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SUMMARY

COVID-19 has led to over 6.8 million deaths worldwide and continues to affect millions of people,
primarily in low-income countries and communities with low vaccination coverage. Low-cost

and rapid response technologies that enable accurate, frequent testing of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) variants are crucial for outbreak prevention and infectious
disease control. Here we produce and characterize cellulose fibers naturally generated by the
bacterium Gluconacetobacter hansenii as an alternative biodegradable substrate for manufacturing
an eco-friendly diagnostic test for COVID-19. Using this green technology, we describe a novel
and label-free potentiometric diagnostic test that can detect SARS-CoV-2 within 10 min and
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costs US$3.50 per unit. The test has bacterial cellulose (BC) as its substrate and a carbon-based
electrode modified with graphene oxide and the human angiotensin-converting enzyme-2 (ACE2)
as its receptor. Our device accurately and precisely detects emerging SARS-CoV-2 variants and
demonstrates exceptional sensitivity, specificity, and accuracy for tested clinical nasopharyngeal/
oropharyngeal (NP/OP) samples.

Graphical Abstract

de Lima et al. produce and characterize cellulose fibers naturally generated by the bacterium
Gluconacetobacter hansenii as an alternative biodegradable substrate for manufacturing an eco-
friendly biosensor test for COVID-19. This low-cost test (US$3.50 per test) is capable of detecting
SARS-CoV-2 variants within 10 min.

INTRODUCTION

The COVID-19 pandemic, caused by the severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), has led to the death of over 6.8 million people worldwide and incalculable
economic damage.! Seeking to quell the pandemic, researchers have developed several
diagnostic methods to meet the demand for reliable, fast tests designed for frequent use.23
Rapid tests have played an extremely important role in disease surveillance and control
over the course of the pandemic, as they can quickly identify infected individuals and
provide information that helps prevent viral spread.? The reverse-transcription polymerase
chain reaction (RT-PCR) is the gold standard for testing because of its high specificity

and sensitivity for the detection of SARS-CoV-2 nucleic acids in nasopharyngeal sample
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fluids.*> However, testing with this technique takes a long time and requires expensive
reagents, such as primers, and specialized labor.8 Thus, there is a need to find cheaper and
more rapid tests.

Furthermore, several SARS-CoV-2 variants are already in circulation, and new variants

are highly likely to emerge. The performance of diagnostic tests, mainly those based on

the analysis of genetic material, may be affected by SARS-CoV-2 mutations, and these
tests may consequently require recurrent updates and changes in the detection protocol

to improve their sensitivity and avoid false-negative results.”® Despite the commitment to
research on SARS-CoV-2 mutations, little is known about how these mutations may affect
the antigenic phenotypes of the virus or interfere with vaccine effectiveness, as well as with
the immunity acquired from natural infection.%10

Biodegradability is also an important consideration in test development. Given the large
quantities of materials being used to test for SARS-CoV-2 (as well as other pathogens and
various clinical biomarkers), fabricating detection devices with recyclable or biodegradable
materials would reduce their environmental impact.11 The most widely used substrate for
manufacturing electrical circuits and consequently electrodes is the printed circuit board
(PCB). PCBs contain Cu, Al, and Sn, consisting of nearly 28% metal. These metals in PCBs
are more than 10 times purer than the metals in rich-content minerals.12 Because PCBs are
used extensively and discarded afterward, the recycling of PCBs is not trivial. Moreover,

the high percentage of non-metals in PCBs is around 70%, consisting mostly of thermoset
resins and reinforcing materials; these materials pose a particularly challenging recycling
problem. The network structure of thermoset resins hinders them from being remelted

or reformed. Due to inorganic fillers such as glass fiber, with considerably lower fuel
efficiency, incineration is not appropriate for treating nonmetals. Nonmetal components of
PCBs are mostly disposed of in landfills, which can waste resources and produce significant
secondary contamination.12 Other polymeric substrates, such as poly(ethylene terephthalate)
(PET), polyurethane (PU), polylactide (PLA), polypropylene (PP), and polyethylene (PE),
have been used as platforms in the sensing field, but their (bio)degradation in nature is slow
and their recyclability is limited, contributing to increasing environmental pollution.13

With these limitations of existing materials in mind, we explored the use of bacterial
cellulose (BC) as a substrate for the development of electrochemical devices. BC is

an extracellular polymer synthesized by species of bacteria belonging to several genera:
Agrobacterium, Gluconacetobacter, and Sarcina.l* Besides being biodegradable, BC is
mechanically resistant, porous, crystalline, flexible, and biocompatible.14-17 BC is used
in the wound care industry, in skin regenerative medicine, and point-of-care (POC)
devices.15:18-21 As a material, BC is nontoxic and low cost?2 and also exhibits several
advantages over commercial paper, such as reduced fiber diameter, no use of chemical
methods or processes in its manufacture, and high purity.

Here, we present an eco-friendly electrochemical biosensor to detect SARS-CoV-2 using

a biodegradable BC substrate. The device does not require the use of a redox probe or
additional reagents for transduction and diagnosis at the POC. Our technology uses carbon
screen-printed electrodes modified with graphene oxide conjugated with polyethylene glycol
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(PEG), as G-PEG, for anchoring the angiotensin-converting enzyme-2 (ACE2) bioreceptor.
This receptor is a remarkably selective bioelement that recognizes the SARS-CoV-2 spike
protein (SP).34 Our device detected the SARS-CoV-2 virus in less than 10 min, displayed
a limit of detection (LOD) of 4.26 x 10718 g mL~1 SP or 0.05 copies pL~1, and

presented excellent sensitivity, specificity, and accuracy when tested in 65 nasopharyngeal/
oropharyngeal (NP/OP) clinical samples (25 negative samples and 40 positive samples
confirmed by RT-PCR). However, increasing the number of clinical samples would likely
affect the sensitivity, specificity, and accuracy profiles of our method. Nevertheless, we do
think that the excellent reproducibility observed for the clinical samples tested is indicative
of a robust biosensor for the detection of SARS-CoV-2 viral particles in complex samples.

