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ABSTRACT: Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has caused a global pandemic with over 5 million
fatalities. Vaccines against this virus have been globally
administered; however, SARS-CoV-2 variants with spike protein
mutations are continuously identified with strong capability to
escape vaccine-elicited protection. Due to the high mutation rate
and transmission ability, the development of a broad-spectrum
SARS-CoV-2 inhibitor is highly in demand. In this study, the effect
of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS) against SARS-CoV-2 was investigated. The treatment
of pseudoviruses carrying the SARS-CoV-2 spike protein with
PEDOT:PSS strongly blocked SARS-CoV-2 pseudovirus infection
in human ACE2-expressing cells without causing cytotoxicity.
Specifically, PEDOT:PSS showed great potential in both inactivating viruses and rendering antiviral activity to the treated cells. The
effects of other PEDOT:PSS solutions with different chemical ratios and properties were also validated to find the high inhibition
capacity against SARS-CoV-2 pseudovirus infection. The transcriptomic data reveal that PEDOT:PSS-treated cells were endowed
with transcriptional alteration, and it could be reverted after the removal of PEDOT:PSS from the culture medium. Importantly,
PEDOT:PSS also exhibited broad-spectrum inhibition effects on the pseudovirus carrying the spike protein isolated from different
variants. In combination with the advantage of high biocompatibility, PEDOT:PSS could thus be considered a potential therapeutic
and prophylactic material against SARS-CoV-2.

1. INTRODUCTION
COVID-19 is an emerging disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).1 Since the
report of the first case in December 2019, it has rapidly
become a pandemic disease with more than 530 million cases
and is responsible for over 6 million fatalities.1 SARS-CoV-2 is
an enveloped single-strand positive RNA virus, and its genome
length ranges from 26 to 32 kb. With high genetic similarity to
SARS-CoV, the SARS-CoV-2 virus utilizes its spike protein for
binding and entering the host cells through recognizing the
angiotensin-converting enzyme 2 (ACE2) protein expressed
on the host cell surface.2,3 Ultimately, the spike protein is
considered the best vaccine candidate since the neutralizing
antibodies targeting the spike protein offer prophylactic effects
against COVID-19 by blocking the receptor-binding site of
SARS-CoV-2 in the host cells. Numerous vaccines have been
designed with this principle and currently have been utilized
globally to vaccinate against SARS-CoV-2 infection.4,5 Never-
theless, due to the high mutation rate of RNA viruses as well as
the high transmission efficiency of SARS-CoV-2, it is
conceivable that the SARS-CoV-2 variants with mutations on
the Spike gene could ultimately lead to their immune escape

from the neutralizing antibodies that had been acquired after
the previous SARS-CoV-2 infection or vaccination of the spike
protein derived from the most original SARS-CoV-2
strain.4,6−10 In parallel, there are numerous viral proteins
with immunosurveillance property that could compromise the
long-term antiviral effects post-SARS-CoV-2 infection.11−16

Consequently, it is essential to consider other strategies against
SARS-CoV-2 infection besides vaccination, such as antiviral
drugs with a broad-spectrum inhibition of SARS-CoV-2
infection. For example, Paxlovid (PF-07321332 plus ritonavir)
inhibits viral replication at the proteolysis stage that is required
for viral RNA replication.17,18 In addition, several drugs against
viral RNA-dependent RNA polymerase (RdRp) had also been
investigated, such as Remdesivir and Molnupiravir, which are
nucleoside analogues that can be incorporated by the RdRp

Received: March 1, 2022
Revised: July 18, 2022

Articlepubs.acs.org/Biomac

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.biomac.2c00271
Biomacromolecules XXXX, XXX, XXX−XXX

This article is made available via the ACS COVID-19 subset for unrestricted RESEARCH re-use
and analyses in any form or by any means with acknowledgement of the original source.
These permissions are granted for the duration of the World Health Organization (WHO)
declaration of COVID-19 as a global pandemic.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jo-Ning+Hung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Di+Ngoc+Kha+Vo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ha+Phan+Thanh+Ho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming-Han+Tsai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.2c00271&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00271?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00271?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00271?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00271?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00271?fig=abs1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biomac.2c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/page/vi/chemistry_coronavirus_research
https://pubs.acs.org/page/vi/chemistry_coronavirus_research


into the growing RNA, leading to error in viral protein
translation.19−23 However, all the above drugs are proposed for
the inhibition of viral replication after SARS-CoV-2 infection
but are not designed for the prevention of viral infection and
transmission. Similar to vaccination, the mutations acquired by
SARS-CoV-2 during its evolution might also lead to the loss of
efficacy of these antiviral drugs since they specifically target
viral proteins. On the other hand, while many chemicals can
naturally offer strong efficacy in the inactivation of viruses by
denaturing the proteins or disrupting the membrane integrity,
many of these chemicals are hardly applied in medical usage
due to high cell toxicity. Nevertheless, some graphene-based or
other carbon-based materials have been implicated in many
antimicrobial functions, including the inhibition of SARS-CoV-
2 infection, and had been tested in several cell-based
experiments.24−29 Interestingly, the charge-carrying property
of these substances is considered as one of the key factors for
inhibiting the infection of SARS-CoV-2.29 However, many of
them are currently designed as sheets, coating materials, or
nanoparticles, which require specific alterations to addend high
efficacy and low cell toxicity properties.24,29,30 Moreover,
certain graphene-based 3D materials might raise concerns
causing inflammation in animals.30−32 Nevertheless, these
research works reveal the great potential of graphene-based
materials in biomedical applications. Therefore, advanced
modifications or other forms of such materials deserve to be
further inspected.

