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chemical control of cellulose paper modification was 
evaluated by Fourier transform infrared spectroscopy, 
thermogravimetry and contact angle analysis. Colori-
metric detection of the antibodies was performed by a 
conventional staining method using Ponceau S solu-
tion as the dye. Color analysis was performed after 
image acquisition with a smartphone using Image J 
software. The color intensity varied linearly with the 
logarithm of the anti-S concentration (from 10 ng/mL 
to 1 μg/mL) in 500-fold diluted serum samples when 
plotted against the green coordinate extracted from 
digital images. The test strip was selective in the pres-
ence of nucleocapsid antibodies, urea, glucose, and 
bovine serum albumin with less than 15% interfer-
ence, and detection of antibodies in human serum was 
successfully performed. Overall, this is a simple and 
affordable design that can be readily used for mass 

Abstract  Given the pandemic situation, there is an 
urgent need for an accurate test to monitor antibodies 
anti-SARS-CoV-2, providing crucial epidemiologi-
cal and clinical information to monitor the evolution 
of coronavirus disease in 2019 (COVID-19) and to 
stratify the immunized and asymptomatic popula-
tion. Therefore, this paper describes a new cellulose-
based test strip for rapid and cost-effective quantita-
tive detection of antibodies to SARS-CoV2 virus by 
colorimetric transduction. For this purpose, What-
man paper was chemically modified with sodium 
metaperiodate to introduce aldehyde groups on its 
surface. Subsequently, the spike protein of the virus 
is covalently bound by forming an imine group. The 
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population screening and does not require sophisti-
cated equipment or qualified personnel.

Keywords  Colorimetric · Dye · Protein spike · 
Serum · Test-strips

Introduction

Over the past 20 years, there have been an increasing 
number of viral outbreaks, at least five of which have 
become diseases of global significance: severe acute 
respiratory syndrome, swine flu (2009), ebola, mid-
dle east respiratory syndrome, and the current severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2, 2019) (Roychoudhury et  al. 2021). Coro-
navirus disease 2019 (COVID-19) is caused by the 
SARS-CoV-2 virus, which emerged in Wuhan, China, 
in December 2019 and has spread rapidly around the 
world. Like other coronaviruses, it is composed of 
several key proteins, including a spike protein (S), a 
membrane glycoprotein (M), an envelope protein (E), 
and a nucleocapsid protein (N) that facilitate infec-
tion. The spike protein mediates viral entry into host 
cells by binding to the host angiotensin-converting 
enzyme 2 (ACE2) receptor and allowing fusion of the 
viral and host membranes (Li and Liu 2020).

An important step in the treatment and control of 
a COVID disease is monitoring the human immune 
response to a SARS-CoV virus. The presence of an 
immune response and the amount of antibody circu-
lating in the body are often critical tools for assessing 
a patient’s individual condition and disease history, as 
well as for understanding the mechanisms of regional 
and global spread of the pathogen (Boechat et  al. 
2021; Pawliczak 2020).

Serological detection of antibodies has been used 
as the gold standard for the control and investiga-
tion of this pandemic to better monitor population 
immunity, especially now that vaccination is ongo-
ing in several countries. These tests are considered 
user-friendly but have limited sensitivity and require 
at least two antibodies for detection (Galipeau et  al. 
2020; Guevara-Hoyer et  al. 2021; Jacot et  al. 2021; 
Paradiso et  al. 2020). In addition, the most com-
monly used serologic laboratory tests are based on 
enzyme-linked immunosorbent assays (ELISA), auto-
mated chemiluminescence tests (Klupfel et al. 2021; 
Paul et al. 2021), neutralization tests (Embregts et al. 

2021; Rathe et  al. 2021) and rapid immunoassays 
(Findeisen et  al. 2021). With the exception of rapid 
tests, all test systems require a large amount of time 
and qualified personnel to perform the analysis and 
interpret the results, making these tests inappropriate 
when a large number of tests are needed immediately. 
These limitations highlight the urgent need to develop 
simple and affordable rapid tests for the point-of-care 
(PoC) setting (Di Domenico et al. 2021; Huang et al. 
2004; Jacot et al. 2021; Lee et al. 2008).