RESULTS AND DISCUSSION

Fabrication and characterization of BC-based electrochemical biosensor

Gluconacetobacter hansenii was incubated in Hestrin-Schramm (HS) medium containing
glucose for BC production. After 27 days, the BC material was collected and treated with 5
mmol L~1 NaOH at 80°C, which was subsequently washed abundantly with deionized water
and, after drying, resulted in a clear sheet. The BC substrate was used as a flexible platform
for the screen printing of the electrochemical systems using flexible carbon and Ag/AgCl
conductive inks, which were cut to dimensions of 2.5 x 2.0 cm (Figure 1A).

Morphological characterizations of the produced BC sheet revealed a typical pure mat of
interwoven nanosized cellulose fibers (Figures 1B and 1C). The structural characterizations
of BC and BC-based carbon screen-printed electrode with and without the superficial
modification with G-PEG material (ACE2 receptor anchoring species) were performed

by Raman spectroscopy (Figure 1D). The BC substrate presented low-intensity bands
characteristics of the cellulosic material.23 It is worth noting the presence of the
characteristic D band (~1,350 cm™1), G band (~1,580 cm™1), and the 2D band (~2,750
cm™1) related to graphene-based materials on the bare carbon electrode (Figure 1D).24 The
G-PEG-modified electrode presented a suppression on the 2D band due to high structural
defects of carbon rings in the graphene oxide flakes.24 The disorder degree level was
calculated through the peak intensity ratio of the D and G bands (Ip/lg). We obtained an
Ip/lg of 0.49 £ 0.13 and 0.99 + 0.18 for BC-based carbon screen-printed electrode without
and with the superficial modification with G-PEG material, respectively, demonstrating that
the introduction of G-PEG enhances the disordered nature of the carbon electrode.25:26

Electrochemical characterization of the biosensor

To evaluate the electrochemical behavior and record measurements of each functionalization
step of the biosensor, we used cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) (Figures 2A-2C). A ferricyanide/ferrocyanide redox probe was used to
compare the voltammetric and EIS behaviors between each functionalization step of the
working electrode. However, this redox probe presents surface-sensitivity features, causing
interactions with electrodic surface and inducing non-ideal behavior of an outer-sphere
redox probe, which may lead to misinterpretations of the properties of carbon-based material
and erroneous values for the calculated electroactive area.2’-2° In addition, the cyclic
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voltammograms presented in Figure 2 were recorded using different electrodes freshly
prepared at each functionalization step to avoid the influence of the previous measurement
on the subsequent electrochemical response and in further modification steps of the sensor.

The bare carbon screen-printed electrode on the biodegradable BC substrate presented a
defined redox process with peak currents (ip) of 148.5 YA and resistance to charge transfer
(ReT) of 40.2 Q (Figures 2B and 2C, respectively). After modifying the working electrode
(WE) with G-PEG, the ip drastically decreased to 51.7 pA and the R increased to 312.6
Q. These results were in line with the low electrical conductivity of graphene oxide; PEG
contributes to a lower charge transfer.3%:31 Next, ACE2 was covalently anchored to the WE
surface by the N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDAC)-N-
hydroxysuccinimide (NHS) approach. This step contributed to a decrease in the ip to 27.5
WA and increased the RcT value to 451.3 Q. Subsequently, the remaining nonspecific sites of
the electrode were blocked with 0.1% (m/v) bovine serum albumin (BSA), resulting in an ip
of 14.0 uA and Rct of 824.7 Q, which reflects the modification with a nonconductive layer
on the WE surface. In the last step of biosensor fabrication, the WE surface was modified
using a 1.0% (m/v) Nafion permeable membrane to enhance the robustness of the biosensor.
Hence, the ip decreased to 7.9 pA and the Rt increased to 1,466 Q.

Analytical performance of the biosensor

In this study, to achieve sensitive detection of SARS-CoV-2 directly at the point of need, we
focused on an approach that does not require sophisticated instrumentation. Potentiometric
measurements can be conducted using a low-cost and portable potentiometer that detects the
difference in electrical potential between a stable reference electrode (RE) and a functional
WE. The WE is selective toward the target analyte, which causes a charge change at its
surface upon recognizing the target species, eliminating the need for a redox probe for
analysis.

To obtain a highly selective biosensor, we modified the WE with ACEZ2, a natural receptor
for entry of SARS-CoV-2 into the human body.32:33 Highly specific interactions between

the SP and the ACE2-coated electrode induced a potential variation. In these interactions,
the output voltage was logarithmically correlated with the concentration of the target species
in solution, similar to traditional ion-selective electrodes (ISEs).34 However, our reagentless
electroanalytical method is based on the affinity between the ACE2-functionalized biosensor
and the target SP analyte. Therefore, it is a non-reversible sensor, which is a valuable
diagnostic tool as a disposable miniaturized device,3® whose disposal is further facilitated by
its eco-friendly features.

