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Abstract:

The COVID-19 pandemic has highlighted the urgent need
for sensitive, affordable, and widely-accessible testing at the
point-of-care. Here we report the development of a sensitive
chemiluminescence-based smartphone-readable lateral flow as-
say for the detection of SARS-CoV-2 nucleoprotein using M13
phage conjugated with antibodies and HRP enzymes as LFA
reporter particles. We screened 84 anti-nucleoprotein mono-
clonal antibody pairs in phage LFA and identified an antibody
pair that gave an LoD of 25 pg mL™! nucleoprotein in nasal
swab extract using a FluorChem gel documentation system and
100 pg mL™! when the test was imaged and analyzed by an
in-house-developed smartphone reader. The smartphone-read
LFA signals for positive clinical samples tested (N = 15, with
known Ct) were statistically different (p < 0.001) from negative
clinical samples tested (N = 12). The translation-ready phage
LFA technology combined with smartphone chemiluminescence
imaging can enable the timely development of ultrasensitive,
affordable point-of-care testing platforms for SARS-CoV-2 and
beyond.

1 Introduction

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has become a major global health crisis since early 2020.
Rapid SARS-CoV-2 diagnostic antigen tests are a point-of-
care alternative to gold standard RT-PCR for frequent and
affordable testing,’® used to identify and isolate infected
people as early as possible to control the transmission.?
Rapid antigen tests most commonly target the viral nucleo-
protein (N protein)®'? and can test for current infection at
the point-of-care. 1314

The nucleoprotein is a highly conserved and abundantly
expressed viral structural protein in SARS-CoV-2 and be-
comes accessible after a simple detergent-based sample treat-
ment. Thus, it is the preferred diagnostic target (over the
mutation-prone surface trimer spike protein). Indeed, the
majority of the SARS-CoV-2 antigen tests under FDA Emer-
gency Use Authorization target the nucleoprotein. *®

Lateral flow immunoassays (LFAs) are the preferred for-
mat for point-of-care antigen-detection diagnostics. When
they have sufficient analytical sensitivity, they can be used
in a wide array of diagnostic applications including screening

for respiratory infections such as flu, '® respiratory syncytial
virus (RSV) infection,'” and most recently COVID-19.'®
LFAs are based on capillary wicking of a liquid sample along
a nitrocellulose membrane bearing immobilized (capture)
antibodies on test and control lines. As the sample wicks
through the membrane, it contacts reporter particles deco-
rated with antibodies to the target. The particle-antibody-
target complexes are captured by the anti-target antibodies
immobilized on the test line, and particles are captured in-
dependent of the target on the control line, resulting in the
lines characteristic of a positive LFA.

While antibodies play a key role in immunoassay perfor-
mance, the analytical sensitivity of LFA is also determined
by the detectability of the reporter particles.'® Conven-
tional gold and latex colorimetric reporters give limited
analytical sensitivity'® albeit without complex readouts.
Higher-sensitivity reporters include organic fluors,?° eu-
ropium chelates, 2?2 quantum dots, *%12372% yp_converting
nanoparticles,?® noble-metal catalytic nanoparticles, 2’
and paramagnetic nanoparticles.?®?° These reporters can
greatly enhance LFA sensitivity but typically require costly
and/or complex readers. 32 Achieving high analytical sen-
sitivity without sacrificing the simplicity, manufacturability,
and low cost of LFA remains an open challenge.

We previously introduced filamentous M13 bacteriophage
particles as LFA reporters combining enhanced detectability
and capturability. 3> 3® The M13 phage reporters carry mul-
tiple recognition elements, e.g. antibodies or aptamers, and
multiple copies of reporter enzymes or fluors for signal am-
plification. These phage reporters exhibited extremely low
limits of detection in model systems or using sophisticated
fluorescence instrumentation in mechanistic investigations of
LFAs, 33738 but were not tested on real samples at the point-
of-care.

In this study we show that phage LFAs employing chemi-
luminescent reporters and read by a smartphone can reli-
ably detect SARS-CoV-2 in clinical samples. Through ex-
tensive screening of antibodies and conjugation chemistries,
we demonstrate the ultrasensitive detection of SARS-CoV-2
nucleoprotein in nasal swab extracts using an off-the-shelf
smartphone (fitted with a $1.20 3-D printed accessory) and
an in-house developed iOS app for imaging and analysis.