In this study, we investigated whether the highly conductive
polymer material poly(3,4-ethylenedioxythiophene):poly-
(styrene sulfonate) (PEDOT:PSS) offers the ability to inhibit
SARS-CoV-2 infection in a cell-based model. PEDOT:PSS is a
conductive macromolecular material, in which PEDOT is a
conjugated polymer carrying positive charges, whereas sulfonyl
groups of PSS offer negative charges. PEDOT:PSS has been
applied in many biomedical devices and bio-conductive
applications due to its conductivity, and most importantly its
favorable cytocompatibility.33−39 Interestingly, PEDOT:PSS
had been previously reported to have a potential function in
blocking bacterial growth, which also implies its possibility to
be applied in fighting against microorganisms.40 However, the
usage of PEDOT:PSS is mostly based on coated films,
microballs, hydrogels, or other formats, while the usage of
PEDOT:PSS in the aqueous form had not been fully
investigated.33,41−44 Here, we showed that PEDOT:PSS in
an aqueous solution exhibits extremely low cytotoxicity to the
treated cells. Meanwhile, we also demonstrated that the
addition of PEDOT:PSS, even at low concentrations, can
readily cause such an extraordinary inhibition of the SARS-
CoV-2 pseudovirus in cells that overexpress human ACE2.
Mechanically, PEDOT:PSS not only shows strong inactivation
effects on SARS-CoV-2 pseudoviruses but also allows the cells
exposed to PEDOT:PSS just for a shorter period to exhibit
resistance effects against SARS-CoV-2 pseudovirus infection.
The inhibition properties of several PEDOT:PSS solution
formulas against SARS-CoV-2 infection were also validated,
and significant inhibition effects were observed, although to
different extents, depending on different formulas. Importantly,
PEDOT:PSS treatment can also influence the transcriptomic
patterns of the cells, and these changes can be reversed after
the removal of PEDOT:PSS from the culture medium.
Ultimately, the inhibition effects of PEDOT:PSS aqueous
solution against SARS-CoV-2 pseudoviruses with different
spike protein mutations were also examined. Our work

highlights that PEDOT:PSS aqueous solution could be
considered as a potential antiviral material owing to its huge
capacity in medical usage for human body with extremely low
cytotoxicity.

2. EXPERIMENTAL SECTION
2.1. Cell Lines and Cell Culture. HEK293T cells are derived

from human embryonic kidney cells that contain the SV40 T-antigen
(ATCC: CRL-3216). HEK293T cells stably expressing human ACE2
(HEK293T/hACE2) were obtained after transduction with lentivi-
ruses carrying hACE2 and blasticidin resistance gene and were treated
with blasticidin (10 μg mL−1). All cells used in this study were
maintained in RPMI medium (Invitrogen) supplemented with 10%
fetal calf serum (FBS, HyClone) in a humidified cell culture incubator
at 37 °C.

2.2. Transfection. All transfection experiments were performed
with PEI MAX (MW: 40,000, Polysciences 24765-1) following the
manufacturer’s instructions.

2.3. Cell Viability. 3 × 103 HEK293/hACE2 cells per well were
seeded in a 96-well culture plate and incubated overnight. Cells were
treated with PEDOT:PSS aqueous solution with the indicated
dilutions in the culture medium for 24−48 h. After incubation, cell
viability was evaluated by the MTT assay.

2.4. PEDOT:PSS. PEDOT:PSS aqueous solution (with a 1:6 ratio
of PEDOT to PSS and 1.3−1.7% solid content in water, Clevios
AI4083, Heraeus Electronic Materials) was applied for all experiments
in this study except for the study given in Section 2.3 where the
PEDOT:PSS aqueous solution made with different formulas
(provided by DAILY POLYMER Corporation, Taiwan) was utilized.

2.5. Plasmids and Oligonucleotides. pLAS2 is a lentiviral
vector with the CMV promoter and was obtained from the RNAi
Core, Academia Sinica, Taiwan. We, therefore, inserted a GFP gene
after the CMV promoter of the pLAS2 lentiviral plasmid (pLAS2-
GFP). A plasmid encoding the SARS-CoV-2 Spike gene with D614G
+ N501Y mutations (D614G/N501Y) with a cytoplasmic tail deletion
of 13 amino acids (pcDNA3.1-Spike D614G/N501Y delCT13)
kindly provided by the RNAi Core, Academia Sinica, Taiwan, was
used for the generation of Spike pseudovirus for most of this study
besides Section 3.6.

The following plasmids were constructed for the generation of
Spike pseudoviruses carrying the spike protein with different
mutations. pcDNA3.1-SARS2-Spike is an expression plasmid carrying
the wild-type SARS-CoV-2 spike protein with a C9 tag at its terminus
and was a gift from Fang Li (Addgene plasmid #145032). Expression
plasmids carrying important spike protein clinical variants, namely,
pcDNA3.1-SARS2-Spike with D614G or D614G + N501Y mutations,
were generated using pcDNA3.1-SARS2-Spike (Addgene plasmid
#145032) as the backbone and modified by polymerase chain reaction
(PCR) cloning. Expression plasmid carrying the spike protein D614G
+ N501Y was applied for most of the transfection and pseudovirus
production experiments, and a few exceptions were carefully
annotated. A series of spike mutations or deletions were constructed
using pcDNA3.1-SARS2-Spike D614G/N501Y and overlapping PCR,
which include L18F/T20N/P26S, T19R, and the deletion mutations
HV 69-70. Expression plasmids carrying the spike protein derived
from Delta strain (pTwist-SARS-CoV-2 Δ18 B.1.617.2V1, Addgene
plasmid #179905) or Omicron strain (pTwist-SARS-CoV-2 Δ18
B.1.1.529, Addgene plasmid #179907) were gifts from AleJandro
Balazs.45 The sequences of the plasmids were further validated
through Sanger sequencing. The lenti-ACE2 plasmid and a
synthesized codon-optimized Spike gene constructed in pcDNA3.1
were gifts from Academia Sinica, Taiwan. All synthesized
oligonucleotides are listed in Supporting Information Table S1.

