
Developing a paper-based antigen assay to differentiate between 
coronaviruses and SARS-CoV-2 Spike variants 
 

Delyan R. Hristova, Hom Rijalb, Jose Gomez-Marquez,c and Kimberly Hamad-Schifferlia, d* 

 
aDepartment of Engineering, University of Massachusetts Boston, Boston, MA, USA 
bDepartment of Chemistry, University of Massachusetts Boston, Boston, MA, USA 
cLittle Devices Lab, Massachusetts Institute of Technology, Cambridge, MA USA 
dSchool for the Environment, University of Massachusetts Boston, Boston MA, USA 
 

KEYWORDS Dipstick immunoassay, SARS-CoV-2, COVID-19, rapid diagnostic, paper-based test, gold nanoparticles 

 

ABSTRACT: COVID-19 first appeared in December of 2019 in Wuhan, China. Since then it has become a global pandemic. A 
robust and scalable diagnostics strategy is crucial for containing and monitoring the pandemic.  RT-PCR is a known, reliable meth-
od for COVID-19 diagnostics which can differentiate between SARS-CoV-2 and other viruses. However, PCR is location depend-
ent, time consuming and relatively expensive. Thus, there is a need for a more flexible method which may be produced in an off-
the-shelf format and distributed more widely. Paper-based immunoassays can fulfill this function. Here we present the first steps 
towards a paper-based test which can differentiate between different between the Spike protein of various coronaviruses, SARS-
CoV-1, SARS-CoV-2 and CoV-HKU1 with negligible cross reactivity for HCoV-OC43 and HCoV-229E in a single assay which 
takes less than 30 minutes. Furthermore, our test can distinguish between fractions of the same Spike protein. This is done by an 
altered assay design with four test line locations where each antigen builds a unique, identifiable binding pattern. The effect of sev-
eral factors, such as running media, immunoprobe concentration and antigen interference is considered. We find that running media 
has a significant effect on the final binding pattern where human saliva provides results while human serum leads to the lowest 
signal quality.  

Introduction 
The COVID-19 global pandemic which emerged in Wuhan, 

China in December of 2019 has infected millions of people 
and caused or contributed to the death of hundreds of thou-
sands and led to an economic downturn. Diagnosis of COVID-
19 using diagnostic tools is preferable over clinical symptoms 
due to the nonspecific nature of COVID-19 symptomology. 
The majority of patients suffer non-specific, mild symptoms 
mostly consisting of cough, fever, muscle pain and nausea. 1-2 
Additionally, an estimated 20 – 80% of patients are asympto-
matic, with varying reports.3-5 Traditional laboratory diagnos-
tics such as RT-PCR have high sensitivity and diagnostic ac-
curacy, but are expensive and time-consuming, and may not 
be locally available. Paper-based immunoassays can compli-
ment PCR and contribute to a better diagnostics strategy. 
While they commonly suffer from relatively low selectivity 
and especially sensitivity, compared to PCR, paper-based tests 
are cheap to produce locally or in a at-scale manufacturing 
facility, can be made in an off-the-shelf format and stored for 
prolonged periods of time in mild conditions, e.g. room tem-
perature or 4 °C.6 Furthermore, ther flexible design allows 
simultaneous detection of multiple targets.7-8 

Paper-based tests for SARS-CoV-2 detection can be classi-
fied as antibody (or serological) tests, i.e. those which measure 
the host immune response, and antigen tests, i.e. those which 
bind to viral antigens.9 Antigen paper-based immunoassays 
typically target the Spike (S) or Nucleocapsid (N) proteins. 
The S protein decorates the outside of coronaviruses and ena-
bles their uptake into cells. 10 Variances in S protein structure 
determine the cellular uptake pathway and affinity of the virus 
for the cell. SARS-CoV-2, similarly to SARS-CoV-1 and 
HCoV-NL63, targets the ACE2 receptor in the oral and nasal 
cavities as its primary root of infection.11-12 The S protein has 
been shown to be a primary driver of viral evolution, where 
mutations greatly impact virus infection rate and is considered 
to be the primary difference in reproductive number between 
clades.13-14 

