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Heparan sulfate (HS) is a kind of cellular adhesion receptor that mediates the attachment and internalization

of virus infection. Herein, to mimic the cell surface receptor, mercaptoethane sulfonate (MES), an analogue

of HS, was used as the surface modifier to synthesize bovine serum albumin (BSA)-coated tellurium

nanoparticles (Te/BSA NPs) with a unique triangular star shape (Te/BSA nanostars). Using porcine

reproductive and respiratory syndrome virus (PRRSV), which utilizes HS as a cellular receptor, as a model

of arterivirus, we found that Te/BSA nanostars suppressed virus infection mainly by inhibiting the virus

internalization process. Interestingly, Te/BSA nanostars exhibited much higher antiviral activity than the
spherical Te/BSA NPs (Te/BSA nanospheres), the Te/BSA NPs were synthesized with GSH as a substitute
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of MES, suggesting that both MES modification and the novel shapes of Te/BSA NPs enhance their

antiviral activity. Finally, the antiviral effect of Te/BSA nanostars on porcine epidemic diarrhea virus

DOI: 10.1039/d0ra01387k

rsc.li/rsc-advances property of Te/BSA nanostars.

1. Introduction

In recent years, functionalized nanomaterials have been widely
used in the biomedical field because of their unique physical
and chemical properties." Among them, many are applied in
antiviral research,” such as macromolecular copolymers
(peptide-polymer conjugates), fullerene-polyglycerol sulfates,
metal nanoparticles (NPs) (e.g., AgNPs and AuNPs) and
quantum dots.*** However, the complexity of synthetic
methods (e.g., macromolecular copolymers), the cytotoxicity of
degradation products (e.g., precious metal NPs) and the poor
stability (e.g., NPs with sheet or fiber structures) limit the
application of most antiviral NPs to some extent.***** There-
fore, it is extremely necessary to develop nanomaterials with
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(PEDV), a model of coronavirus, was also demonstrated, indicating the potential broad-spectrum antiviral

good biocompatibility and high stability using a simple and fast
synthetic method.

An increasing number of antiviral nanomaterials have been
developed by interfering with the interaction between virus and
its associated cell receptor to achieve broad-spectrum effi-
cacy."*** Heparan sulfate proteoglycans (HSPGs) are reported to
act as receptors of many viruses, such as dengue virus, human
cytomegalovirus (HCMV), human immunodeficiency virus
(HIV), respiratory syncytial virus (RSV), herpes simplex virus
(HSV), filoviruses and human papillomavirus (HPV).** Heparan
sulfates (HS), an important constituent of HSPG, are structur-
ally similar to heparin. Hence, it is a novel strategy to construct
antiviral nanomaterials by mimicking HS."”"*° Inspired by this
idea, mercaptoethane sulfonate (MES), an analogue of HS, was
found to significantly enhance the antiviral activity of various
Nps.17,20,21

Viruses and bacteria vary in shapes, ranging from sphere to
filament. Non-spherical shapes increase their ability to escape
immune responses.”> As for nanomaterials, non-spherical
nanomaterials are likely to exhibit superior antiviral and/or
antibacterial properties relative to nanospheres with a similar
size.**?® For example, the nanosheet structure of graphene
oxide was shown to be important for its antiviral properties
against pseudorabies virus (PRV) and PEDV;* bioprotective
nanofibrous membranes (RNMs) were reported to have high
bactericidal and viricidal efficacy.*® However, the majority of
currently reported antiviral nanomaterials exist in a spherical
form,*** suggesting the possibility to enhance the functional
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properties of nanomaterials through reasonable and effective
control of their morphology.

Porcine reproductive and respiratory syndrome (PRRS) virus
(PRRSV), a single-stranded, positive-strand RNA virus classified
within the Arteriviridae family, is the causative agent of PRRS.
PRRS, mainly characterized by dyspnea in piglets and growing
pigs and reproductive failure in sows, is an important infectious
disease with an adverse effect on the global pig industry for
nearly 30 years.*® Vaccination is the common way to control
PRRSV infection. Unfortunately, most commercial vaccines fail
to provide effective prevention and control against PRRS.***
Currently, antiviral drug therapy has been regarded as a novel
and potent tool to combat virus infection.