2 Materials and Methods
2.1 Materials

Hydroxylamine hydrochloride (99%), sodium meta peri-
odate (>99%), IGEPAL CA-630, bovine serum albumin
(A7906, >98%), polyvinylpyrrolidone (PVP-40, average
MW 40,000), and sodium acetate (99%) were purchased
from Sigma Aldrich and used without modification or pu-
rification. Sodium carbonate was from Millipore Sigma.
Sodium cyanoborohydride was purchased from CHEM-
IMPEX and used without modification. Phosphate Buffered
Saline (PBS) tablets were from TaKaRa. Enhanced Chemi-
luminescence (ECL) Ultra substrate (acridan-based; TMA-
6) was purchased from Lumigen and 1-Step Ultra TMB-
ELISA Substrate Solution was from Thermo Scientific.

2.2 Nasal swab samples

For spiking studies, fresh presumed negative anterior nasal
swab specimens were self-collected by adult lab members
under a University of Houston IRB-approved study (UH
STUDY00002547) using Puritan foam tip swabs. Each swab
was extracted with 1 mL of LFA extraction buffer (1X PBS
(pH 7.4), 10 mg mL~! BSA, 5 mg mL~! PVP-40, and 0.25%
v/v IGEPAL CA-630), for at least 2 min, and then the swab
was discarded. Individual or pooled samples were used im-
mediately.

To test the compatibility of phage LFA with clinical sam-
ples, we initially used frozen, de-identified post-diagnostic
molecular testing, nasopharyngeal swab extracts, a generous
gift from University of Texas Medical Branch at Galveston
(Dr. Scott Weaver and Ms. Nehad Saad) and Commu-
nity Labs, LLC (Dr. Scott Jones). We tested individual
and pooled samples. Aliquots were stored at —80°C until
thawed for a single experimental use and then discarded.

Then frozen, de-identified, anterior nasal swabs extracted
in saline (leftovers from diagnostic molecular testing with
known Ct values) were purchased from Labcorp. These de-
identified clinical specimens were not considered human sub-
jects research. Handling and testing of clinical specimens
was performed under BSL-2 containment inside a Nuaire
Class II Biological Safety Cabinet (UH MUA #008-20).

2.3 LFA phage reporters

IgG-horseradish peroxidase (HRP)-conjugates®® (Peroxi-

dase AffiniPure Goat Anti-Mouse IgG, Jackson ImmunoRe-
search, 115-035-003) were treated with periodate to oxi-
dize the oligosaccharide residues of IgG Fc*® and HRP*!
and create amine-reactive aldehyde groups.*? These aldehy-
des were then conjugated to the exposed primary amines
of M13mp18 phage (Guild Biosciences) proteins via reduc-
tive amination. Briefly, 0.1 M sodium meta periodate and
goat anti-mouse antibody-HRP conjugates were mixed in
100 mM sodium acetate, pH 5.5, to final concentrations of
1.68 mg mL~" and 0.22 mg mL™!, respectively, and allowed
to react at room temperature for 20 min. Unreacted perio-
date was removed using a Zeba Spin Desalting Column 7K
MWCO (Thermo Fisher Scientific), pre-equilibrated with
200 mM sodium carbonate, pH 9.6. 100 puL of M13 phage
(9 x 10*® virions mL™!) in 200 mM sodium carbonate, pH
9.6, was added to the oxidized antibody/HRP conjugates
(estimated 30 antibody/HRP conjugates offered per phage)

and allowed to react for 2.5 h at room temperature. Sodium
cyanoborohydride (4 pL of 5 M in 1 M sodium hydroxide)
was added to the reaction (400 pL) to a final concentra-
tion of 0.05 M to reduce the unstable Schiff bases formed
by the reaction of primary amines and aldehydes to stable
secondary amines, and the mixture was incubated for 30
min. Next, hydroxylamine hydrochloride (1 M in DI wa-
ter) was added to a final concentration of 0.05 M to quench
the reaction and the resulting solution was incubated for
30 min. Uncoupled antibodies were removed by passing
the solution through a Capto Core 700 resin (Cytiva) col-
umn (2 mL) pre-equilibrated with 1X phosphate-buffered
saline solution (PBS).** Phage construct concentration was
determined using UV-Vis absorbance (Thermo NanoDrop
ND-1000 UV /Vis Spectrophotometer) and the formula: viri-
ons mLfl:[(A%g nm — A320 nm ) X6 X 1016]/genome length *4
(7,249 nt for M13mp18). Phage constructs were stored in 1X
PBS at 4°C until use.

