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ABSTRACT: Transmission of viruses through contact with contaminated surfaces is an important pathway for the spread of
infections. Antiviral surface coatings are useful to minimize such risks. Current state-of-the-art approaches toward antiviral surface
coatings either involve metal-based materials or complex synthetic polymers. These approaches, however, even if successful, will have
to face great challenges when it comes to large-scale applications and their environmental sustainability. Here, an antiviral surface
coating was prepared by spin-coating lignin, a natural biomass residue of the paper production industry. We show effective
inactivation of herpes simplex virus type 2 (>99% after 30 min) on a surface coating that is low-cost and environmentally sustainable.
The antiviral mechanism of the lignin surface was investigated and is attributed to reactive oxygen species generated upon oxidation
of lignin phenols. This mechanism does not consume the surface coating (as opposed to the release of a specific antiviral agent) and
does not require regeneration. The coating is stable in ambient conditions, as demonstrated in a 6 month aging study that did not
reveal any decrease in antiviral activity. This research suggests that natural compounds may be used for the development of
affordable and sustainable antiviral coatings.

KEYWORDS: lignocellulosic biomass, antiviral surface, sustainable material, herpes simplex virus type 2, reactive oxygen species

B INTRODUCTION

The COVID-19 outbreak illustrates the importance of
technologies and measures against viral transmission in the
environment.'~* Typical modes of viral transmission are
airborne, waterborne, and fomite-mediated transmission.
Airborne transmission involves infectious aerosols and droplet
nuclei of viral particles, which is the most important infection
pathway for respiratory viruses such as influenza virus and
severe acute respiratory syndrome coronavirus (SARS-CoV,
SARS-CoV-2).” Waterborne transmission is caused by the
consumption of virus-contaminated water.” Fomite-mediated
transmission, or contact transmission, mainly involves contact
with virus-contaminated surfaces and has been considered to
be an important route for viral transmission.” " Many viruses,
including, for example, norovirus and hepatitis virus, can

persist on surfaces for up to 30—60 days and can lead to large
outbreaks.!”!! Revised:  September 30, 2022

Published: October 13, 2022

especially useful in inhibiting airborne and waterborne viral
transmission, they are quite limited in disinfecting contami-
nated surfaces, which may potentially cause fomite-mediated
transmission. The biggest limitation is that surfaces, unlike air
or water, cannot be continuously disinfected, and frequent
disinfection of surfaces is labor-intensive and is not realistic in
most cases. Disinfection of contaminated surfaces can be
avoided using materials or surface coatings that inactivate
viruses.

To date, a number of antiviral surfaces have been developed
to address the challenge of preventing fomite-mediated viral
transmission. Typical materials for antiviral surfaces are
quaternary ammonium compounds (QACs), metals and
metal oxides (Cu, Ag, and TiO,), and organic photosensitizers
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Traditional measures against the aforementioned viral
transmission routes include air/water filtration, decontamina-
tion by chemical disinfectants, heat inactivation, and ultraviolet
light (UV) irradiation.'>"? Although those measures are
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such as porphyrins.'*™"" However, each of these material
classes has limitations. QACs are highly effective against
enveloped viruses but are not effective against nonenveloped
viruses ' and typically would require regeneration when the
compounds run out. Metals are effective against both
enveloped and nonenveloped viruses, but they often involve
the use of nanoparticles or salts to achieve optimal antiviral
properties, thanks to the release of metal ions (typically Cu*,
Cu®*, and Ag"). These ions can be toxic and eventually will end
up being released into the environment. Photosensitizers do
not have toxicity concerns and are also highly effective but
require complex synthesis and purification. The selection of
materials should consider that antiviral surface coatings will
potentially be used on a large scale; hence, sustainability and
biocompatibility are two fundamental requisites. Ideal
materials for antiviral surfaces should meet the following
requirements: (1) high efficiency in viral inactivation, (2)
environmental sustainability, (3) limited toxicity, and (4) low
cost and scalability. Herein, we report the development and
investigation of antiviral coatings purely made of lignin, a
highly available Oplant-derived polymer, which satisfies these
four conditions.””~** While a number of solution-based studies
have demonstrated the ability of various lignin derivatives to
inhibit viral entry in cells,”> " the use of lignin as an antiviral
surface coating has not yet been explored.