Considering that HS is a potential cellular receptor for
PRRSV infection,*® we attempted to synthesize antiviral NPs
with MES as the surface modifier and investigate their antiviral
potential using PRRSV as a model of arterivirus. The MES-
functionalized Te/BSA NPs with a novel triangular star shape
(Te/BSA nanostars) was prepared and demonstrated as a potent
antagonist against PRRSV. Further comparing experiments
indicated that MES could modify the morphology to improve
the antiviral property of Te/BSA NPs, prompting the potential
correlation between the antiviral activity and the novel trian-
gular star shape of NPs. Moreover, we found that Te/BSA
nanostars mainly repressed the internalization stage of PRRSV
infection, coincident with the function of MES as a mimic of
cellular receptor HS. Finally, Te/BSA nanostars also exhibited
inhibitory effect on the infection of porcine epidemic diarrhea
virus (PEDV), a model of coronavirus using HS as an attachment
factor as well, indicating the potential antiviral property of Te/
BSA nanostars against the other coronaviruses, such as 2019
novel coronavirus (2019-nCoV), severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory
syndrome coronavirus (MERS-CoV).*”*® Overall, the Te/BSA
nanostar is a potential nanomaterial for the further develop-
ment of safe and effective antiviral drugs.

2. Results and discussion
2.1 Characterization of Te/BSA nanostars

Previously, we have prepared Te/BSA nanospheres using
sodium tellurite, BSA, and glutathione (GSH) as precursors.
Here, Te/BSA nanostars were synthesized by modification using
MES to replace GSH as the modifier.** The transmission elec-
tron microscopy (TEM) image (Fig. 1a) showed that the as-
prepared Te/BSA nanostars had a triangular star shape, which
was obviously different from that of the spherical Te/BSA
nanospheres,* indicating that MES not only acts as a reduc-
tant, but also remarkably modifies the morphology of NPs,
which is similar to the role of ascorbic acid in the synthesis of
BSA/Au nanostars.* The TEM image also showed the good
dispersion of Te/BSA nanostars, with an average size of 57 +
7.6 nm, which was basically consistent with the result of
dynamic light scattering (DLS; Fig. 1b). In Fig. 1c, the UV-vis
spectrum of the Te/BSA nanostars displayed a strong absorp-
tion peak near 277 nm, which is due to the w—m* electron
transition of C=C and the n—m* of C=0 band.** As
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Fig. 1 (a) The TEM image of Te/BSA nanostars. (b) Hydrodynamic
diameter distribution of Te/BSA nanostars from DLS. (c) UV-vis
absorption spectrum of Te/BSA nanostars. (d) The XRD patterns of Te/
BSA nanostars.

illustrated in Fig. 1d, the XRD patterns of Te/BSA nanostars
showed two strong absorption peaks between 20-30°, indi-
cating the presence of (100, 101) facets of Te, which consist with
the standard literature value (JCPDF no. 36-1452).*

The FT-IR spectra of Te/BSA nanostars and MES, one of the
precursors of Te/BSA nanostars, were collected in the trans-
mission mode between 500 and 4000 cm '. As shown in
Fig. S1,T the characteristic -SO; vibrational peak could be
clearly seen in the FT-IR spectra of MES.* The small peak at
2561 cm™ ', corresponding to the stretching vibration mode of
-SH in MES, disappeared in the FT-IR spectra of Te/BSA nano-
stars, providing strong evidence that the sulfur atom in the thiol
group of MES was anchored on the surface of Te.** Moreover, no
remarkable difference was observed in the stretching vibration
band of O=S=0 between Te/BSA nanostars and MES.

Additionally, the X-ray photoelectron spectroscopy (XPS)
analysis of Te/BSA nanostars showed five distinct peaks at
163.9, 284.8, 399.8, 531.6, and 576.1 eV, which correspond to S
2p, C 1s, N 1s, O 1s, and Te 3d, respectively (Fig. 2a). The XPS
spectrum of C 1s (Fig. 2b) might indicate the existence of four
groups, including C=0 (287.9 eV), C-O (285.7 eV), C-N (284.9
eV) and C-C (284.3 eV).”*® In the XPS spectrum of N 1s, there
were three typical peaks at 400.8, 399.6, and 399.3 eV, which are
assigned to N-(C);, C-N-C, and C=N-C, respectively
(Fig. 2¢).** In Fig. 2d, the XPS spectrum of S 2p revealed the
existence of sulfur in two major oxidation states. The two peaks
at 165.2 and 163.9 eV indicated the presence of thiol group (S-
H) (2ps» and 2pip), and the other two peaks at 169.5 and
168.7 €V are attributed to the sulfonate group (2p;,, and 2py,
»)-"*°* In Fig. 2e, the Te 3d core level spectrum showed the peaks
at 583.6 and 573.1 eV, which separately correspond to Te 3ds,,
and Te 3ds,,, while the other two peaks at 586.5 and 576.4 eV are
attributed to the oxidation state of Te.>*">*

