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ABSTRACT: The COVID-19 pandemic has exacerbated our society’s tremendous health equity gap. Disadvantaged
populations have been disproportionally affected by COVID-19, lacking access to affordable testing, a known
effective tool for preventing viral spread, hospitalizations, and deaths. Here, we describe COVID-19 Low-cost
Optodiagnostic for Rapid testing (COLOR), a colorimetric biosensor fabricated on cotton swabs using gold
nanoparticles modified with human angiotensin-converting enzyme 2 (ACE2), which costs 15¢ to produce and
detects SARS-CoV-2 within 5 min. COLOR detected very low viral particle loads (limit of detection: 0.154 pg mL−1

of SARS-CoV-2 spike protein), and its color intensity correlated with the cycle threshold (Ct) values obtained using
reverse transcription polymerase chain reaction (RT-PCR). The performance of COLOR was assessed using 100
nasopharyngeal/oropharyngeal (NP/OP) clinical samples, yielding sensitivity, specificity, and accuracy values of
96%, 84%, and 90%, respectively. In summary, each COLOR test can be manufactured for 15¢ and presents rapid
minute-time scale detection of SARS-CoV-2, thus providing a solution to enable high-frequency testing, particularly
in low-resource communities.
KEYWORDS: optodiagnostic, low-cost diagnostic, cotton swabs, gold nanoparticles, colorimetric sensor, SARS-CoV-2,
COVID-19

INTRODUCTION

COVID-19 has killed over 4.55 million people1,2 and has
disproportionally affected individuals living in resource-limited
settings, disadvantaged communities, and low-income coun-
tries. High-frequency testing represents an excellent tool for
outbreak and viral spread prevention that can only be realized
with tests that are accessible, low-cost, and rapid. Such a
technology could have a major public health impact broadly
and in low-income countries in particular. However, the most
widely used tests today, such as RT-PCR, are slow, relatively
expensive, and require highly skilled workers and appropriate
lab space.
Colorimetric technologies display properties that may help

overcome these issues. They are easy to prepare and use, rapid,

portable, and can utilize metallic nanoparticles whose optical
properties have been well established and characterized.3 Such
tests hold potential for deployment in remote locations and are
amenable for use both at the point-of-care and at home
without the need for sophisticated equipment.4 Li et al.5

described a rapid colorimetric test for the simultaneous
detection, in human blood, of immunoglobulin M (IgM) and
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IgG antibodies against SARS-CoV-2, obtaining a sensitivity of
88.66% and specificity of 90.63%. Ventura and collaborators4

developed a colorimetric sensor using gold nanoparticles and
antibodies toward three SARS-CoV-2 proteins (e.g., Spike,
Envelope, and Membrane proteins), allowing for viral
detection through optical density measurements that yielded
a sensitivity and specificity greater than 95%. However, more
affordable technologies using accessible equipment that does
not require skilled personnel to operate are needed to enable

mass testing at the point of care. Smartphones have been used
both as a detector and processor of portable biochemical
assays, revolutionizing the field of mobile healthcare by
empowering citizens to perform rapid screening tests while
obviating the need for expensive equipment or high levels of
expertise.6−8

Here, we report COVID-19 Low-cost Optodiagnostic for
Rapid testing (COLOR), a SARS-CoV-2 biosensor that uses
highly accessible and inexpensive materials. Our method

Figure 1. Design, manufacturing, and characterization of COLOR. (a) Schematic representation of the synthesis steps needed to generate
AuNano, including their functionalization with cysteamine (cys) and ACE2. Briefly, cys was added in the presence of chloroauric acid for 20
min at room temperature and protected from light. Sodium borohydride was then added to the solution at room temperature in a light-
protected flask. Next, the AuNano-cys was exposed to a mixture of ACE2 and EDAC/NHS for functionalization of the enzyme on the
AuNano-cys surface. (b) Steps and photos showing the colorimetric detection of SARS-CoV-2 in an aqueous medium using the synthesized
AuNano-cys-ACE2. Proof-of-principle methodology for recognition of the SARS-CoV-2 spike protein through color change (from red to
purple, due to the plasmonic effect) of the gold nanoparticles upon aggregation. (c) Schematic representation of the colorimetric steps
needed for COVID-19 diagnosis using COLOR. In the presence of SARS-CoV-2, a color shift occurs and the cotton swabs change color from
white to purple after 3 min. (d) Morphological characterization of the AuNano-cys solution, which presented a spherical shape and a high
dispersion. Inset shows a histogram depicting the size distribution for AuNano-cys with a mean diameter size of 7.00 nm. (e) Scanning
electron microscopy (SEM) micrograph of AuNano-cys-ACE2 aggregated in the presence of SARS-CoV-2 SP. Scale bars illustrate that
clusters formed between the AuNano-cys-ACE2 and the virus are larger than 200 nm.
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mimics the natural process by which SARS-CoV-2 infects
human cells, i.e., through the binding of the viral spike protein
to human angiotensin-converting enzyme 2 (ACE2).9,10 The
interaction aforementioned takes place when the receptor
binding domain (RBD) from the spike protein subunit S1
binds to ACE2. This is then followed by the fusion of the
subunit S2 with the cell membrane.9,10 The test can be easily
assembled for 15¢ using cotton swabs modified with ACE2 to
recognize the SARS-CoV-2 spike protein (SP) and gold
nanoparticles (AuNano) stabilized with cysteamine (cys) and
functionalized with ACE2 (AuNano-cys-ACE2). COLOR
enables COVID-19 diagnosis through a simple, minute-time
scale color shift that can be detected by the naked eye and
whose quantitative results may be obtained using a smartphone
camera and a free app. Our technology displayed excellent
accuracy (90%), sensitivity (96%), and selectivity (84%) in a