2.6. Production of Pseudovirions and Cell Transduction.
Pseudovirions were produced by the co-transfection of HEK293T
cells with pCMVR8.91, pLAS2-GFP lentiviral plasmids, and plasmids
encoding different SARS-CoV-2 Spike genes at the ratio of
6.25:6.5:1.1 using PEI transfection. For the majority of the
experiment, a plasmid encoding SARS-CoV-2 Spike gene
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(pcDNA3.1-Spike D614G/N501Y delCT13) was used for the
generation of Spike pseudovirus, whereas the other plasmids encoding
Spike genes with further mutations were applied while generating the
Spike pseudoviruses containing the spike protein with the desired
mutations. In some experiments, the pseudovirus carrying vesicular
stomatitis virus G glycoprotein (VSV-G) was achieved by using the
same protocol of generating Spike pseudovirus, but the spike-
expressing plasmid was replaced with a plasmid encoding VSV-G. The
supernatants were collected 60 h post-transfection and passed through
0.45 μm filters. To evaluate the transduction efficiency of each
pseudoviral sample, 5000 HEK293T/hACE2 cells were seeded in 96-
well plates per well and inoculated with the supernatants containing
Spike pseudovirions. The transduction efficiency of each pseudoviral
sample was evaluated 48 h post-transduction by detecting the
percentage of GFP-positive cells, which was visualized using a
fluorescence microscope (Zeiss) or quantified by flow cytometry
(FACSCalibur).

2.7. Spike Pseudovirion Purification. The SARS-CoV-2 Spike
pseudovirions from the supernatant can be further concentrated by
pelleting down the viral particles through the sucrose centrifugation
method. In brief, the virus-containing supernatant was overlaid on a
sucrose-containing buffer (50 mM Tris−HCl, pH 7.4, 100 mM NaCl,
0.5 mM ethylenediaminetetraacetic acid) at a 4:1 v/v ratio and
centrifuged at 10,000×g at 4 °C for 4 h. After centrifugation, the
supernatant was carefully removed, and the pellets containing viruses
were collected by resuspending in PBS.

2.8. Viral Binding Assay. The pseudovirus samples with or
without pre-treatment of PEDOT:PSS were incubated with 20,000
HEK293T/hACE2 cells under constant rolling at 4 °C. After 1 h of
incubation, the cells were collected by centrifugation, washed with
PBS, and dropped on glass slides. The cell-bound SARS-CoV-2 Spike
pseudovirions were first recognized by the rabbit polyclonal antibody
against the spike protein and therefore were visualized by using the
Cy-3 conjugated antibody. In some experiments, we quantified the

Figure 1. PEDOT:PSS did not inhibit cell viability but can efficiently reduce SARS-CoV-2 Spike pseudovirus infection in a dose-dependent
manner. (a) HEK293T/hACE2 cells were treated with various dilutions of PEDOT:PSS for 48 h, and the viability of the treated cells was evaluated
by the MTT assay. (b) Scheme of Spike pseudovirus carrying GFP in its viral genome. (c,d) HEK293T/hACE2 cells were treated with different
dilutions of PEDOT:PSS in the culture medium and infected with Spike pseudovirus for 48 h. The infected cells were GFP-positive that can be (c)
visualized by fluorescence microscopy or (d) quantified by flow cytometry. (e,f) In one experiment, the 10-fold concentration of Spike pseudovirus
was used for infecting HEK293T/hACE2 cells by treatment with PEDOT:PSS at 75 μg mL−1 concentration. The infectivity of these cells was
evaluated 48 h post-infection by (e) fluorescence microscopy and (f) flow cytometry. The data are shown as means ± SDs (error bars). Student’s t-
test was used, and P < 0.05 indicates a statistically significant difference; ***P < 0.001. The scale bar in the figures represents 100 μm.
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amount of the bound viral particles by using flow cytometry. Here, the
viral-bound cells were also stained with the rabbit polyclonal antibody
and stained with the secondary antibody conjugated with PE. The
stained cells were subjected to flow cytometry (FACSCalibur). The
data were further analyzed using FlowJo software.

2.9. RNA Extraction and Reverse Transcription-Quantitative
PCR of the Purified Viruses. Total RNA was extracted from cell
lines using a GENEzol TriRNA Pure Kit (Geneaid) according to the
manufacturer’s instructions. Total RNA was dissolved in 40 μL of
RNase-free water, 10 μL of which was reverse-transcribed into cDNA
using random hexamers and a RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, USA). All RNA samples without the
treatment of reverse transcriptase served as negative controls. Reverse
transcription-quantitative PCR (RT-qPCR) was performed with the
ABI StepOnePlus system according to the SYBR Green method.
Cycle threshold (CT) values were determined using fixed threshold
settings after completion of the reaction. The relative quantity of
cDNA-containing GFP sequence in each sample was shown as CT

values. Primer sequences are listed in Supporting Information Table
S1.

2.10. RNA Sequencing and Bioinformatics Analyses. Samples
including HEK293T/hACE2 cells pretreated with PEDOT:PSS at
200-fold dilution (75 μg mL−1) for 24 h, HEK293T/hACE2 cells pre-
treated under similar conditions with an additional day for recovery
after the removal of PEDOT:PSS, and HEK293T/hACE2 cells
treated with PBS only as the control were collected for RNA
extraction and subjected to RNA sequencing.