Prior to functional testing in phage LFA, the apparent
enzymatic activity of the phage conjugate was measured in
solution against a calibration curve of unmodified HRP en-
zyme using the 1-Step Ultra TMB HRP substrate in a 96-
well microtiter plate, with absorbance at 450 nm measured
by a TECAN Infinite M200 PRO plate reader.

2.4 LFA assembly and antibody
striping

A 25 mm wide by 300 mm long UniSart CN140 nitrocellu-
lose membrane (Sartorius Stedim) and a 22 mm ReliaFlow™
440 absorbent pad (Ahlstrom-Munksj6) were placed on a 300
mm long backing card (DCN, MIBA-020) with a 2 mm over-
lap (Figure 1). 1 mg mL~" rabbit monoclonal anti-SARS-
CoV-2 nucleoprotein antibodies and 0.5 mg mL~* goat poly-
clonal anti-mouse antibodies (Arista Biologicals, ABGAM-
0500) in 1X PBS were dispensed on the membrane using
a Biodot XYZ3060 system (flow rate 1 uL cm™!) to form
test and control lines, respectively. The membranes were
allowed to dry at 50°C for 1 h and stored in a desiccator
overnight. The membranes were cut into 3 mm wide strips
using a ZQ2000 Guillotine Cutter (Kinbio Tech) and stored
desiccated at room temperature until use.

2.5 LFA running protocol

Based on previous experience and a brief screening, the
formulation of the LFA running/extraction buffer used in
this work was 1X PBS (pH 7.4), 10 mg mL~" BSA (block-
ing/passivation agent), 5 mg mL~' PVP-40 (a neutral poly-
mer to facilitate dispersion), and 0.25% v/v IGEPAL CA-
630 (a nonionic, non-denaturing immunoassay-compatible
surfactant commonly used for virus lysis).

Recombinant SARS-CoV-2 nucleoprotein (ACRO Biosys-
tems, NUN-C5227; calculated MW 47.3 kDa; GeneBank:
QHO62115.1) in extraction buffer or negative nasal swab ex-
tract (24 pL) was mixed with 6 L mouse anti-nucleoprotein
antibodies (final concentration of 0.4 pug mL™' antibody).
Half-strip LFA was dipped into 30 pL of the sample fol-
lowed by 10 pL of reporter phage conjugates (3 x 10t viri-
ons mL™') followed by 3 washes with 10 uL of the extrac-
tion buffer. Finally, 20 uL of Enhanced Chemiluminescence
(ECL) substrate for HRP was applied to each strip by pipet-
ting directly over the test and control lines and the strip was



imaged as described below.

2.6 Imaging and analysis

Tests were imaged both with a laboratory imager and a
smartphone.

For test optimization/development, LFA strips were im-
aged using an Alpha Innotech FluorChem gel documenta-
tion system equipped with a CoolSNAP K4 CCD camera
(no filters; exposure time: 3 s, binning: 4; pixel size: 7.4
pm), immediately after substrate application. Images were
captured at 3 s time intervals for at least 7 min. Intensity
profiles were extracted from the images using the plot pro-
file tool of NIH ImageJ.*® A horizontal line was drawn along
the baseline in the intensity profiles and the areas under the
peaks were selected and measured using the ImageJ measure
tool. These values were the intensities of the control (CL)
and test line (TL) (Figure S1). The TL/CL ratio reached
its maximum 6 min after adding the substrate and this time
was chosen for all assays imaged on the FluorChem system
(Figure S2).