panel of 100 clinical patient samples and provides a low-cost
solution for COVID-19 testing.

RESULTS AND DISCUSSION

COLOR consists of accessible cotton swabs as a convenient
platform for at-home use. The colorimetric biosensor leverages
ACE2 immobilized directly onto cotton to ensure selective and
rapid recognition of SARS-CoV-2 SP. The AuNano modified
with ACE2 enables a visual readout of the results through the
formation of a molecular sandwich with SARS-CoV-2, which
falls in between the cotton swab-ACE2 and the AuNano-
ACE2.
To manufacture COLOR, we first synthesized the AuNano

following our previously reported method11 using cysteamine
(cys) as a stabilizing agent (Figure 1a). The UV−vis spectrum
obtained for AuNano-cys presented a maximum absorbance at
546 nm (Figure S1), which is characteristic of the plasmonic

Figure 2. Optimization studies of COLOR. (a) Study assessing the incubation period needed for the functionalization of ACE2 onto the
surface of the cotton swabs upon the activation of the aldehyde groups with potassium periodate. The optimal incubation period to ensure
ACE2 functionalization was determined to be 7 h. (b) Kinetic study of the interaction between the cotton swab-immobilized ACE2 and SP,
which revealed an optimal incubation time of 1 min. (c) Study of incubation time between the cotton swab biosensor and AuNano-cys-
ACE2, yielding an optimal time of 3 min for best colorimetric results. All results were optimized by evaluating the sensitivity parameters
obtained from analytical curves using from 1 × 10−11 to 1 × 10−8 g mL−1 of SP for three different biosensors; color shaded bands represent
the uncertainty regions (error bars).
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effect of gold nanoparticles.3 Cys stabilizes AuNano by the
covalent binding of thiol (-SH) groups onto the surface of the
AuNanos through an Au−S bond. The termination of the
amino-functional group of cys provides an electrostatic
repulsion due to the protonation state (NH3

+), generating
free positive charges12−14 that confer adequate stability to
AuNanos when stored at 4 °C for up to 5 days (Figure S2).
Next, the AuNano-cys was modified with ACE2 using N-(3-

(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride
(EDAC) and N-hydroxysuccinimide (NHS) to activate the
carboxylic functional groups to then covalently bind to amino
groups present in the AuNano-cys, generating an amide. This
reaction generates a light red solution that maintains its color
when exposed to a negative COVID-19 sample (i.e., without
SP) in VTM medium (Figure 1c), demonstrating the high
stability and selectivity of our modified AuNano-cys-ACE2. On
the contrary, when exposed to SARS-CoV-2, the red-colored
solution shifts color to purple, resulting from the aggregation of
AuNano-cys-ACE2 when in contact with SARS-CoV-2 SP
(Figure 1c).
Collectively, the cotton swab modification process consists

of three major steps: (1) overnight activation of the cotton
surface with a potassium periodate solution containing 1 mL of
sulfuric acid at room temperature to allow for the formation of
aldehyde groups on the cotton’s surface through the
conversion of polyhydroxyl groups; (2) cotton functionaliza-
tion with ACE2 using EDAC/NHS; and (3) blockage of
nonspecific sites to ensure ACE2 stabilization by using bovine
serum albumin (BSA) (Figure 1c). The subsequent colori-
metric detection involves the immersion of the cotton swabs
into standard SP solutions or clinical SARS-CoV-2 samples.
The SP in these samples binds to the surface of the cotton
swabs due to its affinity toward ACE2. Subsequently, the
cotton swab containing bound SARS-CoV-2 SP was soaked
into a AuNano-cys-ACE2 solution for 3 min. This step induced
the aggregation of the AuNano-cys-ACE2 onto the swab
surface (positive COVID-19 test), and the red-colored solution
turned purple due to the formation of a molecular sandwich
consisting of cotton-ACE2/SARS-CoV-2 (or SP alone)/
AuNano-cys-ACE2. These results highlight the potential of
our synthesized and biofunctionalized AuNano-cys-ACE2 as a
functional nanomaterial for diagnosing COVID-19.
We then performed thorough characterization studies of

