is applied, the total number of viral particles/
device is expected to be very low. A Ct of 26 (using RT-PCR)
has been reported to give ~100 PFU-mL™' or ~10° RNA
copiesmL "% This would mean detection of ~200 RNA
copies per device or <1 PFU per device. Ct to PFU and RNA
copy numbers are known to vary between RT-PCR machine,
method, and calibration.®~®’ Therefore, while Ct can give an
indication of PFU and viral load, it is not an exact
equivalence,”’ and hence, for a test that detects the spike
protein correlating these different measurements is challenging.
Ct values used here were from the Abbott assay.”””" Tt is
important to note here that the numbers above do not include
defective viral particles (e.g, capsid only and RNA-deficient
particles),”””* which may still have spike protein components
(which is targeted in this work). In the case of the (cultured)
Ebola virus, for example,74 depending on the passage number,
the ratio of total viral particles to plaque-forming units (intact
virus) has been reported in the range of 10°—10° which,
depending on the nature of particles, may contribute to
diagnostic performance. To the best of our knowledge, the
particle:PFU ratio is not available for SARS-COV-2, but we
hypothesize that the detection limit may be enhanced due to
these additional (non-plaque forming) viral particles or
fragments of the released spike protein. Preliminary experi-
ments on heat-treated purified SARS-COV-2 (from cell
culture, not patients) showed higher limits of detection,
supporting the hypothesis that defective particles may be
contributing, rather than the release of spike protein from viral
particles, which would also occur in this control.

Encouraged by the above results, a panel of 50 positive and
54 negative, PCR-validated patient-derived swab samples were
tested (see the Supporting Information for how these were
handled, including dry transport and heat inactivation.) Each
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sample was analyzed twice, on independent devices, treated in
the analysis as an independent run, and reported as such in the
results below. The tests were not run blind, and the Ct values
were known to the user. Failed devices (where gold conjugate
did not flow, for example) were excluded from the analysis (1
positive sample device and 2 negative sample devices). As
above, all samples were dried onto the devices at 37 °C before
running to ensure consistency. Figure SA shows the

(A)
251 i 188 %
20 T 189 %
55 - o i 196 %
10 241 100 %
5 Hit - -
Miss:
0 10 20 30 40 50
Sample
(B)
FT Result PCR result
Positive Negative
Positive 84 8 PPV
91.3 %
Negative 15 100 NPV
87.0%
Sensitivity | Specificity
84.8% 92.6 %
(C) widType _B117  B1.351

Figure S. Flow-through (FT) device performance using heat-
inactivated primary patient swabs after the silver-staining step (a
positive result is test and control line being visible). (A) Results of
device performance (hit or miss) as a function of Ct for devices ran
alone. Thresholds indicated are the sensitivity as a function of the Ct
value. (B) Confusion matrices after silver staining. Sensitivity = TP/
(TP + EN); specificity = TN/(TN + EP); PPV = TP/(TP + FP);
NPV = TN/(TN + EN). TP = true positive; TN = true negative; FN
false negative; and FP false positive. (C) Devices using
recombinant spike protein from variant strains. Sequence information
in the Supporting Information. Larger versions of (A) can be found in
Figure S16A,B for clarity.

distribution of positive samples as a function of the Ct values
after silver staining, with high viral loads (lower Ct) giving
fewer false negatives, as would be expected. Figure SA is
annotated showing the sensitivity (% true positives) by the Ct
value. Analysis of non-silver-stained devices is provided in the
Supporting Information for comparison purposes.

Confusion matrices were produced from both positive and
negative sample sets (Figure SB). After silver staining, a
sensitivity value of 85% and specificity of 93% were achieved.
This sensitivity is comparable to some commercial LEDs,*®
whereas the specificity is lower. Before silver staining (where
control lines were not always visible and hence judged by the
test line presence only), a lower sensitivity (68%) but higher
specificity (96%) was observed. The total number of false
positives was 8 (from 6 samples) across the study. Considering
that this is a prototype, the values are promising. To the best of
our knowledge, this is the first example of a flow-through
glyco-assay assessed with clinical samples, providing proof of
principle that glycan binding could be exploited in a complete

https://doi.org/10.1021/acssensors.1c01470
ACS Sens. 2021, 6, 3696—3705


https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01470/suppl_file/se1c01470_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01470/suppl_file/se1c01470_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01470/suppl_file/se1c01470_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01470/suppl_file/se1c01470_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?fig=fig5&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

lateral-flow type device to complement antibody-based
systems.

SARS-COV-2 variants with mutations in the spike protein
have (and continue to) emerged, and any diagnostics should
retain the ability to detect these. Davis and co-workers have
reported that the B1.1.7 and B1.351 spike mutants have
reduced NMR STD signal (i.e, weaker contacts) to the NAc
protons of a2,3-a sialyllactoside compared to the wild-type,
and hence there is 2potential that the glycan-binding affinity
may be decreased.”” To test the impact of this, 3 mutant
truncated spike proteins, B1.1.7, B.1.351, and P1 (variants first
detected in Kent (U.K.), South Africa, and Brazil), were
expressed in E. coli and tested in our devices. In all cases, a
positive test line was seen (Figure SC, no silver staining),
showing that detection capability is retained. It is crucial to
again note that binding affinity does not relate linearly to signal
output in flow-through (or lateral-flow) devices and hence this
does not rule out differences in the individual protein/glycan
interactions.

Influenza has haemagglutinins and neuraminidases, which
target sialosides (including N-acetyl neuraminic acid),”” and
sialic acid nanoparticles, which bind influenza, are well
7577 0 it was important to consider cross—reactivit;r.
Heating is known to reduce haemagglutination activity; *
hence, our specificity (above) might have been improved by
the heat inactivation of the sample. To explore influenza cross-
reactivity, haemagglutinins from HINI1, H3N2, H7NS, and
H7N3 as well as betapropiolactone (BPL)-inactivated
influenza virions were tested and the devices are shown in
the Supporting Information. H3N2 haemagglutinins were
detected in the devices but HINI1, H7N9, and H7N3
haemagglutinins were not, noting relatively high concen-
trations were used (0.5 mg~mL_1). In contrast, using intact
influenza virus there was no cross-reactivity observed. A further
control of heat-inactivated SARS-COV-2 remained detectable
under these conditions (Supporting Information). The lack of
apparent influenza cross-reactivity can be attributed to the
effective low haemagglutinin concentration on the viral surface,
compared to using just “pure” protein along with differential
absorption onto the nitrocellulose. From a structural biology
perspective, haemagglutinins make binding contacts to not
only the terminal glycan used here (NeuSNAc) but can also
contact linker units (e.g the lactose, in sialylactose). Our
preliminary data®” and additional thermal shift assays
(Supporting Information) suggest that the SARS-COV-2
spike protein had a similar affinity toward NeuSNAc as to
sialyllactose (2.3 and 2.6). Hence, the use of the NeuSNAc
monosaccharide as the detection unit may lead to reduced
overall affinity toward influenzas, while maintaining SARS-
COV-2 affinity, and hence providing some selectivity in the
flow-through format.