The applicability of the phage LFA for point-of-
care use was demonstrated using an iPhone XR fit-
ted with a 3-D printed lens-free accessory (Figure S3;
in-house designed and made available at Thingiverse;
https://www.thingiverse.com/thing:5178342) to properly
position the strip directly under the (more light sensitive)
back camera. An in-house developed iOS app was used for
image analysis. The app reads the LFA strip by taking 10
images in raw format with predefined parameters (no flash,
ISO: 2500, focus: 0, exposure: 1000 ms, pixel size: 1.4 um).
The intensity values of blue pixels (chosen because the peak
intensity of ECL light emission occurs at 440 nm) from the
region of interest of each image were extracted and averaged
across the strip width to generate ten 1-D intensity profile
arrays. To further reduce the sensor noise, the ten inten-
sity profile arrays were averaged together into one intensity
profile array. The app then determined the location of the
control line (CL) by identifying the pixel with maximum
intensity in the top half of the LFA strip, downstream from
the test line. Next, the app validated the CL by checking
the maximum intensity against a preset threshold (twice
the intensity profile minimum). The CL served as the ref-
erence point to locate the test line (TL), a local maximum
at 400+75 pixels away (5 mm). The background (BG) was
determined midway between the CL and TL by finding the
local minimum at 200+75 pixels away from the CL peak.
The integrated intensity values of CL, TL, and BG were
calculated using the trapezoidal rule with lower and upper
integrating limits of peak location £ 25 pixels. Finally,
the value of TL/CL ratio was determined as TL/CL =
(TL-BG)/(CL—BG). In preliminary experiments, we ob-
served that the TL/CL ratio reached its maximum value 3
min after adding the substrate and this time was used for
all smartphone measurements (Figure S4). We attribute
the difference in the smartphone-based analysis time (3 min
as compared to 6 min with the FluorChem system) to the
fact that the strip was tightly constrained inside a plastic
LFA cassette (Figure S3) and its side walls accelerated the
flow and penetration of the HRP substrate through the
nitrocellulose.

2.7 Antibody screening on LFA

Twelve capture antibodies (rabbit monoclonal anti-SARS-
CoV-2 nucleoprotein antibodies) and seven detection anti-
bodies (mouse monoclonal anti-SARS-CoV-2 nucleoprotein
antibodies) (Table 1) were screened in all possible combi-
nations directly on LFA half strips. Each pair was ini-
tially tested with a no-analyte (negative) sample and 5
ng mL~" SARS-CoV-2 recombinant nucleoprotein (ACRO
Biosystems, NUN-C5227) in LFA extraction buffer using
anti-mouse IgG/HRP phage reporters. Pairs were ranked
based on the difference between the TL/CL ratios of posi-
tive (specific signal) and negative (non-specific signal) strips.
In the second round of screening, antibody pairs were tested
with a no-analyte and 1 ng mL~! of nucleoprotein in ex-
traction buffer. The third round of screening was performed
using nasal swab extract spiked with serial dilutions of nu-
cleoprotein.

Table 1. Commercial anti-SARS-CoV-2 nucleoprotein monoclonal

antibodies were screened in the phage LFA. Final selected antibodies
(capture: #3 and detection: #12) are highlighted in gray.

Index Vendor Catalog #
1 Bioss Antibodies | m-bsm-41411M
2 Ray Biotech 5F7B3
3 Ray Biotech 1G1-F2
4 Ray Biotech 1A4g1G12G12
5 Pro Sci 35720
6 Sino Biological 40143-MMO08
7 Sino Biological 40143-MMO05
8 ExonBio NP11A7
9 ExonBio NP5B1
10 ExonBio NP5E2
11 ExonBio NP11H9
12 ExonBio 12F1
13 ExonBio NP12C1
14 ExonBio NP12E6
15 ExonBio NP12B8
16 Ray Biotech 130-10760
17 Pro Sci 10-352
18 Sino Biological 40143-R004
19 ExonBio NP12A1

2.8 RT-qPCR testing

We adapted the Yale SalivaDirect RT-PCR assay ?° for use
with nasal swab extracts. Nasal extract (50 pL) was first
treated with proteinase K (6.3 uL of 20 mg mL™") by vor-
texing for 1 min (Vortex Genie 2, analog control knob at 7)
followed by heat inactivation (95°C, 5 min) and 5 pL used
as input in singleplex RT-qPCR reactions using the CDC
2019-nCoV-2 RUO pre-mixed primer and probe sets (IDT
DNA Technologies; N1 and RP) and the Luna Universal
Probe One-Step RT-qPCR Kit (E3006S; New England Bio-
labs) on an MX3005P qPCR instrument (Agilent). For each
singleplex RT-qPCR reaction, 5 ul. of processed sample was
mixed with 1.5 pL of primer/probe mixture (final primer
and FAM/BHQ-1-probe concentrations were 500 nM and
125 nM, respectively), 1 pL of 10X Luna WarmStart® RT
Enzyme Mix, 10 puL of 2X Luna Universal Probe One-Step
Reaction Mix, and 2.5 uLi of nuclease-free water. The RT-
PCR conditions were 10 min at 52°C (Reverse Transcrip-
tion/cDNA synthesis step), 2 min at 95°C, and 45 cycles