Lignin is one of the main components of biomass, discarded
in large amounts as a byproduct of the paper industry.”””" The
complex aromatic structure of lignin provides this polymer
with valuable properties such as antioxidant, UV-barrier, and
antimicrobial activity;n“?’2 hence, significant attention has been
given to a wide-scale use of lignin-derived products in various
applications.””*"* In this study, five types of water-insoluble
lignins were applied as a surface coating material that maintains
efficient stability when incubated or washed with water. Two of
the tested lignin types showed strong antiviral activity against
Herpes Simplex Virus type 2 (HSV-2). The antiviral
mechanism was attributed to the local generation of reactive
oxygen species (ROS) upon exposure of the coatings to light.
ROS include, for example, hydrogen peroxide (H,0,),
superoxide anions (O,”), and hydroxyl radicals (HO-) that
can be generated from molecular oxygen.’* These reactive
oxygen species can cause oxidative disruption of viruses by
reacting with the amino acids present in their capsid and/or
envelope.'* ROS-mediated inactivation is considered to be an
optimal mechanism for antiviral surfaces because it involves the
release of nontoxic species that can be generated over a long
time, removing the requirement for regeneration.14 Lignin
phenols can oxidize into quinones through a radical process,*
inducing the reduction of molecular oxygen into ROS.*
Thanks to their high efficiency in viral inactivation and their
natural origin, the coatings described in this work represent a
new development toward the achievement of affordable and
environmentally sustainable antiviral and antimicrobial surfa-
ces.

B EXPERIMENTAL SECTION

Materials. All chemicals were used as received unless specified
otherwise. Soda lignin (Protobind 1000) was purchased from Tanovis
AG, Switzerland. Kraft lignin (UPM’s BioPiva 100) was purchased
from UPM Biochemicals, Finland. Organosolv lignin, terephthalic
aldehyde-protected lignin (TALD lignin), and acid-catalyzed
phenolated TALD lignin (TALD-APH lignin) were prepared in the
Laboratory of Sustainable and Catalytic Processing of EPFL, as

14002

reported below. The lignins were dried in a vacuum oven at 45 °C for
24 h before being used. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphos-
pholane (TMDP), cyclohexanol, deuterated chloroform, deuterated
dimethylformamide, and anhydrous pyridine were provided by Sigma-
Aldrich. Chromium(III) acetylacetonate and 1,4-dioxane were
purchased from Acros Organics. Quantitative Peroxide Assay Kit
was purchased from Thermo Fisher Scientific, Life Technologies.
Phosphate buffered saline (PBS) tablets pH = 7.4 were purchased
from AppliChem GmbH, Germany. Deionized water was obtained
from a Millipore Direct-Q S ultrapure water system. Dulbecco’s
modified Eagle’s Medium (DMEM) with GlutaMAX and Fetal bovine
serum (FBS) were purchased from Life Technologies. 1% penicillin/
streptomycin (P/S) was purchased from Thermo Fisher. Methyl
cellulose and crystal violet were purchased from Sigma-Aldrich. Vero
cells (African green monkey fibroblastoid kidney cells) and Madin-
Darby canine kidney (MDCK) cells were purchased from ATCC.
Vero E6 cells (Vero C1008, ATCC CRL-1586) were kindly provided
by Prof. G. Kobinger (University of Texas). HSV-2 (herpes simplex
virus type 2) was provided by M. Pistello (University of Pisa, Italy).
Influenza virus A/Netherlands/602/2009 (H1N1)*>” was a kind gift
from Prof. M. Schmolke (University of Geneva, Switzerland). SARS-
CoV-2 (severe acute respiratory syndrome coronavirus) B.1.1.7
variant (hCoV-19/Switzerland/un-2012212272, EPI ISL 2131446)
was a generous gift from Prof. I. Eckerle (University Hospital of
Geneva, Switzerland).

Methods. Lignin Extraction and Modification. Lignin extraction
and acid phenolation were performed following the procedures
previously published by Bertella et al.>® In brief, for the organosolv
lignin extraction, birch wood chips (Betula pendula) were stirred in an
80:20 ethanol/H,O solution. HCl was added, and the solution was
refluxed under vigorous stirring for S h. The solid residue was filtered,
washed with ethanol, and dried under reduced pressure. The lignin
was then dissolved in acetone, precipitated in deionized water,
filtered, and dried. For further purification, the lignin was dissolved in
dioxane and precipitated in diethyl ether. The precipitate was then
filtered and dried overnight in a vacuum oven at 45 °C.