Biosensors are considered a promising alternative 
to serological tests because they allow PoC analy-
sis, usually offer a rapid response, can be miniatur-
ized, and are generally inexpensive. However, these 
devices require a power supply and additional equip-
ment for readout. Several electrochemical biosensors 
have been described in the literature for the detec-
tion of antibodies to SARS-CoV2 in PoC (Fani et al. 
2021; Imran et al. 2021; Szunerits et al. 2022).

Cellulose paper has been used as a substrate for 
sensory applications since the nineteenth century. 
Urine and pH test strips have been widely used in this 
context. This material has proven to be very impor-
tant as a support material for the separation of compo-
nents of a complex matrix, for example in techniques 
such as chromatography and electrophoresis, and 
has become a rapidly growing market material (Ima-
mura et  al. 2020). Cellulose is an excellent resource 
because its renewability, recyclability, and biodegra-
dability fitting the concept of green chemistry, and it 
is also one of the most widely produced biopolymers 
on Earth. The most common method using cellulose 
as a support material is the lateral flow test (LFT) 
(Peto and Uk 2021; Sibai et  al. 2021; Wang et  al. 
2021). These tests have a faster reaction time com-
pared to ELISA, but they are also expensive because 
two antibodies are needed, one of which is modified 
with a nanoparticle or enzyme. In addition, LFT tests 
do not provide a quantitative antibody response, only 
qualitative information.

A promising alternative to LFT are the well-known 
dipsticks, which resemble urine test strips. In prac-
tice, dipstick analysis involves dropping a sample 
onto different sections of a dipstick, which causes a 
timed reaction, and then comparing the color change 
of the dipstick to a reference standard to determine a 
positive or negative result. The color change is usu-
ally triggered by the reaction of a chromogenic com-
pound with another reaction product resulting from 
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the interaction between the sample and the dipstick 
reagent. Other common chemical reactions include 
dye binding, enzymatic, immunological, and catalytic 
oxidation–reduction reactions (Kavuru et  al. 2020). 
Overall, the main advantage of using test strips is 
quantitative analysis, where the intensity of the color 
change is proportional to the concentration of the ana-
lyte measured. The color is then compared to a color 
reference chart to subjectively measure the concentra-
tion of the analyte. These manual/visual evaluations 
can be inaccurate. To overcome this limitation, soft-
ware could be used to capture and analyze the images.

Overall, this paper reports, for the first time, the 
development of a test strip on a cellulose support 
for rapid and quantitative detection of antibodies to 
SARS-CoV2 by visual comparison of color change. 
For this purpose, the cellulose paper is chemically 
modified by metaperiodate treatment to introduce 
aldehyde groups for further covalent binding of bio-
recognition elements. Color detection was performed 
with a conventional staining solution using Ponceau 
S solution. The color changes were recorded with 
a smartphone RGB camera and then the intensity 
increase was determined. As a result, a quantitative 
relationship was successfully established between 
the antibody concentrations and the color intensity 
values of the captured images. The high accuracy of 
this method was demonstrated when measuring real 
serum samples with a linear response ranging from 
10  ng/mL to 1  µg/mL. This technology has great 
potential as a PoC platform for screening COVID or 
immunity of vaccinated individuals. Importantly, this 
concept can be easily adapted to another pathology 
that may arise in humankind.

Experimental section

Materials and methods

Apparatus

Fourier transform infrared spectroscopy (FTIR) 
measurements were performed using a Nicolet 
6700 FTIR spectrometer. The infrared spectra were 
recorded at room temperature after background cor-
rection. The number of scans was 80 for both sample 
and background. The X-axis corresponds to the wave-
length, which is between 500 and 4000 cm−1, and the 

Y-axis corresponds to the percent transmittance. The 
thermal behavior of the different modification steps 
of the test strips was evaluated using the thermo-
gravimeter (TG)/differential thermal analyzer (DTA) 
Exstar TG/DTA 7200. The contact angle of the dif-
ferent modification steps was measured by dropping 
20 µL of water onto the paper surface and reading the 
respective angle with the Image J program.