COLOR. Morphological characterization of AuNano-cys-
ACE2 dispersion before (Figure 1d) and after (Figure 1e)
incubation with SARS-CoV-2 samples was conducted using
scanning electron microscopy (SEM). The spherical AuNano-
cys dispersion had an averaged size distribution with a
diameter of 7.00 ± 0.29 nm and the AuNano-cys-ACE2 had
an averaged size distribution with a diameter of 12.71 ± 0.11
nm (Figure S3), which rapidly aggregated when exposed to
SARS-CoV-2 due to selective binding with ACE2. Binding to
ACE2 yielded the formation of nanostructure aggregates with
dimensions higher than 200 nm (Figure 1e), confirming our
hypothesis that such an interaction would lead to a color shift
(from red-to-purple), observable by the naked eye.
Once our proof-of-principle study was completed, we

performed further optimization studies to obtain an optimal
analytical signal (greater purple color intensity on cotton
swabs), including optimization tests to enhance ACE2
immobilization onto the cotton swabs, for the assessment of
the optimal incubation time of the biosensors in the SP
solution, and to enable the binding of the AuNano-cys-ACE2

solution to the cotton-SP complex, providing the final color
readout. To obtain quantitative results, we photographed the
cotton swabs using a white background with ambient lighting
(Figure 3b). A distance of 15 cm (perpendicular to the surface
where the swabs were placed) was maintained between the
smartphone camera (Samsung Galaxy J8 with Android system
and camera 10.0.01.77) and the cotton swab biosensor to
ensure reproducibility (Figure 3e). It is worth noting that the
use of R, G, and B color parameters provided a similar
response in terms of linearity and analytical sensitivity.
However, the red color pattern presented a lower relative
standard deviation (RSD), and on the basis of these results, we
selected this parameter to obtain further quantitative results
(Figure S4). All digital colorimetry data were plotted as R −
R0, where R0 is the red color intensity obtained for the cotton
swab coated with AuNano-cys-ACE2 prior to exposure to
samples (i.e., the analytical blank) and R is the red color
intensity obtained for the cotton swabs coated with AuNano-
cys-ACE2 after sample exposure. Thus, using this method-
ology, we were able to exclude background light interference or
any fluctuations on camera focus when the image of the test
was captured by our smartphone camera, minimizing errors for
the accurate quantitative diagnosis of the samples at the point
of care.
The optimization process centered around obtaining the

optimal conditions needed to yield the highest analytical
sensitivity (angular coefficient) through calibration curves at
concentrations ranging from 1 × 10−11 to 1 × 10−8 g mL−1 of
SP (Figure 2a−c). ACE2 immobilization on the surface of the
active cotton swab surface involved covalent anchoring of
ACE2 through the formation of an amide bond since the
activation process of the cotton swabs with potassium
periodate generated aldehyde functional groups confirmed by
an increased band signal at 1654 cm−1 using Fourier-transform
infrared spectroscopy (FTIR) (Figure S5). The amine terminal
group of ACE2 binds to aldehyde functional groups present on
the activated cotton surface leading to the formation of amide
bonds, which enable a stable anchoring strategy for clinical
analyses.15 Collectively, our experiments revealed that the
optimal conditions needed for ACE anchoring and, con-
sequently, analytical sensitivity (Figure 2a) involved incubating
the cotton swab in an ACE2 solution for 7 h.
We next assessed the kinetics of the interaction between SP

and the ACE2-modified cotton swab for an incubation period
ranging from 1 to 5 min (Figure 2b). We selected 1 min as the
optimal condition as it yielded excellent sensitivity and
analytical frequency (Figure 2b). Finally, the cotton swabs
exposed to SP solutions were incubated with AuNano-cys-
ACE2, leading to a color change (Figure 2c). The color
readout is based on the selective binding of AuNano-cys-ACE2
to the surface of the cotton swab/ACE2/SP complex, leading
to aggregation of the modified AuNanos on the functionalized
cotton surface, which yields a purple color (Figure 1c). This
optimization process was carried out using an incubation
period ranging from 1 to 5 min, and an optimal sensitivity was
obtained after 3 min (Figure 2c). The optimized incubation
time of the cotton swabs in the AuNano-cys-ACE2 solution
was 3 min (Figure 2c). A lower incubation time yielded a lower
sensitivity (low color intensity) due to a restricted time period
to allow for interactions and sandwich formation between the
cotton swab-ACE2-virus-ACE2-AuNano-cys. However, higher
incubation times (>5 min) did not provide enhanced
sensitivity either, likely due to the fast interaction kinetics of
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SARS-CoV-2 with ACE2. Additionally, long incubation
periods (>5 min) enabled the adsorption of the functionalized
nanoparticles onto cotton swabs, reducing the R − R0 value
(Figure 2c), which could lead to a false-positive result.
Analytical Characterization Studies of COLOR. Once