The purified RNA was used for the preparation of the sequencing
library using the TruSeq Stranded mRNA Library Prep Kit (Illumina,
San Diego, CA, USA) following the manufacturer’s recommendations.
Briefly, mRNA was purified from total RNA (1 μg) by oligo(dT)-
coupled magnetic beads and fragmented into small pieces at elevated
temperature. The first-strand cDNA was synthesized using reverse
transcriptase and random primers. After the generation of double-
strand cDNA and adenylation on 3′ ends of DNA fragments, the
adaptors were ligated and purified with an AMPure XP system

Figure 2. PEDOT:PSS inhibits Spike pseudovirus infection of HEK293T/hACE2 cells by targeting both viruses and cells. (a) Schematic design of
PEDOT:PSS pre-treatment to the viruses. Here, 75 μg mL−1 PEDOT:PSS was added to the supernatant containing Spike pseudoviruses for 10 min
at 37 °C. The PEDOT:PSS-treated viral particles can be pelleted down through a sucrose gradient centrifugation that allows the removal of
PEDOT:PSS from the supernatants. (b) HEK293T/hACE2 cells were treated with Spike pseudoviruses that had been pretreated with 75 μg mL−1

PEDOT:PSS or PBS. The percentage of infected cells showing the GFP-positive signal was evaluated by both flow cytometry and fluorescence
microscopy. (c) Schematic design of PEDOT:PSS pre-treatment to the cells. Here, 75 μg mL−1 PEDOT:PSS was added to the cell supernatant.
After incubating with PEDOT:PSS for the indicated periods, the culture supernatant containing PEDOT:PSS was entirely removed and replaced
with a fresh culture medium. (d) HEK293T/hACE2 cells were first treated with 75 μg mL−1 PEDOT:PSS for 48 h. The culture medium was then
entirely removed and replaced with a fresh medium containing Spike pseudoviruses. The percentage of infected cells showing the GFP-positive
signal was evaluated by flow cytometry and fluorescence microscopy 48 h post-infection. (e,f) Similar experiment as (d) but with different periods
of PEDOT:PSS pre-treatment. In (f), an extra group “Add at infection” represents the cells treated with PEDOT:PSS at the time of virus infection
and incubated for 48 h without replenishing the medium. The data are shown as means ± SDs (error bars). Student’s t-test was used, and P < 0.05
indicates a statistically significant difference; **P < 0.01, ***P < 0.001. The scale bar in the figures represents 100 μm.
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(Beckman Coulter, Beverly, USA). The quality of the libraries was
assessed on the Agilent Bioanalyzer 2100 system and a real-time PCR
system. The qualified libraries were then sequenced on an Illumina
NovaSeq 6000 platform with 150 bp paired-end reads generated by
Genomics, BioSci & Tech Co., New Taipei City, Taiwan.

After getting sequencing reads, the bases with low quality and
sequences from adapters in raw data were removed using the
Trimmomatic program (version 0.39).46 The filtered reads were

aligned with the reference genomes GRCh37 using Bowtie2 (version
2.3.4.1).47 The RSEM software (version 1.2.28) was applied for the
quantification of the transcript abundance.48 The transcriptional level
of each gene was further converted into FPKM (fragments per
kilobase of transcript per million mapped reads) and applied for
analyses. Here, the transcriptional heatmap comparing the indicated
transcription of the selected genes was created by using Heatmapper

Figure 3. PEDOT:PSS inhibits the Spike pseudoviruses from binding to HEK293T/hACE2 cells. (a) Schematic design of the binding assay. (b,c)
HEK293T/hACE2 cells were pretreated with 75 μg mL−1 PEDOT:PSS (or PBS) for 1 h at 37 °C, followed by two times of washing to entirely
remove PEDOT:PSS. Next, the binding assay was performed for 1 h at 4 °C with or without adding PEDOT:PSS during binding by using both
Spike pseudoviruses and the pretreated cells. Finally, the Spike pseudoviruses bound to HEK293T/hACE2 cells were visualized through (b) an
immunofluorescence staining assay by using the antibody specific to the spike protein and further labeled with the Cy3-conjugated secondary
antibody or (c) flow cytometry by using the PE-conjugated secondary antibody. MFI: mean fluorescence intensity. Negative control: cells without
staining with antibodies. (d) Schematic design of a procedure validating the virus recovery efficiency after pre-treatment and gradient
centrifugation. The Spike pseudoviruses were pretreated with 75 μg mL−1 PEDOT:PSS or PBS for 1 h at 37 °C. Next, gradient centrifugation was
performed to collect virus pellets and remove the supernatant containing PEDOT:PSS. Ultimately, only intact virus particles can pass through the
sucrose cushion and be pelleted down. (e) Virus pellets collected from (d) were hereby extracted and subjected to RT-qPCR to quantify the
amount of viral genome by using the primers specific to the GFP sequence of the pseudovirus. +RT: with reverse transcription; −RT: without
adding reverse transcriptase as the control. The scale bar in the figures represents 100 μm.
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software,49 and pathway analyses were done by using Ingenuity
Pathway Analysis (IPA) software (GIAGEN, Hilden, Germany).

2.11. Statistical Analysis and Software. The differences
between two studied groups were analyzed by Student’s t-tests
using the GraphPad Prism 5 software; p < 0.05 indicates a statistical
difference. The flow cytometry data were evaluated using FlowJo
software. The table of content (ToC) graph was created with
BioRender.com with license.

3. RESULTS
3.1. PEDOT:PSS Solution Shows Strong Inhibition

Capacity against SARS-CoV-2 Pseudovirus Infection in
Cells with Human ACE2 Overexpression without
Significant Cytotoxicity. To examine the efficacy and
potential mechanisms of PEDOT:PSS in the prevention of
SARS-CoV-2 infection, the HEK293T cells stably expressing
human ACE2 protein (HEK293T/hACE2) were generated.
The PEDOT:PSS solution examined here was acquired from
Heraeus Clevious AI 4083, in which the PEDOT:PSS ratio is
1:6. Through the MTT assay, we found that except at high
concentrations (300 μg mL−1), PEDOT:PSS solution did not
significantly inhibit the cell viability of HEK293T/ACE2 in 24
to 48 h post-treatment (Figure 1a).