B DISCUSSION

Here, we have demonstrated a prototype flow-through device,
which is capable of detecting SARS-COV-2 by exploiting the
interaction between a-N-acetyl neuraminic acid and the viral
spike protein. Rather than a traditional lateral-flow design
where there is a capture unit on the stationary phase (“test
line”), we developed our system so that the primary sample (in
this case derived from nasal swabs) was directly deposited as
the test line and hence is a “flow-through” device. This
approach removed the need to develop a test line, speeding up
the initial development process and allowing us to prove the

3701

principle that glycans could be used in complete lateral-flow
devices with primary samples. Crucial to achieving this is the
use of a polymeric coating, which reduces nonspecific
interaction with any deposited biological components (e.g
mucus, cell debris) as well as providing the tether to display
the glycan. Using a lentiviral model, the flow-through devices
were specific toward spike-bearing lentiviruses, compared to
bald lentiviruses. Using recombinant, truncated, spike protein,
we demonstrated that the protein retains sialic acid-binding
capacity even after heating or limited detergent treatment. This
observation shows that this device may detect damaged viruses
and hence cannot be claimed to only detect intact viruses
(similar to other diagnostic tools for SARS-COV-2). Using a
panel of RT-PCR-validated swab samples, these prototype flow
devices were shown to achieve, after silver staining, 85%
sensitivity and 93% specificity, using Ct values as high as 28.
The apparently low detection limit may be in part due to the
detection of defective viral particles, which also bear the spike
protein. This will require further studies to validate their
contribution and the role of using heat-inactivated swabs and
their handling chain. Further optimization of the device and
running buffers are expected to lead to improvements,
especially to further reduce any nonspecific interactions, as
well as the potential to develop a full lateral-flow device.

With any diagnostic or sensor, there is potential for cross-
interaction with other agents. Cross-reactivity with two
influenza strains (HIN1 and H3N2) was not seen, even
though the nanoparticles do have an affinity toward H3N2
haemagglutinins, which may be due to differential absorbance
to the test zone or differences in overall detection limits. The
molecular details of recently reported spike protein mutations
(including the H69/V70 deletions) on the actual binding
affinity toward sialosides (and hence this detection method)
are still under study.”” The devices developed here were shown
to be capable of detecting recombinant spike proteins from
several variants, demonstrating that these mutations do not
remove glycan-binding function. Future work will further
explore the roles of sample preparation including the heat-
inactivation step, mechanism of application of specimens, and
fundamental studies of the glycan recognition function and its
biochemical basis. Consideration must also be given to
removing the need for a pipette as an application system to
the device, followed by the time delay for drying the specimen
onto the strip. Both of these could be improved, or more
ideally developed into a complete lateral-flow (test line)
device, which will be explored in the future. The evidence
provided here shows that glycan flow technology (lateral-flow
and flow-through glyco-assays) could be translated to clinical
settings to be used alongside more traditional antibody-based
approaches.

B MATERIALS AND METHODS

Please see the Supporting Information for complete experimental
procedures.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.1c01470.

Complete chemical synthesis/characterization and bio-
logical methods; device manufacture; uncropped and
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B AUTHOR INFORMATION

Corresponding Author
Matthew 1. Gibson — Department of Chemistry, University of
Warwick, Coventry CV4 7AL, UK.; Warwick Medical
School, University of Warwick, Coventry CV4 7AL, UK,;
orcid.org/0000-0002-8297-1278; Email: M.i.gibson@
warwick.ac.uk

Authors

Alexander N. Baker — Department of Chemistry, University of
Warwick, Coventry CV4 7AL, UK,; © orcid.org/0000-
0001-6019-3412

Sarah-Jane Richards — Department of Chemistry, University
of Warwick, Coventry CV4 7AL, UK

Sarojini Pandey — Institute of Precision Diagnostics and
Translational Medicine, University Hospitals Coventry and
Warwickshire NHS Trust, Coventry CV2 2DX, U.K.

Collette S. Guy — Department of Chemistry, University of
Warwick, Coventry CV4 7AL, U.K.; School of Life Sciences,
University of Warwick, Coventry CV4 7AL, UK;

orcid.org/0000-0002-5153-0613

Ashfaq Ahmad — Department of Chemistry, University of
Warwick, Coventry CV4 7AL, U.K; Warwick Medical
School, University of Warwick, Coventry CV4 7AL, UK.

Muhammad Hasan — Department of Chemistry, University of
Warwick, Coventry CV4 7AL, UK.,; Warwick Medical
School, University of Warwick, Coventry CV4 7AL, UK

Caroline 1. Biggs — Department of Chemistry, University of
Warwick, Coventry CV4 7AL, UK.

Panagiotis G. Georgiou — Department of Chemistry,
University of Warwick, Coventry CV4 7AL, UK;

orcid.org/0000-0001-8968-1057

Alexander J. Zwetsloot — Warwick Medical School, University
of Warwick, Coventry CV4 7AL, UK.

Anne Straube — Warwick Medical School, University of
Warwick, Coventry CV4 7AL, UK,; © orcid.org/0000-
0003-2067-9041

Simone Dedola — Iceni Diagnostics Ltd., Norwich NR4 7G],
UK

Robert A. Field — Iceni Diagnostics Ltd.,, Norwich NR4 7G]J,
U.K; Department of Chemistry and Manchester Institute of
Biotechnology, University of Manchester, Manchester M1
7DN, UK.

Neil R. Anderson — Institute of Precision Diagnostics and
Translational Medicine, University Hospitals Coventry and
Warwickshire NHS Trust, Coventry CV2 2DX, UK.

Marc Walker — Department of Physics, University of Warwick,
Coventry CV4 7AL, UK.

Dimitris Grammatopoulos — Warwick Medical School,
University of Warwick, Coventry CV4 7AL, U.K; Institute of
Precision Diagnostics and Translational Medicine, University
Hospitals Coventry and Warwickshire NHS Trust, Coventry
CV2 2DX, UK

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.1c01470

Author Contributions
©AN.B. and S.-J.R. contributed equally.

3702

Notes

The authors declare the following competing financial
interest(s): AN.B, S.J.R and MIG are named inventors on a
patent application relating to this. Iceni Diagnostics have
licensed aspects of technology reported here from UoW. RAF
is a shareholder in Iceni Diagnostics who part-funded this work
This study used remnant elutions from nasal swab samples
routinely collected from symptomatic staff/patients at the
University Hospital Coventry and Warwickshire NHS Trust
and tested by standard PCR protocols employing the Abbott
RealTime SARS-COV-2 assay (09N77-095) during April—
September 2020. As this was an evaluation study using the left-
over anonymized material (which had been heat-treated to
render acellular), no written informed consent was obtained,
although the project was registered with the local COVID-19
research committee.