The potentiometric response used for diagnostic purposes emerges from differences between
the open circuit potential (OCP) of the functional ACE2-modified electrode in PBS medium
and the potential change induced by the selective binding of the SP to the ACE2-modified
electrode. The selective accumulation of the charged SP species on the biosensor surface
during the incubation period causes a potential change in the electrodic surface that can

be used to monitor the presence of the virus.36 The potentiometric mechanism of detection
of SP on our biosensor uses a similar rationale to previous studies that modified the carbon-
based electrode surface with receptors to detect proteins and microorganisms.3%:37.38
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To obtain a selective and sensitive biosensor, we evaluated two approaches for anchoring
the ACE2 receptor on the carbon screen-printed electrodes. First, the WE was modified with
amine-functionalized G-PEG. PEG is a widely used method for the covalent attachment
of biomolecules (PEGylation process) through their COOH-terminal groups.3940 Second,
the WE was modified with the conducting polymer polyethyleneimine (PEI), which

also contains NH, functional groups.#1:42 G-PEG provided significant discrimination of
the analytical signal at the low concentrations of SP analyzed (10714-10711 g mL™1)
(Figure 3A), probably because the large surface area of the nanomaterial provided more
bioconjugation sites, facilitating the interactions between ACE2 and SP.43 Thus, the G-
PEG madification strategy was used throughout this study. All graphics were plotted as a
potential difference, AE:

AE = Emmple = Eyank

(Equation 1)

where E,,.. iS the potential measured in the presence of SARS-CoV-2 and E, is the
potential obtained for the blank (i.e., 0.1 mol L™ PBS at pH = 7.4). We expressed the
analytical response as the difference between the sample and the blank (Equation 1) to
minimize eventual fluctuation in potential response due to temperature differences at the
testing sites, eliminating the need for recalibration of the biosensor for POC testing.

The fabrication, modification, and functionalization steps were then optimized to obtain a
more robust and sensitive biosensor for SARS-CoV-2 SP detection. The WE was modified
with G-PEG using the drop-casting method and incubating for 60 min at 37°C to dry. This
procedure introduces amine groups on the WE surface for bioconjugation. Next, the ACE?2
receptor containing EDAC + NHS was dropped on the WE modified with G-PEG and kept
for 30 min at 37°C. When the carboxyl groups of ACE2 were exposed to EDAC-NHS,
they were activated to form a stable ester, which undergoes a nucleophilic addition with
the amino groups present on the WE, resulting in a stable amide bond between the carbon
WE/G-PEG and ACE2.3141 The remaining unmodified sites of the WE surface were then
blocked using a 1.0% (m/v) BSA solution.

Nafion and chitosan are polymeric membranes commonly used as coatings for biosensors
to enhance the robustness of the electrochemical device. These membranes protect

the electrode surface against biofouling when this surface is exposed to the sample’s
complex matrix; these membranes can also provide superficial preconcentration of chemical
species.*4 For this study, analytical curves were made at concentrations ranging from 1 x
101 t01 x 10711 g mL=1 SP in 0.1 mol L™1 PBS (pH = 7.4) to compare three strategies of
biosensor modification: (1) using 0.5% Nafion, (2) using 0.5% chitosan, and (3) without any
permeable membrane. The Nafion layer resulted in the highest detectability of the biosensor
(Figure 3B), because its anionic membrane allows small positively charged species to cross
the biosensing surface and become preconcentrated close to this surface.> Given the results
presented in Figure 3B, we studied the effects of changing the proportion of Nafion on the
modified biosensor since this proportion would directly affect membrane thickness. Figure
3C shows the performance of the biosensor at various Nafion concentrations; 0.5% Nafion
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did not present a significant difference in the detectability compared with the unmodified
biosensor (i.e., in the absence of a Nafion layer). However, 1.0% Nafion exhibited the
highest detectability, which is associated with adequate membrane thickness to enable the
preconcentration of the SP and allow its binding to the ACE2-modified surface. When we
increased the proportion of the semipermeable membrane (1.5 and 2.0% [m/v]) on the
modified biosensor, the biosensor presented lower detectability and sensitivity compared
with the use of 1.0% Nafion solution. This behavior was due to the higher thickness of the
resulting membrane, which limited the mass transport of the target analyte (SPs or viral
fragments containing SPs) to access the modified surface of the biosensor; i.e., a higher
amount of Nafion membrane (>1.0% [m/v]) hindered the permeation of the target species
and subsequent binding to the ACE2-modified WE surface, causing a loss in the sensitivity
of the method. Collectively, our experiments revealed that 1.0% (m/v) Nafion provided the
optimal detectability and was thus selected for our biosensor, in accordance with previous
studies.36:43

We next evaluated which time of incubation of SP with the surface of the modified biosensor
would yield the best analytical performance for SARS-CoV-2 detection. The experiment was
carried out in triplicate with an interval concentration ranging from 10714 to 10711 g mL™1
of SARS-CoV-2 SP (Figure 3D). The results revealed that 5 min and 7 min of incubation
time provided similar detectability. However, this optimization was based on the analytical
sensitivity (slope) parameter obtained by analytical curves. Thus, we chose 7 min as the
optimal incubation time, which provided high detectability and sensitivity. These results
demonstrate the fast-binding kinetics between SP and the ACE2 receptor immobilized on the
electrode surface, highlighting the efficiency of our biosensor architecture.

We then evaluated the electrochemical signal (potential difference) provided by our
potentiometric biodegradable BC-based biosensor through dose-response curves with low
concentrations of virus. All the potentiometric measures were carried out in triplicate using
0.1 mol L™ PBS (pH = 7.4) for 300 s. The measurements were recorded by dropping 10
uL of SARS-CoV-2 SP or clinical samples onto the surface of the biosensor and incubating
it for 7 min before each measurement. The biosensor required at least 30 s to provide

a stable potential difference response in the presence of SARS-CoV-2 SP to stabilize

the accumulated charge (Figure 4A). The electrical potential was sampled at 3 min for
quantitative purposes to ensure a stable response. The signal for AE increased with the
increase in the concentration of SARS-CoV-2 SP over the concentration range studied of
10.0 zg mL™1 to 1.0 yg mL~1in 0.1 mol L~1 PBS at pH = 7.4 (Figures 4A and 4B).