Next, we wished to test whether PEDOT:PSS solution could
influence SARS-CoV-2 infection. Here, the lentiviral-based
pseudotype virus bearing the SARS-CoV-2 spike protein on its
viral envelope and carrying a CMV-promoter driven GFP gene
in its viral genome was generated (termed Spike pseudovirus)
for the evaluation of the effects of PEDOT:PSS on SARS-CoV-
2 infection (Figure 1b). Based on this design, the cells
successfully infected by this Spike pseudovirus were GFP-
positive, and the infectivity can be visualized by a fluorescence
microscope or quantified by flow cytometry. Importantly, as
evidence for successful simulation of the live SARS-CoV-2
virus, this Spike pseudovirus shows high specificity to ACE2-
positive cells, while it barely infects the cells without ACE2
overexpression (Supporting Information Figure S1). By adding
PEDOT:PSS at the indicated dilution during infection, our
data showed that PEDOT:PSS had strong ability to inhibit
SARS-CoV-2 pseudovirus infection of HEK293T/hACE2 in a
dose-dependent manner by greatly reducing the GFP-positive
cells after infection (Figure 1c,d). Surprisingly, we barely
observed any infected cells when the dilution of PEDOT:PSS
was lower than 37.5 μg mL−1, and the corresponding inhibition
rate detected by flow cytometry could reach nearly 100%.
These exceptional inhibition effects can also be achieved even
when using a higher amount of Spike pseudovirus (Figure 1e).
Taken together, these findings suggested that PEDOT:PSS in
solution form might act as a superlative candidate for inhibiting
SARS-CoV-2 infection.

3.2. PEDOT:PSS Inhibits SARS-CoV-2 Pseudovirus
Infection of Targeted Cells by Inactivating the Virus
and Endowing the Treated Cells with Antiviral
Potential. In order to investigate how PEDOT:PSS inhibited
Spike pseudovirus infection in the HEK293/hACE2 cell
culture system, infectivity tests were performed to determine
whether PEDOT:PSS in solution could directly inactivate the
Spike pseudoviruses. Viral supernatants were first treated with
PEDOT:PSS at 75 μg mL−1 for 10 min at 37 °C. Subsequently,
the viral particles were pelleted down by gradient centrifuga-
tion to entirely remove the supernatant containing PE-
DOT:PSS. The pelleted-down viruses were further resus-
pended in PBS and applied for infectivity tests. The whole

procedure is graphically depicted in Figure 2a. The results
showed that the Spike pseudoviruses pretreated with
PEDOT:PSS for 10 min at 37 °C lost 80% of infectivity
compared with the viruses pretreated with PBS only (Figure
2b). Moreover, whether the PEDOT:PSS pretreated cells
could gain higher antiviral activity against SARS-CoV-2
infection should also be considered. Here, HEK293T/
hACE2 cells were pretreated with 75 μg mL−1 PEDOT:PSS
for 48 h. Subsequently, the culture medium was entirely
removed and replaced with a fresh medium containing Spike
pseudovirus (Figure 2c). Our result revealed that cells
pretreated with PEDOT:PSS for 48 h showed more than
50% reduction in infection rate in comparison with the cells
pretreated with PBS only (Figure 2d). This result was further
investigated by comparing the Spike pseudovirus infectivity of
HEK293T/hACE2 cells pretreated with PEDOT:PSS for
different periods. Surprisingly, we observed that the
HEK293T/hACE2 cells pretreated with PEDOT:PSS for
merely 1 h can readily resist half of the Spike pseudovirus
infection (Figure 2e,f). Taken together, these results indicated
that PEDOT:PSS could efficiently block Spike pseudovirus
infection through inactivating the viral particles even with only
a short period of treatment as well as endowing the treated
cells with the ability to resist SARS-CoV-2 infection.

3.3. PEDOT:PSS Impedes the Binding of the Spike
Pseudovirus to the ACE2-Expressing Cells. We had
confirmed that Spike pseudovirus pre-treated with PE-
DOT:PSS showed strong inhibition against Spike pseudovirus
infection in ACE2-expressing cells. To further investigate this
mechanism, a viral binding assay was performed to visualize
the Spike pseudoviruses bound to the HEK293T/hACE2 cells
through immunofluorescence staining (Figure 3a). Here, the
cells were pretreated with PEDOT:PSS or PBS for 1 h and
then subjected to the binding assay. The result showed that the
pre-treatment of cells with PEDOT:PSS had minor effects on
viral binding, whereas treatment of PEDOT:PSS during viral
binding had strong effects on reducing the Spike pseudovirions
bound to HEK293T/hACE2 cells (Figure 3b,c). In addition,
to confirm that the reduction of viral infection and binding
activity were not due to the disruption of viruses, which could
lead to insufficient viral sedimentation, we performed RNA
extraction for the pelleted-down viruses, and samples were
subjected to RT-qPCR to quantify the amount of the viral
genome in each sample. The qPCR analysis showed that
PEDOT:PSS-pretreated Spike pseudoviruses still can be
efficiently pelleted down using centrifugation through a
sucrose cushion without any significant difference in the
virus titer compared to the untreated sample (Figure 3d,e).
PEDOT:PSS seems to function as the neutralizing factors that
could block the interaction between the spike protein and the
ACE2 protein, but it does not directly destroy the viral
particles since these Spike pseudoviruses are still intact and can
be pelleted down through a sucrose cushion. This result
suggested that PEDOT:PSS could block the Spike pseudovirus
from binding to ACE2-expressing cells via shading the
interaction between the spike protein and the ACE2 protein
but not due to the disruption of viral particles.

3.4. Evaluation of Anti-SARS-CoV-2 Effects of
PEDOT:PSS Solutions Composited with Different
Chemical Properties. PEDOT:PSS is a charged polymer
that can be formulated with different PEDOT-to-PSS-ratios. Its
conductivity could also be altered by using different strategies
for polymerization. To determine whether PEDOT:PSS
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solutions in different formulas could also have the potential to
resist SARS-CoV-2 infection, we here collected five other
PEDOT:PSS solutions with different PEDOT-to-PSS ratios as
well as different surface resistances measured after forming
films. The whole list is shown in Table 1.