B ACKNOWLEDGMENTS

M.LG. is supported by the Royal Society (Industry Fellowship
191037) and the ERC (866056). The BBSRC MIBTP
program (BB/MO01116X/1) and Iceni Diagnostics Ltd. are
thanked for supporting A.N.B. BBSRC/InnovateUK are
thanked for funding the Specialty Glycans project BB/
M02878X/1. UoW, EPSRC (EP/R511808/1), and BBSRC
(BB/S506783/1) impact acceleration accounts are thanked, as
is UoW for funding. The Warwick Polymer Research
Technology Platforms is acknowledged for SEC analysis.
This project has received funding from the European Union’s
Horizon 2020 Research and Innovation Programme under the
Marie Sklodowska—Curie Grant Agreement No. 814236. The
Leverhulme Trust is thanked for support (RPG-2019-087).
AJ.Z.is fanded by the MRC DTP (MR/NO014294/1). A.S. is a
Wellcome Trust Investigator 200870/Z/16/Z. Dr. Marta
Neves, Dr. Kathryn Murray, and Angela Hurst are thanked
for assisting in preparing the flow devices. The authors
sincerely thank the technical and administrative staff of the
UoW who enabled the author’s laboratories to remain open
during the COVID-19 pandemic. Reagents were obtained
through BEI Resources for evaluation of influenza binding. A
complete list is in the Supporting Information.

B REFERENCES

(1) World Health Organization. WHO Coronavirus Disease
(COVID-19) Dashboard.  https://covid19.who.int/ ( accessed
December 16, 2020).

(2) Zhou, P; Yang, X.-L.; Wang, X.-G.; Hu, B,; Zhang, L.; Zhang,
W.; Si, H-R;; Zhu, Y.; Li, B.; Huang, C.-L.; Chen, H.-D.; Chen, J;
Luo, Y.; Guo, H,; Jiang, R.-D.; Liu, M.-Q.; Chen, Y.; Shen, X.-R;;
Wang, X,; Zheng, X.-S.; Zhao, K,; Chen, Q.-J.; Deng, F.; Liu, L.-L,;
Yan, B.; Zhan, F.-X,; Wang, Y.-Y.; Xiao, G.-F.; Shi, Z.-L. A Pneumonia
Outbreak Associated with a New Coronavirus of Probable Bat Origin.
Nature 2020, 579, 270—273.

(3) Carter, L. J.; Garner, L. V.; Smoot, J. W.; Li, Y.,; Zhou, Q;
Saveson, C. J.; Sasso, J. M.; Gregg, A. C.; Soares, D. ]J; Beskid, T. R;;
Jervey, S. R; Liu, C. Assay Techniques and Test Development for
COVID-19 Diagnosis. ACS Cent. Sci. 2020, 6, 591—605.

(4) Yiice, M.; Filiztekin, E.; C)zkaya, K. G. COVID-19 Diagnosis—A
Review of Current Methods. Biosens. Bioelectron. 2021, 172,
No. 112752.

(5) World Health Organization. Laboratory Testing for 2019 Novel
Coronavirus (2019-NCoV) in Suspected Human Cases — Interim
Guidance, 17 January, 2020.

(6) World Health Organization Laboratory Testing for Coronavirus
Disease (COVID-19) in Suspected Human Cases — Interim
Guidance, 19 March, 2020.

https://doi.org/10.1021/acssensors.1c01470
ACS Sens. 2021, 6, 3696—3705


https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01470/suppl_file/se1c01470_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+I.+Gibson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8297-1278
https://orcid.org/0000-0002-8297-1278
mailto:M.i.gibson@warwick.ac.uk
mailto:M.i.gibson@warwick.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+N.+Baker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6019-3412
https://orcid.org/0000-0001-6019-3412
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah-Jane+Richards"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarojini+Pandey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Collette+S.+Guy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5153-0613
https://orcid.org/0000-0002-5153-0613
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashfaq+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Hasan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+I.+Biggs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panagiotis+G.+Georgiou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8968-1057
https://orcid.org/0000-0001-8968-1057
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+J.+Zwetsloot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anne+Straube"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2067-9041
https://orcid.org/0000-0003-2067-9041
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simone+Dedola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+A.+Field"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neil+R.+Anderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Walker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitris+Grammatopoulos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01470?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01470/suppl_file/se1c01470_si_001.pdf
https://covid19.who.int/
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1021/acscentsci.0c00501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2020.112752
https://doi.org/10.1016/j.bios.2020.112752
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

(7) Xie, X.; Zhong, Z.; Zhao, W.; Zheng, C.; Wang, F.; Liu, J. Chest
CT for Typical Coronavirus Disease 2019 (COVID-19) Pneumonia:
Relationship to Negative RT-PCR Testing. Radiology 2020, 296,
E41—E4S.

(8) Lazer, D.; Baum, M. A.; Quintana, A.; Druckman, J.; Della, J.;
Simonson, M. The State Of The Nation: A 50-State Covid-19 Survey
— Report #8: Failing the Test: Waiting Times for COVID Diagnostic
Tests Across The U.S., 2020.

(9) Ritchie, H.; Mathieu, E.; Rodés-Guirao, L.; Appel, C.; Giattino,
C.; Ortiz-Ospina, E.; Hasell, J.; Macdonald, B.; Beltekian, D.; Roser,
M. Coronavirus Pandemic (COVID-19) Statistics and Research.
https://ourworldindata.org/coronavirus (accessed July 31, 2020).

(10) Abedini, Z.; Sari, A. A,; Foroushani, A. R; Jaafaripooyan, E.
Diffusion of Advanced Medical Imaging Technology, CT, and MRI
Scanners, in Iran: A Qualitative Study of Determinants. Int. J. Health
Plann. Manage. 2019, 34, e397—e410.

(11) Mahdavi, A; Khalili N.; Davarpanah, A. H.; Faghihi, T.;
Mahdavi, A.; Haseli, S.; Sabri, A,; Kahkouee, S.; Kazemi, M. A,
Mehrian, P.; Falahati, F.; Bakhshayeshkaram, M.; Sanei Taheri, M.
Radiologic Management of COVID-19: Preliminary Experience of the
Iranian Society of Radiology COVID-19 Consultant Group (ISRCC).
Iran. J. Radiol. 2020, 17, No. e102324.

(12) Fields, B. K. K; Demirjian, N. L.; Gholamrezanezhad, A.
Coronavirus Disease 2019 (COVID-19) Diagnostic Technologies: A
Country-Based Retrospective Analysis of Screening and Containment
Procedures during the First Wave of the Pandemic. Clin. Imaging
2020, 67, 219-225.

(13) Gibani, M. M.; Toumazou, C.; Sohbati, M.; Sahoo, R.; Karvela,
M.; Hon, T.-K; De Mateo, S.; Burdett, A.; Leung, K. Y. F.; Barnett, J.;
Orbeladze, A.; Luan, S.; Pournias, S.; Sun, J.; Flower, B.; Bedzo-
Nutakor, J.; Amran, M.; Quinlan, R.; Skolimowska, K.; Herrera, C.;
Rowan, A.; Badhan, A.; Klaber, R.; Davies, G.; Muir, D.; Randell, P.;
Crook, D.; Taylor, G. P.,; Barclay, W.; Mughal, N.; Moore, L. S. P.;
Jeffery, K.; Cooke, G. S. Assessing a Novel, Lab-Free, Point-of-Care
Test for SARS-CoV-2 (CovidNudge): A Diagnostic Accuracy Study.
Lancet Microbe 2020, 1, e300—e307.