For the extraction TALD lignin, birch wood chips and terephthalic
aldehyde were stirred in dioxane. Hydrochloric acid was added to the
mixture, which was then heated at 85 °C for 3 h under vigorous
stirring. The reaction mixture was then filtered. The filtrate was
evaporated in a rotary evaporator, redissolved in fresh dioxane,
precipitated in diethyl ether, and stirred for 1 h to dissolve most of the
carbohydrates and unreacted terephthalic aldehyde. The mixture was
then filtered and purified overnight with a Soxhlet extractor using
diethyl ether as a solvent to remove all impurities. The washed solid
was then dried overnight in a vacuum oven at 45 °C to obtain TALD
lignin.

To prepare TALD-APH lignin, TALD lignin was stirred in molten
phenol in the presence of concentrated H,SO,, for 30 min at 110 °C.
The reaction was then cooled to room temperature, and DMSO was
added to dilute the reaction. The resulting solution was added
dropwise to deionized water previously adjusted to pH 1 with H,SO,.
After the precipitation, the phenolated lignin was filtered and washed
with water until the filtrate’s pH was measured as neutral with pH
indicator strips. The collected lignin was then dried overnight in a
vacuum oven at 45 °C.

Lignin Characterization. To perform *'P nuclear magnetic
resonance spectroscopy (*'P NMR), the lignin hydroxyl groups
were phosphorylated with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxa-
phospholane (TMDP). Briefly, 20 mg of the sample was weighted and
stirred overnight at room temperature in 400 uL of a 0.8: 0.8: 1 v/v
mixture of deuterated CHCIl;, deuterated DMF, and anhydrous
pyridine. Using the same solvent mixture, a solution containing 4 mg
of chromium(III) acetylacetonate as a relaxation agent and 0.082
mmol of cyclohexanol as an internal standard was prepared and added
to the lignin solution. Then, 100 uL of TMDP was added, and the
mixture was transferred into an NMR tube previously fluxed with
Argon and sealed with a septum. The phosphorylation reaction is
completed within a few minutes, and the products are stable under an

https://doi.org/10.1021/acssuschemeng.2c04284
ACS Sustainable Chem. Eng. 2022, 10, 14001—-14010


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

inert atmosphere. NMR spectra were recorded the same day on a
Bruker AVANCE III 400 MHz spectrometer.

Gel permeation chromatography (GPC) analysis was performed on
a SECcurity> GPC system (PSS Polymer Standards Service GmbH,
Germany) equipped with a SECcurity” refractive index detector, a
GRAM precolumn of 50 mm length, and three GRAM columns of
300 mm length. All columns have a diameter of 8 mm and a particle
size of 20 ym. Sample analysis was performed in dimethylacetamide
(DMAC) + 0.1 wt % LiBr at 70 °C at a flow rate of 1.0 mL/min, using
poly(methyl methacrylate) (PMMA) standards.

Lignin Coating Preparation. To prepare the lignin coatings, 50
mg/mL lignin solutions in 1,4-dioxane were prepared by stirring at
room temperature for 4 h. After that, the solutions were spin-coated
on silicon wafers (2 cm X 2 cm size, S mm thickness). Before spin-
coating, substrates were cleaned via sonication for 10 min in
methanol, deionized water, and acetone and placed in a Femto
Oxygen Plasma system (200 W, Diener Electronic) under S mL/min
oxygen flow for 15 min. Then, 120 uL of the solution was deposited
on the wafer, completely covering its surface, and then spin-coating
was performed at 2000 rpm for 80 s using a Convac ST 146 spin
coater. The samples were annealed at 120 °C for 30 min and dried
under vacuum overnight at room temperature. The coatings were
then incubated in water for 24 h to remove the possible unstable parts
and finally dried again at room temperature before characterization.

Lignin Coating Characterization. For scanning electron micros-
copy (SEM) analysis, lignin coatings on silicon wafers were coated
with a 7 nm protective layer of gold using a Q150T Plus, Quorum
Technologies instrument. Images were captured using a Zeiss
GeminiSEM 300 at 3.00 kV.

Atomic force microscopy (AFM) images were recorded using an
Asylum Research Cypher VRS instrument (Oxford Instruments,
United Kingdom). Measurements were done in tapping mode using a
trihedral aluminum coated silicon cantilever (HQ/NSC14/Al BS,
MikroMasch, Hungary) with S N/m spring constant and ~160 kHz
resonance frequency. The roughness average (R,) was calculated
using Gwyddion software.