Then we perform the thermogravimetric analysis under
a nitrogen atmosphere at 30-700 °C.> Fig. S21 shows the rela-
tionship between weight loss (%) and temperature change of

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XPS spectra of Te/BSA nanostars (a), C 1s (b), N 1s (c), S 2p (d)
and Te 3d (e).

Te/BSA nanostars. An initial weight loss of about 10% was
observed in the 50-100 °C range, which was attributed to the
water molecules adsorbed on the surface of nanostars. A further
loss of about 48% in weight was detected in the temperature
range of 200-500 °C. This loss occurred in two steps: ~35% of
the weight was lost in the range of 200-330 °C and ~13% in the
range of 320-550 °C, which was attributed to the removal of
MES that was chemically bonded to the surface of Te core."”

2.2 Cytotoxicity assays

The potential cytotoxicity of Te/BSA nanostars on MARC-145
cells was evaluated at 12, 24, 36 or 48 h post incubation. The
results of MTT assay indicated that the percent of living MARC-

-
N
o

I 12h [ 24h [ 36h [ 48h

120 1

100 1

60 7
40
20 1

Relative Viability of MARC-145 Cells (%)
° 3

3.75 7.50 15.0
Concentrations (pg/mL)

30.0

Fig. 3 Cytotoxicity of Te/BSA nanostars as detected by MTT assay. All
values were normalized to the control group (without Te/BSA nano-
stars exposure).
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145 cells was higher than 90% under the treatment with 15.0 pg
mL ™" of Te/BSA nanostars for 48 h (Fig. 3). Thus, 15.0 ug mL ™"
was chosen as the concentration of Te/BSA nanostars for the
subsequent experiments in MARC-145 cells.

2.3 Te/BSA nanostars exhibit inhibitory effect on PRRSV
infection

Firstly, MARC-145 cells were treated or mock-treated with 15.0
ng mL ™" of Te/BSA nanostars, and then the titers of intracellular
and supernatant PRRSV were separately examined by plaque
assay. In Fig. 4a and b, it can be seen that Te/BSA nanostars
decreased the amount of PRRSV in both intracellular and
supernatant samples. Then the antiviral effect of Te/BSA
nanostars on PRRSV (MOI = 1.0) was further investigated
through western blot assay. The expression level of PRRSV nsp2,
the largest viral protein that is key for PRRSV replication,*® was
detected. As shown in Fig. 4c, the expression level of PRRSV
nsp2 was obviously down-regulated under the treatment of Te/
BSA nanostars, prompting that Te/BSA nanostars could inhibit
the expression of PRRSV proteins.

The indirect immunofluorescence assay (IFA) with anti-
bodies against virus is considered as a useful diagnostic tech-
nique. Here, IFA was used to further verify the potential antiviral
activity of Te/BSA nanostars against PRRSV (MOI = 1.0). As
evident from Fig. 4d, the green fluorescence signal was
dramatically decreased in cells incubated with Te/BSA nano-
stars (the third row) relative to the control group (the second
row), demonstrating the predominant antiviral activity of Te/
BSA nanostars against PRRSV, which well supported the
results of plaque assay and western blot assay.
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Fig. 4 The titers of supernatant PRRSV (a) and intracellular PRRSV (b)
as evaluated by plaque assay. (c) The effect of Te/BSA nanostars (15.0
pg ML) on the expression level of PRRSV nsp2 as evaluated by
western blot assay. (d) The influence of Te/BSA nanostars (15.0 pg
mL~1) on PRRSV proliferation as evaluated by indirect immunofluo-
rescence assay.
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2.4 Te/BSA nanostars inhibit adsorption, internalization
and replication of PRRSV