For color analysis, the program Image J was used, 
which evaluates the RGB coordinates of the color 
system (red, green and blue).

The photos were taken with a smartphone with a 
12-megapixel camera and an aperture lens of f/2.4. 
All photos were taken in the same room and in the 
same place to ensure the same characteristics and 
conditions regarding temperature and sunlight expo-
sure. Additionally, a white sheet under all tested strips 
was used to ensure the same background.

Reagents

All reagents were of analytical grade and aqueous 
solutions were diluted with ultrapure water (conduc-
tivity < 0.1 µS/cm). Whatman paper N°40 (thickness 
210  nm), sodium metaperiodate (NaIO4) was pur-
chased from VWR. CORMAY serum, recombinant 
SARS-CoV-2 spike (S) glycoprotein and the cor-
responding antibody were purchased from Sigma-
Aldrich, phosphate salt buffer (PBS) from VWR, and 
MES monohydrate 98% from AppliChem. Ponceau S 
solution was obtained from Sigma-Aldrich and gla-
cial acetic acid from Carlo Erba. Glucose was from 
Alfa Aesar, urea from Fagron, bovine serum albumin 
(BSA) from Sigma-Aldrich, and human antibody 
to SARS-CoV-2 nucleocapsid (5000  ng/mL) from 
Abcam.

Chemical modification of the cellulose

The cellulose papers were cut into circles of 0.6 cm 
in diameter and washed with 25  mL of absolute 
ethanol for 30 min with moderate stirring to remove 
some organic compounds on the surface. For chemi-
cal modification (Fig. 1), the washed Whatman paper 
was then oxidized with sodium metaperiodate at dif-
ferent concentrations (mol/L): 0.05, 0.1, 0.4 and 0.5 
for 1, 2, 3, 4 and 24 h, respectively. The incubation 
temperature (°C) 110, 90, 60, 37 and the influence of 
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the presence and absence of stirring during the oxida-
tion process were also evaluated.

Overall, the best experimental conditions for the 
functionalization of cellulose paper were achieved 
during overnight incubation with 20  μL, 0.5  mol/L 
NaIO4 (solution prepared the same day) at room tem-
perature and protected from light. To remove excess 
metaperiodate, the papers were washed in deionized 
water for 10 min, then pre-dried on absorbent paper 
and incubated at 37 °C for three hours. The success of 
the chemical modification of the paper was evaluated 
by infrared absorption spectra (FTIR).

To study the binding of the recognition element 
(Fig. 1), a solution of the spike protein (S) (5 µg/mL) 
was prepared in PBS at different pH values (5, 7 and 
10), since pH is a parameter that significantly affects 
protein conformation and protonation. The solu-
tions were incubated overnight with the chemically 

modified papers. Subsequently, the protein that 
had not covalently bound to the sensor surface was 
washed with 30 µL of PBS at pH 5 and allowed to dry 
at room temperature.

Detection and quantification of the anti‑SARS‑CoV2 
antibodies

The resulting sensor S/NaIO4/cellulose was then incu-
bated with increasing concentrations of human anti-
SARS-CoV2 polyclonal antibody between 100 ng/mL 
and 50 μg/mL at pH 5 for 30 min at room tempera-
ture. After incubation, the papers were washed with 
buffer at pH 5, and the detection and quantification of 
target antibodies associated with the biosensor were 
examined by the classical method of staining with 
Ponceau S solution (0.1% (v/v) in 5% acetic acid). In 
this method, cellulose was immersed in 5 mL of the 

Anti-SARS CoV-2 Spike Protein

SARS CoV-2 Spike Protein

Anti-SARS CoV-2 
Spike Protein

NaIO4
Cellulose paper 

SARS CoV-2 Spike Protein

Test-strip 
Pre-treatment

Protein 
binding 

Antibody 
detection

Ponceau Red

Colorimetic 
detection

(A) (B) (C)

(D)(E)