Water contact angle measurements were performed using a
DataPhysics OCA 35 contact angle measurement instrument in
ambient conditions. A 15 yL Milli-Q water droplet was used for each
measurement. The contact angle was determined using software SCA
20 from DataPhysics. The reported values are given as the average
value of at least 3 measurements + standard deviation.

Antiviral Activity Test by Plaque Assay. Herpes Simplex Virus
Type 2 (HSV-2). The antiviral activity of the lignin surfaces against the
Herpes Simplex Virus type 2 (HSV-2) strain was titrated by plaque
assay on Vero cells (African green monkey fibroblastoid kidney cells).
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM-
GlutaMAX, Gibco/BRL, Gaithersburg, MD) supplemented with 10%
heat-deactivated fetal bovine serum (FBS, Gibco/BRL, Gaithersburg,
MD) and 1% penicillin/streptomycin (P/S, Gibco/BRL, Gaithers-
burg, MD). The cell line was grown in 5% CO, humidified
atmosphere at 37 °C. Vero cells were plated in 96-well plates for
24 h before performing the antiviral test, considering a density of 1.45
x 10* cells/well. After checking for full cell confluency on the day of
the experiment, the cell medium was changed to DMEM/2%FBS/1%
P/S just before running the plaque assay.

The antiviral activity of the surfaces was tested following wet-to-dry
and wet-to-wet protocols. The two protocols differ in the way in
which the virus sample is collected from the surface at the end of the
inoculation time. All data presented in each plot correspond to one
single experiment to avoid variations of environmental conditions.
Each experiment was repeated multiple times. Surfaces were placed
inside airtight Petri dishes, and 80 yL of virus inoculum (~10° pfu/
mL) was carefully spread all over the surface to be tested. For the wet-
to-dry test, the virus inoculum was allowed to dry for 30 min without
closing the Petri dish. The residual virus on the surface was collected
with a sterile swab prewetted with 30 yL DMEM-GlutaMAX/2%
FBS/1%P/S. The swab was inserted into a vial containing 970 uL
DMEM-GlutaMAX/2%FBS/1%P/S and vortexed for 1 min. For time
course experiments, multiple time points were added (45, 60, and 75

min) for the sample collection. For the wet-to-wet test, after spreading
the virus inoculum, the airtight Petri dish was closed to prevent
evaporation. After 30 min, the Petri dish was opened, and the surface
was thoroughly rinsed with 1000 yL DMEM-GlutaMAX/2%FBS/1%
P/S to recover the virus. For time course experiments, multiple time
points were added (60, 90, and 120 min) for the sample collection.

For both protocols, Vero cells were infected with the collected
sample by transferring it to the first row of the 96-well plate and
performing serial 10X dilutions. The cell infection was allowed to
proceed for 1 h at 37 °C, and then the cell medium was discarded.
The cells were overlaid with medium containing 1.2% methyl
cellulose and incubated overnight at 37 °C. On the day after, cells
were fixed and stained with 0.1% of crystal violet in 20% ethanol.
Plaques were counted in each well to determine the recovered
infective virus from each surface.

Influenza Virus. The antiviral activity of the lignin surfaces against
Influenza virus was titrated by plaque assay on MDCK cells. Cells
were cultured in DMEM-GlutaMAX medium supplemented with 10%
FBS and 1% P/S. MDCK cells were plated in 6-well plates for 24 h
before performing the antiviral test, considering a density of 8.5 X 10°
cells/well. After checking for full cell confluency on the day of the
experiment, the cells were washed with PBS +/+ (with MgCl, and
CaCl,), and the medium was changed to DMEM/1%P/S just before
running the plaque assay. The wet-to-dry protocol was followed to
evaluate the surface antiviral activity. 10-fold serial dilutions of the
recovered viral inoculum were prepared in DMEM-GlutaMAX/1%P/
S to infect the cells at 37 °C with 5% CO, for 1 h. Then, the cell
medium was discarded, and the cells were overlaid. The overlay
solution was prepared from a 2X MEM stock supplemented with 4
mM L-glutamine, 0.24% NaHCOj;, 0.02 M HEPES, 0.2 mg/mL P/S,
and 0.42% BSA. The 2X MEM stock solution was diluted 1:1 and
supplemented with 0.6% agar, 1 ug/mL TPCK trypsin, 0.1 pg/mL
DEAE dextran, and 1 mg/mL NaHCOj;. After 48 h of incubation at
37 °C, the cells were fixed with 4% paraformaldehyde solution and
stained with 0.5% crystal violet. Plaques were counted in each well to
determine the recovered infective virus from each surface.