(14) Park, G.-S.; Ku, K;; Baek, S.-H.; Kim, S.-J.; Kim, S., II; Kim, B.-
T.; Maeng, J.-S. Development of Reverse Transcription Loop-
Mediated Isothermal Amplification Assays Targeting Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). J. Mol.
Diagnostics 2020, 22, 729—735.

(15) Peto, L,; Rodger, G.; Carter, D. P.; Osman, K. L,; Yavuz, M;
Johnson, K.; Raza, M.; Parker, M. D.; Wyles, M. D.; Andersson, M.;
Justice, A.; Vaughan, A.; Hoosdally, S.; Stoesser, N.; Matthews, P. C,;
Eyre, D. W,; Peto, T. E. A,; Carroll, M. W,; de Silva, T. I; Crook, D.
W.; Evans, C. M,; Pullan, S. T. Diagnosis of SARS-CoV-2 Infection
with LamPORE, a High-Throughput Platform Combining Loop-
Mediated Isothermal Amplification and Nanopore Sequencing. J. Clin.
Microbiol. 2021, 59, No. e03271-20.

(16) Jiang, N.; Tansukawat, N. D.; Gonzalez-Macia, L.; Ates, H. C,;
Dincer, C.; Giider, F.; Tasoglu, S.; Yetisen, A. K. Low-Cost Optical
Assays for Point-of-Care Diagnosis in Resource-Limited Settings. ACS
Sens. 2021, 6, 2108—2124.

(17) Crane, M. M. Organon MV. Diagnostic Test Device. U.S.
Patent US3579306A1969.

(18) Xu, F.; Jin, Z.; Zou, S.; Chen, C.; Song, Q.; Deng, S.; Xiao, W,;
Zhang, X; Jia, A;; Tang, Y. EuNPs-MADb Fluorescent Probe Based
Immunochromatographic Strip for Rapid and Sensitive Detection of
Porcine Epidemic Diarrhea Virus. Talanta 2020, 214, No. 120865.

(19) Ezennia, I J.; Nduka, S. O.; Ekwunife, O. I. Cost Benefit
Analysis of Malaria Rapid Diagnostic Test: The Perspective of
Nigerian Community Pharmacists. Malar. J. 2017, 16, 7—16.

(20) Tawiah, T.; Hansen, K. S.; Baiden, F.; Bruce, J.; Tivura, M,;
Delimini, R.; Amengo-Etego, S.; Chandramohan, D.; Owusu-Agyei,
S.; Webster, J. Cost-Effectiveness Analysis of Test-Based versus
Presumptive Treatment of Uncomplicated Malaria in Children under
Five Years in an Area of High Transmission in Central Ghana. PLoS
One 2016, 11, No. e0164055.

3703

(21) Aerts, C; Vink, M.; Pashtoon, S. J.; Nahzat, S.; Picado, A;
Cruz, I; Sicuri, E. Cost Effectiveness of New Diagnostic Tools for
Cutaneous Leishmaniasis in Afghanistan. Appl. Health Econ. Health
Policy 2019, 17, 213—230.

(22) Phan, J. C,; Pettitt, ].; George, J. S.; Fakoli, L. S.; Taweh, F. M,;
Bateman, S. L.; Bennett, R. S.; Norris, S. L.; Spinnler, D. A.; Pimentel,
G.; Sahr, P. K; Bolay, F. K; Schoepp, R. J. Lateral Flow
Immunoassays for Ebola Virus Disease Detection in Liberia. J. Infect.
Dis. 2016, 214, S222—S228.

(23) St John, A; Price, C. P. Point-of-Care Testing Technologies
Existing and Emerging Technologies for Point-of-Care Testing. Clin.
Biochem. Rev. 2014, 35, 155—167.

(24) Miiller, M.; Derlet, P. M.; Mudry, C.; Aeppli, G. Testing of
Asymptomatic Individuals for Fast Feedback-Control of COVID-19
Pandemic. Phys. Biol. 2020, 17, No. 065007.

(25) Moghadas, S. M,; Fitzpatrick, M. C.; Sah, P.; Pandey, A;
Shoukat, A.; Singer, B. H.; Galvani, A. P. The Implications of Silent
Transmission for the Control of COVID-19 Outbreaks. Proc. Natl.
Acad. Sci. US.A. 2020, 117, 17513—17518.

(26) Ferguson, J.; Dunn, S.; Best, A.; Mirza, J.; Percival, B.; Mayhew,
M.; Megram, O.; Ashford, F.; White, T.; Moles-Garcia, E.; Crawford,
L.; Plant, T.; Bosworth, A.; Kidd, M.; Richter, A.; Deeks, J.; McNally,
A. Validation Testing to Determine the Sensitivity of Lateral Flow
Testing for Asymptomatic SARS-CoV-2 Detection in Low Prevalence
Settings: Testing Frequency and Public Health Messaging Is Key.
PLoS Biol. 2021, 19, No. e3001216.

(27) Li, Z,; Yi, Y.; Luo, X;; Xiong, N.; Liu, Y,; Li, S; Sun, R.; Wang,
Y.; Hy, B.; Chen, W.; Zhang, Y.; Wang, J.; Huang, B.; Lin, Y.; Yang, J.;
Cai, W.; Wang, X,; Cheng, J.; Chen, Z.; Sun, K;; Pan, W.; Zhan, Z.;
Chen, L.; Ye, F. Development and Clinical Application of a Rapid
IgM-IgG Combined Antibody Test for SARS-CoV-2 Infection
Diagnosis. ]. Med. Virol. 2020, 92, 1518—1524.

(28) Wen, T; Huang, C.; Shi, F.-].; Zeng, X.-Y,; Lu, T.; Ding, S.-N;
Jiao, Y.-]. Development of a Lateral Flow Immunoassay Strip for
Rapid Detection of IgG Antibody against SARS-CoV-2 Virus. Analyst
2020, 145, 5345—5352.

(29) Liu, Y.; Liu, Y.-P.; Diao, B,; Ding, J.-Y.; Yuan, M.-X,; Ren, F.-F.;
Wang, Y.; Huang, Q.-C. Diagnostic Indexes of a Rapid Immunoglo-
bulin G/Immunoglobulin M Combined Antibody Test for Severe
Acute Respiratory Syndrome Coronavirus 2. Chin. Med. ]. 2021, 134,
475—477.

(30) Department of Health and Social Care. First wave of non-
machine based lateral flow technology (LFT) assessment — GOV.UK
. https://www.gov.uk/government/publications/assessment-and-
procurement-of-coronavirus-covid-19-tests/lateral-flow-devices-
results#test-1-sd-biosensor-lateral-flow-test ( accessed November 3,
2020).

