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ABSTRACT The highly transmissible severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has infected more than 253 million people, claiming ;5.1 million lives to
date. Although mandatory quarantines, lockdowns, and vaccinations help curb viral
transmission, there is a pressing need for cost-effective systems to mitigate the viral
spread. Here, we present a generic strategy for capturing SARS-CoV-2 through func-
tionalized cellulose materials. Specifically, we developed a bifunctional fusion protein
consisting of a cellulose-binding domain and a nanobody (Nb) targeting the receptor-
binding domain of SARS-CoV-2. The immobilization of the fusion proteins on cellulose
substrates enhanced the capture efficiency of Nbs against SARS-CoV-2 pseudoviruses
of the wild type and the D614G variant, the latter of which has been shown to confer
higher infectivity. Furthermore, the fusion protein was integrated into a customizable
chromatography with highly porous cellulose to capture viruses from complex fluids
in a continuous fashion. By capturing and containing viruses through the Nb-function-
alized cellulose, our work may find utilities in virus sampling and filtration through the
development of paper-based diagnostics, environmental tracking of viral spread, and
reducing the viral load from infected individuals.

IMPORTANCE The ongoing efforts to address the COVID-19 pandemic center around
the development of diagnostics, preventative measures, and therapeutic strategies.
In comparison to existing work, we have provided a complementary strategy to capture
SARS-CoV-2 by functionalized cellulose materials through paper-based diagnostics as
well as virus filtration in perishable samples. Specifically, we developed a bifunctional
fusion protein consisting of both a cellulose-binding domain and a nanobody specific
for the receptor-binding domain of SARS-CoV-2. As a proof of concept, the fusion pro-
tein-coated cellulose substrates exhibited enhanced capture efficiency against SARS-
CoV-2 pseudovirus of both the wild type and the D614G variant, the latter of which has
been shown to confer higher infectivity. Furthermore, the fusion protein was integrated
into a customizable chromatography for binding viruses from complex biological fluids
in a highly continuous and cost-effective manner. Such antigen-specific capture can
potentially immobilize viruses of interest for viral detection and removal, which con-
trasts with the common size- or affinity-based filtration devices that bind a broad range
of bacteria, viruses, fungi, and cytokines present in blood (https://clinicaltrials.gov/ct2/
show/NCT04413955). Additionally, since our work focuses on capturing and concentrat-
ing viruses from surfaces and fluids as a means to improve detection, it can serve as an
“add-on” technology to complement existing viral detection methods, many of which
have been largely focusing on improving intrinsic sensitivities.

KEYWORDS COVID-19, SARS-CoV-2, nanobody, cellulose, cellulose binding protein,
cellulose binding domain

Since the first documented coronavirus disease 2019 (COVID-19) case at the end of
2019 (1), the highly contagious severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) has resulted in at least 253 million positive cases and 5.1 million deaths
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(;2.02% fatality rate) in 223 countries and territories (as of 12 November 2021 accord-
ing to https://covid19.who.int/). To contain the spread of SARS-CoV-2, nonpharmaceut-
ical interventions were originally deployed, including wearing masks, handwashing,
and routine testing and contact tracing, as well as public measures, such as city lock-
downs, travel restrictions, and social distancing. However, the long-term adherence to
these preventative measures has led to severe societal and economic burdens (2).
Meanwhile, the administration of SARS-CoV-2 vaccines has helped to reduce infection
and death rates worldwide (3). Nevertheless, due to the constant emergence of SARS-
CoV-2 variants, COVID-19 poses a continued threat to the public (4), which necessitates
complementary technologies to existing diagnosis platforms, as well as reducing viral
load from COVID-19 patients (5, 6; https://clinicaltrials.gov/ct2/show/NCT04413955).

SARS-CoV-2 is a single-stranded RNA virus that consists of four major structural pro-
teins: the spike (S), the membrane (M), the envelope (E), and the nucleocapsid (N) (7).
Viral infections rely upon cellular entry to utilize the host’s machinery for replicating vi-
ral copies that are then released by the host. The S protein facilitates the attachment
of the virus to the host’s cellular receptors and promotes the fusion between host and
viral membranes (8). In particular, the S protein contains the receptor-binding domain
(RBD), which binds to the extracellular domain of the host receptor angiotensin-con-
verting enzyme 2 (ACE2) for viral entry (9–12). Recent work demonstrated that SARS-
CoV-2 targets the same functional host receptor, ACE2, as SARS-CoV. However, the
effectiveness of SARS-CoV-2’s RBD is ;10- to 20-fold higher than that of SARS-CoV in
ACE2 binding. Due to the key roles of S protein or the subdomain RBD in the entry of
SARS-CoV-2 into host cells, the S protein or RBD has been extensively explored as a piv-
otal target for the development of antiviral antibodies, among which nanobodies (Nbs)
represent a unique class in these efforts. Nbs are single-domain nano-size antibodies,
which are derived from variable fragments of Camelidae (including camels and llamas)
heavy-chain-only antibodies (13, 14). Nbs offer a variety of advantages over other anti-
bodies for diagnostic development: (i) nanometer size, (ii) high-affinity and specificity,
(iii) deep penetration in tissues, (iv) low immunogenicity, and (v) easy scalability for
mass production (14, 15). Due to these benefits, to date, several high-affinity neutraliz-
ing Nbs directed against the S protein and RBD have been identified, among which
Ty1 has shown nanomolar binding affinity and effective neutralization after sequential
steps of alpaca immunization and phage display (16–20).