Next, titered samples with B.1 SARS-CoV-2 concentrations ranging from 1 x 101 copies
uL™1 to 1 x 10° copies L1 were analyzed (Figure 4C), and a dose-response curve

was obtained by measuring AE as a function of the logarithm of the B.1 SARS-CoV-2
concentration (Figure 4D). The AE response increased from 1071 to 103 copies uL~2 and
after that reached a plateau, probably due to the limitation of recognition sites, leading to
response saturation.

The LOD and limit of quantification (LOQ) of our electrochemical device were calculated
based on the four-parameter logistic (4PL) method, which is commonly employed for
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bioassays that use binding interactions.#6-48 Applying Equation 2 and 3,° we obtained

an LOD of 4.26 x 10718 g mL~1 and an LOQ of 1.42 x 10717 g mL~1 for SARS-CoV-2

SP (Figure 4B), and an LOD of 0.05 copies uL=1 and an LOQ of 0.17 viral RNA copies
uL~1 (Figure 4D). These analytical parameters indicate that the sensitivity of our biosensing
approach is similar to that of the RT-gPCR technique.36:37

Lc = Py + 1(1 = 0,1 = 1)Opran

(Equation 2)

where L. is a value of blank limit, p,,,, is the mean of signal intensities for /7blank (negative
control) replicates, ... iS the standard deviation of blank replicates, and {1 — a; n— 1) is
the 1 — a percentile of the t-distribution given 7 - 1 degrees of freedom, a = = 0.05
significance levels.

Ly=Le+1[1 = B,m(n —1)]61x

(Equation 3)

where L, is the LOD in the signal domain, o..,, is the pooled standard deviation of n test
replicates, and {1 — B, m(n— 1)] is the 1 — B percentile of the t-distribution given m(n— 1)
degrees of freedom. Again, we set a = = 0.05, but these significance levels can be chosen
properly for each study.

A side-by-side comparison of sensing methods for SARS-CoV-2 is given in Table 1. Our
device provided the lowest LOD for SARS-CoV-2 SP solution (LOD = 4.26 x 10718 g
mL"1) and gave results in a short time. The testing time was set as 10 min, which included
7 min for incubation of the sample and 3 min for potentiometric analysis (AE sampled at

3 min). The main objective of our work was to develop a low-cost and reliable diagnostic
method for COVID-19. Thus, we optimized the method to achieve the best analytical

and clinical parameters possible (i.e., sensitivity, selectivity, and accuracy). The analytical
parameters of our method were calculated to allow evaluation of the biosensor performance
and establish the optimal conditions for its application. However, the primary purpose of our
biosensor is as a rapid diagnostic (i.e., to determine whether clinical samples are positive or
negative for COVID-19 and to enable frequent testing).

The cost to produce our biosensor was estimated at US$3.50 taking into account the
chemicals and materials used to produce it (conductive inks, BC, G-PEG, ACE2, BSA,
Nafion) and considering a lab-based production of 100 test units per batch, which requires
mg/mL scale of the commercially available chemicals (Table S1). Because the electrodes
used in our device can be rapidly mass-produced by industrial screen printers, our biosensor
technology is highly scalable and the cost per biosensor is likely to go down when
manufacturing is scaled up. Furthermore, large quantities of BC can be produced by
genetically engineered bacterial strains grown in low-cost media, further reducing the final
cost of the device.1®
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The biodegradability of BC16:17.20.50 and the eco-friendly features of our biosensor facilitate
its use as a rapid test (i.e., a disposable device). However, the silver content of the RE
remains a limitation for direct disposal of the device in landfills, which will need to be
collected to recover and recycle the silver content through hydrometallurgical or similar
technologies.51°2 We envision that the silver tracks can be easily separated from the test
strips to be properly treated to allow the recovery of silver that can be used for other
applications, ultimately enabling a circular economy.

Cross-reactivity, reproducibility, and potential stability assays

To investigate the specificity of our biosensing electrochemical device for SARS-CoV-2,
we applied it to other viruses and viral antigens under the same optimized experimental
conditions. In addition to SARS-CoV-2, we tested other viruses (influenza A (H1N1),

strain A/California/2009; influenza A (H3N2), A/Nicaragua; influenza B [B/Colorado];
mouse hepatitis virus [MHV]; and herpes simplex virus-2 [HSV-2]) and three antigenic
preparations (corresponding to heat-inactivated Zika virus and yellow fever, and gamma-
irradiated Ebola virus). All the experiments were carried out in 0.1 mol L™1 PBS at pH =
7.4 for 300 s of analysis. Ten microliters of each virus or viral antigen was incubated on the
biosensor surface for 7 min before the potentiometric measurements were taken (Figure S1).
No cross-reactivity was detected in any of the seven samples, which highlights the utility

of our sensor for SARS-CoV-2 detection and COVID-19 diagnosis. We hypothesize that the
sensitivity and selectivity of our biosensors were achieved due to the use of graphene oxide
nanomaterial conjugated with G-PEG amine functionalized to immobilize the biological
receptor (ACEZ2) and due to the remarkable affinity of this species toward the SARS-CoV-2
SP.

Reproducibility assays were carried out to ensure that different test batches of biosensors
performed similarly. For this study, we recorded potentiometric measurements of 1 x

10? copies pL~1 of SARS-CoV-2 prepared in a virus transportation medium (VTM)

over 7 min of incubation time. The relative standard deviation (RSD) obtained with

10 biosensors representing different fabrication batches was 3.78%, indicating that our
fabrication method and functionalization protocol were highly reproducible (Figure S2). The
observed reproducibility indicates that the fabrication of our device is scalable and can be
developed to provide on-demand testing at the POC.