A low-cost, rapid, and user-friendly platform which can dif-
ferentiate is desirable. Distinguishing between respiratory 
viruses with similar clinical symptoms is especially important 
not only to provide timely treatment but also better assess 
patient risk. Here, we present the first step towards developing 
a paper-based sensor which can differentiate between S pro-
teins from different coronaviruses as well as Spike protein 
variants from SARS-CoV-2. The test relies on a sandwich 
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immunoassay and antibody cross-reactivity for antigen specif-
ic test patterns. We used a set of six commercially available 
antibodies and seven commercially available S proteins to 
establish the viability of the strategy. The test was able to dif-
ferentiate between all antigens, including SARS-CoV-2 Spike 
fragments. Test limit of detection (LOD) was in the 0.1 nM 
range, which may be sufficient for viral detection in more 
severe cases. We also studied the effect of running medium on 
test efficacy, bovine serum albumin (BSA) human serum (HS) 
and saliva.15   

 
Results 
Immunoprobe Screening 
We chose spike protein as a target because it protrudes out-

side the viral particle and is responsible for receptor recogni-
tion. It is composed of two parts, S1 and S2, where the recep-
tor binding domain (RBD) is in S1. 16 We obtained S1 proteins 
for SARS-CoV-2, SARS-CoV-1 (SARS) and non-lethal coro-
naviruses CoV-HKU1 (HKU1), HCoV-OC43 (OC43) and 
HCoV-229E (229E) to study the selectivity of our nanoparti-
cle-antibody conjugates (NP-Ab conjugates or im-
munoprobes). SARS-CoV-2 was termed COVID to avoid 
confusion (Table 1 and S1).  
Table 1. Antigens, antibodies and NP-Ab conjugates used  

Antigens Antibodies 

Antigen Virus Antibody  NP-Ab Virus 

COVID 1 SARS-CoV-2 αC1 NP-αC1 SARS-CoV-2 

COVID 2 SARS-CoV-2 αC2 NP-αC2 SARS-CoV-2 

COVID 3 SARS-CoV-2 αS1 NP-αS1 SARS-CoV-1 

SARS SARS-CoV-1 αS2 NP-αS2 SARS-CoV-1 

229E HCoV-229E αS3 NP-αS3 SARS-CoV-1 

OC43 HCoV-OC43 αH NP-αH CoV-HKU1 

HKU1 CoV-HKU1  

 
All antibodies used were commercially available. Six anti-

bodies were evaluated for antigen binding and sandwich im-
munoassay formation (Table 1 and S2). Two were raised 
against SARS-CoV-2 (aC1-2), three for SARS (aS1-3), and 
one for CoV-HKU1 (aH). Gold NP-Ab conjugates were syn-
thesized using literature methods.17-18 Briefly, each antibody 
was conjugated to the NPs by physisorption, and then thiolat-
ed PEG was added after conjugation to backfill open areas on 
the NP surface. Dynamic light scattering (DLS) and UV-Vis 
spectroscopy were used to determine colloidal stability and 
size dispersion in PBS. DLS was used to measure particle size 
in BSA, saliva and HS. DLS of NPs showed hydrodynamic 
diameters (DH) of ~65 nm which increased ~85 nm after anti-
body conjugation, supporting conjugation (SI Figures S1, S2). 
The size further increased to 120 – 200 nm in media, possibly 
due to protein adsorption to the NP surface. 

Antibody target and off-target binding were studied using 
antigen and sandwich dipstick assays. In the former case the 

antigens were immobilized on nitrocellulose following which 
the prepped strips were immersed in an immunoprobe disper-
sion (Figure 1a). In the latter case sandwich immunoassay 
formation, that is binding between the paper printed antibody, 
antigen and immunoprobe, was tested (Figure 1c). α-rabbit 
IgG Fc (α-Fc), was immobilized at the control area during 
both tests. A signal at the test line certified fluid flowed 
through the paper strip. Localized signal emerges on the strip 
due to immunoprobe accumulation (Figure 1a and c). NP- 
αS2 and NP- αS3 NPs were eliminated due to poor perfor-
mance in initial tests (SI Figure S3). 