The cytotoxicity of these PEDOT:PSS solutions was
evaluated by the MTT assay 24 h post-treatment, as shown
in Figure 4a. To evaluate their effects on the reduction of
SARS-CoV-2 infection, equal amounts of Spike pseudoviruses
were added to HEK293T/hACE2, and cells were treated with
the indicated PEDOT:PSS solution at 75 μg mL−1 in the
culture medium. The infectivity rate was evaluated by the
percentage of GFP-positive cells 48 h post-infection.
Interestingly, we found that these PEDOT:PSS solutions
with different formulas all showed potential to prevent
HEK293T/hACE2 cells from being infected by Spike
pseudovirus to different degrees (Figure 4b,c). Strikingly, we
also tested the effects of PEDOT:PSS solutions on inhibiting
the infection of the same pseudoviruses but composed of
glycoproteins derived from another enveloped virus, vesicular
stomatitis virus (VSV-G), commonly applied for lentivirus
production. However, only 40−60% of reduction in infectivity
rate could be observed (Figure 4d,e). To further evaluate their
anti-SARS-CoV-2 effects, the Spike pseudoviruses were
pretreated with different PEDOT:PSS solutions at 1 to 200
dilutions (approximately 75 μg mL−1)for 10 min at 37 °C and
were applied for similar experiments described in Figure 2a,b.
Our results showed that these PEDOT:PSS solutions all had
the ability to inactivate the Spike pseudoviruses, although to a
different extent depending on their formulas (Figure 4f,g). In
summary, our results revealed that PEDOT:PSS solution has a
strong capability for inhibiting SARS-CoV-2 infection,
regardless of the PEDOT-to-PSS-ratios as well as their
structures post-polymerization.

3.5. Transcriptomic Alteration of the Cells Treated
with PEDOT:PSS. We wished to understand how PE-
DOT:PSS solution endowed the pretreated cells with anti-
SARS-CoV-2 ability as described in Figure 2c−e. To achieve
this aim, the total RNA was extracted from HEK293T/hACE2
cells treated with PEDOT:PSS for 24 h (PEDOT:PSS-treated
group) or treated with PEDOT:PSS in the culture medium for
24 h and subsequently replenished by using the fresh medium
for further 24 h (recovered), or the cells pretreated with PBS as
the control. Samples were then subjected to RNA-sequence for
transcriptome analysis. A heatmap generated by using the
transcriptomic data collected from the above groups collected
from two independent experiments showed that the cells
pretreated with PEDOT:PSS for 24 h had a distinct
transcriptomic pattern in comparison to the untreated and
also the pretreated then removed groups (Figure 5a). This
result showed that PEDOT:PSS indeed has the ability to alter

the cells at the transcriptional level, which might be required
for the ability to inhibiting SARS-CoV-2 infection. However,
the transcriptome reversion of the PEDOT:PSS-treated cells
after the removal of PEDOT:PSS for 24 h also indicated that
the alteration of transcriptional changes caused by PE-
DOT:PSS is transient and could be reverted after the removal
of PEDOT:PSS. To elucidate the effects of PEDOT:PSS on
the treated cells, the gene ontology analysis was performed by
using IPA software. Our data showed that PEDOT:PSS could
have the potential for inhibiting or activating several pathways
(Figure 5b). Interestingly, the treatment of PEDOT:PSS has
strong effects on inhibiting the pulmonary fibrosis idiopathic
pathway that is aligned with the inhibitory effects of SARS-
CoV-2 pathogenesis. Ultimately, we compared the RNA-
sequencing data of each gene in between each group from two
independent experiments. The whole list of gene candidates
with a significant increase or decrease of RNA level post-
PEDOT:PSS treatment is shown in Supporting Information
Table S2. In conclusion, this study shows the potential of
PEDOT:PSS in alternating cellular RNA transcriptome
transiently, whereas its detailed mechanism still requires
further investigation.

3.6. Broad-Spectrum Antiviral Ability of PEDOT:PSS
against the SARS-CoV-2 Pseudoviruses Bearing the
Spike Protein with Mutations. We therefore asked whether
PEDOT:PSS with broad-spectrum activity against SARS-CoV-
2 also has effects against SARS-CoV-2 carrying different kinds
of spike protein variants. To achieve this aim, the lenti-based
pseudoviruses were packaged by using the spike protein with
key mutations that could increase the viral infectivity as
previously reported.50,51 Our results showed that PEDOT:PSS
inhibited the infection of all the tested pseudoviruses packaged
with different spike mutations (Figure 6a,b). Meanwhile,
similar experiments had also been conducted on Spike
pseudoviruses comprising the currently pandemic causing
Delta and Omicron strains (Supporting Information Figure
S2).

4. DISCUSSION
The development of drugs or substances against SARS-CoV-2
infection is important since clinical data revealed that the
severity of COVID-19 is positively associated with the detected
viral load in those patients.52,53 Importantly, a broad-spectrum
anti-SARS-CoV-2 drug is urgently required since accumulating
evidence shows that the emerging SARS-CoV-2 variants have
already obtained the ability to escape from the acquired
immune memory after vaccination or recovery from a previous
viral infection.50,51,54−56 Thus, PEDOT:PSS has high bio-
compatibility, low cytotoxicity, and excellent anti-SARS-CoV-2
ability, which could shape this material as the high potential
candidate for combating this pandemic disease.