In this study, we repurposed a recently developed Nb, Ty1, to capture SARS-CoV-2
from complex fluids by immobilizing cellulose materials with functionally oriented
Nbs. Such a strategy could have implications in virus sampling from the environment
and infected individuals for the development of paper-based diagnostics (21), as well
as virus filtration from blood in an antigen-specific manner (5, 6). Specifically, we
designed a bifunctional fusion protein that comprises a cellulose-binding domain
(CBD) and Nb for cellulose immobilization and SARS-CoV-2 capture, respectively (22,
23). Nbs are generally easier to manufacture (e.g., Escherichia coli fermentation) than
conventional human immunoglobin (IgG)-based antibodies, the latter of which require
mammalian cell hosts for production (24). Additionally, the use of CBD fusion proteins
has been demonstrated for the biofunctionalization of cellulose substrates in various
applications, including protein purification (25, 26), textile manufacturing (27), and im-
munoassay development (28–31). Notably, the CBD can facilitate the absorption of
CBD-containing fusion proteins to cellulose in molar quantities, which allows for an
excess amount of immobilized proteins relative to the soluble target (28, 32). As a
result, our fusion technology is highly cost-effective and scalable to overcome various
challenges posed by the pandemic, including but not limited to disrupted supply
chains, restricted deployment to remote areas, and mass production. As a proof of con-
cept, we performed an immunoassay on cellulose-based filter paper for the detection
of SARS-CoV-2’s RBD using our bifunctional proteins. Furthermore, we developed a
customized cellulose-based affinity chromatography to remove SARS-CoV-2 viral par-
ticles from biological fluids, which may have utilities in sampling viruses of low
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concentration from the environment to track viral spread (33), as well as reducing the
viral load from COVID-19 patients through extracorporeal filtration (5, 6; https://
clinicaltrials.gov/ct2/show/NCT04413955). Given the modularity of our bifunctional
protein platform and the ease of rapidly identifying target-specific Nbs through immu-
nization and directed evolution, our work can potentially provide a framework to
address other emerging infectious diseases by similar approaches.

RESULTS
Genetic fusion of an RBD-specific nanobody with a cellulose-binding domain.

Our overall scheme for low-cost capture and detection of SARS-CoV-2 capitalizes on
generating a bifunctional protein through the genetic fusion between the high-affinity
Nb Ty1 targeting the RBD of SARS-CoV-2 and the cellulose-binding domain (CBD) (Fig.
1). SARS-CoV-2 can be transmitted via airborne particles or through directly contacting
contaminated surfaces (34). Therefore, considering that cellulose is prevalent in many
materials, such as paper towels and the inner coating of face masks, we immobilized
the fusion proteins to the surface of cellulose materials, such as filter paper, to enable
sampling and immobilization of SARS-CoV-2 from the environment or specimens of
infected individuals (Fig. 1c). Importantly, due to the specific interaction between the
CBD and cellulose, we reason that the bifunctional Nb-CBD can be immobilized in a
defined orientation that favors the interaction between the Nb of interest and the anti-
gen, compared to random immobilization. On the other hand, viral transmission and
contamination through blood products present a concern during the pandemic.
Because blood products are susceptible to heat and chemical denaturation, it is desira-
ble to devise a strategy that reduces and eliminates the viral load in blood products
while maintaining the blood’s bioactivities. To assess whether our strategy can address
these challenges, we integrated the bifunctional fusion protein Nb-CBD into a custom-
ized cellulose affinity purification column to allow for a SARS-CoV-2-specific filtration in
a continuous manner (Fig. 1d).

Production and purification of the bifunctional protein Nb-CBD. Compared to
human IgG, Nbs can be produced in E. coli with high yield and purity. Therefore, DNA

FIG 1 Development of a bifunctional fusion protein to enable cellulose immobilization and
subsequent detection and capture of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
(a) An alpaca-derived high-affinity nanobody (Nb), Ty1, for the receptor-binding domain (RBD) of
SARS-CoV-2 was genetically fused with (b) a cellulose-binding domain (CBD) isolated from Clostridium
thermocellum. (c) As SARS-CoV-2 is transmitted through surface contact, CBD fusion proteins or CBD-
containing E. coli cell lysate was immobilized on the surface of cellulose materials, such as cellulose
paper, for viral enrichment toward the development of paper-based diagnostics. (d) We also
customized Nb-dependent regenerated amorphous cellulose (RAC) materials to specifically deplete
the viral load of SARS-CoV-2 from virus-containing samples.
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encoding the fusion protein Nb-CBD was first cloned in a standard expression vector
for recombinant protein production in E. coli. Because the antigen-binding site of Nbs
is closed to the N terminus, we placed the CBD at the C terminus of Nb to circumvent
potential steric hindrance. Meanwhile, a short 6�His tag was attached to the N termi-
nus for metal affinity purification, while a FLAG epitope (DYKDDDDK) was inserted
between Nb and the CBD, simultaneously serving as a hydrophilic flexible linkage and
a tag for immunostaining (Fig. 1a and b). The yield of fusion proteins was estimated to
be;50 mg/L of bacterial culture in a shake flask mode and was purified to high homo-
geneity, as evidenced by denaturing SDS-PAGE and size exclusion chromatography
(see Fig. S1a and S1b in the supplemental material).