After running, strips were left to dry overnight at room tem-
perature after which they were scanned and analyzed via Im-
ageJ.19 The resulting grayscale values were normalized to 
100% and plotted as a heatmap for clarity (Figure 1b), where 
white represents low intensity (< 20% of maximum value) and 
green high. Averaged grayscale values are provided in the 
Supporting Information.    

In antigen binding tests, NP-aC1 and NP-aC2 bound to 
both COVID and SARS antigens, but not other coronavirus 
antigens. NP-aS1 bound to its target antigen, SARS, and ex-
hibited some cross reactivity for COVID 1 and OC43. Im-
munoprobe binding in saliva resulted in similar signal intensi-
ties, but were notably lower in human serum (HS) (Figure 1b, 
S4 and S5), which could be attributed to HS screening of the 
immunoprobe function.9  

We evaluated the ability of the immunoprobes to form an 
immunological sandwich in a dipstick assay (Figure 1c). 20 
Sandwich formation relies on two reactions, immunoprobe-
antigen and printed antibody-antigen binding. The choice of 
both antibodies is primary during test design, where antibody 
pairs (on the immunoprobe / printed on the paper) with vary-
ing affinity and selectivity for a target can be used to detect a 
wider variety of antigens and develop a binding pattern.21 In 
this initial study we screened the pairing of an antibody with 
itself, i.e., NP-aS1 run with immobilized aS1 (NP-aS1/aS1), 
NP-aC1 with aC1 (NP-aC1/aC1), NP-aC2 with aC1 (NP-
aC2/aC1), and NP-aH with aH (NP-aH/aH). aC2, a mono-
clonal antibody, did not form a sandwich with itself.  

NP-aC1/aC1 and NP-aC2/aC1 were able to successfully 
form sandwich immunoassays with both COVID and SARS 
antigens, as indicated by the color resulting at the test line 
(Figure 1d, S6 and S7). NP-aS1/aS1 was able to detect the 
SARS antigen, but not COVID antigens. The observed differ-
ence in behavior is potentially due to protein folding. NP-
aC1/aC1 and NP-aC2/aC1 exhibited no cross reactivity for 
229E, OC43, and HKU1, and NP-aH/aH exhibited signal 
only with HKU1.  

Pairs were also tested in saliva and HS (Figure 1d), and the 
behavior was largely similar to BSA except for NP-aH/aH 
exhibiting some cross reactivity towards OC43 in saliva. Sali-
va resulted in similar intensities to BSA, but intensities were 
significantly lower in HS, highlighting the importance of the 
biological media. Generally, direct antigen binding had a 
higher signal and cross reactivity than sandwich formation 
(Figure 1b and d).  
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Figure 1. Antibody screening. a) Experimental setup for direct antigen binding tests and b) average test area intensities run in triplicate in 
BSA, saliva, and HS; c) Experimental setup for sandwich immunoassays, d) average test area intensities in BSA, saliva, and HS. Intensities 
were of all strips were normalized. Averaged results are from at least three independent batches. Related grayscale values and standard 
deviations are shown in SI Figure S5 and S7. 

 
Cross reactivity was more commonly observed in saliva 

compared to the other media. This could be attributed to slow-
er flow possibly due to surface tension,22 which results in 
longer residence time of the immunoprobe-antigen complex 
near the test areas, and increases binding probability. A com-
pounding factor could be saliva composition, which has dif-
ferent surfactants or macromolecules and a lower pH (6-7)23-24 
compared to BSA and HS (7.4). We expect another large con-
tributor to be the relatively low protein concentration of saliva, 
which is > 99% water (wt/wt) and ~ 1 mg/mL protein22 com-
pared to BSA (30 mg/mL) and HS (60 – 80 mg/mL). Test 
backgrounds in all three media were similar, suggesting low 
non- specific binding of the immunoprobes to the paper.  