Fig. 1   Scheme representing a synthesis of a colorimetric sen-
sor on cellulose paper, where: A represents the paper followed 
by pre- preparation with absolute ethanol and chemical modi-
fication with the formation of an aldehyde group on cellulose 

paper (B); C represents the immobilization of spike protein 
antigen of virus, D immobilization of respective antibody and 
E represents the color revelation with solution Ponceau S solu-
tion
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staining solution for 2  s to promote color develop-
ment and then immediately immersed in a distillation 
solution of 10% (v/v) acetic acid in deionized water to 
remove excess dye. Color development was observed 
for 15  min and then dried with absorbent paper to 
remove excess solvent. Colors were captured using 
the camera of a smartphone, which allowed evalua-
tion of the biosensor performance by recording and 
quantifying the color coordinates of each captured 
image using the RGB (red, green, and blue) color 
system of the Image J program. After optimization, 
the Cormay serum samples were tested with different 
dilution factors, one thousand-fold and five 100- fold.

Selectivity study

The selectivity study was performed by incubat-
ing different compounds present in synthetic human 
serum to evaluate the percentage (%) of interference 
by RGB coordinates. The interfering substances 
selected were diluted in buffer at (pH 5) and were 
BSA (1 mg/mL), glucose (0.7 mg/mL), urea (0.2 mg/
mL), and human SARS-CoV-2 nucleocapsid glyco-
protein antibody (5000  ng/mL). For each modified 
paper incubated with the different interference agents 
selected, the relative error was determined using the 
RGB coordinates with the Image J program. Percent 
interference was calculated using the following for-
mula: (% interference = [anti-S − (anti-S + interfer-
ence agent)/anti-S]. All the assays were performed in 
triplicate.

Reproducibility study

Sensor reproducibility is a relevant parameter in sen-
sor evaluation. In this way, the sensor performance 
was evaluated over different construction days. This 
performance was evaluated by incubating different 
concentrations of prepared target in buffer and ana-
lysing the respective RSD value. All the assays were 
performed in triplicate.

Analysis of spiked serum samples

Anti-S standard solutions were prepared by 500-
fold dilution of synthetic serum in buffer MES (pH 
5). The relative error was classified by analyzing an 

image from the three replicates and evaluating the 
RGB coordinates of the Image J program using the 
green coordinate. All the assays were performed in 
triplicate.

Analysis of real samples

The samples from patients tested positive for SARS-
CoV2 were collected under the routine blood analy-
sis performed by the Clinic Pathology Service from 
the University Hospital of Coimbra. This study was 
previously approved by the Ethics Commission to 
Clinical Investigation, under the reference OBS.
SF.220-2021.

Immunoassay tests were executed by VIDAS® 
SARS-CoV2 IgG from Biomérieux (Marcy l’Etoile, 
France) to quantify IgG antibodies against SARS-
CoV2 S protein in human serum samples, allow-
ing to select samples with different concentrations 
of antibodies to be further tested in the new cellu-
lose-based test strip. VIDAS® SARS-CoV2 IgG 
performs an automated qualitative enzyme-linked 
immunosorbent assay (ELISA) to detect specific 
IgG anti-SARS-CoV2 that are present in the col-
lected human serum and the VIDAS SARS-CoV2 
IgG 423,834-02® kit (BioMérieux, Marcy l’Etoile, 
France) was used. This kit includes the single-use 
solid-phase strips, solid-phase receptacles that con-
tain humanized recombinant anti-SARS-CoV-2 
antigen, the standard (including a humanized 
recombinant anti-SARS-CoV-2 IgG antibody), and 
the positive (containing, also, a humanized recom-
binant anti-SARS-CoV-2 IgG antibody) and nega-
tive controls (which does not include the human-
ized recombinant anti-SARS-CoV-2 IgG antibody) 
(https://​www.​biome​rieux-​diagn​ostics.​com/​vidas-​
sars-​cov-2). To quantify the human samples, solu-
tions obtained from sequential dilutions of the puri-
fied anti-SARS-CoV-2 S protein S1 recombinant 
antibody (BioLegend, San Diego, CA, USA) were 
used to establish a standard curve.