The fusion protein is functionally active in cellulose binding and RBD detection.
Next, we sought to evaluate whether the fusion proteins were capable of cellulose
binding and Nb-specific target recognition. To this end, we first spotted purified fusion
proteins onto the surface of cellulose paper (Fig. 2a). Upon air drying, the paper was
stained with a rat antibody against the FLAG epitope in the fusion protein, followed by
an anti-rat secondary antibody conjugated with horseradish peroxidase (HRP). A dark
precipitate was visualized after incubation with an HRP substrate, 3,39-diaminobenzi-
dine (DAB). To quantify the binding efficiency of the fusion protein to the cellulose pa-
per, we immobilized serially diluted fusion proteins within a defined area on the

FIG 2 The fusion protein maintains its activities in binding cellulose and the RBD of SARS-CoV-2. (a) Detection
of immobilized Nb (Ty1)-CBD on a cellulose paper. Nb-CBD was first spotted onto a piece of cellulose paper.
Upon air drying, the paper was incubated with a rat antibody against the FLAG epitope (DYKDDDDK), followed
by an anti-rat secondary antibody conjugated with HRP. The dark precipitate “Anti-COVID” was visualized after
incubation with 3,39-diaminobenzidine (DAB). (b) Quantification of maximal protein absorption on Whatman
filter paper. Ten microliters of serially diluted fusion protein solutions was applied to the filter paper, followed
by immunoblotting with anti-FLAG directly on the filter paper. Based on the normalized unit intensity
quantified by ImageJ, protein abundance increased with concentration. We estimate that 500 ng of Nb-CBD
binds to 1 mm2 of cellulose paper at saturation status. (c) Schematic of an immunoassay to evaluate the
function of the fusion protein. Nb-CBD fusion proteins were immobilized on cellulose paper and then
submerged in culture medium containing RBD-Fc (;100 ng/mL) as a proxy for actual SARS-CoV-2. The capture
capability was confirmed by anti-human Fc-HRP and the DAB substrate. The structure of the RBD was adapted
from PDB ID no. 6ZXN. (d) Testing the capture capability of protein-coated cellulose paper discs in RBD-
containing medium. Representative discs were prepared by a 6-mm biopsy punch and then coated with E. coli
lysates containing the indicated recombinant fusion proteins. The functionalized discs were incubated with
RBD-containing or control (no RBD) medium. The intensity of dark staining was strongest from the combination
of Nb-CBD-coated disc and RBD-containing medium (;100 ng/mL).
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Whatman filter paper followed by immunostaining with an anti-FLAG antibody.
Indeed, the extent of protein immobilization correlated with the staining in a certain
concentration range (Fig. 2b; Fig. S1c), from which we estimated that a surface area of
1 mm2 can be saturated by 500 ng (;0.02 nmol) of Nb-CBD proteins in the Whatman
filter paper.

Having validated the high binding capacity of purified Nb-CBD to filter paper, we
speculated that because the CBD itself can act as a natural affinity ligand to cellulose,
we could directly immobilize E. coli cell lysate containing the CBD fusion proteins on fil-
ter paper, followed by extensive washing to remove nonspecific proteins. This
approach circumvents the need to purify the desired proteins beforehand, which is
labor-intensive and impractical when it comes to the large-scale manufacturing of
functionalized cellulose materials (Fig. 2c). To this end, we first incubated E. coli cell
lysate with filter discs and removed nonspecific proteins via washing. Then we sub-
jected the functionalized filter discs to cell culture medium containing secreted
recombinant RBD as a proxy for actual SARS-CoV-2. As shown in Fig. 2d, Nb-CBD-
coated filter paper was able to capture SARS-CoV-2’s RBD, as evidenced by the intense
dark staining reflecting the detection of RBD. Of note, filter discs precoated with Nb
alone exhibited light staining, likely due to nonspecific but weak absorption of Nb to
cellulose. In comparison, in the control medium without the RBD, neither Nb- nor Nb-
CBD-coated discs displayed the dark staining. Our findings here indicate that the CBD
promoted the immobilization of Nb-CBD on cellulose substrates, while Nb remained
able to specifically recognize the target.