Antigen cross reactivity could be attributed to proximity in 
phylogeny. Cross reactivity between SARS and SARS-CoV-2 
antibodies and antigens was expected due to ~82% sequence 
similarities,13, 25-26 while the proximity between the RBD re-
gions is ~73%.13 NP-aH bound to its target antigen HKU1, as 
well as OC43 presumably due to proximity in phylogeny.10  
Antigen sequences were compared between each other and the 
Wuhan reference strain structure (accession number 
YP_009724390.1) using MUSCLE (SI Figure S8a). Structur-
al differences in MUSCLE can arise from both sequence 
length and content therefore it is expected that some structural 
dissimilarities arise our antigens being recombinant fractions 
of the S protein. HKU1 was most dissimilar shoring the most 
structural similarity with the Wuhan reference strain (20%) 
and the least with COVID 1 (10%). SARS had a ~50% struc-
tural similarity with COVID 1 and 2 and ~28% with COVID 3 
and the Wuhan reference train. Similarity between the COVID 
antigens and compared with the Wuhan strain were 30-50%. 
Comparison of the RBD of all COVID antigens revealed a 

100% structural similarity (SI Figure S8b). COVID 1 had a 
98% similarity with the Wuhan strain (SI Figure S8c). 

Quantifying sandwich immunoassay performance in differ-
ent media 

Performance of the sandwich immunoassays was investigat-
ed by quantifying their limit of detection (LOD) and effective 
dissociation constant (KD

Eff) for their target antigens. NP-
aC1/aC1, NP-aC2/aC1, and NP-aH/aH, were titrated with 
COVID 1 and HKU1 antigens in BSA, HS and saliva. Test 
line intensities were measured and fit with a modified Lang-
muir equation.17-18, 27 KD

Eff was obtained from the fitting. LOD 
was calculated separately, defined as the background signal + 
3x the standard deviation of the background (SI, Calculations 
section).  LODs ranged from 0.1 to 0.17 nM while KD

Eff values 
were in the 10-10 M range (Figure 2a-c, Table 1 and S3).  

Changing the running media impacted performance. Com-
pared to BSA, antibody pairs generally performed similarly or 
better in saliva and worse in HS (Figure 2a-c, Table 1). The 
LOD of NP-aC1/aC1 was lowest in BSA and 2X higher in 
saliva and 7x in HS (Figure 2a and Table 1). Titration curves 
of NP-aC2/aC1 were lowest in BSA, followed by saliva (3x), 
and significantly higher in HS (9x) (Figure 2b). 

Between the two SARS-CoV-2 pairs, NP-aC1/aC1 exhibit-
ed comparable behavior, but marginally outperformed NP-
aC2/aC1 in all media by ~2X. This is consistent with sand-
wich results where NP-aC1/aC1 which had a higher intensity 
with COVID 1 than NP-aC2/aC1. NP-aH/aH behavior 
changed the most with running media, where LOD and KD

Eff 
values varied by two orders of magnitude between saliva and 
HS. LODs were 0.07 nM in saliva and 0.54 nM in HS. KD

Eff 
values were 0.06 nM in saliva and 2.78 nM in HS (Table 1, 
Figure 2c, d). 
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Figure 2. Immunoprobe performance. Titration curves of selected pairs. a) NP- aC1/aC1 run with COVID 1, b) NP- aC2/aC1 run with 
COVID 1, c) NP- aH1/aH1 run with HKU1. 

 
Control of antigen detection through cross reactivity 
We then investigated how the test could be used a multi-

plexed test to differentiate between SARS-CoV-2 antigens 
with similar structure and other coronavirus species, building 
on the ability to strategically use cross-reactive antibodies to 
differentiate between different antigens.21 We first studied the 
relevance of both binding events on sandwich formation and 
antigen detection. The signal of combinations of all three anti-
gens (SARS, COVID 1 and HKU1), immunoprobes (NP-aC1, 
NP-aC2, NP-aH) and printed antibodies (aS1, aC1, aH) was 
measured (total of 27 combinations, Figure S9a). Experiments 
were repeated in triplicate in BSA at antigen concentrations of 
1 X 10-3 mg/mL.  