Many antiviral NPs have been reported to inhibit virus infection
by targeting the process of virus infecting host cells.”” The virus
propagation cycle mainly includes four steps: adsorption,
internalization, replication and virion release.’®* In order to
explore the specific step(s) targeted by Te/BSA nanostars to
inhibit proliferation of PRRSV, a plaque formation assay was
performed to test the influence of Te/BSA nanostars on PRRSV
adsorption, then we found that the Te/BSA nanostars slightly
inhibited PRRSV adsorption (Fig. 5a). In addition, the effect of
Te/BSA nanostars on the internalization process of PRRSV
infection was detected. In Fig. 5b, it can be seen that the plaque
number was significantly reduced when treated with Te/BSA
nanostars, suggesting that Te/BSA nanostars inhibit the
PRRSV proliferation mainly through targeting its internaliza-
tion. Then the influence of Te/BSA nanostars on PRRSV repli-
cation was tested by evaluating the amount of PRRSV negative-
sense RNA. As indicated in Fig. 5¢, when compared with the
control group treated with DMEM, there was a slight decrease in
PRRSV negative-sense RNA level in cells incubated with Te/BSA
nanostars, indicating that Te/BSA nanostars have a moderate
inhibition effect on PRRSV replication. For the final step in the
propagation cycle, the virion release of PRRSV, there was no
significant difference in virus titer between Te/BSA nanostar-
incubated and DMEM-incubated groups (Fig. 5d and e),
prompting that Te/BSA nanostars have no influence on the
virion release of PRRSV.
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Fig. 5 The effect of Te/BSA nanostars on adsorption (a), internaliza-
tion (b), replication (c) and virion release (d and e) of PRRSV. The titers
of supernatant PRRSV (d) and intracellular PRRSV (e). (f) The direct
inactivation effect of Te/BSA nanostars on PRRSV.
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The mechanism by which Te/BSA nanostars inhibit PRRSV
proliferation was further examined by evaluating the potential
direct inactivation effect of Te/BSA nanostars on PRRSV. In
Fig. 5f, it can be seen that Te/BSA nanostars had no direct
inactivation effect on PRRSV. Besides the above potential
aspects targeted by antiviral NPs for antiviral activity, the direct
effect of Te/BSA nanostars on host cells, which may alter the cell
susceptibility and permissivity to viral infection, was also
explored here. We found that the effect of Te/BSA nanostars on
cells slightly contributed to the anti-PRRSV activity of Te/BSA
nanostars (Fig. S3f), implying that Te/BSA nanostars have
potential prophylactic effect against PRRSV infection to some
extent.

2.5 Te/BSA nanostars decrease PRRSV-induced production
of reactive oxygen species (ROS)

Virus infection poses a great threat to human and animal
health, even more serious, some commercial antiviral drugs
have led to the rapid emergence of drug-resistant variants.®
Therefore, it is urgent to develop antiviral drugs against the
factors of virus-infected host cells rather than viral components
themselves to decrease the number of drug-resistant variants.*
Virus infection produces high concentrations of ROS, a series of
reactive oxygen species generated by aerobic cells during
metabolic processes. ROS in a certain concentration range
could induce apoptosis or even necrosis through cellular
oxidative stress.®® Previous studies have indicated that reducing
ROS levels through ROS inhibitors can inhibit virus reproduc-
tion, which prompts us that ROS is a potential novel target for
antiviral drug development.®**® Hence, we tried to explore
whether Te/BSA nanostars achieve antiviral activity by regu-
lating ROS level.

DCF was used to analyze the production of ROS. In Fig. 6a,
the results of flow cytometry revealed that PRRSV increased the
level of ROS in MARC-145 cells, while Te/BSA nanostars signif-
icantly decreased PRRSV-induced ROS production. Consis-
tently, the fluorescence images also illustrated that PRRSV-
induced ROS level (green fluorescence signal) was obviously
downregulated by Te/BSA nanostars (Fig. 6b). These results
indicated that Te/BSA nanostars might restrict PRRSV propa-
gation through inhibiting PRRSV-induced ROS generation.