all experimental conditions were optimized (Figure 2a−c), we
built an analytical curve by exposing the cotton swabs to
solutions containing increasing concentrations of SP (10−12 to
10−6 g mL−1 SP) in VTM medium, which provided a visually
purple gradient color from 10−12 to 10−8 g mL−1 of SP. Results
were quantified using a smartphone camera by analyzing the
red color pattern of the photos taken of the cotton swabs
(Figure 3b).
The direct use of the red pattern intensity demonstrated a

high correlation with the color obtained by the increase in SP
concentration, i.e., the red pattern values decreased with
increased SP concentration due to the red shift triggered by the
aggregation of functionalized AuNanos. Thus, the red intensity
signals (n = 3 measurements) obtained at each concentration
of SARS-CoV-2 SP were plotted as a logarithmic function of
the SP concentration, which ranged from 1 × 10−12 to 1 × 10−6

g mL−1. A linear behavior was observed in the range from 1 ×
10−12 to 1 × 10−8 g mL−1 of SP, resulting in a sensitivity value
of −12.14 ± 0.06 pixels g−1 mL and a linear regression (R2) of
0.99.
The limit of detection (LOD) and limit of quantification

(LOQ) were obtained according to the Miller and Miller
equation (eq 1),16,17 where the term (y0 − yB) is the value of
the intercept of the analytical curve after subtraction of the
value of the blank solution (i.e., VTM medium), and Sy/x
corresponds to the slope error. The LOQ was calculated by
multiplying the LOD by a factor of 3.33, as previously
described.18,19 The LOD and LOQ values of the modified
cotton swabs were 0.154 and 0.513 pg mL−1, respectively,
underscoring the excellent performance and ultrasensitive
COVID-19 detection capabilities of COLOR. These excellent
analytical parameters are similar to those obtained by
instrumental methods, such as electrochemical biosensors
that also used ACE2 as a biorecognition element for SARS-
CoV-2 SP biosensing.20,21 A side-by-side comparison of
COLOR’s performance with respect to other optical SARS-
CoV-2 detection methods is presented in Table 1. Overall,

Figure 3. Analytical parameters of COLOR obtained using a free app and a smartphone. (a) Image of the acquisition process of the color
patterns from colorimetric cotton swabs biosensor using RGB app on the smartphone. (b) Analytical curve built using SP at concentrations
ranging from 1 × 10−12 to 1 × 10−6 g mL−1, with a linear behavior in the concentration ranging from 1 × 10−12 to 1 × 10−8 g mL−1 SP. (c)
Comparison of the relative red pattern intensity obtained with COLOR including Ct values (ranging from 19.2 to 35.4 Ct) from RT-PCR for
all SARS-CoV-2 positive samples tested in this study. (d) Selectivity studies using other coronaviruses and noncoronavirus strains: H1N1-A/
California/2009 (105 PFU mL−1); Influenza-B/Colorado (105 PFU mL−1); Herpes simplex virus-2 (108 PFU mL−1); and MHV-murine
hepatitis virus (108 PFU mL−1). Each virus was incubated in a final volume of 200 μL for 1 min at room temperature. (e) Reproducibility
studies were carried out using 10 modified cotton swabs incubated for 1 min in the presence of 1 × 10−9 g mL−1 SP, resulting in a relative
standard deviation (RSD) of 5.70%. (f) Stability study of COLOR. The cotton swabs were stored at 4 °C in PBS medium (pH = 7.4) over 7
days with the best results obtained until 3 days. Sensitivity values were obtained through analytical curves generated at concentrations
ranging between 1 × 10−12 and 1 × 10−9 g mL−1 SP. All experiments were carried out in triplicate (n = 3 biosensors).
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COLOR displays an extremely low LOD, provides rapid
testing time (5 min total; 1 min of incubation with the clinical
sample, 30 s first wash with PBS, 3 min incubation with the
AuNano-cys-ACE2 solution, and an extra 30 s for the second
and final wash with PBS), and is inexpensive to produce with a
total cost of 15¢ (8¢ per plastic vial, 1¢ for recombinant ACE2,
1¢ for the cotton swab, and 5¢ for all the other reagents used).
The diagnostic time and cost of COLOR are much lower than
those of lateral flow immunoassays, the most commonly used
technology for high-frequency testing (Table 1).