Immobilization of Nb-CBD on filter paper increases the capture efficiency of Nb
against SARS-CoV-2 pseudovirus. The stoichiometry and kinetics of a target-binding
interaction can be favorably influenced by three general approaches: (i) increasing the
molar abundance and the soluble antigen concentration, (ii) improving the binding
interaction affinity under relevant assay conditions, and (iii) raising the capturing
reagents’ (e.g., antibodies) abundance and concentration through surface immobiliza-
tion according to the law of mass action (35, 36). Since it is not practical to raise the
concentration of antigens or the affinity of already optimized antibodies, here we
sought to explore the third strategy of increasing the surface densities of Nb-CBD via
immobilization on cellulose paper. To do so, we evaluated the capability of Nb-CBD
fusion proteins in capturing SARS-CoV-2 mimics (referred to as pseudovirus in this
work). One of the “gold standards” for SARS-CoV-2-related studies is to use nonreplica-
tive lentivirus pseudotyped with the S protein derived from SARS-CoV-2 in conjunction
with mammalian cells engineered to express human ACE2 (hACE2) (37) (Fig. 3a). Since
emerging SARS-CoV-2 variants with higher transmission rates bear mutations in the S
protein, one advantage of the pseudovirus system is that it can rapidly evaluate inter-
vention approaches against different spike variants. Using this system, we compared
the original wild-type (WT) S protein to the D614G mutant, in which the 614th aspar-
tate is converted to glycine in the S protein of SASR-CoV-2. Notably, epidemiology and
molecular biology studies have demonstrated that the D614G mutant confers higher
transmission and worse symptoms in humans (38). Therefore, it is of particular interest
to assess our fusion protein strategy in the context of both the WT and the D614G vari-
ant. As shown in Fig. 3b and c, after HEK293T-hACE2 cells were transduced with WT or
D614G pseudotyped lentivirus carrying a green fluorescence protein (GFP) reporter,
;50% of cells were GFP positive, with D614G pseudovirus exhibiting a higher trans-
duction efficacy than that of the WT. These findings agreed with the increased infectiv-
ity by the D614G mutation (39, 40). In comparison, transduction of the parental
HEK293T cell line (lacking hACE2 expression) with the same SAR-CoV-2 pseudovirus
did not result in GFP expression, which validated an ACE2-dependent infection by
SARS-CoV-2 (41).

It is worth noting that the levels of SARS-CoV-2 in COVID-19 patients range from
104 to 109 copies/mL, depending on the type of bodily fluids and degree of the symp-
toms (42, 43). Meanwhile, we calculated the titers of WT or D614G pseudotyped lentivi-
rus and estimated that ;105 viral particle particles/mL were present in the culture
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medium. Therefore, to demonstrate the capability of capturing SARS-CoV-2 at the
lower end of the viral titer range for SARS-CoV-2-containing fluids, we further diluted
the medium to contain approximately ;104 pseudovirus copies/mL and quantified the
viral capture efficacy of Nb-CBD-immobilized cellulose paper (Fig. 4a). In addition, filter
paper alone or filter paper coated with Nb but lacking the CBD module served as a
negative control. The capture efficiency of Nb-CBD-immobilized filter paper was calcu-
lated by dividing the titer of medium treated with Nb-CBD-immobilized filter paper or
other control groups by the initial viral titer (i.e., without any treatment). Indeed, using
medium containing WT or D614G pseudoviruses (Fig. 4b), Nb-CBD-immobilized filter
paper resulted in an ;2-fold increase of the capture efficacy compared to that of filter

FIG 3 Generation of wild-type and D614G pseudoviruses for functional assays by Nb (Ty1)-CBD-functionalized cellulose. (a) Schematic overview of the
pseudovirus production. HEK293T cells were transfected with a lentiviral vector expressing a green fluorescent protein (GFP), a plasmid encoding SARS-
CoV-2 spike, and packaging vectors. The transfected cells produced lentiviral particles pseudotyped with the S protein of SARS-CoV-2, and the pseudovirus
can transduce HEK293T expressing human angiotensin-converting enzyme 2 (hACE2) to express GFP. (b) Microscope images showing that the HEK293T-
hACE2 cells expressed GFP after transduction with lentivirus pseudotyped with the wild-type (WT) SARS-CoV-2 spike protein or the D614G variant. Scale
bar, 100 mm. (c) Representative flow cytometric analysis evaluating the transduction efficiency of SARS-CoV-2 WT and D614G pseudoviruses compared with
two negative-control groups: HEK293T-hACE2 without any transduction and HEK293T transduced with SARS-CoV-2 WT pseudotyped lentivirus. Results are
representative of three independent experiments.
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paper only and an ;1.5-fold enhancement over filter paper precoated with Nb alone.
Moreover, filter paper precoated with Nb-CBD or Nb displayed an ;1.65-fold improve-
ment in binding pseudovirus from the medium over free proteins (Nb-CBD or Nb) at
equal concentrations, which indicated that the surface immobilization itself can facili-
tate target recognition. Notably, a similar strategy has been proposed for the detection
of SARS-CoV-2-specific antibody through cellulose filter paper immobilized with fusion
proteins (22, 23), in which the nucleocapsid (N) protein of SARS-CoV-2 was linked with
the CBD to capture N protein-specific antibodies. In comparison, the present study
directly captured the viral particles by linking CBD with an Nb specific for the S protein