SARS was detectable only with the NP-aC1/aS1 and NP-
aC2/aS1 pairs. COVID 1 was detectable only with the NP-
aC1/aC1 and NP-aC2/aC1 pairs, and HKU1 was detectable 
only with the NP-aH/aH pair (SI Figure S9b and c). This 
further confirmed HKU1 was not cross reactive with the other 
coronavirus antibodies.  

These results reaffirm the efficacy of the cross reactivity 
strategy, where only SARS was detected at immobilized aS1 
and only COVID 1 at immobilized aC1. We attribute this to 
the lower affinity of cross reactive interactions, which was 
confirmed by off target antigen titrations (SI Figure S10). The 
NP-aC1/aC1 and NP-aS1/aC1 antibody couples were titrated 
with their “off target” antigens, being SARS and COVID 1, 
respectively (SI Figure S10 and Table S4 and S5). Both 
showed reduced signal in all media compared to their “on 
target” immunoprobe performance. There was no significant 
difference in LOD and KD

Eff for NP-aC1/aC1 compared to its 
“on-target” COVID 1 titration (Table S4 and S5).  

Our results suggest that detection of SARS and COVID 1 is 
more dependent on the printed antibody rather than the one 
conjugated to the AuNP. On average, there was an order of 
magnitude drop in “off target” interactions, compared to “on 
target ones”, e.g. NP-aC1/aS1 to NP-aC1/aC1 with SARS 
(SI Figure S9b-c). Overall these results suggest that cross 
reactivity can be used for generating patterns.   

 
Multiplexed test  
We designed multiplexed assay to differentiate between 

spike antigens of SARS, COVID 1, 2 and 3 and simultaneous-
ly detect spike from a non-lethal coronavirus, HKU1. The strip 
consisted of a control and four test areas at differently shaped 
locations (Figure 3a). Choice of location shape was to differ-

entiate locations easier. Test area geometry did not have a 
measurable impact on signal quality. The antibodies immobi-
lized at the test locations were (bottom to top) aS1 (square), 
aC2 (triangle), aC1 (octagon) and aH (oblong). A 1:1 volu-
metric mixture of NP-aC1 and NP-aH was used to detect all 
antigens.  

 
Table 2. LOD and KD

Eff values of pairs for target antigens 
in BSA, saliva, and HS. 

 

BSA Saliva HS 

LOD 
(nM) 

KD
Eff 

(nM) 
LOD 
(nM) 

KD
Eff 

(nM) 
LOD 
(nM) 

KD
Eff 

(nM) 

  NP-
aC1/ 
aC1  
with 
COVID 
1 

0.08 0.41 0.24 0.26 0.59 0.6 

NP-
aC2/aC1 
with 
COVID 
1 

0.17 0.88 0.56 0.32 1.56 1.28 

NP-
aH/aH 
with 
HKU1 

0.03 0.18 0.07 0.06 0.54 2.78 

 
Running the assay with the different antigens produced 

characteristic binding patterns at the four test areas. SARS and 
COVID antigens were detectable on all locations except the 
aH area (oblong) in saliva (Figure 3b). SARS resulted in 
signal mostly at the aS1 location, with lower signals at aC1 
and aC2. COVID 1 exhibited the highest signal at aC2 and 
lower signal with aC1 and aS1 (Figure S3b). COVID 2 was 
only detectable at aC areas with comparable signal intensity at 
both locations (Figure 3b). As expected from its structure, 
COVID 3 produced signal mostly at the aC2 area. 229E and 
OC43 antigens in saliva yielded no significant signal, and 
HKU1 was observable only at the aH test area. 
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Figure 3. Altered strip design and antigen binding patterns. a) schematic of experimental procedure, b) example strips run in saliva, c) 
average test area intensities run in triplicate in BSA, saliva, and HS. Intensities of all strips were normalized. Grayscale values for test 
shown in SI Figure S11.       

Again, signals were similar in BSA and saliva but were ei-
ther reduced in intensity or lost in HS. For example, SARS 
could not be detected in HS, but displaye a characteristic pat-
tern in BSA and saliva (Figure 3c, top left). HKU1 signal was 
strongest in BSA and weakest in HS, which was consistent 
with single strip results (Figures 1d, 2c). Cross reactivity was 
observed more often in saliva, where SARS was detectable at 
the aC2 location, COVID 2 was detectable at the aS1 location 
and OC43 was detectable at the aH location.  