The stability of the biosensor was evaluated potentiometrically using 0.1 mol L= PBS (pH
=7.4) and VTM for 60 min (Figure S3). The results indicate that the biosensor achieved
high stability after 2 min, with a low drift response (<4%) over the evaluated period for
PBS medium. When VTM was used, a drift response on the electrical potential was noted
for a long analysis period (>500 s) (Figure S3), which may be related to the fouling of the
electrode surface by proteins, antibiotics, or other biomolecules present in VTM. Therefore,
we selected PBS as the optimal medium to carry out all potentiometric tests and sample
analyses.
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Detection of SARS-CoV-2 in clinical samples

Using the optimized experimental conditions, we applied our biodegradable electrochemical
biosensor to the analysis of 15 OP/NP clinical samples, five of which had the original
SARS-CoV-2 strain and 10 of which had the SARS-CoV-2 Delta variant. Viral loads in the
samples ranged widely, with cycle threshold (Ct) values varying from 14.0 to 27.3 (Figure
5A; Table S2). Our biosensor detected SARS-CoV-2 samples and Delta variants in all
clinical samples analyzed. Our ACE2-based biosensor provided a higher analytical response
(i.e., increased potential difference) for the SARS-CoV-2 Delta variant samples compared
with the original strain samples with similar Ct values, which may be associated with the
higher affinity of their mutated SP toward the ACE2 receptor.23:54

Emerging SARS-CoV-2 variants have been classified as variants of interest (\VOIs) and
variants of concern (VOCs), although there are also other classification schemes. Over

the course of the pandemic, clinically relevant variants include the B.1.1.7 strain, first
reported in the United Kingdom (Alpha); B.1.352, first reported in South Africa (Beta); P.1,
first reported in Brazil (Gamma); B.1.617.2, first reported in India (Delta); and B.1.1.529,
detected in multiple countries (Omicron).#355 VOIs include B.1.427 and B.1.429, detected
in the United States (California) (Epson); B.1.525, detected in the United States (New York)/
Nigeria (Eta); B.1.526, detected in the United States (New York) (lota); P.2, detected in
Brazil (Zeta); P.3, detected in the Philippines (Theta); B.1.617.1, detected in India (Kappa);
C.37, detected in Peru (Lambda); and B.1.621, detected in Colombia (Mu).56 As global
immunity to currently circulating variants increases, a novel subvariant could originate

from Delta or Alpha, for example. In addition, new variants of SARS-CoV-2 are likely to
continue to emerge or re-emerge in the months and years ahead, highlighting the importance
of inexpensive sensors capable of detecting and collecting data on multiple SARS-CoV-2
variants.®’

In order to evaluate the efficacy and robustness of the biosensor for COVID-19 diagnosis,
we tested another set of 50 NP/OP clinical samples, 25 of which were positive NP/OP
samples containing 12 SARS-CoV-2 variants of different lineages and 25 of which were
negative NP/OP clinical samples (Table S3) obtained, after heat-inactivation, from patients
from the Hospital of the University of Pennsylvania (HUP). All the lineages were confirmed
by RT-PCR. We set the cutoff value of our biosensor as AE > 25 mV as positive for
SARS-CoV-2, and AE < 25 mV as negative (Figure 5C). The cutoff value was based on

the analytical signal obtained for the lowest quantity of virus analyzed (Figure 4D). It is
worth noting that we expressed the analytical response as the potential difference between
the sample and the blank (Equation 1) to minimize eventual fluctuation in potential response
due to temperature differences at the testing sites. This simple strategy can allow rapid
discrimination of a positive or negative diagnostic outcome based on the response difference
compared with the cutoff of the method (AE > 25 mV).

In addition to the NP/OP clinical samples of the Delta variant noted above (Figure 5A), our
BC-based potentiometric biosensor accurately detected the virus in the 25 positive clinical
samples containing 12 different SARS-CoV-2 lineages, which suggests that our method
would not require additional adaptation for the detection of new SARS-CoV-2 variants,

as long as ACE2 remains the entry point into human cells for the mutated virus. There
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was also a close correlation between the analytical response (AE) and the concentration of
virus present in the clinical samples (Figure 5B), highlighting the potential of our biosensor
for both rapid detection of COVID-19 and monitoring the infection status (viral loads) of
patients.

Collectively, in this study, the robustness and accuracy of a BC-based biosensor were
evaluated by analyzing relevant NP/OP clinical samples (40 positive NP/OP samples

from 13 SARS-CoV-2 lineages and 25 negative NP/OP samples; Tables S2 and S3).

The detection accuracy using these samples suggests that our device would not require
additional adaptation to detect emerging SARS-CoV-2 variants as long as the newly mutated
virus interacted with ACE2 to enable its entry into human cells. Based on its outstanding
analytical parameters (high selectivity, reproducibility, specificity, and accuracy), low cost,
and simplicity, our device is a potential candidate for frequent testing at the point of need.
Thus, we envision that this technology may help to prevent outbreaks in countries where the
SARS-CoV-2 vaccination rates are low but frequent testing is feasible and sanitary practices
are adequate. In addition, the use of BC as a substrate overcomes several environmental
issues associated with polymeric PCBs. Thus, we propose that biosensors composed of
eco-friendly substrates, such as BC, may be better suited for widespread testing as they
dramatically reduce the electronic waste (e-waste) and environmental impact compared with
the use of nondegradable and nonrecyclable polymeric options such as PCBs.

In summary, we described a low-cost, eco-friendly, portable, and simple BC-based
electrochemical biosensor for detecting SARS-CoV-2 rapidly, accurately, and with
ultrasensitivity (LODs of 4.26 x 10718 g mL~1 SP and 0.05 copies pL1). The virus is
detected in 10 min and amounts of only 10 puL of NP/OP clinical samples are needed. The
detection of the SARS-CoV-2 virus with the BC-based biosensor was highly reproducible
(RSD = 3.78%) and selective for SARS-CoV-2. All SARS-CoV-2 variants tested were
detected without sophisticated instrumentation or additional reagents. Our BC-based device
can be fabricated without large quantities of chemicals or toxic materials. In addition to

the biocompatibility of BC, all materials used to fabricate this device are accessible and
commercially available, yielding a test that costs around US$3.50 and that can be prepared
in 3 h (functionalization steps). Our biosensor has the additional advantages of not requiring
major advanced instruments, modern laboratory facilities, additional reagents, or sample
pretreatment, which makes it ideal as a rapid test to be used at testing sites.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—C.F.N. is the lead contact; e-mail address cfuente@upenn.edu.