There are several advanced materials that have implicated
the functionality against SARS-CoV-2 infection, many of which
having great applications in protective clothing materials.57

Nevertheless, it is inevitable to satisfy the criteria of
cytotoxicity if the usage in cells is considered. Graphene or
carbon-based materials have been implicated in many
antimicrobial functions.24−28 Besides the wide usage in
protective equipment, such as masks,25 graphene sheets with
long alkyl chains inhibit coronavirus replication in cell culture
by rupturing SARS-CoV-2 and destructing the virus particles.24

Through this study, graphene platforms with PGS and alkyl
amines of different chain lengths to the surface of graphene

Table 1. Information of Different PEDOT:PSS Solutions
Examined in This Study

solution originala 1 2 3 4 5

PEDOT-to-PSS
ratio

1:6 1:5 1:2.5 1:1.5 1:2.5 1:1.6

resistivity
(Ω square)

5*106 to
−5*107

107 107 107 102 102

a*The PEDOT:PSS solution from Clevios AI4083, Heraeus
Electronic Materials were used for the rest of our study.
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Figure 4. Inhibitory effects against SARS-CoV-2 infection of PEDOT:PSS aqueous solutions made with different formulas. (a) HEK293T/hACE2
cells were treated with different PEDOT:PSS solutions listed in Table 1 for 48 h, and the cell survival rate was evaluated by using the MTT assay.
(b−e) HEK293T/hACE2 cells were infected with the (b,c) Spike pseudovirus or (d,e) VSV-G pseudovirus under treatment of the indicated
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were synthesized and examined. Nevertheless, only graphene
derivatives with polyglycerol sulfate covered with specific 11
carbon atoms in aliphatic chains (G-PGS-C11) showed a
satisfying inhibition effect against SARS-CoV-2 infection by
using the concentration without the issues causing cell
toxicity.24 This could be due to the fact that the functionalized
graphene platforms with long aliphatic chains could penetrate
the plasma membrane of the treated cells, which ultimately
leads to cell death. Meanwhile, graphene oxide nanosheets can
reduce the SARS-CoV-2 infection through interacting and
interfering with SARS-CoV-2 surface proteins and cellular
receptors.28 Herein, we showed that PEDOT:PSS solution can
exert almost complete inhibition effect on Spike pseudovirus
infection while the concentration in culture medium is equal to

or higher than 400-fold dilution (37.5 μg mL−1 PE-
DOT:PSS�original concentration of this material is at average
1.5 wt % in water, corresponding to 15 mg mL−1) but without
any observation of cell cytotoxicity even at higher concen-
trations. By using 3200-fold dilution (44.7 μg mL−1),
PEDOT:PSS can still reach 50% of the inhibition rate. Instead
of using the live SARS-CoV-2 virus, Spike pseudovirus offers a
good platform specifically for monitoring viral binding and
entry to the host cells, which are essential steps for a virus to
enter the host cells before the initiation of viral replica-
tion.58−62 In consideration of its simple formula, mass
production, organic without heavy metals, cheap price,
biodegradable feature, and no further demands for the
advanced technologies to process, PEDOT:PSS solution

Figure 4. continued

PEDOT:PSS solutions at 75 μg mL−1or PBS only. The infectivity was (b,d) visualized by the fluorescence microscope and (c,e) quantified by flow
cytometry. (f,g) Spike pseudoviruses were pretreated with the indicated PEDOT:PSS solutions at 75 μg mL−1 or PBS only for 10 min at 37 °C. The
PEDOT:PSS-treated viral particles were pelleted down through a sucrose gradient centrifugation and ultimately were applied for the infection assay
using HEK293T/hACE2 cells. The infectivity of the Spike pseudovirus pretreated with different PEDOT:PSS solutions was (f) visualized by the
fluorescence microscope and (g) quantified by flow cytometry. The data are shown as means ± SDs (error bars). Student’s t-test was used, and P <
0.05 indicates a statistically significant difference; **P < 0.01, ***P < 0.001. The scale bar in the figures represents 100 μm.

Figure 5. Transcriptome Profiling by Next-Generation Sequencing (NGS) analyses of cells treated with PEDOT:PSS. Here, HEK293T/hACE2
cells were either mock-treated (PBS), treated with PEDOT:PSS at 75 μg mL−1 concentration for 24 h (PEDOT:PSS), or treated with PEDOT:PSS
at 75 μg mL−1 concentration for 24 h and replenished with fresh medium afterward for further 24 h (Recover). RNA extraction was performed and
samples were subjected to NGS for transcriptome analysis. The results collected from two independent experiments were analyzed. (a) A heatmap
shows the family association among three different groups. Here, the genes showing the translational difference between PBS and PEDOT:PSS
groups with a posterior probability of being equally expressed (PPEE) ≤ 0.05 are shown and compared to the recovered group. (b) Top-ranked
signal pathways regulated by PEDOT:PSS treatment. Here, we compared the transcriptome data collected from PBS and PEDOT:PSS groups with
duplicated sequencing data. Genes with the expressional ratio of PPEE ≤ 0.2 were selected for pathway analysis through IPA software, and the
enriched pathways with −log p-value > 1.5) were selected and shown as a bar figure.
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should be considered as a potential material which could be
applied in the anti-SARS-CoV-2 field.

Mechanistically, our data showed that PEDOT:PSS can
directly inhibit the infectivity of Spike pseudovirus toward
ACE2-expressing cells by directly inhibiting the binding ability
of the viruses to the cells. However, we noticed that these
PEDOT:PSS-treated Spike pseudoviruses can still be success-
fully pelleted down through a sucrose gradient centrifugation.
These results implied that the PEDOT:PSS-treated Spike
virions were still intact. Overall, our results suggested that
PEDOT:PSS might inhibit the interaction of Spike pseudovi-
ruses with ACE2 by neutralizing the binding sites through the
charges of these polymers or directly disrupting the virions.
Interestingly, several graphene-based materials also show
binding ability against SARS-CoV-2.24,28 We nevertheless did
not consider that PEDOT:PSS could destroy these pseudovi-
rions since the inhibition effect of PEDOT:PSS targeting VSV-
G pseudotype virus is minimal.