The positive human serum samples were incu-
bated, in triplicate, with various modified cellulose 
papers. Serum was prepared by five-100-fold dilu-
tion in buffer (pH 5). By analyzing the RGB coor-
dinates, the intensity of the color on the paper was 
determined with positive and negative samples to 
validate the colorimetric sensor.

https://www.biomerieux-diagnostics.com/vidas-sars-cov-2
https://www.biomerieux-diagnostics.com/vidas-sars-cov-2
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Results and discussion

Surface modification

Cellulose membranes were chemically modified 
according to the scheme shown in Fig. 1. The first 
step consisted of (1) formation of an aldehyde layer, 
followed by (2) protein binding. In the chemical 
modification, the cellulose surface was first oxi-
dized with sodium metaperiodate to generate alde-
hyde groups (–CHO) on the sensor surface. The 
action of this compound on the cellulose resulted 
in the opening of the D-glucose rings by convert-
ing the hydroxyl groups of C2 and C3 to carbonyl 
groups (Kristiansen et  al. 2010). In the chemical 
modification of cellulose paper, it was found that 
the distribution of the aldehyde group changed the 
physicochemical properties of the paper. The reduc-
tion of crystallinity and shrinkage of the paper were 
the main differences that contributed to the evi-
dence of chemical modification of cellulose paper. 
During the optimization processes, it was also found 
that as the oxidation time increased, the contact of 
the strips with the sodium metaperiodate increased 
and consequently the geometric area of the paper 
decreased. The thickness also increased slightly. 
Overall, it is important to note that these changes 
in the chemical structure of the paper are visible to 
the naked eye and can be verified by characteriza-
tion methods.

A 24-h oxidation, protected from light and at room 
temperature, were therefore the optimal conditions 
for the next step. The functionalized surface was then 
incubated after 24 h with protein S at a concentration 
of 5 µg/mL at (pH 5). This last step allowed the cova-
lent bonding of the aldehyde groups on the oxidized 
paper with the amine groups of the protein, forming a 
Schiff surface (imine binding). Finally, the sensor was 
washed with buffer solution (pH 5, PBS) to remove 
unbound protein.

Characterization of the surface modification

FTIR

Paper oxidation by metaperiodate was analyzed, opti-
mized, and characterized using Fourier transform 
infrared spectroscopy (FTIR). Figure  2 shows the 
FTIR spectroscopy analysis performed for the cellu-
lose paper, with the changes detected in the chemi-
cal modification of the paper shown in blue and 
red. When analyzing the spectra, one can observe 
the appearance of a stretching band (C=O) in the 
region of 1730  cm−1 in the red spectrum. This band 
is characteristic of an aldehyde formed by carbonyl 
bonds along the cellulose fibers. Compared to the 
blue spectrum of the cellulose paper, an increase in 
the intensity of the vibrational peak was observed at 
1637  cm−1 is attributed to the carbonyl groups from 
the chemical oxidation of the glucose. In general, the 
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Fig. 2   FTIR spectra of different immobilization steps of the sensor. The (blue) curve represents the spectra the Cellulose paper and 
the (red) refers to Cellulose functionalized with metaperiodate of sodium (NaIO4)
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interpretation of the FTIR bands shows that there are 
chemical differences between the cellulose paper and 
the NaIO4/cellulose sensor.

Contact angle

Contact angle is a strategy for characterizing the 
paper surface at each step of biosensor construction. 
In general, this technique evaluates the intensity with 
which liquid molecules interact on a solid surface. 
Figure S1 shows the contact angle for the following 
steps of this process: (A) cellulose paper, (B) NaIO4/
cellulose, and (C) protein S/NaIO4/cellulose.