FIG 4 SARS-CoV-2 pseudovirus capture by Nb (Ty1)-CBD-immobilized cellulose in two different formats. (a) Schematic of increasing
surface densities of Nb-CBD through protein immobilization on cellulose materials for SARS-CoV-2 neutralization. (b) Increased
neutralization efficacy of pseudovirus through protein immobilization on cellulose paper over free proteins. After incubation of the
pseudovirus with 200 mL of 10 mg/mL fusion protein Nb-CBD or Nb (negative control) immobilized on cellulose paper or free protein
with equal concentrations, the titers of wild-type (WT) and D614G pseudoviruses were quantified by transducing HEK293T-hACE2
cells with the remaining viruses in the supernatant. Fold changes from each treatment group were normalized to that of filter paper
only. (c) An in vitro cellular assay to confirm the complete removal of bacterial toxins from the Nb-CBD-functionalized RAC column.
Bacterial toxins were removed in a single step with 0.1% Triton X-114. Flowthrough factions from Nb-CBD-functionalized RAC were
added to RAW-Blue cells, an engineered murine macrophage cell line that can detect trace levels of endotoxin and other bacterial
toxins. The secretion of a reporter protein, phosphatase, can indicate the presence of bacterial toxins as innate immune agonists. It
was found that direct flowthrough fractions were indeed contaminated with bacterial toxins, denoted by “Endotoxin contaminated,”
while flowthrough fractions from Triton X-114-treated RAC (denoted by “Endotoxin removed”) did not have detectable levels of
toxins compared to the culture medium control. A schematic of an Nb-CBD-functionalized RAC column is shown in the inset. (d)
Capture efficacy of Nb-CBD-functionalized RAC. The flowthrough samples from functionalized RAC columns were used to transduce
HEK293T-hACE2 cells to quantify viral titers for WT and D614G SARS-CoV-2 pseudoviruses, respectively. Fold changes from each
treatment group were normalized to that of RAC only. Graphs are expressed as mean 6 SEM (n = 4) in panel b and as mean 6
SEM (n = 3) in panel d. Statistical analysis was performed by one-way analysis of variance (ANOVA) according to the following scale:
**, P , 0.01; ***, P , 0.001; and ****, P , 0.0001.
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of SARS-CoV-2, which can facilitate subsequent investigation of SARS-CoV-2, such as
monitoring the viral load and spread in the environment.

Integration of the bifunctional protein with an amorphous cellulose column
further enhanced the capture efficiency. Having validated the increased capture effi-
ciency of fusion proteins immobilized on filter paper, we further sought to enhance
the capture efficiency for SARS-CoV-2 by incorporating the fusion proteins into regen-
erated amorphous cellulose (RAC). Since RAC has been shown to exhibit a higher sur-
face area per unit of mass than filter paper (44), RAC may improve the rate and the
degree of target capture by increasing the immobilization densities of Nb-CBD on cel-
lulose (22, 23). To demonstrate the ease of preparing the Nb-CBD-functionalized cellu-
lose column, we directly perfused total E. coli lysate containing the fusion proteins
through a plastic column packed with ;0.1 mL (;50 mg dry weight) of RAC. As shown
in Fig. S1d, only Nb-CBD but not Nb alone was able to specifically bind RAC after total
proteins were extracted from protein-coated RAC columns, which were pretreated
with cell lysate containing Nb-CBD or Nb. While using total cell lysate instead of puri-
fied proteins could greatly reduce the time and cost of the column preparation, the
possible contamination with bacterial toxins can pose a challenge to certain down-
stream applications. Interestingly, we found that an additional washing step using
0.1% Triton X-114 (TX-114) was able to completely eliminate bacterial toxins that are
immunostimulatory in macrophage cells (Fig. 4c).

Having demonstrated the simplicity and the lack of bacterial toxin contamination in
preparing the functionalized RAC columns, the culture medium containing WT or D614
pseudoviruses was passed through the functionalized column by gravity, and viral
titers were determined for different flowthrough samples. Compared to RAC alone, Nb-
CBD-immobilized columns increased the capture efficiency for WT and D614G pseudo-
viruses by ;3.5 times and ;8 times, respectively. In contrast, RAC columns carrying an
irrelevant Nb (caffeine specific) fused with CBD or irrelevant Nb alone failed to further
enhance the degree of the capture efficiency compared to that of RAC alone (Fig. 4d).
Taken together, we demonstrated that the Nb-CBD fusion protein can be integrated
into an RAC column to markedly increase the filtration efficiency of SARS-CoV-2 pseu-
dovirus in a highly specific and continuous fashion.

DISCUSSION

During the pandemic, the affordability and deployability associated with the supply
chain represent increasingly essential but often neglected aspects of outbreak
response, especially in developing countries. To this end, we developed a simple yet
versatile technology to immobilize SARS-CoV-2 on cost-effective cellulose substrates,
which were functionalized by Nbs to achieve antigen-specific capture. While cellulose
represents the most abundant and commonly used biopolymers, Nbs have been gain-
ing increasing attention due to their stability and ease of production from bacteria. In
addition to minimizing the cost of reagents, we further demonstrated that the Nb-
functionalized cellulose substrate can be easily prepared by first incubating cell lysate
containing the fusion proteins and then washing off the unbound nonspecific proteins.
Thanks to these attributes, our approach holds promise as a highly adaptable add-on
technology to existing cellulose-based diagnostic tests and filtration systems.