PEDOT:PSS is a polymer that can be formulated with
different compositions with various ratios of PEDOT and PSS
as well as different processing procedures that could endow
these polymers with numerous characteristics, such as
viscosity, solubility, and electric resistivity, depending on the
formula.28 Besides using the commercially available PE-
DOT:PSS solution (AI 4083, Heraeus Clevios) for the
whole of our study, we also tested the PEDOT:PSS solutions
made in different formulas. Herein, our results showed that all
these PEDOT:PSS solutions exclusively have strong inhibition
effects on Spike pseudovirus infection in ACE2-expressing
cells. We had also validated that these inhibition effects were
the result of PEDOT:PSS function in directly targeting the
viral particles. However, we observed that only the
PEDOT:PSS solution acquired from Heraeus Clevious has
the best solubility with no precipitation could be observed
during all experimental procedures. Therefore, we suggest that
this formula could be the best one for the future usage in cell-
based studies or in vivo tests in animal models. Meanwhile,

Figure 6. Influence of spike mutations on PEDOT:PSS-mediated downregulation of viral infectivity. Different Spike pseudovirions were produced
using a plasmid encoding different spike envelopes together with the lentiviral vector encoding GFP. After the purification of the pseudovirions,
their transduction efficiency was evaluated by exposing HEK293T/hACE2 cells to the same amount of viral supernatant with or without the
supplement of PEDOT:PSS at 75 μg mL−1. The transduction efficiency of these Spike pseudovirions was visualized by (a) fluorescence microscopy
and (b) quantified by flow cytometry 48 h post-infection. The bar figure in (b) shows the mean ± SD (error bars). Unpaired Student’s t-test was
used; ***P < 0.001. The scale bar represents 100 μm.
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whether the antiviral activity is specific to PEDOT:PSS or is a
common biologic feature of the other ionomers could also be
an interesting future topic. Nevertheless, these ionomers
should also have high biocompatibility and low cytotoxicity
while applied in human medical usage, so more future tests
should be performed. On the other hand, we also observed that
PEDOT:PSS can only moderately inhibit the infection of VSV-
G pseudotype virus (Figure 4d,e) while using the same
concentration of PEDOT:PSS that can nearly entirely inhibit
spike pseudovirus infection. Further investigation of the broad-
spectrum antiviral ability of PEDOT:PSS by testing against
more types of viruses will help us to fully understand how to
optimize PEDOT:PSS into an antiviral agent that could be
applied for most of human pathogenic viruses.

Interestingly, we did observe that the cells pretreated with
PEDOT:PSS were also endowed with a mild ability to inhibit
the infection of Spike pseudoviruses. By using transcriptomic
analyses via comparing the cells after 24 h of PEDOT:PSS
treatment and the cells subjected to similar treatment
conditions but had an additional 1 day for recovery after the
removal of PEDOT:PSS, several interesting gene candidates
had been found to be highly upregulated or downregulated
post-PEDOT:PSS treatment; this result can be repeated by
two independent experiments (Supporting Information Table
S2). These data showed that the cells receiving PEDOT:PSS
treatment within 24 h altered the signal pathways, including
the elevated natural killer cell signaling, and the down-
regulation of pulmonary fibrosis idiopathic pathways, both of
which have clear benefits in relieving the infection of SARS-
CoV-2.63−65 Meanwhile, four other pathways, including the
GP6 signal pathway, wound .healing pathway, ID1 signal
pathway, and serotonin degradation pathway, were also
downregulated. Interestingly, GP6 signal pathways and ID1
protein expression had been reported to be highly elevated
after SARS-CoV-2 infection, while their roles in the patho-
genesis of SARS-CoV-2 are still barely understood.66,67

Meanwhile, the downregulation of serotonin levels in the
serum was reported in SARS-CoV-2-infected patients.68

Indeed, the downregulation of wound healing pathways
could reduce the tissue repairing post-viral infection, while
some reports indicated that the aberrant wound healing may
lead to more severe scarring and fibrosis than other forms of
acute respiratory distress syndrome (ARDS).69 It is very
surprising that PEDOT:PSS treatment allows 293T/hACE2 to
be endowed with multiple pathway alteration that could
benefit the symptoms post-SARS-CoV-2 infection, whereas
more detailed mechanisms of PEDOT:PSS on other types of
cells should also be carefully investigated before the possible
usage in vivo. We also validated that most of these gene
alterations could be reversed after the removal of PEDOT:PSS
for merely 24 h (Figure 5a, Supporting Information Table S2).
Indeed, the expression level of some genes had not been
entirely reverted back to the original gene expression level after
the removal of PEDOT:PSS for 24 h, whereas their expression
levels are clearly reverted to the direction similar to the cells
without the treatment of PEDOT:PSS, and it might require a
longer time to reach similar levels as the untreated cells.
Regardless, our results clearly showed that PEDOT:PSS
solution could alter the cellular responses through the
alternation of RNA transcriptome transiently, which offers
many benefits to relieve the symptoms that accompanied after
SARS-CoV-2 infection. Moreover, whether this alternation

benefits other human diseases or not deserves further
investigation on more types of cells and also in vivo.

Ultimately, the fast-accumulating mutations of SARS-CoV-2
observed in the current COVID-19 pandemic is a critical issue
since many spike protein mutations have led to the escape of
the new viral variants from the protection initiated by the
vaccines. Therefore, by using Spike pseudoviruses incorporated
with the spike protein containing different key mutations, we
here could demonstrate that PEDOT:PSS offered broad-
spectrum and excellent inhibitory effects against Spike
pseudovirus infection, including the currently pandemic
causing Delta and Omicron strains that had been reported
with strong ability to escape the neutralizing ability derived
from the currently available vaccines.70−72

5. CONCLUSION
SARS-CoV-2 is a virus that could rapidly evolve and gain
mutations causing major challenges for the current drug and
vaccine development. PEDOT:PSS is an excellent biomaterial
that has advantages of low cell toxicity, biodegradable feature,
and low cost. Here, we have additionally demonstrated a new
usage of PEDOT:PSS solution in inhibiting SARS-CoV-2
infection through blocking viral binding to the host cells. We
found that PEDOT:PSS solution could block more than 90%
infection of the Spike pseudovirus to the host cells with broad-
spectrum activity. Our results suggest a new therapeutic
strategy to prevent SARS-CoV-2 infection by reducing its
attachment and entry to the cells that can ultimately impede
the spreading of this emerging virus as well as other pathogens
that might also be targeted by PEDOT:PSS.
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