= − +y yLOD ( ) 3S0 B y x/ (1)

To verify the selectivity of COLOR toward SARS-CoV-2, we
performed cross-reactivity studies against other viruses. We
tested four other viral strains: H1N1 (A/California/2009),
Influenza-B/Colorado, Herpes simplex virus-2, and MHV-
murine hepatitis virus. Our results revealed no cross-reactivity
against any of the viruses tested since all experiments yielded a
response lower than 10% of the response obtained by the
positive control sample (R − R0), where R and R0 denote the
red color intensity for the sample and the analytical blank,
respectively (Figure 3d).
Reproducibility assays were conducted to ensure that

different COLOR tests performed similarly. Each colorimetric
device was exposed to 1 × 10−9 g mL−1 of SP resuspended in a
0.1 mol L−1 PBS solution (pH = 7.4). A relative standard
deviation (RSD) of 5.70% in the analytical signal (red color
pattern) was obtained using 10 different biosensors (n = 10),
indicating excellent reproducibility and suitability for high-
frequency testing (Figure 3e). Next, we evaluated the stability

of COLOR when stored at 4 °C in PBS medium over 7 days.
Analytical curves were generated in 0.1 mol L−1 PBS (pH =
7.4) with concentrations of SP ranging from 1 × 10−12 to 1 ×
10−9 g mL−1 (Figure 3f). COLOR remained functional after 7
days of storage (Figure 3f). However, the mean sensitivity of
the device decreased by 50% when compared to the initial
performance when COLOR was used immediately after
production (Figure 3f).

Detection of SARS-CoV-2 in Clinical Samples with
COLOR. To demonstrate the translational potential of
COLOR, we evaluated its diagnostic efficacy using 100 NP/
OP clinical samples (Table 2 and Table S1) containing
different viral loads, each of which correlated with a specific
cycle threshold (Ct) value as determined by RT-PCR. Ct
values of the samples used ranged from 19.2 to 35.4 Ct (figure
3c). Of note, our colorimetric cotton swabs were able to
discriminate high from very low viral loads, and their results
correlated with the Ct values obtained by RT-PCR.
The clinical samples were collected from inpatients at the

Hospital of the University of Pennsylvania (HUP) during
January and March of 2021 and heat-inactivated prior to
testing. Among the total of 100 samples selected, 50 were
confirmed positives for SARS-CoV-2 and the remaining 50
were diagnosed negative for SARS-CoV-2 by RT-PCR.
COLOR detected 48 out of 50 SARS-CoV-2 positive samples
and 42 out of 50 SARS-CoV-2 negative samples (Table 2). On
the basis of these results, the sensitivity, specificity, and
accuracy of COLOR were 96.0%, 84.0%, and 90%, respectively.
In addition, COLOR demonstrated an excellent performance

Table 1. Side-by-Side Comparison of the Analytical Features of Different Colorimetric-Based Sensors Developed for SARS-
CoV-2 Detectiona

sensor LOD target technique concentration range
time
(min) reference

AuNano-cys/ACE2 on cotton
swab (COLOR)

0.154 pg mL−1 SARS-CoV-2 SP colorimetric 1 × 10−12−1 × 10−6
g mL−1

5 this
work

SARS-CoV-2@f-AuNPs Ct value: 36.5 antibody (S, E, and M) colorimetric 7.0−30.0 Ct 3 4
lateral flow immunoassay (LFIA) ND COVID-19 IgG and IgM

antibody
colorimetric ND 15 5

AuNPs-RNA 0.18 ng μL−1 SARS-CoV-2 ribonucleic
acid (RNA)

colorimetric 0.2−3 ng μL−1 10 27

DNAzyme and SARS-CoV-2
RNA

0.01 ng mL−1 SARS-CoV-2 RNA colorimetric 101−107 copies ±5 28

(MPNs) 3.2 gene copies μL−1 SARS-CoV-2 RNA fluorescence 3.2 gene copies μL−1 17 29
RT-LAMP 0.75 RNA copies μL−1 SARS-CoV-2 RNA colorimetric 0.2−47 ng μL−1 15−40 30
LAMP 50 RNA copies μL−1 SARS-CoV-2 RNA fluorescence 50 RNA copies μL−1 >40 31
lateral flow immunoassay (LFIA) 0.65 ng mL−1 biotinylated antibody colorimetric 0.53− 0.77 ng mL−1 ND 32
lateral flow immunoassay (LFIA) 1 pg mL−1 protein-anti-SARS-CoV-2

IgM/IgG
colorimetric 10−0.001 ng mL−1 25 33

lateral flow immunoassay (LFIA) (IgG) 0.121 U L−1 and (IgM)
0.366 U L−1

antibody IgG and IgM fluorescent ND 15 34

aAntibody (S, E, and M) spike, envelope, and membrane, SARS-CoV-2 (spike, envelope, and membrane), gold nanoparticles (AuNP),
functionalized AuNanos (f-AuNPs), ribonucleic acid (RNA), magneto-plasmonic nanoparticles (MPNs); (RT-LAMP) transcription loop-mediated
isothermal amplification. ND: not described.