Materials availability—Sensors generated in this study may be made available upon
request from the research community.

Data and code availability—All other data supporting the findings of this study are
available within the article and are described in the supplemental information or are
available from the lead contact upon reasonable request.
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All reagents used in the experiments were of analytical grade. Deionized water (resistivity
>18 MQ cm at 25°C) was obtained from a Milli-Q Advantage-0.10 purification system
(Millipore). Human ACE?2 Fc Chimera was obtained from GenScript. SP was kindly donated
by Dr. Scott Hensley from the University of Pennsylvania. Graphene oxide conjugated with
G-PEG amine functionalized, PEI, K3[Fe(CN)g], K4[Fe(CN)g], BSA, Nafion, EDAC, and
NHS with a degree of purity 298% and phosphate buffer saline solution, pH = 7.4, were
purchased from Sigma-Aldrich. Carbon and Ag/AgCl conductive inks of medical grade and
dielectric ink were acquired from Creative Materials.

Viral strains and antigenic preparations

The following viral strains were used in the present study: SARS-CoV-2 OP/NP samples
(B.1,B.1.617.2, B.1.291, B.1.369, B.1.340, B.1.243, B.1.311, B.1.1.304, B.1.1.317, B.1.2,
B.1.1.7, B.1.240, B.1.350) quantified by the RT-PCR method; these strains were kindly
provided by R.G.C.’s group from the University of Pennsylvania with sequence analysis by
Andrew Marques and Dr. Frederic Bushman. Influenza A virus (HLN1), strain A/California;
influenza A virus (H3N2), A/Nicaragua; influenza B, B/Colorado; and MHV were kindly
donated by Dr. Susan Weiss’ Lab. Dr. Sita Awasthi and Dr. Harvey Friedman kindly donated
HSV-2. Dr. Scott Hensley kindly donated the SARS-CoV-2 SP. Antigenic preparations

of Zika virus and yellow fever virus, both already heat inactivated at 65°C for 30 min,

and Zaire Ebolavirus (gamma irradiated) were provided by BEI Resources. The following
reagents were obtained through BEI Resources, NIAID, NIH: Zaire Ebolavirus, Mayinga,
infected cell lysate, gamma irradiated, NR-49809; yellow fever virus, 17D, heat inactivated,
NR-51472; and Zika virus, PRVABC59, heat inactivated, NR-50369.

Fabrication of BC substrate

BC substrates were produced by G. hansenii (ATCC 53582) following the procedure
described by Costa et al.,>8 schematically illustrated in Figure 1A. First, the bacteria were
inoculated in 1.0 L of HS medium, which had previously been autoclaved at 121°C for 15
min. Then, the mixture was transferred to a plastic container of approximately 40 x 20 cm
and left at room temperature, 25°C + 3°C, for 27 days in static conditions. Subsequently, the
BC film formed was collected and cleaned using 5.0 mmol L= NaOH solution at 80°C for
4 h. Finally, the pretreated BC was washed with deionized water to remove alkalinity and
kept at 80°C in an incubator until completely dry. This procedure provided a biodegradable
substrate with a thickness of 90.0 £ 1.0 pm.

The electrochemical devices were manufactured by the screen-printing method with three-
electrode configuration cells (dimensions 2.5 x 2.0 cm) on the biodegradable BC substrate.
Carbon conductive ink was used to fabricate the WE and counter electrode (CE), and
Ag/AgCI conductive ink was used to fabricate the RE. To cure the conductive tracks, the
printed BC substrates were placed in a thermal oven at 70°C for 30 min. After the curing
step, the devices were cut into small pieces (2.5 x 2.0 cm). To delimit the electrode area,

a nonconductive ink was used, and the devices were submitted to an additional curing step
under the same conditions as described above.
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Modification of BC electrodes

To prepare the electrochemical biosensor, 5.0 uL of 2.0 mg mL~! G-PEG solution was
dropped on the carbon WE and allowed to dry for 60 min at 37°C. Next, 5.0 uL of a mixture
of 0.33 mg mL~1 ACE2 receptor containing 25 mmol L~1 EDAC and 50 mmol L™1 of NHS
solution were drop cast on the surface of the WE and incubated at 37°C for 60 min. The
unmodified zones of the WE were blocked with 5.0 puL of 1.0% (m/v) BSA solution, and
the WE was stored for 30 min at 37°C to dry, to avoid nonspecific interactions of other
biomolecules present in the sample with the biosensor’s surface. Finally, 5.0 pL of 1.0%
(m/v) Nafion was deposited onto the WE, and the WE was incubated at 37°C for 60 min.
The biosensor was then washed with PBS 0.1 mol L™ (pH = 7.4) before use.

Morphological, structural, and electrochemical characterization

The morphological characterization of the BC substrate was carried out using SEM (model
TM3000) at an operating voltage of 15 kV. For SEM images, the BC samples were coated
with an iridium layer applying 11.3 mA for 60 s. The structural characterizations of the BC
substrate and BC-based carbon screen-printed electrodes with and without modification with
G-PEG were recorded by Raman spectroscopy (model Horiba T64000) using a 532-nm laser
with 30 mW of power.