2.6 MES modification enhances the antiviral activity of Te/
BSA nanostars on PRRSV

Baram-Pinto et al. reported that unmodified gold nanoparticles
(Au NPs) are ineffective in inhibiting the infection of HSV-1,
while Au NPs capped with MES (Au-MES NPs) have excellent
anti-HSV-1 activity."® To investigate whether MES modification
also contributes to the antiviral activity of Te/BSA nanostars, the
antiviral potential of Te/BSA nanostars was compared with that
of Te/BSA nanospheres, which was modified with GSH rather
than MES. First, the cytotoxicity of Te/BSA nanospheres (0, 7.50,
15.0, 30.0, 60.0, 80.0 ug mL ") on MARC-145 cells was evaluated
(Fig. S41). Then the anti-PRRSV abilities of Te/BSA nanostars or
Te/BSA nanospheres were detected by the indirect immunoflu-
orescence assay at 36 hpi (hours post infection). As evident from

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Te/BSA nanostars decrease PRRSV-induced production of
reactive oxygen species (ROS). MARC-145 cells were infected or mock
infected with PRRSV (1.0 MOI) in the absence or presence of Te/BSA
nanostars at the concentration of 15.0 pg mL™%. (a) Relative quantita-
tive evaluation of ROS levels through flow cytometry. (b) ROS levels
illustrated by the fluorescence images obtained by an inverted fluo-
rescence microscope.

Fig. 7, the green fluorescence signal (PRRSV N protein) was
dramatically decreased in cells treated with Te/BSA nanostars
(the third column) relative to the control group (the second
column), while no obvious difference was observed in green
fluorescence signal of PRRSV N protein between the group
treated with Te/BSA nanospheres (the fourth column) and the
control group (the second column), suggesting that the Te/BSA
nanostars had excellent antiviral properties against PRRSV, but
not the Te/BSA nanospheres. The results demonstrated that
MES modification could significantly increase the anti-PRRSV
ability of Te/BSA nanostars.

PRRSV
Te/BSA

Te/BSA

Te/BSA@MES
Mock Control Nanospheres

Nanostars Nanosiheres MES

Fig. 7 The effect of Te/BSA nanostars (15.0 pg mL™?), Te/BSA nano-
spheres (15.0 pg mL™Y), Te/BSA@MES nanospheres (15.0 pg mL™Y and
MES (1.50 mmol L% on PRRSV proliferation as evaluated by indirect
immunofluorescence assay.

PRRSV-N DAPI

Merge

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

To test whether the existence of free MES contributes to the
anti-PRRSV activity of Te/BSA nanostars, the cytotoxicity of MES
on MARC-145 cells was detected, and then 1.50 mmol L™ (246
ug mL™") of MES was chosen for further experiment (Fig. $57).
The antiviral effect of MES on PRRSV was explored through
indirect immunofluorescence assay. We found that no obvious
change was observed in the number of PRRSV-infected cells
when incubated with MES (the fifth column), while the number
of PRRSV-infected cells in Te/BSA nanostar-treated group (the
third column) was significantly smaller than that in the control
group (the second column) (Fig. 7). The results showed that
MES itself had no noticeable antiviral effect on PRRSV, but MES
modification could remarkably increase the antiviral ability of
Te/BSA nanostars. This is in line with a previous study reporting
that MES has no inhibitory effect on the infection of HSV-1, but
the MES functional groups modified on the surfaces of Au NPs
give antiviral properties to Au-MES NPs.'® The inefficacy of MES
as an antiviral agent can be attributed to its free rotation, which
limits the binding affinity of sulfonate groups to viral proteins.
However, when capped on the surface of NPs, MES is converted
from a weakly binding small molecule into a multivalent bio-
logically effective compound, thereby resulting in an increase of
the local concentration of MES and the subsequent enhanced
interactions between MES and viruses.*”*®

2.7 Potential broad antiviral spectrum of Te/BSA nanostars

Porcine epidemic diarrhea virus (PEDV), a model of coronavi-
rus, is the causative agent of PED, an economically predomi-
nant swine disease.*” A previous study has reported that
heparan sulfate is an attachment factor of PEDV,” and we
hypothesize that Te/BSA nanostars also exhibit antiviral ability
against PEDV. To test this hypothesis, we first evaluated the
cytotoxicity of Te/BSA nanostars on Vero cells. As shown in
Fig. S6,T the percent of living cells was above 90% under the
treatment with 30.0 ug mL ™" of Te/BSA nanostars for 24 h. Thus,
15.0 and 30.0 pg mL ™" of Te/BSA nanostars were chosen as the
concentrations for subsequent antiviral experiments in Vero
cells.