SARS-CoV-2. The antiviral activity of the lignin surfaces against
SARS-CoV-2 was tested by performing a plaque assay on the virus
collected according to the wet-to-try protocol described above. The
experiment was performed under biosafety level 3 (BSL-3) environ-
ment. Vero E6 cells were plated in 24-well plates 24 h before the
plaque assay (10° cells/well) to reach confluency. 3-fold serial
dilutions of the recovered viral inoculum were prepared in DMEM-
GlutaMAX/2.5%FBS/1%P/S to infect the cells at 37 °C with 5%
CO,. Then, following the removal of viral inoculum, cells were
overlaid with DMEM-GlutaMAX/2.5%FBS/1%P/S containing 0.4%
Avicel GP351S and incubated at 37 °C with 5% CO, for 48 h. The
overlay medium was then removed, and cells were fixed with 4% PFA
and stained with 0.1% crystal violet in 20% ethanol. Plaques were
counted in each well to determine the recovered infective virus from
each surface. Each surface was analyzed in duplicate.

H,O, Quantification via Ferrous Oxidation—Xylenol Orange
(FOX) Assay. Lignin coatings prepared on fused silica substrates (0.8
cm X 0.8 cm size, S mm thickness) were placed at the bottom of 4 mL
plastic cuvettes (1 cm X 1 cm base size), and 0.4 mL PBS (pH = 7.4)
was added to each of them. One cuvette was irradiated from the top
for 1, 2, 3, and 4 h with visible light at an intensity of S0 mW/cm?
(Schott KL 1600 LED lamp), while a second one was kept in the dark
as control. After each time point, S0 yL was transferred in an
Eppendorf, and the H,0, concentration was quantified using the
Quantitative Peroxide Assay Kit by following the procedure provided
by the supplier. Then, S uL of reagent A (25 mM ammonium
ferrous(1I) sulfate, 2.5 M H,SO,) and S00 yL of reagent B (100 mM
sorbitol, 125 uM xylenol orange in water) were added to each
Eppendorf and left for 1 h in the dark. The mixture was transferred to
a cuvette, and the absorbance was recorded between 500 and 700 nm
using a PerkinElmer Lambda 365 UV-—visible spectrophotometer.
Clean fused silica substrates were also tested as controls. The
experiment was performed in triplicate, and the results were reported

https://doi.org/10.1021/acssuschemeng.2c04284
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Figure 1. (A) Schematic representation of a structural unit of the various lignins used in this study. Representative (B) optical micrographs, (C)
SEM images, and (D) AFM images of coatings made of (I) TALD-APH, (II) Soda, (III) Kraft, (IV) Organosolv, and (V) TALD. (E) Plot of the
hydroxyl group concentration per gram of lignin quantified by *'P NMR spectroscopy. (F) Plot of the average roughness (R,) of the lignin coatings
measured by AFM. (G) Plot of water contact angle of the lignin coatings. Statistical analysis was performed with a one-way analysis variance
(ANOVA) with a Tukey comparison post hoc test (***: p < 0.001).

as mean =+ standard deviation. A calibration curve was prepared by

testing a series of solutions containing 0—-30 xM H,0,.

B RESULTS AND DISCUSSION

Lignin Coating Preparation and Characterization.
Lignin can be obtained from biomass via several different
extraction processes, the Sulfite, Soda, Kraft, Organosolv, and
the aldehyde-assisted fractionation (AAF) process.””~ "' Each
process generates lignin with different molecular weights,
chemical compositions, and types of impurities.””*"** While
the Sulfite process generates lignosulfonates,*’ which are
water-soluble salts, the lignins obtained with the other methods
are insoluble in water at neutral pH*' and can thus be used as