In addition to immobilizing virus on cellulose-based diagnostic platforms, sampling
and concentrating viral particles (e.g., SARS-CoV-2) from surfaces and fluids can greatly
facilitate downstream detection. Recently, the Centers for Disease Control and
Prevention called for the development of a wastewater surveillance sampling strategy
to monitor viral threats in the community. It has been suggested that in most cases,
untreated wastewater will likely require concentration prior to RNA extraction, and the
number of infections needed to detect the virus in wastewater without concentration
is difficult to determine (33). Having recognized this pressing need, we introduced a
generic strategy to enrich viral particles of low concentrations from surfaces and fluids.
To do so, we were inspired by how our immune system exploits antibodies to capture
viruses from the blood. Because our work focuses on capturing and concentrating
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viruses from surfaces and fluids as a means to improve detection, we reasoned that it
can serve as an “add-on” technology to complement existing viral detection methods,
many of which have been largely focusing on increasing the sensitivities of various
diagnostic platforms.

Regarding the clinical relevance of our work, for individuals infected with SARS-
CoV-2, it has been postulated that the clearance of SARS-CoV-2 virus from COVID-19
patients may provide a more opportunistic environment for the immune system to
clear the virus and establish lasting immunity. For this reason, there is an ongoing clini-
cal trial that explores a broad-spectrum sorbent hemoperfusion filter for removing vi-
rus from the blood in patients (5, 6). While such a filter was designed to bind a broad
range of bacteria, viruses, fungi, and cytokines present in blood, our approach is more
pathogen or antigen dependent due to the fact that specific Nbs can be immobilized
on the surface of cellulose.

While our study only focused on Ty1, a recently developed Nb against the spike
protein of SARS-CoV-2 (16), the conceptual framework can be easily adapted to target
other emerging viruses by substitution for the Nb module with other target-specific
Nbs. Moreover, since many other SARS-CoV-2-specific Nbs have been identified
through immunization and phage display to target different epitopes for SARS-CoV-2,
future work may investigate a combination of CBD fusion proteins comprising different
Nbs in a multivalent manner to enhance capture efficiency (45). Despite the promises
demonstrated in this study, one limitation is that only pseudovirus-containing culture
media were used to characterize the fusion proteins for proof of concept. Therefore, it
is necessary to further evaluate our approach in the near future in real specimens, such
as actual wastewater contaminated with SARS-CoV-2 or blood from COVID-19 patients.

MATERIALS ANDMETHODS
Reagents and chemicals. Tween 20, Triton X-100 (TX-100), and Triton X-114 (TX-114) were obtained

from Sigma-Aldrich (St. Louis, MO). Strep-tag and Strep-Tactin XT were purchased from IBA Lifesciences
(Gottingen, Germany). A detergent-compatible (DC) protein assay kit was bought from Bio-Rad
Laboratories (Hercules, CA). Anti-FLAG epitope (DYKDDDDK; catalog no. 637301) and horseradish peroxi-
dase (HRP)-conjugated donkey anti-human IgG antibody (catalog no. 410902) were purchased from
Biolegend (San Diego, CA). The secondary antibody anti-rat IgG-HRP (catalog no. 7077) was bought from
Cell Signaling Technology (CST [Danvers, MA]). All other reagents and chemicals, including nickel-nitrilo-
triacetic acid (Ni-NTA) agarose and the Pierce Rapid Gold BCA (bicinchoninic acid) protein assay kit, were
purchased from Fisher Scientific International, Inc., (Hampton, NH) and were of the highest purity or ana-
lytical grade commercially available.

Cell lines. HEK293T cells expressing human angiotensin I-converting enzyme 2 (HEK293T-hACE2)
were kindly provided by Jesse Bloom (Fred Hutchinson Cancer Research Center, Seattle, WA, USA) (46).
The Lenti-X 293T cell line was purchased from TaKaRa Bio USA, Inc. (San Jose, CA). RAW-Blue cells were
purchased from Invivogen (San Diego, CA, USA). These cell lines were maintained in complete
Dulbecco’s modified Eagle’s medium (DMEM) (Corning, Corning, NY) supplemented with 10% fetal bo-
vine serum (FBS) (Corning) and 100 U/mL penicillin-streptomycin (Corning) at 37°C in a humidified incu-
bator with 5% CO2. Cells at passages 2 to 10 were used for the experiments.

Plasmid construction, protein expression, and purification. Nb (Ty1) variants, including Nb-CBD
and control protein Nb without CBD module, were cloned into the pSH200 vector (a generous gift from
Xiling Shen at Duke University), containing a 6�His tag, between BamHI and XbaI sites. Both plasmids
were validated by sequencing before expression. Nb-CBD and Nb were expressed and produced in the
same manner previously described (44, 47). Produced protein was sequentially purified by affinity chro-
matography using Ni-NTA agarose beads and fast protein liquid chromatography (FPLC) (NGC Quest 10
chromatography system; Bio-Rad, Hercules, CA). Protein fractions detected at l = 280 nm were col-
lected. Collected protein fractions were quantified by a detergent-compatible (DC) protein assay accord-
ing to the manufacturer’s instructions, and purities were verified by SDS-PAGE. Validated protein was ali-
quoted and kept at 280°C with 50% glycerol at all times until future use.