(31) World Health Organization. Global partnership to make
available 120 million affordable, quality COVID-19 rapid tests for
low- and middle-income countries . https://www.who.int/news/
item/28-09-2020-global-partnership-to-make-available-120-million-
affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-
countries ( accessed November S , 2020).

(32) United States Food & Drug Administration. BinaxNOW
COVID-19 Ag Card — FDA Letter of Authorization, 2020.

(33) United States Food & Drug Administration. CareStart COVID-
19 Antigen Test — FDA Letter of Authorization, 2020.

(34) Mao, X; Ma, Y.; Zhang, A; Zhang, L; Zeng, L; Liu, G.
Disposable Nucleic Acid Biosensors Based on Gold Nanoparticle
Probes and Lateral Flow Strip. Anal. Chem. 2009, 81, 1660—1668.

(35) Damborsky, P.; Koczula, K. M.; Gallotta, A.; Katrlik, J. Lectin-
Based Lateral Flow Assay: Proof-of-Concept. Analyst 2016, 141,
6444—6448.

(36) Stroh, L. J.; Stehle, T. Glycan Engagement by Viruses: Receptor
Switches and Specificity. Annu. Rev. Virol. 2014, 1, 285—306.

(37) Olofsson, S.; Bergstrém, T. Glycoconjugate Glycans as Viral
Receptors. Ann. Med. 2005, 37, 154—172.

https://doi.org/10.1021/acssensors.1c01470
ACS Sens. 2021, 6, 3696—3705


https://doi.org/10.1148/radiol.2020200343
https://doi.org/10.1148/radiol.2020200343
https://doi.org/10.1148/radiol.2020200343
https://ourworldindata.org/coronavirus
https://doi.org/10.1002/hpm.2657
https://doi.org/10.1002/hpm.2657
https://doi.org/10.5812/iranjradiol.102324
https://doi.org/10.5812/iranjradiol.102324
https://doi.org/10.1016/j.clinimag.2020.08.014
https://doi.org/10.1016/j.clinimag.2020.08.014
https://doi.org/10.1016/j.clinimag.2020.08.014
https://doi.org/10.1016/S2666-5247(20)30121-X
https://doi.org/10.1016/S2666-5247(20)30121-X
https://doi.org/10.1016/j.jmoldx.2020.03.006
https://doi.org/10.1016/j.jmoldx.2020.03.006
https://doi.org/10.1016/j.jmoldx.2020.03.006
https://doi.org/10.1128/JCM.03271-20
https://doi.org/10.1128/JCM.03271-20
https://doi.org/10.1128/JCM.03271-20
https://doi.org/10.1021/acssensors.1c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.1c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.talanta.2020.120865
https://doi.org/10.1016/j.talanta.2020.120865
https://doi.org/10.1016/j.talanta.2020.120865
https://doi.org/10.1186/s12936-016-1648-0
https://doi.org/10.1186/s12936-016-1648-0
https://doi.org/10.1186/s12936-016-1648-0
https://doi.org/10.1371/journal.pone.0164055
https://doi.org/10.1371/journal.pone.0164055
https://doi.org/10.1371/journal.pone.0164055
https://doi.org/10.1007/s40258-018-0449-8
https://doi.org/10.1007/s40258-018-0449-8
https://doi.org/10.1093/infdis/jiw251
https://doi.org/10.1093/infdis/jiw251
https://doi.org/10.1088/1478-3975/aba6d0
https://doi.org/10.1088/1478-3975/aba6d0
https://doi.org/10.1088/1478-3975/aba6d0
https://doi.org/10.1073/pnas.2008373117
https://doi.org/10.1073/pnas.2008373117
https://doi.org/10.1371/journal.pbio.3001216
https://doi.org/10.1371/journal.pbio.3001216
https://doi.org/10.1371/journal.pbio.3001216
https://doi.org/10.1002/jmv.25727
https://doi.org/10.1002/jmv.25727
https://doi.org/10.1002/jmv.25727
https://doi.org/10.1039/D0AN00629G
https://doi.org/10.1039/D0AN00629G
https://doi.org/10.1097/CM9.0000000000001204
https://doi.org/10.1097/CM9.0000000000001204
https://doi.org/10.1097/CM9.0000000000001204
https://www.gov.uk/government/publications/assessment-and-procurement-of-coronavirus-covid-19-tests/lateral-flow-devices-results#test-1-sd-biosensor-lateral-flow-test
https://www.gov.uk/government/publications/assessment-and-procurement-of-coronavirus-covid-19-tests/lateral-flow-devices-results#test-1-sd-biosensor-lateral-flow-test
https://www.gov.uk/government/publications/assessment-and-procurement-of-coronavirus-covid-19-tests/lateral-flow-devices-results#test-1-sd-biosensor-lateral-flow-test
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-countries
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-countries
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-countries
https://www.who.int/news/item/28-09-2020-global-partnership-to-make-available-120-million-affordable-quality-covid-19-rapid-tests-for-low--and-middle-income-countries
https://doi.org/10.1021/ac8024653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac8024653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6AN01746K
https://doi.org/10.1039/C6AN01746K
https://doi.org/10.1146/annurev-virology-031413-085417
https://doi.org/10.1146/annurev-virology-031413-085417
https://doi.org/10.1080/07853890510007340
https://doi.org/10.1080/07853890510007340
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

(38) Viswanathan, K.,; Chandrasekaran, A.; Srinivasan, A.; Raman,
R,; Sasisekharan, V.; Sasisekharan, R. Glycans as Receptors for
Influenza Pathogenesis. Glycoconjugate J. 2010, 27, 561—570.

(39) Gilboa-Garber, N. [32] Pseudomonas aeruginosa Lectins. In
Methods in Enzymology; Academic Press, 1982; Vol. 83, pp 378—385.

(40) Diggle, S. P.; Stacey, R. E.; Dodd, C.; Cémara, M.; Williams, P.;
Winzer, K. The Galactophilic Lectin, LecA, Contributes to Biofilm
Development in Pseudomonas aeruginosa. Environ. Microbiol. 2006, 8,
1095—1104.

(41) Jorgensen, P.; Chanthap, L.; Rebueno, A.; Tsuyuoka, R.; Bell,
D. Malaria Rapid Diagnostic Tests in Tropical Climates: The Need
for a Cool Chain. Am. J. Trop. Med. Hyg. 2006, 74, 750—754.

(42) Compostella, F.; Pitirollo, O.; Silvestri, A.; Polito, L. Glyco-
Gold Nanoparticles: Synthesis and Applications. Beilstein J. Org. Chem.
2017, 13, 1008—1021.

(43) Richards, S.-J.; Keenan, T.; Vendeville, J.-B. B.; Wheatley, D. E.;
Chidwick, H.; Budhadev, D.; Council, C. E.; Webster, C. S.; Ledru,
H.; Baker, A. N.; Walker, M,; Galan, M. C,; Linclau, B.; Fascione, M.
A.; Gibson, M. L. Introducing Affinity and Selectivity into Galectin-
Targeting Nanoparticles with Fluorinated Glycan Ligands. Chem. Sci.
2021, 12, 905—910.