surface coating materials. Consequently, Soda, Kraft, and
Organosolv lignin were investigated together with two
chemically modified lignins that were obtained via the AAF
process, viz. terephthalic aldehyde-protected lignin (TALD)
and phenolated terephthalic aldehyde lignin (TALD-APH).
These last two lignins are known to present very low and very
high phenol content, respectively.38 A representative structural
unit of these five lignins is shown in Figure 1A, while a more
complete scheme of the structure is provided in Scheme S1. All
lignins were analyzed by GPC to determine their molecular
weight (Table S1), and by *'P NMR spectroscopy to
determine the hydroxyl group content (see spectra in Figure
S1 and calculated concentration of —OH groups of different
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Figure 2. (A) Illustration of the wet-to-dry and wet-to-wet protocols used to assess surface virucidal activity. Created with Biorender
(biorender.com). (B) Antiviral activities of lignin surfaces tested according to the wet-to-dry protocol. (C) Antiviral activities of lignin surfaces
tested according to the wet-to-wet protocol. (D, E) Time course of virucidal activity: HSV-2 was exposed to Soda lignin coatings for different time
periods and then serially diluted on Vero cells; (D) antiviral activities tested according to the wet-to-dry protocol; and (E) antiviral activities tested
according to the wet-to-wet procedure. Clean silicon wafers were also tested in the same conditions as control. ¢ = below detection limit of 125
PFU/mL. “Untreated virus” stands for the original viral stock used for the test.

natures in Table S2). As a result of the different processes that
were used for their isolation, gel permeation chromatography
(GPC) analyses revealed large differences in molecular weight
and dispersity across the different lignins (M, = 900—2300 g/
mol, M,, = 1500—12,000 g/mol, and D = 1.5—6.7, Table S1).
Figure 1E presents the hydroxyl group content of the different
lignins, as determined by *'P NMR spectroscopy. TALD-APH
and Soda lignin present the highest concentration of phenols
among the five lignins that we find plays a central role in ROS
generation on the lignin surface, as will be explained below.
Coatings from these different lignins were prepared by spin-
coating 50 mg/mL dioxane solutions on clean and plasma-
treated silicon wafers. Optical micrographs of the surfaces are
shown in Figure 1B, and higher magnification images are
presented in Figure S2. Scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images (Figures 1C,D,
respectively) show that spin coating generates uniform
coatings with a thickness of ~200 nm (see Figure S3 for
thickness determination, and Figure S4 for SEM images at
higher magnification). In Figure 1F, the average roughness
(R,) of the coatings is compared, indicating that TALD-APH
and Soda lignin present significantly larger roughnesses
compared to the other three lignin types. To study the effect
of the polymer concentration used during spin coating on the
structure and properties of the lignin coatings, Kraft lignin
films were also prepared from solutions with polymer
concentrations of 100 and 200 mg/mL. This afforded films
with thicknesses of 0.6 and 1.6 um, as compared to 0.18 ym
when coatings were prepared using a 50 mg/mL solution.

AFM analysis did not reveal any significant effects of the
polymer concentration on the structure and surface roughness
of the films (see Figure SS). Figures 1G and S6 present the
results of the water contact angle analyses that were performed
on all S lignin coatings. All of the coatings showed similar
values with no statistically significant difference. The results
presented in Figure 1 were obtained on spin-cast films that
were incubated in water for a period of 24 h prior to analysis
and thus also illustrate the stability of these coatings.
Antiviral Activity. As a virus to assess the antiviral activity
of the coatings, we chose HSV-2. The antiviral activity of the
lignin coating against HSV-2 was evaluated using two different
protocols (that we call wet-to-dry and wet-to-wet) adapted
from the literature (Figure 2A)."~* These two protocols
emulate two reallife situations. The wet-to-dry protocol
emulates the most common real-life scenario in which the
viral inoculum evaporates on the tested surface, whereas the
wet-to-wet protocol does not allow for evaporation of the viral
inoculum. To assess the antiviral activity of lignin coatings, the
infectivity of HSV-2 was measured by the plaque assay after
recovering the viral inoculum either after 75 min (wet-to-dry)
or 120 min (wet-to-wet). The incubation times were chosen
according to the previously published protocols.”>** Results
are shown in Figure 2B (wet-to-dry) and Figure 2C (wet-to-
wet). TALD-APH and Soda lignin showed a decrease in viral
titer below the limit of detection (>99% inactivation); all other
types of lignin basically showed an activity comparable to the
silicon wafer control. Analysis of Kraft lignin films of different
film thicknesses, which were obtained by spin-coating solutions
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Figure 3. (A) Proposed ROS generation process: upon irradiation with visible light, lignin undergoes oxidation, which generates ROS as
intermediates. (B) Wet-to-dry virucidal tests for soda lignin surfaces in the presence of L-ascorbic acid (AA). (C) Wet-to-dry virucidal tests for Soda
lignin surfaces performed in the light, in the dark, and under N,. Clean silicon wafers were also tested in the same conditions as control. ¢ = below
detection limit of 125 PFU/mL. “Untreated virus” stands for the original viral stock used for the test. (D, E) Time-dependent H,0O, generation
from the lignin coatings detected by the FOX assay: (D) coatings irradiated with visible light with intensity S0 mW/cm?, (E) coatings kept in the
dark. The data are reported as the average of at least three measures, and the error bars represent the standard deviation. (F) Concentration of the
H,0, generated from the different lignin coatings after 4 h of irradiation or in the dark, calculated using the calibration curve reported in Figure
SSC (y-axes on the left), correlated with the lignin phenol concentration (y-axes on the right).