Table 2. Detection of SARS-CoV-2 in NP/OP Clinical Samples with Colora

RT-qPCR

NP swabs positive(n = 50) negative(n = 50) total(n = 100) sensitivity specificity accuracy

positive 48 8 56 48/50 (96.0%) 90/100 (90.0%)
negative 2 42 44 42/50 (84.0%)

aClinical performance metrics (i.e., sensitivity, specificity, and accuracy) of COLOR using NP/OP samples. Positive and negative values for each
clinical sample were obtained by RT-qPCR.
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in its ability to diagnose clinical samples with Ct values ranging
from 19.2 to 35.4 (Table S1).
Genetic mutations in the SARS-CoV-2 virus have emerged

during the COVID-19 pandemic, resulting in variation in the
population of circulating viral strains, which may confound the
performance of currently available diagnostic methods. As a
result, false-negative results may be an issue in molecular tests,
particularly if a mutation occurs within the viral genome or
antigen assessed by a particular test.22 We expect that the use
of ACE2 as a biorecognition element can minimize these errors
as long as the virus maintains its interaction with ACE2
through its spike protein. Future studies will evaluate the effect
of different mutations (SARS-CoV-2 variants) on COLOR’s
performance.
It is also worth noting that COLOR yielded eight false-

positive results that can be attributed to the presence of other
biomolecules in the complex clinical sample, which likely
adsorbed onto the cotton swab surface, leading to nanoparticle
aggregation once we used clinical samples without any sample
pretreatment step. Note that four out of the eight samples
misdiagnosed as positive presented R − R0 values of −11 to
−12 (Table S1), which are close to the cutoff value of the
method (R − R0 ≤ −10 for positive and R − R0 > −10 for
negative results). Selecting a cutoff value is critical for assessing
the performance of diagnostic technologies and should
consider a balance between sensitivity and selectivity. For
example, a method with a high cutoff value can prevent false-
positive cases but leads to lower sensitivity. On the contrary, a
low cutoff value can increase sensitivity but increases the
number of false positives.23 Thus, the cutoff value of COLOR
(R − R0 ≤ −10 for positive and R − R0 > −10 for negative
results) was selected on the basis of its detectability as
determined in the analytical characterization (i.e., the lowest
colorimetric readout discernible between the analytical blank
and the lowest SARS-CoV-2 spike protein quantified; Figure
3b) and cross-reactivity studies (Figure 3d). We found that a
cutoff value of R − R0 ≤ −26 in the case of COLOR reliably
diagnoses COVID-19 with no false positives (Table S1).
In follow-up studies, we will assess more clinical samples to

verify the influence of sample variability on overall net
performance, as well as strategies to cover the functionalized
cotton swabs with a protective membrane to minimize
nonspecific interactions between interfering molecules present
in the biofluid and the cotton surface. COLOR’s accuracy is
similar or even superior to most colorimetric lateral flow
immunoassays,24 a widely available technology for high-
frequency COVID-19 testing. Our test is also substantially
more inexpensive and rapid than existing methods (Table 1).

CONCLUSIONS

In this study, we describe COLOR, a low-cost, rapid, and easy-
to-assemble COVID-19 test that uses highly accessible
materials and provides a visual test readout that can be used
to accurately diagnose SARS-CoV-2 infections using a
smartphone. Each test costs 15¢ to produce, generates a result
within 5 min, is highly sensitive (e.g., LOD of 154 fg mL−1 for
SP), and demonstrated 90% accuracy in a study using 100
clinical samples. Collectively, COLOR represents an excellent
solution to enable high-frequency testing, particularly in
resource-limited populations.

MATERIALS AND METHODS
Materials. All reagents used in the experiments presented

analytical grade. The deionized water (resistivity ≥18 MΩ cm at 25
°C) was obtained from a Milli-Q Advantage-0.10 purification system
(Millipore). Potassium periodate (KIO4) was obtained by Beantown
Chemical. Human angiotensin-converting enzyme 2 (ACE2) Fc
Chimera was obtained from GenScript. Spike protein was kindly
donated by Scott Hensley from the University of Pennsylvania. N-(3-
(Dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride
(EDAC) and N-hydroxysuccinimide (NHS) with a degree of purity
≥98%, gold(III) chloride trihydrate (HAuCl4·3H2O) (99.99%),
sodium borohydride (NaBH4) with ≥98% purity, cysteamine
hydrochloride (Cys) with 98% purity, phosphate buffer saline
powder, pH = 7.4, and glutaraldehyde (25%, v/v) were purchased
from Sigma-Aldrich. Cotton swabs from the brand Q-tips were
purchased in a drug store (Philadelphia, PA).