of 10 s at 95°C and 30 s at 55°C. Dilutions of SARS-CoV-
2 (2019-nCoV) RUO plasmid control containing the nCoV
nucleoprotein gene (GenBank NC045512.2; IDT DNA Tech-
nologies; 5 x 10° to 50 copies per reaction) in nuclease-free
water were used to construct standard curves for every run
(typical observed amplification efficiency of 0.91). To con-
firm the input of human RNA the Hs_RPP30 plasmid con-
trol (IDT DNA) was used, which contained a portion of
the single copy, human Ribunuclease P Protein subunit p30
gene. No template control reactions typically gave “not de-
tected” (n.d.) Ct values. gPCR Control SARS-CoV-2 RNA
(BEI NR-52347) was used as a positive control (1250 genome
equivalents per 5 pL, Ct value 26.6 + 0.7, n = 4).

2.9 Clinical sensitivity with

banked samples

Initially, three banked positive clinical samples (Ct values
14.2, 15.6, and 13.2) were pooled and the pool serially di-
luted in fresh pooled negative nasal swab extract. The pool
serial dilutions were tested in parallel by RT-qPCR and
phage LFA as described in §2.8 and §2.5, respectively.

Banked, de-identified, anterior nasal swab liquid sam-
ples including 12 negative and 15 positive samples (known-
Ct leftovers from diagnostic molecular testing) purchased
from Labcorp were tested in phage LFA. To condition the
sample while minimizing analyte dilution, clinical samples
were mixed 4:1 with a 5X concentrated extraction buffer to
achieve a final 1X LFA extraction buffer and 4 pug mL™! de-
tection antibodies. 30 uL of this sample was run on an LFA
strip followed by anti-mouse IgG/HRP phage reporters and
the rest of the protocol was as described in §2.5.

IBM SPSS statistics software 28.0.1.0 (IBM, Armonk,
NY) was used to run Mann-Whitney U tests and the re-
ceiver operating characteristic (ROC) curve analyses.

3 Results and Discussion

3.1 Universal antibody-enzyme
phage LFA reporters

We chemically functionalized M13 phage proteins with anti-
mouse IgG/HRP conjugates by oxidation of polysaccharides
on antibodies and HRP enzymes to make universal, easily-
customizable ultrasensitive LFA reporters. The sample was
mixed with mouse monoclonal anti-nucleoprotein detection
antibodies and detection antibody-analyte complexes were
captured on the test line bearing rabbit monoclonal anti-
nucleoprotein antibodies. Anti-mouse antibody/HRP phage
reporters were then added, and HRP captured on the test
line catalyzed the oxidation of the chemiluminescent sub-
strate, which generated a light signal readily detectable by
an unmodified smartphone (Figure 1).

We initially investigated different strategies for the direct
conjugation of anti-nucleoprotein antibodies and HRP en-
zymes on the primary amines of the phage coat proteins,*”
including the commonly-used carbodiimide-mediated cross-
linking with EDC and sulfo-NHS, Traut’s reagent thiola-
tion of primary amines for coupling to maleimide-activated
antibodies,®3** and periodate-mediated oxidation of gly-
cosylated antibody Fc and HRP sugars to amine-reactive

\1{’ Detection antibody

\)r’ Capture antibody

\\(’ Antibody/HRP conjugate
‘){’ Control line capture antibody .~ .
[

Nucleoprotein

====% M13 bacteriophage

(]

Figure 1.  Schematic illustration of the chemiluminescent phage
lateral flow assay for the detection of SARS-CoV-2 nucleoprotein.
Nucleoprotein is sandwiched between mouse detection antibodies
and rabbit capture antibodies on the LFA test line (TL) and then
detected by anti-mouse antibody-HRP phage reporters. Light
signal from the HRP-mediated chemiluminescent reaction is cap-
tured and analysed by a smartphone and associated app. Created
with BioRender.com

aldehydes. All antibody-HRP phage conjugates tested per-
formed well in ELISA and were captured on LFA con-
trol lines but the signal for nucleoprotein on test line
was not detectable. Phage functionalized with commercial
(pre-conjugated) anti-mouse IgG/HRP conjugates combined
with soluble mouse anti-nucleoprotein antibodies, however,
showed superior LFA analytical sensitivity.