with different polymer concentrations, did not reveal any
influence of film thickness on the antiviral activity (Figure S7).
To understand how incubation time affects antiviral activity,
we performed antiviral time course studies on Soda lignin
substrates according to both wet-to-dry and wet-to-wet
protocols. The viral inoculum was recovered at four time
points (¢ = 30, 45, 60, 75 min for wet-to-dry and t = 30, 60, 90,
120 min for wet-to-wet) from the start of viral incubation (t =
0). Results are shown in Figure 2D (wet-to-dry) and Figure 2E
(wet-to-wet). The wet-to-dry time course showed a major drop
of the viral titer during the drying process (i.e., the period
between the time point at which the viral inoculum dried on
the surface and the time point at which the sample was
collected) as the virus was already fully inactivated at ¢ = 30
min (i.e., the viral inoculum was just dried). The wet-to-wet
time course showed that under wet conditions, the total virus
inactivation takes longer (between 30 and 60 min) than under
the wet-to-dry scenario. This observation may be attributed to
the lower stability of viruses upon drying.*’

ROS Generation from the Lignin Coatings. Oxidation
of lignin phenols into quinones via radical intermediates can
induce the reduction of molecular oxygen and the formation of
ROS that in turn could contribute to the observed antiviral
activity of the surface coatings (a scheme of the proposed
mechanism is reported in Figure 3A).*****' To verify the
possible involvement of ROS in the inactivation process, the
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wet-to-dry antiviral test was performed in the presence of
ascorbic acid (AA), a reducing agent known to scavenge free
radicals and ROS in physiological conditions.””*® AA at two
different concentrations (1 and 0.1 mg/mL) was dissolved into
HSV-2 viral stock prior to inoculation, and 75 min wet-to-dry
incubation was done on Soda lignin coatings and Si wafers (as
control). The outcome of the test, reported in Figure 3B,
indicates that the antiviral activity of the Soda lignin coatings is
reduced in the presence of AA. This result is consistent with
our hypothesis that ROS are involved in the antiviral
mechanism.

To further corroborate the presumed mechanism, the wet-
to-dry antiviral activity test was performed either in the dark or
in the absence of O,, two conditions known to decrease the
generation of ROS from the coeitings.36’49 The results in Figure
3C present a drastic reduction in the antiviral activity of the
coatings under these two conditions, which illustrates the role
of ROS.

As a model ROS compound, H,0, generated from the lignin
coatings was quantified by the ferrous oxidation—xylenol
orange (FOX) assay. In Figure S8, we illustrate the FOX assay
mechanism and show a calibration curve obtained measuring
H,0, solutions at different concentrations. To measure the
H,O, generated by the coatings in conditions analogous to the
antiviral tests, coated substrates were immersed in PBS at pH =
7.4 and irradiated with visible light. As control, the test was

https://doi.org/10.1021/acssuschemeng.2c04284
ACS Sustainable Chem. Eng. 2022, 10, 14001—-14010


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04284/suppl_file/sc2c04284_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04284/suppl_file/sc2c04284_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04284?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04284?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04284?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04284/suppl_file/sc2c04284_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04284/suppl_file/sc2c04284_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04284?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

j —
A E 106_ B —El 1061
2 32
£10°; £10°;
2] (2]}
e ]
£ 104 £ 10%4
[} ()
£ 10%4 £ 10%
L QL
£ 10?4 £ 102
B 2
o 10" 5 10™4
3 RN 8 &
e 10°- " e 10°-
J
Jéﬁﬁ 5 dgb 636 S@& o ,¢ﬂ&§ €§§§> C§g$
RN NN Q & \ N
Q&G = QQ‘ (\((\"s (\(’(\9 (e,bke )
o P o o