(44) Schofield, C. L.; Mukhopadhyay, B.; Hardy, S. M.; McDonnell,
M. B,; Field, R. A; Russell, D. A. Colorimetric Detection of Ricinus
Communis Agglutinin 120 Using Optimally Presented Carbohydrate-
Stabilised Gold Nanoparticles. Analyst 2008, 133, 626—634.

(45) Pancaro, A; Szymonik, M.; Georgiou, P. G.; Baker, A. N,;
Walker, M.; Adriaensens, P.; Hendrix, J.; Gibson, M. I; Nelissen, L
The Polymeric Glyco-Linker Controls the Signal Outputs for
Plasmonic Gold Nanorod Biosensors Due to Biocorona Formation.
Nanoscale 2021, 13, 10837—108438.

(46) Ishii, J.; Toyoshima, M.; Chikae, M.; Takamura, Y.; Miura, Y.
Preparation of Glycopolymer-Modified Gold Nanoparticles and a
New Approach for a Lateral Flow Assay. Bull. Chem. Soc. Jpn. 2011,
84, 466—470.

(47) Baker, A. N,; Richards, S.-J.; Guy, C. S,; Congdon, T. R;
Hasan, M.; Zwetsloot, A. J.; Gallo, A.; Lewandowski, J. R.; Stansfeld,
P. J.; Straube, A.; Walker, M.; Chessa, S.; Pergolizzi, G.; Dedola, S.;
Field, R. A,; Gibson, M. I. The SARS-COV-2 Spike Protein Binds
Sialic Acids and Enables Rapid Detection in a Lateral Flow Point of
Care Diagnostic Device. ACS Cent. Sci. 2020, 6, 2046—2052.

(48) Tortorici, M. A; Walls, A. C.; Lang, Y.; Wang, C.; Li, Z;
Koerhuis, D.; Boons, G. J.; Bosch, B. J; Rey, E. A,; de Groot, R. J.;
Veesler, D. Structural Basis for Human Coronavirus Attachment to
Sialic Acid Receptors. Nat. Struct. Mol. Biol. 2019, 26, 481—489.

(49) Huang, X.; Dong, W.; Milewska, A.; Golda, A;; Qj, Y.; Zhu, Q.
K.; Marasco, W. A,; Baric, R. S.; Sims, A. C.; Pyrc, K.; Li, W.; Sui, J.
Human Coronavirus HKU1 Spike Protein Uses O -Acetylated Sialic
Acid as an Attachment Receptor Determinant and Employs
Hemagglutinin-Esterase Protein as a Receptor-Destroying Enzyme.
J. Virol. 2015, 89, 7202—7213.

(50) Park, Y. J; Walls, A. C; Wang, Z.; Sauer, M. M,; Li, W,;
Tortorici, M. A.; Bosch, B. J,; DiMaio, F.; Veesler, D. Structures of
MERS-CoV Spike Glycoprotein in Complex with Sialoside Attach-
ment Receptors. Nat. Struct. Mol. Biol. 2019, 26, 1151—-1157.

(51) Chu, H; Hu, B; Huang, X.; Chai, Y.; Wang, Y.; Shuai, H,;
Yang, D.; Hou, Y.; Zhang, X;; Yuen, T. T.-T.; Cai, J.-P,; Zhang, A. J,;
Zhou, J.; Yuan, S; To, K. K.-W.; Chan, I. H.-Y,; Sit, K.-Y.; Foo, D. C.-
C.; Wong, L. Y.-H; Ng, A. T.-L,; Cheung, T. T.; Law, S. Y.-K; Au, W.-
K, Kok, K-H.; Chan, J. F.-W,; Yuen, K.-Y,; et al. Host and Viral
Determinants for Efficient SARS-CoV-2 Infection of the Human
Lung. Nat. Commun. 2020, 12, No. 134.

(52) Buchanan, C. J.; Gaunt, B.; Harrison, P. J.; Bas, A.; Le; Khan,
A; Giltrap, A. M.; Ward, P. N.; Dumoux, M.; Daga, S.; Picchiotti, N.;
Baldassarri, M.; Benetti, E.; Fallerini, C.; Fava, F.; Giliberti, A,
Koukos, P. I; Lakshminarayanan, A.; Xue, X.; Papadakis, G.; Deimel,
L. P.; Casablancas-Antras, V.; Claridge, T. D. W.; Bonvin, A. M. J. J;
Sattentau, Q. J.; Furini, S.; Gori, M.; Huo, J.; Owens, R. J.; Renieri, A.;
Study, G.-C. M.; Naismith, J. H.; Baldwin, A.; Davis, B. G. Cryptic
SARS-CoV2-Spike-with-Sugar Interactions Revealed by “universal”

Saturation Transfer Analysis. BioRxiv, 2021, https://www.biorxiv.org/
content/10.1101/2021.04.14.439284v2. DOI: 10.1101/
2021.04.14.439284.

(53) Nguyen, L.; McCord, K. A; Bui, D. T.; Bouwman, K. A;
Kitova, E. N.,; Kumawat, D.; Daskan, G. C.; Tomris, I.; Han, L,;
Chopra, P.; Yang, T.-J.; Williows, S. D.; Lowary, T. L.; West, L. J;
Hsu, S.-T. D.; Tompkins, S. M.; Boons, G.-J.; Mason, A. L.; Vries, R.
P.; de Macauley, M. S.; Klassen, J. S. Sialic Acid-Dependent Binding
and Viral Entry of SARS-CoV-2. BioRxiv, 2021. DOI: 10.1101/
2021.03.08.434228.

(54) Ryzhikov, A. B.; Onkhonova, G. S.; Imatdinov, I. R;; Gavrilova,
E. V.; Maksyutov, R. A;; Gordeeva, E. A.; Pazynina, G. V.; Ryzhov, L
M.; Shilova, N. V.; Bovin, N. V. Recombinant SARS-CoV-2 S Protein
Binds to Glycans of the Lactosamine Family in Vitro. Biochemistry
2021, 86, 243—247.

(55) Kwon, P. S.; Oh, H.; Kwon, S.-J.; Jin, W.; Zhang, F.; Fraser, K;
Hong, J. J.; Linhardt, R. J,; Dordick, J. S. Sulfated Polysaccharides
Effectively Inhibit SARS-CoV-2 in Vitro. Cell Discovery 2020, 6, 50.

(56) Clausen, T. M.; Sandoval, D. R;; Spliid, C. B.; Pihl, J.; Perrett,
H. R;; Painter, C. D.; Narayanan, A.; Majowicz, S. A.; Kwong, E. M.;
McVicar, R. N.; Thacker, B. E.; Glass, C. A.; Yang, Z.; Torres, J. L;
Golden, G. J.; Bartels, P. L.; Porell, R. N.; Garretson, A. F.; Laubach,
L.; Feldman, J; Yin, X,; Pu, Y.; Hauser, B. M.; Caradonna, T. M.;
Kellman, B. P.; Martino, C.; Gordts, P. L. S. M.; Chanda, S. K;
Schmidt, A. G.; Godula, K.; Leibel, S. L.; Jose, J.; Corbett, K. D,;
Ward, A. B,; Carlin, A. F.; Esko, J. D. SARS-CoV-2 Infection Depends
on Cellular Heparan Sulfate and ACE2. Cell 2020, 183, 1043—1057.