3.2 Antibody screening

The performance of immunoassays depends critically upon
the pair of antibodies used.*® Traditional equilibrium-based
antibody screening methods such as ELISA, however, are
not predictive of the behavior of antibodies when integrated
in LFA format.>*® Thus, we performed three rounds of an-
tibody screening directly in phage LFA. First, we screened
all 84 monoclonal antibody pairs against SARS-CoV-2 nu-
cleoprotein (Table 1) in phage LFA using a negative (0
ng mL™!) and a high positive (5 ng mL~'nucleoprotein)
sample in extraction buffer (Figure 2). We calculated
the ratio of the intensities of test and control lines and
ranked the pairs based on the difference between the ra-
tio of test line to control line of positive strips and negative
strips (TL/CL)positive— (TL/CL)negative for each pair (Fig-
ure 2). Interestingly, seven antibody pairs demonstrated
non-specific signal (negative strip) that was greater than the
specific signal (positive strip) whereas eighteen pairs demon-
strated indistinguishable non-specific and specific signals.
The six antibody pairs with the highest ranking and in suf-
ficient stock (shown in bold in Figure 2) were then tested
with 1 ng mL™' nucleoprotein in LFA extraction buffer.
The differences between the TL/CL values of positive strips
and negative strips ((TL/CL)positive— (TL/CL)necgative) for
the six pairs were: 8-3: 0.22, 9-3: 0.08, 10-3: 0.11, 12-3: 0.34,
13-3: 0.32, 14-3: 0.34. The two antibody pairs with the high-
est ranking and in sufficient stock, 13-3 and 12-3, were then
tested with nucleoprotein (0, 0.05, 0.1, and 0.5 ng mL™*')
spiked in nasal swab extract. The difference in TL/CL of
negative strips and low positive strips (0.05 ng mL™') was
higher for the 12-3 pair (Figure S5). Consequently, we used



this pair, #12, rabbit monoclonal antibody 12F1 (ExonBio)
and #3, mouse monoclonal antibody 1G1-F2 (Ray Biotech),
for further test development and validation.

#8 -0.42 0.30 | 0.22 | 0.01 | 0.36

#9 0.14 | 0.13 | 0.20 | 0.28
#10 0.16 | 0.18 | 0.28 | 0.36
#11 0.14 | 0.03 |-0.03 | 0.08
3z #2 0.28 | 0.02 | 0.02 | 0.36
%#13 0.26 |-0.03 | 0.04 | 0.28
g #14 0.26 | 0.04 | 0.01 | 0.36
§ #15( 0.19 [-0.01 | 0.08 | 0.02 | 0.16 | 0.28 | 0.08

#16| 0.01 | 0.04 | 0.01 | 0.00 | 0.02 |-0.02 | 0.21

#17| 0.11 -0.45 0.14 | 0.12 | 0.27 | 0.22

#18| 0.02 |-0.07 | 0.15 [-0.01 [ 0.03 | 0.02 | 0.22

#1 #2 #3 #4 #5 #6 #7
Detection antibody

Figure 2. Phage LFA-based antibody screening. The perfor-
mance of the 84 antibody pairs was initially evaluated with a
no-target and 5 ng mL~! nucleoprotein sample in LFA extrac-
tion buffer. Values shown are the differences between the TL/CL
ratios of positive and negative strips; darker blues correspond to
higher differences. The top 6 antibody pairs that were available
in sufficient stock (shown in bold borders) were chosen for the
next round of screening using 1 ng mL~! nucleoprotein.

3.3 Analytical sensitivity with
contrived samples

Following antibody screening we evaluated the analytical
sensitivity of the chosen antibody pair in phage LFA with
nasal swab extracts (presumed negative for COVID-19)
spiked with recombinant nucleoprotein (25 pg mL™" to 500
pg mL~'; Figure 3). The signal increased linearly with in-
creasing nucleoprotein concentration and the limit of detec-
tion (LoD), defined as the lowest analyte concentration for
which the signal is above the Averageplank+3X STDplank,
was 25 pg mL™! (0.53 pM). There is no general consen-
sus on the required analytical sensitivity to ensure clinical
utility. A recent study®° using the Quanterix SIMOA tech-
nology showed a median nucleoprotein concentration of 215
pg mL™! in PCR-positive banked swabs (n = 148 with 71
samples with > 1000 pg mL~'). Thus the sub-picomolar
LoD of the phage LFA in nasal swab extract is promising
and better than the LoD in recently reported SARS-CoV-2
nucleoprotein colorimetric LFAs, as discussed in §3.5.
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Figure 3.  Sub-picomolar detection of nucleoprotein using the