Cotton Swabs Activation. The cotton surface’s activation was
carried out according to the protocol described by Raji et al.15 First,
the cotton swabs were immersed in a 2.0 mmol L−1 potassium
periodate (KIO4) solution containing 1.0 mL of sulfuric acid
overnight at room temperature. Then, the cotton swabs were washed
with PBS solution (0.1 mol L−1, pH = 7.4) to remove the excess of
oxidizing agent present on their surface, and thereafter, they were kept
in PBS buffer prior to functionalization with ACE2. This procedure
resulted in the formation of an aldehyde-substituted cotton surface by
the conversion of poly hydroxyl groups, which allowed for subsequent
anchoring of ACE2. The aldehyde groups present on the activated
cotton swabs were confirmed by Fourier-transform infrared spectros-
copy (FTIR).

Synthesis of the Cysteamine Stabilized Gold Nanoparticles
and ACE2 Immobilization Studies. The gold nanoparticles were
synthesized according to previous studies,14,25 where the AuNanos
were stabilized with cys (AuNano-cys) (Figure 1a). Briefly, 100 μL of
cysteamine (213.0 mmol L−1) was added to 1.5 mmol L−1 HAuCl4
solution to a final volume of 10.0 mL. The solution was vigorously
stirred at 1200 rpm for 20 min at room temperature in a light-
protected environment. Subsequently, 10.0 μL of NaBH4 (10.0 mmol
L−1) was added to the solution, which kept under stirring conditions
for an extra 20 min in a light-protected flask and at room temperature,
until the color of the solution changed from yellow to red. Finally, the
solution was stored at 4 °C in a refrigerator for up to 7 days.25,26 Next,
1.0 mL of AuNano-cys solution was modified with ACE2 (2.5 pg
mL−1) for 30 min at room temperature in 1.0 mL of a solution
containing EDAC (50.0 mmol L−1) and NHS (25.0 mmol L−1) in a
final volume of 2.0 mL. This protocol enabled the formation of an
amide bond between the AuNanos-cys surface and ACE2.

Gold Nanoparticle (AuNano) Characterization Studies.
Morphological characterization of gold nanoparticles stabilized with
cysteamine (AuNano-cys) was performed using scanning electron
microscopy (SEM). All images were acquired using a JEOL 7500F
HRSEM microscope from the Singh Center for Nanotechnology
(University of Pennsylvania). The spectrophotometer measurements
were carried out using a PerkinElmer Multimode Plate Reader
spectrophotometer (model EnVision). The absorbance of AuNano-
cys was measured at 546 nm at room temperature. The effectiveness
of cotton swab activation was evaluated by FTIR spectra obtained
using a PerkinElmer Spectrum 2 equipped with a Diamond UATR 2
detector with a scan range from 4500 to 500 cm−1 and a total of 32
scans by each measure.

ACE2 Immobilization onto the Surface of Cotton Swabs. To
optimize the immobilization of ACE2 on the cotton swab surface, the
incubation time of oxidized cotton swabs in 2.5 pg mL−1 ACE2
solution was evaluated at 1, 3, 5, 7, and 9 h at 4 °C. Next, the swabs
were washed in 0.1 mol L−1 PBS solution (pH = 7.4) for 30 s to
remove an excess of unbound ACE2 and incubated in 1% (m/m) BSA
solution over 30 min to block the nonmodified cotton surface.
Subsequently, the swabs were immersed in an SP solution that ranged
from 10−11 to 10−8 g mL−1 for 5 min, and washed to remove excess
unbound SP. Finally, the modified swabs containing bound SP were
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immersed in an AuNano-cys-ACE2 solution for 2 min, followed by
rinsing PBS for 30 s to remove an excess of AuNano. The color shift
of the cotton swab surface from white to purple indicates the presence
of SP in the solution due to the aggregation of AuNano-cys-ACE2.
The best result of incubation time for ACE2 functionalization was 7 h
(Figure 2a).
Analytical Optimizations and Colorimetric Quantification