For electrochemical characterization of the electrodes in each step of modification, the CV
technique was used in a potential window ranging from 0.7 to —0.3 V and with a scan rate
of 50 mV s~1. EIS experiments were carried out at frequencies ranging from 1 x 10° to

0.1 Hz using an amplitude of 10 mV, and under OCP. The electrochemical studies were
recorded using different electrodes in 0.1 mol L= KCI solution containing 5.0 mmol L1 of
the redox probe [Fe(CN)g]3~/4 solution. Potentiometric measurements were carried out in
a time interval of 300 s using 0.1 mol L™ PBS (pH = 7.4). A MULTI AUTOLAB M101
potentiostat with six channels, controlled by the NOVA 2.1 software, was used for all the
electrochemical measurements. Experiments were carried out at room temperature, 25°C £
3°C.

SARS-CoV-2 biosensing

For SARS-CoV-2 biosensing, 10.0 pL of 0.1 mol L= PBS (pH = 7.4) or VTM containing
either SP or SARS-CoV-2 samples was applied to the biosensor surface and the device was
incubated at room temperature for 7 min. Following incubation, the electrochemical cell was
gently washed with 0.1 mol L™ PBS (pH = 7.4) to remove the unbound virus and sample.
Then, 200 pL of the 0.1 mol L1 PBS (pH = 7.4) was used for potentiometric measurements
and the potential value (E) was obtained. The calibration curves were obtained in the
concentration range from 10.0 zg mL™1 to 1.0 ug mL™1 SARS-CoV-2 SP in 0.1 mol L1
PBS (pH = 7.4). All experiments were performed at room temperature and without purging
the system to remove the dissolved oxygen in order to provide a simple protocol for POC
testing.

Reproducibility, stability, and cross-reactivity studies

To carry out the reproducibility study, the potential response was obtained by exposing 10
electrodes (from different batches) to 1 x 10! copies pL~1 of SARS-CoV-2 prepared in
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VTM for 7 min. The stability of the electrode response was potentiometrically evaluated in
both 0.1 mol L™1 PBS and VTM for 1 h. Cross-reactivity studies were performed with the
following viral strains, all at 10° PFU mL™1: influenza A virus (HIN1), strain A/California/
2009; influenza A virus (H3N2), A/Nicaragua; influenza B [B/Colorado]; MHV; and HSV-2.
Cross-reactivity studies were also performed with heat-inactivated antigenic preparations of
Zika virus (viral genome copy number 1.1 x 107 copies pL~1), yellow fever virus (viral
genome copy number 1.8 x 104 copies puL~1), and Ebola virus (viral genome copy number
1.1 x 107 copies pL™1), obtained from BEI Resources. All the experiments were carried out
by combining the viral sample with 0.1 mol L= PBS for 300 s of analysis, and 10 pL of
each virus (or antigenic preparation) was incubated on the biosensor surface for 7 min before
the potentiometric measurements were made.

Clinical sample analysis

NP/OP swab patient samples were heat inactivated prior to analysis. Of the 65 NP/OP
samples analyzed in this study, 40 were positive and 25 were negative for SARS-CoV-2
when tested by the RT-PCR method. The 25 negative clinical samples were acquired from
the HUP (institutional review board [IRB] protocol 844145) and were described in our
previous paper.3 The 40 positive SARS-CoV-2 samples containing 13 variants (B.1.350,
B.1.340, B.1, B.1.291, B.1.369, B.1.240, B.1.243, B.1.311, B.1.1.304, B.1.1.317, B.1.2,
B.1.1.7 [Alpha variant], and B.1.617.2 [Delta variant]) were kindly provided by R.G.C.’s
group from the University of Pennsylvania under IRB protocol 823392. We set a cutoff
value of potential response (AE) higher than 25 mV to express a positive diagnostic result,
in accordance with the analytical response obtained for the lowest detected concentration
of SARS-CoV-2 (1071 copies uL™2) in the dose-response curve (Figure 4D); i.e., samples
that exhibited AE > 25 mV were considered positive for SARS-CoV-2 (Table S3; Figure
5C). The concentration range obtained by RT-PCR for the Delta variant and the other 12
SARS-CoV-2 variants in the clinical samples ranged from 14 to 27.3 Ct and from 1.67 x 101
to 1.53 x 108 RNA copies pL™1, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Electrochemical biosensor fabricated on biodegradable bacterial cellulose
substrate
. Label-free and ultrasensitive biosensor for COVID-19 diagnosis

. Low-cost (US$3.50/test), rapid (10 min), and accurate detection of SARS-
CoV-2 variants
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Figure 1. Fabrication and characterization of the SARS-CoV-2 electrochemical biosensor using
bacterially produced cellulose

(A) Fabrication steps of the biodegradable BC substrate and the electrochemical devices.
First, the bacterium Gluconacetobacter hansenifwas incubated in HS medium with 20 g
L1 glucose (i); after 27 days, a BC substrate was collected and treated with 5 mmol L1
NaOH at 80°C (ii), resulting in a clear sheet (iii). Next, the biodegradable BC substrate was
screen printed with carbon and Ag/AgCl conductive ink (iv), resulting in a device with three
electrodes (WE, CE, and RE), which were cut out using a scissor (Vv), yielding a portable,
biodegradable, and inexpensive electrochemical sensor (vi).

(B and C) Micrograph of BC substrate at magnifications of (B) 13,000x (scale bar, 4 um)
and (C) 25,000x (scale bar, 2 pm).

(D) Raman spectra of the (@) BC substrate, (@) BC/carbon ink electrode, and (@) BC/
carbon ink/G-PEG electrode. This figure was created in BioRender.com.
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Figure 2. Electrochemical behavior of the eco-friendly bacterial cellulose-based biosensor
(A)Schematic representation of stepwise functionalization of the electrochemical biosensor.