DAPI PEDV-N

Merge

Mock

PEDV

Te/BSA Nanostars

15.0 pg/mL 30.0 pg/mL Control

Fig. 8 The antiviral effect of Te/BSA nanostars on PEDV in Vero cells
as evaluated by indirect immunofluorescence assay.
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The antiviral activity of Te/BSA nanostars against PEDV was
explored by indirect immunofluorescence assay. As shown in
Fig. 8, the number of PEDV-infected cells (red fluorescence
signal labeled by antibody against PEDV N protein) was signif-
icantly decreased by Te/BSA nanostars at the concentration of
30.0 pg mL™*, but not at 15.0 pg mL™*, indicating that Te/BSA
nanostars inhibited PEDV propagation in a dose-dependent
manner. As heparan sulfate also accounts for the infection of
many other viruses, such as HIV, HCMV, HSV, HPV, RSV and
dengue virus,” Te/BSA nanostars may act as a generic antiviral
agent in addition to PRRSV.

Several studies have demonstrated that the non-spherical
morphology of nanomaterials is beneficial for the antiviral
and/or antibacterial potential.**"*’ In this paper, we found that
the usage of MES instead of GSH to prepare Te/BSA nanostars
led to the change of morphology from spherical shape to special
triangular star shape, and simultaneously, the upregulation of
their antiviral activity. To investigate whether the star shape
enhances the anti-PRRSV ability of Te/BSA NPs, Te/BSA@MES
nanospheres were synthesized with GSH as described for Te/
BSA nanospheres and then MES was used to replace GSH as
a modifier to synthesize Te/BSA@MES nanospheres. A
comparison analysis revealed that the Te/BSA@MES nano-
spheres had higher antiviral activity than Te/BSA nanostars
(Fig. 7), indicating that the novel star shape affects the antiviral
potential of NPs, which was also demonstrated by Kwon et al.”
Furthermore, we speculate that the novel triangular star shape
of Te/BSA nanostars can benefit their penetration into cyto-
plasm, thereby giving rise to more excellent antiviral activity of
Te/BSA nanostars on PRRSV. Thus, FITC was conjugated to both
Te/BSA nanostars and Te/BSA nanospheres to observe their
cellular localization by confocal microscopy. After incubation
with Te/BSA nanostars or Te/BSA nanospheres, the fluorescence
images of MARC-145 cells were obtained by a confocal micro-
scope. We found that both Te/BSA nanostars and Te/BSA
nanospheres were distributed in the cytoplasm. Interestingly,
the green fluorescence signal was remarkably higher in Te/BSA
nanostar group than in Te/BSA nanosphere group (Fig. S77),
which supported our hypothesis. However, this conclusion
needs to be confirmed by further experiments.

BSA is a common material used to synthesize nanoparticles
due to its novel biological activity.”>”® Especially, BSA-based
nanomaterials are widely applied in biomedicine for their
good properties of drug load. For example, doughnut-shaped
BSA nanoparticles loaded with doxorubicin are utilized to
overcome multidrug resistance during cancer treatment.**
Therefore, it is a feasible strategy to improve the antiviral
activity of Te/BSA nanostars by loading effective antiviral drugs.

3. Conclusions

In our study, the prepared Te/BSA nanostars were found to have
excellent antiviral properties against arteriviruses with PRRSV
as a virus model. Detailed study demonstrated that Te/BSA
nanostars repressed the adsorption, internalization and repli-
cation stages of PRRSV infection, but had no inhibitory effect on
the virion release process. Interestingly, Te/BSA nanostars
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significantly reduced PRRSV-induced intracellular ROS
production, which might contribute to their antiviral activity.
Moreover, the antiviral effect of Te/BSA nanostars on corona-
viruses was also proved using PEDV as a model, suggesting the
broad antiviral spectrum of Te/BSA nanostars. The overall
results indicate that Te/BSA nanostar is a potential novel
material for the development of antiviral strategy in the future.

4. Experimental section
4.1 Antiviral assay

Cells were treated with materials (Te/BSA nanostars, Te/BSA
nanospheres, Te/BSA@MES nanospheres or MES) in DMEM
(2% FBS) at 37 °C for 2 h. Meanwhile, virus was preincubated
with the corresponding materials at 4 °C for 1 h. Then the above
mixture of virus and materials was added to the pretreated cells,
and incubated for 1 h at 37 °C. After two washes with serum-free
DMEM to remove non-internalized virions, the cells were
cultured with the materials in DMEM (2% FBS) for preset time.