This process measures the angle formed by a drop 
of deionized water on the surface of the cellulose 
paper within 20  s. In the literature, a contact angle 
between 90° and 150° on the solid surface under 
study is called hydrophobic, while angles above 150° 
are called superhydrophobic (Yin et al. 2018). Thus, 
surface analysis of the paper pre-treated with absolute 
ethanol yielded a contact angle of (θ = 54.89° ± 3.26), 
a value corresponding to the lowest of the three 
levels listed in the figure. This is due to the porous 
structure of the cellulose, which allows a high level 
of absorption of the added water droplet (A). In the 
next step, the surface functionalized with sodium 
metaperiodate (B) limited the hydrophobic proper-
ties by repelling the treated water droplet, and the 
highest contact angle was recorded with a value of 
(θ = 77.98° ± 3.49). The hydrophilicity of cellulose 
can be modified by the addition of substances that 
add other properties and facilitate the introduction of 
specific chemical groups that improve the compat-
ibility between charge and matrix. Treatment with 
sodium metaperiodate allows chemical function-
alization due to the presence of hydroxyl groups of 
the β-D-glucopyranoside, which are converted into 
carbonyl groups, leading to disruption of the cellu-
lose structure, resulting in a decrease in crystallinity 
(Yin et  al. 2018). In addition, long oxidation peri-
ods reduce the capillarity of liquids by reducing the 
hydrogen bonds between the water molecules and the 
hydroxyl groups, making it more difficult for water to 
be absorbed onto the exposed paper (Imamura et al. 
2020). Overall, the oxidation of the cellulose paper 
provided with this methodology decreases hydrophi-
licity due to the loss of hydroxyl groups, resulting in a 
higher contact angle.

After the chemical modification step, the addition 
of the S-protein on the paper surface decreases the 
hydrophobic character, leading to a decrease in the 
contact angle. In addition, the hydrophilic residues of 
the protein have an affinity for water molecules, and 
their interaction leads to a lower contact angle (C) of 
(θ = 65.32° ± 2.91). All the assays were performed in 
triplicate.

TG analysis

Thermogravimetric methods allow the determination 
of thermal stability properties of chemically modified 
cellulose paper at different stages of biosensor con-
struction. Among the different analytical methods, the 
thermograms of mass loss (TG) and its first deriva-
tives (DTG) at 550 °C were evaluated.

Figure S2 shows the thermograms of the different 
fabrication steps, where the light blue curve shows 
the cellulose paper, the red curve shows the paper 
chemically modified with sodium metaperiodate, and 
the dark blue curve shows the test strip after cova-
lent binding of protein S. Thermal decomposition 
occurred at approximately the same temperatures for 
all modification steps with a maximum shift of 38 °C. 
The most severe decomposition was observed in cel-
lulose paper, which started at 314.74 °C and ended at 
371.77  °C, with a weight loss of 81.98%. When the 
cellulose paper was modified with NaIO4, a mass loss 
of 43.18% was observed. When the test strips previ-
ously modified with NaIO4 then reacted with protein 
S, a total mass loss of approximately 30.90% was 
observed (DTG and TG graphs).

Moreover, analysis of TG allows confirmation of 
cellulose modification once it is possible to observe 
different degradation rates at each modification step. 
From the light blue curve (unmodified cellulose 
paper), it can be concluded that the main degrada-
tion occurred between 200 and 360 ºC. After perio-
date treatment (red curve), thermostability decreased 
in the lower temperature range (0 and 360 °C), while 
it increased in the upper temperature range (360 and 
550  °C). Overall, the degradation of oxidized cellu-
lose was observed at two different temperatures (200 
and 300 °C, respectively). Moreover, a lower weight 
loss was observed at 360  °C than for non-oxidized 
cellulose. This behavior was attributed to the lower 
crystallinity of the oxidized samples and to degra-
dation reactions during periodate oxidation. After 



9318	 Cellulose (2022) 29:9311–9322

1 3
Vol:. (1234567890)

protein attachment (dark blue curve), thermostability 
decreased compared to periodate modification due to 
the presence of covalently bound protein. Degrada-
tion was observed at three different temperatures (at 
200, 220, and 300  °C, respectively). The additional 
degradation at 220  °C is related to the presence of 
organic compounds due to the presence of the pro-
tein. Overall, thermogravimetric analysis showed the 
presence of available aldehyde on the sensor surface 
after its functionalization. All the assays were per-
formed in triplicate.

Detection and quantification of the Anti‑S

Detection and quantification of target antibodies 
bound to the protein S/NaIO4/cellulose sensor was 
determined by a conventional staining method. The 
colorimetric response of the anti-spike antibody bio-
sensor (anti-S) was monitored after incubation for 
30 min at room temperature with 15 µL of different 
polyclonal anti-body-S standard solutions prepared 
in buffer at pH = 5. Subsequently, the biosensor was 
washed with 60 µL of PBS (pH 5), and as a reaction 

of the test strip, the papers were briefly dipped in the 
staining solution Ponceau S Solution after washing, 
which is commonly used for the detection and quanti-
fication of proteins.