Cellulose paper-based immunoblotting. To validate the binding ability of Nb-CBD, purified Nb-
CBD was spotted onto cellulose paper and dried at room temperature for ;2 min. Cellulose paper with
dried Nb-CBD was incubated with 5 mL of 5% nonfat milk in Tris-buffered saline (TBS) for 30 min to
block nonspecific binding sites. After blocking, the cellulose paper was then incubated with anti-FLAG
epitope (DYKDDDDK), which was diluted at 1:2,000 in 3 mL TBS plus 5% nonfat milk overnight at 4°C.
The paper was washed three times with 5 mL 1� TBS containing 0.05% Tween 20 (TBST), with 15 min
per wash cycle. The paper was incubated with HRP-conjugated anti-rat IgG (1:2,000) for 1 h at room tem-
perature. After being washed with 1� TBS with 5 mL 0.05% Tween 20, premixed Pierce 3,39-diaminoben-
zidine (DAB) substrate was directly added onto the cellulose paper. The reaction was terminated with
water after dark spots appeared.
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Pseudovirus production. HDM-SARS2-Spike-delta21 and HDM-SARS2-Spike-del21-614G encoding
the SARS-CoV-2 spike protein with a 21-amino-acid C-terminal deletion for lentiviral pseudotyping were
purchased from Addgene (Watertown, MA) under Addgene serial no. 155130 and 158762, respectively.
Both plasmids were isolated following the manufacturer’s instructions and quantified through a
Nanodrop spectrophotometer. Twenty-four hours prior to transfection, Lenti-X 293T cells in the logarith-
mic growth phase were trypsinized, and the cell density was adjusted to 1.0 � 106 cells/mL with com-
plete DMEM. The cells were reseeded into 10-cm cell culture dishes to reach 70% confluence on the day
of transfection. The plasmid mixture was prepared according to Tables 1 and 2. After the plasmid mix-
ture was inverted 5 to 8 times and kept at room temperature for 30 min, the plasmid mixture was gently
added to the Lenti-X 293T cells (46). After 48 and 72 h of transfection, the pseudovirus was collected
and centrifuged at 1,000 � g at 4°C for 20 min to remove the debris. The cell culture medium was
replaced with fresh complete DMEM once the pseudovirus was collected. Aliquots of the harvested virus
were stored at 4°C for immediate use or frozen at280°C for future use.

Quantification of viral titers by flow cytometry. HEK293T-hACE2 cells were seeded 24 h before the
pseudovirus transduction assay in 96-well plates (2 � 104 cells/well in a volume of 100 mL complete
DMEM). On the coculture day, the medium was removed and 200 mL of prewarmed pseudovirus was
added to the cells. Polybrene (Sigma-Aldrich) was added into cultured HEK293T-hACE2 cells to a final
concentration of 8 mg/mL, to facilitate lentiviral infection by minimizing charge repulsion between virus
and cells. After transduction for 48 h, cells were collected through trypsinization and transferred to a 96-
well V-bottom plate with complete culture DMEM. Cells were pelleted at 300 � g for 3 min and washed
twice with phosphate-buffered saline (PBS: 137 mM NaCl, 10 mM phosphate, 2.7 mM KCl [pH 7.4]). After
the final wash, the cells were resuspended in 200 mL fluorescence-activated cell sorter (FACS) buffer (5%
FBS, 2 mM EDTA, 0.1% sodium azide in PBS) for flow cytometric analysis in an Attune NxT flow cytometer
(Thermo Fisher), and data were analyzed by FlowJo (Franklin Lakes, NJ). Using a well that has 1 to 20%
GFP-positive cells, the titer was calculated according to the following formula: titer = [(F � Cn)/V] � DF.
F represents the frequency of GFP-positive cells determined by flow cytometry, Cn represents the total
number of target cells infected, V represents the volume of the inoculum, and DF represents the virus
dilution factor. For all experiments, triplicate samples were analyzed, data are representative of two or
more experiments, and the standard error of the mean (SEM) is shown.

Preparation of the RAC column. Regenerated amorphous cellulose (RAC) was produced by RAC-
based affinity protein purification as previously described (44). The RAC column was first equilibrated
with 1� PBS, and proteins of interest were added to the RAC column until the column was saturated by
quantifying the amount of fusion protein in flowthrough fractions and comparing it to the original su-
pernatant via SDS-PAGE. The saturated RAC was washed with 10 column volumes of 1� PBS followed
by loading with 400 mL complete DMEM. Four hundred microliters of pseudovirus was flowed through
the saturated RAC and collected for future use. To functionalize the RAC column preparation with E. coli
lysate, 1� PBS-equilibrated RAC was applied to the column, followed 3 times by equilibration with 2 mL
3� PBS. A 0.5-mL sample of E. coli lysate was gently filtered through the RAC column. Two milliliters of
ice-cold 3� PBS with 0.1% (vol/vol) TX-114 was applied through the E. coli lysate-treated RAC column
three times at 4°C. After the RAC column was drained, 2 mL ice-cold 3� PBS was added to the RAC col-
umn to remove the TX-114. Two milliliters of DMEM was flowed through the RAC column for later endo-
toxin detection.