(B) CVs recorded using different electrodes at each functionalization step of the
electrochemical biosensor using 5.0 mmol L™1 [Fe(CN)g]®~4~ containing 0.1 mol L™ KCI
as supporting electrolyte in a potential window ranging from -0.4 to 0.7 V at a scan rate of
50 mV s7L,
(C) Nyquist plots were obtained in the same experimental conditions as used for (B). Inset
shows a zoomed-in view of the plots at high-frequency regions. Conditions: frequency range
from 1 x 10° Hz to 0.1 Hz and amplitude of 10 mV; measurements were performed at room
temperature. The colors displayed in the CVs and Nyquist plots are related to each step

modification illustrated in (A).
(A)Created in BioRender.com.
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Figure 3. Optimization studies of the BC-based electrochemical biosensor
(A) Modification of the WE to anchor ACE2 using 2 mg mL~1 G-PEG (black circles) orl

mg mL~1 PEI (red circles).

(B) Performance of the electrochemical biosensor modified with 0.5% (m/v) Nafion (black
circles), modified with 0.5% (m/v) chitosan (red circles), and without membrane layer (blue
circles).

(C) Effect of Nafion concentration on the sensitivity of the method: 0.0% (black circles),
0.5% (m/v; red circles), 1.0% (m/v; blue circles), 1.5% (m/v; purple circles), and 2.0% (m/v;
green circles).

(D) Incubation time study with time ranging from 3 to 7 min, using the BC-based biosensor.
All experiments were carried out in triplicate (n = 3) using SP as a target in a concentration
range from 10 fg mL™1 to 10 pg mL~1 at room temperature. The error bars correspond to the
standard deviation. Potentiometric measurements were recorded in 0.1 mol L1 PBS during
300 s of analysis.
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Figure 4. Potentiometric measurements and dose-response curves for SARS-CoV-2 detection
(A) Potentiometric responses of the BC-based biosensor for concentrations ranging from

10.0 zg mL™1 to 1.0 mg pL~1 SARS-CoV-2 SP in 0.1 mol L™1 PBS (pH = 7.4).

(B) Dose-response curve obtained from AE (V) values, subtracted from the blank values (AE
(V) = Esample — Ebiank), as a function of the logarithm of the SP concentration.

(C) Potentiometric responses for SARS-CoV-2 detection in a concentration range from 1 x

1071 copies uL~1 to 1 x 10° copies pL1.

(D) Dose-response curve obtained from AE (V) values, subtracted from the blank values (AE
(V) = Esample — Eplank), as a function of the logarithm of the SARS-CoV-2 concentration.
All potentiometric measurements were carried out after the incubation (7 min) of 10 mL of
SP or SARS-CoV-2 samples on the surface of the BC-based biosensor. The measurements
were recorded in triplicate (n = 3) in 0.1 mol L™1 PBS medium for 300 s, and the error bars

correspond to the standard deviation.
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Figure 5. Electrochemical detection of SARS-CoV-2 variants in human NP/OP biofluid samples
(A) Electrochemical response obtained for five clinical samples containing original SARS-

CoV-2 strain (black circles) and 10 clinical samples containing SARS-CoV-2 Delta variant
(B.1.617.2, red circles) as a function of Ct values. All measurements were recorded in
triplicate (n = 3), and the error bars correspond to the standard deviation.

(B) Potential difference, AE, obtained using the modified electrode for another 12 lineages
of SARS-CoV-2 as a function of the RNA concentration (copies pL™1) provided by the
RT-PCR method, (@) B.1, (@) B.1.291, (@) B.1.369, (®) B.1.340, (®#) B.1.243, (®) B.1.311, (*)
B.1.1.304, (@) B.1.1.317,(® B.1.2, () B.1.1.7, (® B.1.240, and ( ) B.1.350.

(C) Comparison of the electrochemical response obtained by the cross-reactivity studies
(gray bars), 25 SARS-CoV-2-negative clinical samples (red bars), and 25 positive SARS-
CoV-2 clinical samples containing different lineages (blue bars). The dotted line indicates
the cutoff value of AE (V) (AE (V) = Esample — Eblank) response established to indicate
whether the sample was positive for SARS-CoV-2 variants as determined by our biosensor.
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Comparison of analytical methods reported in the literature for SARS-CoV-2 detection

Page 26

Sensor Technique Target LOD Time (min)  Reference
BC/G-PEG/ACE2/BSA/Nafion potentiometry SP 426 x 10718 gmL™t 10 This study
and 0.05 copies pL™1

GA/ACE2/BSA/Nafion IES SP 2.80x 1075 gmL? 4 43
Paper/GO/SARS-CoV-2 antibody ~ SWV 1gG and IgM 0.96and 0.14 x 10°gmL™? 30 59
Cotton-tipped electrode/SARS- SWV N protein 8.01x 1078 gmL™t 21 60
CoV-2 antibody
GPE/GA/AUNP-cys/ACE2/BSA SWv SP 1.96 x 10718 gmL? 6.5 4
Graphene-ssDNA-AUNP/Au chronopotentiometry N gene 6.92 copies Lt 5 61
electrode
SARS-CoV-2 RapidFlex DPV and OCP-EIS viral antigen nucleo-  0.50 x 10715 g mL™1 10 62

capsid protein
AuNPs/CPP/AFB1 colorimetric SARS-CoV-2 RNA 200 copies pL1 5 63
Cotton swab/AuNPs/ACE2 colorimetric SP 0.15x 1072 gmL™ 5 3
DETECTR CRISPR technology  E gene and N gene 10 copies Lt 40 64
AuNP/ASOs colorimetric N gene 0.18x 109 gmL™ 30 65

SWYV, square wave voltammetry; DPV, differential pulse voltammetry; GPE, graphite pencil electrode; GA, glutaraldehyde; AuNPs, gold

nanoparticles; cys, cysteamine; CPP, cationic perylene probe; AFBL1, aptasensor for rapid detection of aflatoxin B1; ASOs, antisense
oligonucleotides specific for N gene.
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