4.2 One-step growth curve of PRRSV

MARC-145 cells were treated with Te/BSA nanostars (15.0 pg
mL ") and PRRSV (MOI = 1.0) as described in Antiviral assay.
Then one-step growth curves were established by viral plaque
assays to test the titers of PRRSV in cell and supernatant at 12,
24, 36 and 48 hpi, respectively.*

4.3 Adsorption assay

Cells were pre-cooled at 4 °C for 30 min, then infected with
PRRSV (0.001 and 0.0001 MOI) in the presence or absence of Te/
BSA nanostars (15.0 pg mL™ ") at 4 °C for 2 h to permit
adsorption. The excess Te/BSA nanostars and non-adsorbed
PRRSV were removed by washing twice with precooling
serum-free DMEM. Finally, low melting point agarose was
added to the cells as described in viral plaque assay, followed by
incubation at 37 °C under 5% CO, for a further two days to
detect the plaque number.

4.4 Internalization assay

Cells were pre-cooled at 4 °C for 30 min, followed by infection
with PRRSV (0.0001 MOI) for another 2 h at 4 °C. Next, the non-
adsorbed PRRSV was removed by washing twice with precooling
serum-free DMEM, and the cells were incubated with fresh
DMEM or DMEM containing Te/BSA nanostars (15.0 pg mL )
at 37 °C for 3 h to allow viral internalization. After two washes
with precooling serum-free DMEM to remove the non-
internalized virions and excess Te/BSA nanostars, low melting
point agarose was added to the cells as described in viral plaque
assay. Plaques were counted after about 48 h.

4.5 Replication assay

MARC-145 cells were infected with PRRSV (1.0 MOI), then the
supernatant was substituted with fresh DMEM (2% FBS) con-
taining or not containing Te/BSA nanostars (15.0 ug mL™ ') at 6
hpi. After incubation for additional 1, 2, 3 and 4 h, the effect of
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Te/BSA nanostars on PRRSV replication was assessed through
detecting PRRSV negative-strand RNA levels by RT-qPCR assay.

4.6 Virion release assay

Cells were infected with PRRSV (1.0 MOI) and incubated for
18 h, then the cells were cultured in fresh medium with or
without 15.0 pg mL ™" Te/BSA nanostars. After incubation for
another 15, 30, 45 and 60 min, the titers of supernatant PRRSV
and cellular PRRSV were detected by viral plaque assays,
respectively.

4.7 Inactivation assay

PRRSV was preincubated or mock preincubated with Te/BSA
nanostars at different concentrations (3.75, 7.50, and 15.0 pg
mL ') at 4 °C for 1 h. Simultaneously, cells were pre-cooled at
4 °C for 30 min. Then the cells were incubated with the pre-
treated PRRSV at 4 °C for another 2 h. After washing with pre-
cooling serum-free DMEM to remove non-adsorbed PRRSV and
excess Te/BSA nanostars, low melting point agarose was added
to the cells as described in viral plaque assay. The titer of PRRSV
was evaluated by the number of virus plaque.

4.8 Cell pretreatment assay

Cells were incubated or mock-incubated with Te/BSA nanostars
(15.0 pg mL™") in DMEM (2% FBS) at 37 °C for 2 h. Then the
cells were infected with PRRSV (1.0 MOI) at 37 °C for another
36 h. Virus titers were detected by viral plaque assay.

4.9 Measurement of the production of reactive oxygen
species (ROS)

The levels of ROS were tested with ROS kit (DCFH-DA). Cells
were incubated with Te/BSA nanostars (15.0 pg mL~') and
PRRSV (1.0 MOI) as described in Antiviral assay. At 36 hpi, the
cells were incubated with DCFH-DA, which was diluted at
1:2000 to give a final concentration of 5.00 pmol L. After
0.5 h, the supernatant was substituted with Opti-MEM. The
fluorescence images were obtained with an inverted fluores-
cence microscope.

To relatively quantify the intracellular ROS levels, cells
treated as described above were washed twice with Opti-MEM,
and then digested to single cells with 0.06% trypsin, followed
by terminating the digestion reaction with DMEM (2% FBS).
After two washes with PBS combined with centrifugation at
2000 rpm for 5 min, the ROS levels were evaluated by measuring
the relative fluorescence intensity with a flow cytometer.
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