Interference between multiple antigens in multiplexed test 
We ran antigen mixtures in our test to investigate binding 

interference (Figure 4a). When a mixture of SARS + HKU1 
was run, intensity appeared at all four test areas, with higher 
intensity at aH and aS1. This pattern resembled the additive 
intensity pattern of SARS alone plus HKU1 alone (Figure 4b 
and SI Figure S13e, i, j). This suggested that the antigens did 
not compete with each other for forming immunoassay pairs. 

Results suggest that the binding pattern in the presence of 
multiple antigens is similar to mathematically adding the two 
independent patterns if the two antigens did not bind to the 
same immunoprobe, e.g. SARS 1 and HKU1 (Figure 4b, S13 
and S14).   

However, for antigens which bind to the same im-
munoprobe, the pattern depended on the affinity of the interac-
tion. When a mixture of SARS1 + COVID 1 + HKU1 was run, 
intensity appeared at all four test areas, showing that the test 
was able to simultaneously detect SARS, COVID1 and 
HKU1. However, the intensity pattern did not resemble what 
would be anticipated from simply adding the intensities of the 
individually run antigens (Figure 4c). Since SARS and 
COVID 1 interact with NP-αC1 with a similar dissociation 
constant (KD

Eff (SARS) = 0.86 nM, KD
Eff (COVID 1) = 0.42 

nM) the pattern of the mixture depended on the relative con-

centration of the two antigens. In this case, the antigen with 
the higher concentration would have a more pronounced pat-
tern (SI Figure S12 and S13a, b, f and S14a, b, f). Similar 
effects were observed for a SARS, COVID 1 and 2 mixture 
(KD

Eff (COVID 2) = 0.10 nM, SI Figure S12). 
Some challenges arose with the multiplexed strip. Back-

ground gradients were more common in longer strips. To ac-
commodate for this, we limited the strip to 5 test locations and 
modified the image analysis. We immobilized antibodies with 
higher affinity further up the strip so they would not deplete 
the immunoprobe/antigen complexes before they encountered 
lower affinity immobilized antibodies. An optimal im-
munoprobe or immunoprobe mixture concentration was de-
termined to be 12-17% of the total sample volume (SI Figure 
S15).  

By understanding and controlling these principles, it was 
possible to simultaneously detect and differentiate all three 
coronavirus antigens (Figure 4c, SI Figure S13 and S14). 

Discussion 
The paper-based immunoassay investigated here was able to 

differentiate spike antigens from different coronaviruses by 
building a binding pattern through the number, arrangement 
and specificity of printed antibodies. Differentiation between 
SARS-CoV-1, SARS-CoV-2 and HKU1 S1 proteins was sim-
pler based on their patterns where SARS bound mostly to the 
NP-aC1/aS1 pair while HKU1 bound exclusively to NP-
aH/aH. Negligible cross reactivity with 229E and OC43 was 
observed.  
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Figure 4. Running antigen mixture in altered strip design. a) Schematic of experimental procedure, b) example strips, patterns and 
from a test run with SARS 1 + HKU1 and c) SARS1 + COVID 1 + HKU1. 

The ability to differentiate between SARS-CoV-2 antigens 
is especially interesting and could yield new information for 
patient samples. We applied our test to three recombinant S1 
fragments, COVID 1 with a length of 681 amino acids (aa), 
COVID 2 with 461 aa and COVID 3 with 229. Considering 
the high similarity in sequence (SI Figure S8) the difference 
in binding pattern can be attributed to their size. Thus, the use 
of binding patterns may be able to differentiate between dif-
ferent Spike products in patient samples. This may help ad-
dress some of the questions raised about patient viral shedding 
over time.28 Differentiation between Spike protein variants or 
fractions may be improved by increasing the specificity and 
number of antibodies printed on the nitrocellulose. It is unlike-
ly that the test design would be able to differentiate between 
Spike proteins from different clades due to high sequence sim-
ilarity (> 99%).  