(57) Mycroft-West, C. J.; Su, D.; Pagani, I; Rudd, T. R; Ellj, S;
Gandhi, N. S.; Guimond, S. E,; Miller, G. J.; Meneghetti, M. C. Z.;
Nader, H. B,; Li, Y.,; Nunes, Q. M,; Procter, P.; Mancini, N.;
Clementi, M.; Bisio, A.; Forsyth, N. R.; Ferro, V.; Turnbull, J. E,;
Guerrini, M.; Fernig, D. G.; Vicenzi, E.; Yates, E. A;; Lima, M. A,;
Skidmore, M. A. Heparin Inhibits Cellular Invasion by SARS-CoV-2:
Structural Dependence of the Interaction of the Spike S1 Receptor-
Binding Domain with Heparin. Thromb. Haemost. 2020, 120, 1700—
1718.

(58) Mehdipour, A. R.; Hummer, G. Dual Nature of Human ACE2
Glycosylation in Binding to SARS-CoV-2 Spike. Proc. Natl. Acad. Sci.
U.S.A. 2021, 118, No. e2100425118.

(59) Richards, S.-J.; Gibson, M. 1. Optimization of the Polymer
Coating for Glycosylated Gold Nanoparticle Biosensors to Ensure
Stability and Rapid Optical Readouts. ACS Macro Lett. 2014, 3,
1004—1008.

(60) Zheng, M. Z; Richard, J. L.; Binder, J. A Review of Rapid
Methods for the Analysis of Mycotoxins. Mycopathologia 2006, 161,
261-273.

(61) Zheng, S.; Fan, J.; Yu, F; Feng, B.; Lou, B.; Zou, Q,; Xie, G,;
Lin, S.; Wang, R,; Yang, X.; Chen, W.,; Wang, Q.; Zhang, D.; Liu, Y,;
Gong, R;; Ma, Z; Lu, S,; Xiao, Y.; Gu, Y,; Zhang, J; Yao, H,; Xu, K;;
Lu, X.; Wei, G.; Zhou, J.; Fang, Q; Cai, H,; Qiu, Y.; Sheng, J.; Chen,
Y,; Liang, T. Viral Load Dynamics and Disease Severity in Patients
Infected with SARS-CoV-2 in Zhejiang Province, China, January-
March 2020: Retrospective Cohort Study. BMJ 2020, 369, m1443.

(62) Pan, Y.; Zhang, D.; Yang, P.; Poon, L. L. M.; Wang, Q. Viral
Load of SARS-CoV-2 in Clinical Samples. Lancet Infect. Dis. 2020, 20,
411-412.

(63) Geraerts, M.; Willems, S.; Backelandt, V.; Debyser, Z.; Gijsbers,
R. Comparison of Lentiviral Vector Titration Methods. BMC
Biotechnol. 2006, 6, 34.

(64) Richter, A.; Plant, T.; Kidd, M.; Bosworth, A.; Mayhew, M,;
Megram, O.; Ashworth, F.; Crawford, L.; White, T.; Moles-Garcia, E.;
Mirza, J.; Percival, B.;; McNally, A. How to Establish an Academic
SARS-CoV-2 Testing Laboratory. Nat. Microbiol. 2020, S, 1452—
1454.

(65) Public Health England. SARS-CoV-2 Inactivation Testing:
Interim Report (HCM/CoV2/025/v1 — 16 July 2020).

(66) PHE Porton Down & University of Oxford. SARS-CoV-2 LFD
Test Development and Validation Cell. Preliminary Report from the
Joint PHE Porton Down & University of Oxford SARS-CoV-2 Test

https://doi.org/10.1021/acssensors.1c01470
ACS Sens. 2021, 6, 3696—3705


https://doi.org/10.1007/s10719-010-9303-4
https://doi.org/10.1007/s10719-010-9303-4
https://doi.org/10.1111/j.1462-2920.2006.001001.x
https://doi.org/10.1111/j.1462-2920.2006.001001.x
https://doi.org/10.4269/ajtmh.2006.74.750
https://doi.org/10.4269/ajtmh.2006.74.750
https://doi.org/10.3762/bjoc.13.100
https://doi.org/10.3762/bjoc.13.100
https://doi.org/10.1039/D0SC05360K
https://doi.org/10.1039/D0SC05360K
https://doi.org/10.1039/b715250g
https://doi.org/10.1039/b715250g
https://doi.org/10.1039/b715250g
https://doi.org/10.1039/D1NR01548F
https://doi.org/10.1039/D1NR01548F
https://doi.org/10.1246/bcsj.20100303
https://doi.org/10.1246/bcsj.20100303
https://doi.org/10.1021/acscentsci.0c00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41594-019-0233-y
https://doi.org/10.1038/s41594-019-0233-y
https://doi.org/10.1128/JVI.00854-15
https://doi.org/10.1128/JVI.00854-15
https://doi.org/10.1128/JVI.00854-15
https://doi.org/10.1038/s41594-019-0334-7
https://doi.org/10.1038/s41594-019-0334-7
https://doi.org/10.1038/s41594-019-0334-7
https://doi.org/10.1038/s41467-020-20457-w
https://doi.org/10.1038/s41467-020-20457-w
https://doi.org/10.1038/s41467-020-20457-w
https://doi.org/10.1101/2021.04.14.439284
https://doi.org/10.1101/2021.04.14.439284
https://doi.org/10.1101/2021.04.14.439284
https://www.biorxiv.org/content/10.1101/2021.04.14.439284v2
https://www.biorxiv.org/content/10.1101/2021.04.14.439284v2
https://doi.org/10.1101/2021.04.14.439284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2021.04.14.439284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2021.03.08.434228
https://doi.org/10.1101/2021.03.08.434228
https://doi.org/10.1101/2021.03.08.434228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2021.03.08.434228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S0006297921030019
https://doi.org/10.1134/S0006297921030019
https://doi.org/10.1038/s41421-020-00192-8
https://doi.org/10.1038/s41421-020-00192-8
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1016/j.cell.2020.09.033
https://doi.org/10.1055/s-0040-1721319
https://doi.org/10.1055/s-0040-1721319
https://doi.org/10.1055/s-0040-1721319
https://doi.org/10.1073/pnas.2100425118
https://doi.org/10.1073/pnas.2100425118
https://doi.org/10.1021/mz5004882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz5004882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz5004882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11046-006-0215-6
https://doi.org/10.1007/s11046-006-0215-6
https://doi.org/10.1136/bmj.m1443
https://doi.org/10.1136/bmj.m1443
https://doi.org/10.1136/bmj.m1443
https://doi.org/10.1016/S1473-3099(20)30113-4
https://doi.org/10.1016/S1473-3099(20)30113-4
https://doi.org/10.1186/1472-6750-6-34
https://doi.org/10.1038/s41564-020-00818-3
https://doi.org/10.1038/s41564-020-00818-3
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors pubs.acs.org/acssensors

Development and Validation Cell: Rapid Evaluation of Lateral Flow
Viral Antigen Detection Devices (LFDs) for Mass Community
Testing — 8th of November, 2020.