phage LFA. Nucleoprotein was spiked in presumed-negative nasal
swab extracts; capture: rabbit monoclonal antibody 12F1 (#12);
ExonBio and detection: mouse monoclonal antibody 1G1-F2
(#3); Ray Biotech. LFA strips were imaged on the FluorChem
gel documentation system. Data are mean 4 s.d.; n = 4. The
dashed red line denotes the estimated background as the average
plus three times the standard deviation (@ + 30) of the negative
tests.

3.4 Clinical sensitivity with nasal
swab extracts

To assess the clinical utility of phage LFA, three COVID-19
positive swab extracts were pooled together, serially diluted
in negative nasal swab extract, and tested in the RT-PCR
assay and in phage LFA.

Here, we adapted the Yale SalivaDirect assay that circum-
vents RNA extraction and performed RT-PCR directly on
nasal swab extracts. We obtained Ct values for Labcorp pos-
itive samples (received frozen and then thawed) that were an
average 1.9 (£ 2.3) cycles higher than the Labcorp-supplied
Ct values (with a Spearman’s correlation coefficient of 0.89)
demonstrating that our direct RT-PCR was sufficient for
the needs of our study (to benchmark serially-diluted pooled
samples prior to LFA testing). All Labcorp negative samples
had Ct values greater than 40.

The Ct values determined for the 10, 50, 100, and 1,000-
fold diluted pools were 21.6, 23.4, 25.6, and 29.4, respec-
tively. The LFA signals for all diluted pools tested, includ-
ing the pool with Ct value of 28, were higher than the signal
for the negative sample (Figure S6). These results under-
score the high sensitivity of the phage LFA. Recent studies
have tried to correlate the performance of LFA with PCR Ct
values® 753 but differently-calibrated PCR systems, different
workflows, and fundamentally different targets (nucleic acid
vs. protein) hinder the drawing of general conclusions.

We then tested 27 de-identified nasal swab extracts from
Labcorp, including 15 positive samples with known Ct values
ranging from 18.7 to 29.6 (3 samples with Ct value greater
than 28) and 12 negative samples (Ct values not reported
but greater than 40) (Table S1). The LFA signals for PCR-
positive samples were statistically different from the negative
samples (Mann-Whitney U test, p < 0.001; Figure 4; Figure
S7: LFA signal and Ct value for all positive samples tested)



indicating that phage LFA was sufficiently sensitive to dis-
criminate between positive and negative samples. Based on
the ROC analysis (Figure S8), we achieved a maximum sen-
sitivity of 93.3% at 100% specificity (area under the ROC
curve (AUC) = 0.994; 95% CI 0.977-1.00).
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Figure 4. Individual results of clinical specimens (nasal swab

extracts from Labcorp) tested using the phage LFA and read
with lab instrumentation. The box plots display the phage LFA
TL/CL ratios of negative (n = 12) and positive samples (n = 15).
Horizontal lines on each box plot, from bottom to top beginning
with the bottom whisker are: 10th percentile, 25th percentile,
median, 75th percentile, and 90th percentile. 4+ symbols indicate
outliers (low Ct value samples, 21.1, 19.5 and 18.7). *** sym-
bol indicates that the two groups are statistically different by the
Mann-Whitney U test, p < 0.001. TL/CL as a function of Ct
value is shown in Figure S7.

3.5 Smartphone-based phage

LFA

Smartphones provide a now-ubiquitous, portable, and user-
friendly platform to image and interpret optically-reporting
LFAs.%* Moreover, the wavelength of the ECL chemilumi-
nescent emission matches the smartphone camera spectral
sensitivity curve.?®%% We developed a 3D-printed attach-
ment that positions the LFA strip directly under the back
camera of the iPhone XR and blocks out all ambient light,
maintaining a dark environment (Figure S3). An iOS im-
age analysis app was developed in-house (a typical analysis
screenshot is shown in Figure S3).