The ability to detect and differentiate between antigen from 
other coronaviruses and antigen mixtures should not be over-
looked. Co-circulation of non-lethal coronaviruses, other res-
piratory viruses and SARS-CoV-2 has been reported.29-31 Co-
infections between SARS-CoV-2 with other respiratory virus-
es are rare, reported in 3-20% of cases, including co-infections 
with non-lethal coronaviruses in about 0.1-5% of cases. 32-33 
However, rare a recent study in the UK suggests that co-
infection of SARS-CoV-2 with infuenza has been shown to 
increase risk for poor patient outcomes.29 Co-infection may 
also help explain reported abnormal viral shedding patterns 
and differences in patient outcomes, so a test that can simulta-
neously differentiate between common respiratory viruses 
would help address these questions.   

The running media impacted antigen binding, where strips 
run in BSA and saliva had comparable results with a 15% 
variation in signal, lower than test-to-test variability. Running 
assays in HS resulted in a reduction or complete loss of signal, 
which could be attributed to protein screening effects.17, 34 
LODs for COVID antigens in BSA and saliva were in the 
~ng/mL range (0.03 to 0.56 nM). In comparison, others have 
reported similar performance with a LOD of 0.62 ng/ml 
(0.0125 nM) for half strips for SARS-CoV-2 nucleocapsid (N) 
proteins.20, 35 We caveat that the LOD measurement was based 
on purified antigens in solution and not the full virus capsid in 
biological fluids, and matrix effects in patient samples or dif-
ferences in spike secondary structure could influence perfor-
mance. We estimate that the average number of Spike proteins 
in sputum swabs may be in the pM range for most cases and 

nM range in more severe cases. This estimate is based on the 
average copies of RNA per mL of saliva36 and the average 
number of spike proteins on a single virus.37 We assume that 
every RNA copy corresponds to a virus, that each virus has 
100 Spikes on its surface and there are no free Spike proteins. 
This is a rough estimate due to the assumptions made (SI Cal-
culations section). While the concentration of spike protein in 
patient samples over time has still not been definitively quanti-
fied, it is anticipated that the LOD here may be too high for 
visual readouts for most patient samples.37-40  

The intensity in a paper-based sandwich immunoassay de-
pends on multiple factors, such as antibody affinity, im-
munoprobe concentration, antibody coverage on the NP, its 
size, concentration of the immobilized capture antibody, and 
several others.9 Varying these parameters can improve signal 
intensity without external enhancement approaches. Commer-
cial diagnostics have solved this with dedicated readers for 
colorimetric or fluorescent readouts (Sofia, Quidel Corp.). 
Surface enhanced Raman spectroscopy (SERS) nanotags,41-42 
isotachaphoresis,43 and photothermal heating 44 have all been 
used successfully to increase signal, sometimes as high as 
100-fold. Simply running the flow back and forth over multi-
ple passes can increase signal 5-fold, and does not require 
additional readout instrumentation.7 Additionally, concentrat-
ing the antigen by sample preparation techniques or paperflu-
idic design could increase signal. Ultimately, this sensitivity 
gap could be solved by a combination of techniques.45 

Test variability was estimated through the standard devia-
tion and relative standard deviation (RSD) from all tests (SI 
Figure S16), and was estimated to be 36%, which did not 
change significantly between media or antigen mixtures. Typ-
ically, lower signals and weaker antigen-antibody interactions 
resulted in higher RSDs.       

Results presented here can be used towards the development 
of COVID-19 paper-based dipstick and lateral flow assays 
(LFAs), a rapid diagnostic format that has aided in disease 
management, quarantine, and surveillance. The low produc-
tion cost and relative ease of use of paper rapid diagnostics 
makes them suitable for both local and large scale production, 
making it a potentially powerful off-the-shelf complement to 
RT-PCR, which could help elevate strain on local diagnostic 
facilities to meet the massive demand for tests. The self-
contained nature of paper-based tests makes them attractive 
for remote or mobile locations.  
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