The final step was immediate immersion in a distil-
lation solution to remove the excess unreacted dye in 
the sensor. Ponceau S binds specifically to the protein 
present through an electrostatic interaction, resulting 
in a red stained area on the paper where the protein 
is bound. Since this staining solution reacts with pro-
tonated amines, pH = 5 was used in all phases instead 
of pH = 7, since the isoelectric point of protein S is 
approximately 7. Color analysis was recorded using 
a smartphone camera, and naked eye color compari-
son and RGB coordinate analysis were performed for 
each standard us-ing Image J software (Fig.  3). All 
the assays were performed in triplicate and the aver-
age of the relative standard deviation (RSD) of the 
coordinate green was 5%.

With the naked eye, it could be observed in Fig. 3 
that there is a variation in the green coordinate and 
that the intensity of the reddish color increases pro-
portionally with the increase in the amount of target 

(A)

(B)

Fig. 3   Calibration was defined for standard solutions with different concentrations from 10 ng mL−1 to 50 μg mL−1
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antibody on the sensory surface. The LOD was cal-
culated similar to direct potentiometric measure-
ments based on the Nernst equation, which is a semi-
logarithmic relationship between the electrochemical 
potential and the logarithm of the concentration. The 
LOD was 31.6  ng/mL and corresponds to the con-
centration of the cross section of the two linear parts 
of the reaction. Overall, the biosensor shows a linear 
behavior within 100 ng/mL to 50 10 µg mL−1 with a 
correlation coefficient of 0.9943.

Next, using the same method, calibration was per-
formed with the synthetic human Cormay serum with 
increasing antibody concentrations (Fig.  4A). For 
this purpose, the serum was first diluted 500-fold in 
MES buffer at pH 5, and standard solutions of poly-
clonal anti-S were prepared in the diluted serum, 
ranging from 10 ng/mL to 1.0 μg/mL. Again, Image 
J software was used to analyze color development as 
a function of the different concentrations. Overall, 
the biosensor showed a linear response ranging from 
10 ng/mL to 1.0 μg/mL, with a correlation coefficient 
of 0.9876. All assays were performed in triplicate and 
the average of the RSD of the coordinate green was 
1.6%.

Overall, compared to several biosensors described 
in the literature, especially optical and electrochemi-
cal ones, this colorimetric device based on a paper 

test strip offers the great advantage of independence 
from conventional measuring devices, as it allows 
the detection of color differences with the naked eye, 
which is advantageous from an economic point of 
view. Moreover, this biosensor sustainably allows the 
immobilization of proteins as a recognition element 
and the detection of different and very low amounts 
of antibodies with detection limits in the range of ng/
mL. This biosensor could achieve good analytical 
performance in terms of selectivity, sensitivity, sta-
bility, speed, quantification and colorimetric signal 
detection.

Selectivity study

Selectivity tests were then performed to evaluate the 
ability of the sensor to distinguish antibody S from 
other species present in biological fluids. In this way, 
fixed concentrations of the antibody on the sensor 
surface was incubated together with different interfer-
ing species at concentrations corresponding to normal 
physiological conditions. This study was performed 
with antibody S (5000  ng/mL), glucose (0.7  mg/
mL), urea (0.2 mg/mL), BSA diluted five 100-fold in 
PBS buffer, pH 5 (1 mg/mL), and nucleocapsid anti-
body (anti-N) (5000 ng/mL) (Fig. 5). Incubation was 
performed at room temperature for 30  min, and the 

y = -12.044x + 92.723
R² = 0.996
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respective interfering substances were prepared in 
buffer containing pH 5. It was found that each inter-
fering substance slightly affected the colorimetric sig-
nal. The average deviation (%) of the color produced 
by each interfering substance compared to the control 
(anti-S) was 15% ± 1%, for glucose, 10% ± 2%, for 
urea, 6% ± 2%, for BSA and 8% for anti-N and human 
serum 500 diluted (113 ± 2%,)

Thus, the sensor proved to be specific for the deter-
mination of anti-S in synthetic human serum. All the 
assays were performed in triplicate.