Assays of SARS-CoV-2 SP. For quantitative purposes, all the
colorimetric test images of the cotton swabs were recorded by
smartphone camera after 1 min of the colorimetric test using a
smartphone Samsung Galaxy J8 with Android system version 10
0.01.77 at a 15 cm distance (perpendicularly to cotton swabs) in a
white background and constant ambient lighting. Colorimetric
responses were measured using color pattern intensities (red, green,
and blue) by the freeware RGB application to evaluate which
parameter provided a better correlation with the color test. The data
from digital colorimetry (obtained by smartphone camera) of
COLOR were plotted as R − R0, where R0 is the value of parameter
R obtained for the cotton swab coated with AuNano-cys-ACE2 before
the exposure to samples (analytical blank) and R is the red color
intensity obtained for the cotton swabs coated with AuNano-cys-
ACE2 after exposure to the samples.
The incubation time of the cotton swab modified with ACE2 in SP

solution was optimized. For this, analytical curves were built in the
concentration range of 10−11−10−8 g mL−1 of SP in 0.1 mol L−1 PBS,
varying the incubation time in 1, 3, and 5 min. These tests were
carried out at room temperature and with the cotton swabs modified
with ACE2 at the optimal condition (swab incubated with 1.25 pg
mL−1 ACE2 over 7 h). Subsequently, the swabs were washed in a 0.1
mol L−1 PBS solution (pH = 7.4) for 30 s to remove the excess
unbound SP. Finally, the swabs were immersed in an AuNano-cys-
ACE2 solution for 2 min, followed by rinsing PBS for 30 s to remove
the excess AuNano-cys. For data processing, the same methodology
used to optimize the incubation time of ACE2 was used. Through the
results obtained in Figure 2b, it is possible to observe greater
detectability for 1 min of incubation.
The last parameter to be optimized was the incubation time of the

swabs containing ACE2 and SP in the AuNano-cys-ACE2 solution,
i.e., the time required for the swabs to be immersed in a nanoparticle
solution for color change. With these being the last parameter to be
analyzed, the previous steps have already been performed with their
respective optimized times (7 h ACE2 and 1 min for SP). For this
purpose, analytical curves were constructed in the concentration range
from 10−11 to 10−8 g mL−1 SP in 0.1 mol L−1 PBS, varying only the
immersion time in AuNano-cys-ACE2 solution in 1, 3, and 5 min.
Subsequently, the swabs were rinsed with 0.1 mol L−1 PBS for 30 s to
remove the excess AuNano-cys-ACE2. For data processing, the same
methodology used for the ACE2 incubation time was used. The best
result observed was 3 min of incubation in the AuNano-cys-ACE2
solution (Figure 2c).
Reproducibility, Stability, and Cross-Reactivity Assays.

Reproducibility studies were carried out using 10 different COLOR
cotton swabs exposed to 1 ng mL−1 SP. Color intensity (red pattern)
measurements were detected via the RGB app from photos of the
cotton swabs taken after 1 min of the test. The stability of the
modified cotton swabs was evaluated by the sensitivity value (slope)
extracted from analytical curves at an interval range from 1 × 10−12 to
1 × 10−6 g mL−1 of SP for 1, 3, 5, and 7 days. Cross-reactivity assays
were performed by exposing the modified cotton-swabs to 200 μL of
five different viral samples: MHV, murine hepatitis virus at 108 PFU
mL−1 (coronavirus); H1N1, A/California/2009; H3N2, A/Nicaragua;
Influenza B, B/Colorado; HSV2, herpes simplex virus-2, all at 105

PFU mL−1. After the exposure period of 1 min between COLOR and
each virus, the swabs were washed with PBS, exposed to AuNano-cys-
ACE2 accordingly to the same protocol described for clinical sample
analysis, and analyzed by the RGB app.
RT-PCR Analysis. Briefly, the RT-PCR analyses were carried out

using a QIAmp DSP Viral RNA Mini Kit (Qiagen) and sample
aliquots of 140 μL. For the first step, the virus sample was chemically
inactivated under highly denaturing conditions (guanidine thiocya-

nate) using a biosafety cabinet under BSL-2 enhanced protocols.
Next, the presence of RNA in the samples was analyzed in duplicate
with a TaqPath 1-Step RT-qPCR reagent kit (Life Technologies)
using a Quantstudio 7 Flex Genetic Analyzer (ABI). The selection of
oligonucleotide primers and probes for the detection of 2019-nCoV
was based on the virus nucleocapsid (N) gene. The panel was
designed for the specific detection of the 2019-nCoV viral RNA (two
primer/probe sets, N1 and N2). Additionally, the primer/probe set to
detect the human RNase P gene (RP) in control samples and clinical
specimens was also included in the panel as per CDC protocol (2019-
nCoVEUA-01). All clinical samples were collected and stored for 1
week before analysis by RT-PCR and COLOR.

Analysis of Clinical Samples from Patients Using COLOR.
One hundred nasopharyngeal/oropharyngeal (NP/OP) clinical
samples (50 COVID-19 negative and 50 COVID-19 positive)
resuspended in viral transport medium (VTM) were obtained from
inpatients after heat-inactivation. All COVID-19 positive samples
were confirmed by RT-PCR. We set a cutoff value of −10.0 for
relative red pattern changes to determine as positive diagnostic,i.e.,
positive and negative COLOR results for SARS-CoV-2 infection were
R − R0 ≤ −10 and R − R0 > −10, respectively.
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