(67) Rabaan, A. A; Tirupathi, R.; Sule, A. A; Aldali, J.; Mutair, A;
Alhumaid, S.; Muzaheed; Gupta, N.; Koritala, T.; Adhikari, R.; Bilal,
M.; Dhawan, M.; Tiwari, R.; Mitra, S.; Emran, T.; Dhama, K. Viral
Dynamics and Real-Time RT-PCR Ct Values Correlation with
Disease Severity in COVID-19. Diagnostics 2021, 11, 1091.

(68) Yu, F.; Yan, L.; Wang, N.; Guo, Y.; Zhang, F. Reply to Aquino-
Jarquin. Clin. Infect. Dis. 2021, 72, 1490—1491.

(69) Berg, M. G.; Zhen, W.; Lucic, D.; Degli-Angeli, E. J.; Anderson,
M.; Forberg, K; Olivo, A.; Sheikh, F.; Toolsie, D.; Greninger, A. L.;
Cloherty, G. A;; Coombs, R. W,; Berry, G. J. Development of the
RealTime SARS-CoV-2 Quantitative Laboratory Developed Test and
Correlation with Viral Culture as a Measure of Infectivity. J. Clin.
Virol. 2021, 143, No. 104945.

(70) Aquino-Jarquin, G. The Raw Cycle Threshold Values From
Reverse-Transcription Polymerase Chain Reaction Detection Are Not
Viral Load Quantitation Units. Clin. Infect. Dis. 2021, 72, 1489—1490.

(71) Arnaout, R; Lee, R. A;; Lee, G. R; Callahan, C.; Cheng, A;
Yen, C. F.; Smith, K. P.; Arora, R.; Kirby, J. E. The Limit of Detection
Matters: The Case for Benchmarking Severe Acute Respiratory
Syndrome Coronavirus 2 Testing. Clin. Infect. Dis. 2021, No. ciaal382.

(72) Klasse, P. J. Chapter Ten — Molecular Determinants of the
Ratio of Inert to Infectious Virus Particles. In Progress in Molecular
Biology and Translational Science; NIH Public Access, 2015; Vol. 129,
pp 285-326.

(73) Schwerdt, C. E.; Fogh, J. The Ratio of Physical Particles per
Infectious Unit Observed for Poliomyelitis Viruses. Virology 1957, 4,
41-52.

(74) Alfson, K. J; Avena, L. E.; Beadles, M. W,; Staples, H,;
Nunneley, J. W.; Ticer, A; Dick, E. J.; Owston, M. A,; Reed, C;
Patterson, J. L; Carrion, R; Griffiths, A. Particle-to-PFU Ratio of
Ebola Virus Influences Disease Course and Survival in Cynomolgus
Macaques. J. Virol. 2015, 89, 6773—6781.

(75) Childs, R. A; Palma, A. S.; Wharton, S.; Matrosovich, T.; Liu,
Y.; Chai, W.,; Campanero-Rhodes, M. A,; Zhang, Y.; Eickmann, M,;
Kiso, M.; Hay, A.; Matrosovich, M.; Feizi, T. Receptor-Binding
Specificity of Pandemic Influenza A (HIN1) 2009 Virus Determined
by Carbohydrate Microarray. Nat. Biotechnol. 2009, 27, 797—799.

(76) Marin, M. J.; Rashid, A.; Rejzek, M.; Fairhurst, S. A.; Wharton,
S. A; Martin, S. R;; McCauley, J. W.,; Wileman, T.; Field, R. A;
Russell, D. A. Glyconanoparticles for the Plasmonic Detection and
Discrimination between Human and Avian Influenza Virus. Org.
Biomol. Chem. 2013, 11, 7101.

(77) Richards, S.-J.; Baker, A. N.; Walker, M,; Gibson, M. I
Polymer-Stabilized Sialylated Nanoparticles: Synthesis, Optimization,
and Differential Binding to Influenza Hemagglutinins. Biomacromo-
lecules 2020, 21, 1604—1612.

(78) Jonges, M.; Liu, W. M.; van der Vries, E.; Jacobi, R.; Pronk, L;
Boog, C.; Koopmans, M.; Meijer, A,; Soethout, E. Influenza Virus
Inactivation for Studies of Antigenicity and Phenotypic Neuramini-
dase Inhibitor Resistance Profiling. J. Clin. Microbiol. 2010, 48, 928—
940.

(79) Kemp, S.; Datir, R; Collier, D.; Ferreira, I; Carabelli, A;
Harvey, W.; Robertson, D.; Gupta, R. Recurrent Emergence and
Transmission of a SARS-CoV-2 Spike Deletion AH69/AV70.
BioRxiv, 2020. DOI: 10.1101/2020.12.14.422555.

3705

https://doi.org/10.1021/acssensors.1c01470
ACS Sens. 2021, 6, 3696—3705


https://doi.org/10.3390/diagnostics11061091
https://doi.org/10.3390/diagnostics11061091
https://doi.org/10.3390/diagnostics11061091
https://doi.org/10.1093/cid/ciaa843
https://doi.org/10.1093/cid/ciaa843
https://doi.org/10.1016/j.jcv.2021.104945
https://doi.org/10.1016/j.jcv.2021.104945
https://doi.org/10.1016/j.jcv.2021.104945
https://doi.org/10.1093/cid/ciaa830
https://doi.org/10.1093/cid/ciaa830
https://doi.org/10.1093/cid/ciaa830
https://doi.org/10.1093/cid/ciaa1382
https://doi.org/10.1093/cid/ciaa1382
https://doi.org/10.1093/cid/ciaa1382
https://doi.org/10.1016/0042-6822(57)90042-9
https://doi.org/10.1016/0042-6822(57)90042-9
https://doi.org/10.1128/JVI.00649-15
https://doi.org/10.1128/JVI.00649-15
https://doi.org/10.1128/JVI.00649-15
https://doi.org/10.1038/nbt0909-797
https://doi.org/10.1038/nbt0909-797
https://doi.org/10.1038/nbt0909-797
https://doi.org/10.1039/c3ob41703d
https://doi.org/10.1039/c3ob41703d
https://doi.org/10.1021/acs.biomac.0c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.0c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/JCM.02045-09
https://doi.org/10.1128/JCM.02045-09
https://doi.org/10.1128/JCM.02045-09
https://doi.org/10.1101/2020.12.14.422555
https://doi.org/10.1101/2020.12.14.422555
https://doi.org/10.1101/2020.12.14.422555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