Figure 4. (A) Wet-to-dry virucidal tests for soda lignin surfaces freshly prepared and stored for 6 months in ambient conditions in the dark or
under the sunlight. (B) Wet-to-dry virucidal tests for Soda lignin surfaces and silver-coated surfaces. Clean silicon wafers were also tested in the
same conditions as control. ¢ = below detection limit of 125 PFU/mL. “Untreated virus” stands for the original viral stock used for the test.

also performed in the dark, and uncoated substrates were
tested as well. The absorbance spectra obtained during the test
are reported in Figure S9, and the outcome of the tests is
summarized in Figure 3D (test performed under light
irradiation) and Figure 3E (test performed in the dark).
From the values of maximum absorbance (560 nm), using the
calibration curve, the corresponding H,O, concentrations were
calculated and plotted in Figure 3F. After 4 h of light
irradiation, Soda and TALD-APH lignin surfaces produced 2—
6 times more H,0, compared to the other three species of
lignin. This observation is consistent with the stronger antiviral
activity observed for these two coating types. We should also
point out that in the dark, a low concentration of H,O, was
detected at each time point, in agreement with the poor
antiviral activity measured during the wet-to-dry test
performed in the absence of light.

Regarding the calculated H,O, concentration (2—64 uM,
depending on the lignin type), it is important to underline that
these values are relative to the experimental setup used to
perform the FOX assay on the surface, which means in
different conditions compared with the ones virus is
experiencing during the antiviral test. In any event, in realistic
conditions, a mixture of many ROS species is generated at the
solid—liquid interface, where high local concentrations of these
species exist. Hence, the FOX assay gives only an indication of
the proposed mechanism.

It is interesting to compare the results in Figure 3F with
those presented in Figures 2B,C, and 1E. While Figure 1E does
not show a large difference in the total hydroxyl group content
between TALD-APH, Soda, and Kraft lignin, Figure 2B,C
reveals large differences in antiviral activity between TALD-
APH and Soda lignin on the one hand, and Kraft lignin on the
other hand. The differences between these two sets of results
reflect the fact that the hydroxyl group contents that are
presented in Figure 1E were determined in solution, while the
antiviral activities and H,0, generation that are shown in
Figures 2 and 3 were determined on solid polymer coatings.

The virucidal activity of the lignin coatings was further
studied toward two additional viruses: Influenza A and SARS-
CoV-2. The results of these experiments are shown in Figure
S10 and indicate that the lignin coatings do not show a
significant antiviral activity against these two viruses. As SARS-
CoV-2 is relatively insensitive toward H,0,,°°™>" these results
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support the role of ROS in the antiviral activity of the lignin
coatings toward HSV-2.

Lignin Coating Aging and Comparison with Bench-
mark. The durability of the Soda lignin coatings was tested
over a period of 6 months. During this time, the coated
surfaces were stored in ambient conditions in the dark or in the
laboratory close to a window so as to be exposed to sunlight.
As shown in Figure 4A, the coatings that were stored in both
conditions maintained their antiviral activity and showed
complete inactivation of HSV-2, as observed for the freshly
prepared samples. In a final experiment, the performance of the
Soda lignin-based coating was compared against a silver-coated
surface, which is a well-known antiviral material,'**> as a
benchmark. Considering the test detection limit of 125 PFU/
mL, from the results reported in Figure 4B, the antiviral
activity of Soda lignin and silver was comparable.

B CONCLUSIONS

This study has investigated the use of lignin, a plant-derived
polymer, for application as an antiviral coating. From the five
different types of lignin that were tested (TALD-APH, Soda,
Kraft, Organosolv, and TALD), TALD-APH and Soda lignin
showed strong antiviral activity against herpes simplex virus
type 2 (HSV-2). The antiviral activity of these two lignins was
attributed to the local generation of reactive oxygen species
that results from the oxidation of phenolic hydroxyl groups in
lignin. The Soda lignin coatings had antiviral activities toward
HSV-2 that are comparable with those of silver, a well-known
antiviral material, and retained their antiviral activity for at least
6 months of storage in ambient conditions. This study shows
that lignin is a promising material for the development of
efficient and sustainable antimicrobial coatings.
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