We tested nucleoprotein serially diluted in nasal swab ex-
tract and read the LFA strips using the iPhone reader. The
TL/CL ratio increased with increasing nucleoprotein con-
centration (Figure 5) and the LoD was estimated at 100 pg
mL™'. The smartphone-based LoD value was higher than
the LoD estimated using the CCD camera of the bulkier
and more expensive FluorChem imaging system. Neverthe-
less, the off-the-shelf, portable and affordable smartphone
reader showed a low and clinically-relevant®® LoD in addi-
tion to the user-friendly and point-of-care features of the
smartphone platform.

The LoD of the phage LFA is better than most re-
cently reported values (for the detection of SARS-CoV-2
nucleoprotein or spike protein) in equipment-free colorimet-

ric LFAs (gold nanoparticles,>7® latex particles,® cellulose

nanobeads;'>'® Table S2). The analytical sensitivity of
phage LFA is even comparable to that of fluorescent LFAs
read by costly and specialized readers. %! Post-LFA signal
amplification was shown to greatly improve the LoD of gold
LFAs but at the expense of increased background that may
hinder reliable visual interpretation® or economy and POC
applicability, since the enhanced LFA strip is read with a
complex reader assembly. "

Next, we tested 26 nasal swab clinical samples including 15
positive and 11 negative samples, in phage LFA and read and
analyzed the signals using the smartphone (Figure 6; Figure
S9: LFA signal and Ct value for all positive samples tested).
Using a Mann-Whitney U test, negative samples tested and
positive samples tested were confirmed to be statistically
different (p < 0.001) indicating that the smartphone-read
phage LFA was sufficiently sensitive to discriminate between
positive and negative clinical samples. Based on the ROC
analysis (Figure S10), we achieved a maximum sensitivity of
80% at 100% specificity (area under the ROC curve (AUC)
= 0.939; 95% CI 0.854-1.00).

0.20 T T T T T
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TL/CL
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0 . . . .
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Figure 5. Smartphone-based detection of nucleoprotein using
the phage LFA. Nucleoprotein was spiked in presumed negative
nasal swab extracts; capture: rabbit monoclonal antibody 12F1
(#12); ExonBio and detection: mouse monoclonal antibody 1G1-
F2 (#3); Ray Biotech. Data are mean =+ s.d.; n = 3. The dashed
blue line denotes the estimated background as the average plus
three times the standard deviation (u + 30) of the negative tests.

4 Conclusions

We engineered universal LFA reporters by conjugating anti-
mouse IgG/HRP conjugates to M13 phage and demon-
strated a translation-ready, ultrasensitive phage LFA for the
point-of-care detection of SARS-CoV-2 nucleoprotein in clin-
ical samples. By combining the advantages of phage re-
porters and enzyme-generated chemiluminescence, we en-
hanced the sensitivity of LFAs and demonstrated an LoD of
100 pg mL ™" for SARS-CoV-2 nucleoprotein spiked in nasal
extract and read by an off-the-shelf smartphone. Further-
more, the phage LFA demonstrated excellent clinical sensi-
tivity with 15 banked PCR-confirmed positive nasal swab
extracts of Ct values between 18.7 to 29.6. Further im-
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Figure 6. Individual results of clinical specimens (nasal swab ex-

tracts from Labcorp) tested using the phage LFA and read with
a smartphone. The box plots display the LFA signals (TL/CL) of
negative (n = 11) and positive samples (n = 15). Horizontal lines
on each box plot, from bottom to top beginning with the bottom
whisker are: 10th percentile, 25th percentile, median, 75th per-
centile, and 90th percentile. + symbols indicate outliers (low Ct
value samples, 21.1, 19.5 and 18.7). *** symbol indicates that
the two groups are statistically different by the Mann-Whitney
U test, p < 0.001. TL/CL as a function of Ct value is shown in
Figure S9.

provements in the smartphone reader, e.g. by the addition
of a macro lens for light focusing, could enhance detection
sensitivity. Moreover, given recent advances in device®® 6!
and materials®?%® engineering facilitating the adoption of
chemiluminescence into point-of-care diagnostics, our phage
LFA reporters would enable lateral flow tests that are rapid,
ultrasensitive, user-friendly, equipment-free and potentially
rapidly widely-deployable, thereby enabling large-scale diag-
nostic testing.
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