Validation of the paper test strip

Analysis of spiked serum samples

The standard addition method was applied to deter-
mine Anti-S in synthetic human serum samples 
spiked with 10 ng/mL of antibody-S. The assay was 
performed in triplicate and analyzed by RGB coordi-
nates from the program Image J. The RSD obtained 
for reproduced assays was 13%.

Analysis of real samples

As aforementioned, VIDAS® is a qualitative instru-
ment (https://​www.​biome​rieux-​diagn​ostics.​com/​
vidas-​sars-​cov-2). In order to quantify human 

samples relatively to their concentration of anti-S 
SARS-CoV-2 IgG, a standard curve relating the log-
arithm of the concentration of the antibody (µg/mL) 
with the relative fluorescence value (RFV—Fig. S4) 
was established using different concentrations of 
purified anti-SARS-CoV-2 S1 protein recombinant 
antibody. The anti-S SARS-CoV-2 IgG concentra-
tion present in the real samples was calculated by 
intersecting the obtained RFV on the curve. This 
allowed a perception of the range of anti-S protein 
IgG antibody concentrations on the samples present 
amidst the COVID-19 positive population, to be 
further used in our cellulose-based test strip.

Then, the validation of the colorimetric sensor 
on paper strips was tested with the positive real 
human serum. For this purpose, a fixed concen-
tration of 176 µg / mL, diluted in a five 100- fold, 
was incubated in the sensor for 30  min  (Fig.  6). 
The corresponding negative real human serum was 
prepared in five 100- fold dilutions in buffer at pH 
5. The assay was performed in triplicate and ana-
lyzed using the RGB coordinates of the Image J 
program (Fig. S4). Analysis using the green coor-
dinate allowed the difference in hue visible to the 
naked eye between true positive and negative sam-
ples clearly seen, as shown in the Fig. S4. The 
determined error was precisely 4%. The paper strip 
sensor is thus able to determine and validate true 

Fig. 5   Selectivity study 
involving the analysis of the 
response of the sensor after 
30 min incubation with 
buffer and other interfer-
ing species. The interfer-
ers were: (BSA (1 mg/
mL) Glucose (0.7 mg/
mL), urea (0.2 mg/mL) and 
humanized antibodies of 
SARS-CoV-2 nucleocapsid 
glycoprotein (5000 ng/mL) 
and human serum 500-fold 
diluted)
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samples and distinguish whether the patient serum 
sample is positive or negative.

Conclusion

In this work, a colorimetric paper sensor for the detec-
tion of antibodies against the spike protein of SARS-
CoV-2 was presented. The chemical modifications 
provided the necessary aldehyde functional groups 
to immobilize the SARS-CoV-2 spike glycoprotein, 
which served as a recognition element. The perfor-
mance of the sensor allowed the concentration of the 
target to be correlated with a colorimetric response of 
the recognition agent, both in buffer and in synthetic 
serum. The sensor showed a linear range with the 
naked eye; indeed, Fig. 3A shows that there is a varia-
tion in the green coordinate and that the intensity of the 
reddish color increases proportionally with the increase 
in the amount of target antibody on the sensory sur-
face. Overall, the biosensor shows a linear behavior 
within 100  ng  mL−1–50  μg  mL−1 in PBS buffer and 
100 ng mL−1 to 50 μg mL−1 in spiked serum samples 
with a correlation coefficient of 0.994, Fig. 3B.

In addition, the device provided good selectivity 
when tested with solutions containing both the target and 
interfering molecules. The percentage of interference 
recorded in relation to the control (anti-S) was 15% for 
glucose, 10% for urea, 6% for BSA and 8% for anti-N. 
The preliminary results with real samples showed that 
the sensor responds well in complex matrices and there-
fore has the potential to be used in a clinical context.

With this technology will be possible to evalu-
ate the immune response to natural infection as well 

as vaccination in a population. Overall, the sensor 
design meets PoC requirements and represents an 
affordable, portable, device-free instrument for popu-
lation screening at a time when mass testing is essen-
tial for disease outbreak control.
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