Preparation of Nb-CBD-functionalized cellulose paper. For the capture capability assay, cellulose
filter paper discs were fitted into a 96-well plate or 1.5-mL microcentrifuge tube followed by blocking with
1% bovine serum albumin (BSA) in 1� TBS for 1 h. After aspiration of the blocking buffer, 50 to 100 mL
purified proteins at concentrations of 100, 10, and 1 mg/mL in 1� TBS or 400 mL protein lysate of interest
was applied directly to the coated cellulose paper. After 1 h of incubation at room temperature with slow
shaking, purified proteins or lysates were removed from 96-well plates or the 1.5-mL microcentrifuge tube,

TABLE 1 Compositions of the plasmid mixtures for generation of WT or D614G mutant SARS-
CoV-2 pseudovirus

Composition Amt
HDM-SARS-2-Spike-delta21 (or D614G) 2.5mg
pFuw-Ubc-GFP 10mg
psPAX2 7.5mg
TransIT-X2 2000 30mL
Opti-MEM 1,000mL

TABLE 2 Compositions of the plasmid mixture for generation of lentivirus as a positive
control

Composition Amt
pMD2.G 2.5mg
pFuw-Ubc-GFP 10mg
psPAX2 7.5mg
TransIT-X2 2000 30mL
Opti-MEM 1,000mL
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followed by washing 3 times with 1� TBS, with 10 min between washes. Cellulose paper was blocked with
5% nonfat milk in TBS at room temperature for 15 to 30 min. Fifty to 100 mL medium with spike protein
expression was applied to the cellulose paper, and the paper was incubated at room temperature for 1 h.
The treated cellulose paper was washed with TBST 4 times for 5 to 10 min each. The washed cellulose pa-
per was incubated with HRP-conjugated donkey anti-human IgG antibody diluted in 1� TBS supple-
mented with 5% milk with antibody dilution of 1:2,000. After 1 h, the cellulose paper was washed with
TBST 4 times for 5 to 10 each. Premixed DAB substrate was directly added onto the cellulose paper after
the TBST was removed. The reaction was terminated with distilled water until the color development.

For the preparation of the cellulose filter paper discs to evaluate the filtration efficiency against the
pseudovirus, cellulose filter paper discs were fitted into a 96- or 48-well plate followed by blocking with
1% BSA in 1� TBS for 1 h. After aspiration of the blocking buffer, 50 to 100 mL of 10mg/mL purified fusion
proteins in 1� TBS was applied directly to the coated cellulose paper. After 1 h of incubation at room tem-
perature with slow shaking, diluted purified proteins were aspirated from 96- or 48-well plates, followed
by washing 2 times with 1� TBS, with 10 min between washes. One hundred to 400 mL of pseudoviruses
was added into each well with cellulose paper. After 1 h of incubation, the cellulose paper-treated pseudo-
virus was gently transferred to transfect HEK293T-hACE2 cells with 80% confluence, followed by addition
of Polybrene to a final concentration of 8 mg/mL. Twenty-four hours postransduction, HEK293T-hACE2
cells were split into a ratio of 1:3. Forty-eight hours posttransfection, cells were collected at 300 � g for
3 min, followed by resuspension in 200 mL FACS buffer. Samples were loaded for Attune flow cytometry
followed by analysis through FlowJo. After gating of the HEK293T-hACE2 cells without pseudovirus (nega-
tive control), with less than 2% GFP positive, the transduction efficiency for the experimental group was
calculated as GFP1/(GFP1 1 GFP2). For all experiments, triplicate samples were analyzed, data are repre-
sentative of two or more experiments, and the standard error of the mean (SEM) is shown.

Endotoxin detection. For endotoxin detection in flowthrough from Nb-CBD-coated cellulose, RAW-
Blue cells were seeded in 96-well plates at 3 � 105 cells mL21 in 100 mL DMEM supplemented with 10%
heat-inactivated FBS and 100 U/mL penicillin-streptomycin per well. After 24 h of incubation, the col-
lected DMEM that flowed through extensively washed Nb-CBD lysate-coated cellulose was added to
RAW-Blue cells, and the cells were incubated overnight. After incubation, 20 mL of the conditioned cell
supernatant was added to 180 mL QUANTI-Blue solution per well of a 96-well plate. The plate was incu-
bated at 37°C until a visible color difference was observed. Interferon (IFN)-secreted embryonic alkaline
phosphatase activity was then determined with a spectrophotometer by the absorbance at 620 nm.

Statistical analysis. Statistical significance was evaluated using a one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test using GraphPad PRISM (San Diego, CA, USA). P values of
,0.05 were considered statistically significant. Statistical significance of interest is indicated in all figures
according to the following scale: *, P , 0.05; **, P , 0.01; ***, P , 0.001; and ****, P , 0.0001. All graphs
are expressed as means 6 SEM.
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