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1. Introdution

Polypropylene fabric coated with branched
polyethyleneimine derivatives for high antiviral
activityf

Lori Leblond,® Abdessadk Anagri, @2 Jacques Fiset,® Marie-Yolande Borget,”
Philippe Bébin,® Nancy Dumais® and Pascal Y. Vuillaume 0O

Due to the COVID-19 pandemic context, the demand for new materials with antiviral and antibacterial
properties has been increasing in recent years following an awareness to help prevent future outbreaks.
However, current material approaches based on metal ions, metal particles, chlorine-based disinfectants,
and polymer nanocomposites cause environmental and health risks. Herein, we report a one-step low-
cost process of a highly effective antiviral surface coating of polyethylenimine (PEl) and alkylated PEI
derivatives (N-hexyl-PEl and N-hexylN-methyl-PEl) on a filtration felt made of polypropylene fibers.
Results based on a comparison of the antiviral efficiency of PElI and alkylated PEl derivatives by
exposure to feline calicivirus (FCV) are presented. Chemical composition and features of the surface
morphology of coatings were characterized by H-NMR spectroscopy, Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and
energy-dispersive spectrometry (EDS). The antiviral activity of PEl and PEI alkylated derivatives coated on
PP felt at three different concentrations was evaluated. The results showed a stronger effective
inactivation of FCV for the PEl-coated felt with a reduced viral titer from >99.9% for the non-coated
felt to >99.9999% for the PEl-coated felt, after 4 hours, which represents a 6log;, (CFU mL™)
Moreover, the cytotoxicity of N-hexylN-methyl-PEI which contains more
quaternary ammonium functions did not inhibit the viability of Crandell-Rees feline kidney (CRFK) cell

reduction of viruses.

culture.

proliferation. The demand for high-performance materials
with the capability of annihilating bacteria and viruses has

SARS-CoV-2 has infected over 772 million people globally,
causing almost 7 million deaths as of November 2023." It
primarily spreads through infectious aerosol when people
come in contact within two meters of each other. While
enclosed spaces increase the risk of transmission. The virus
can also be transmitted indirectly through contact with
contaminated surfaces. To reduce the spread of SARS-CoV-2
measures such as physical distancing, wearing protective
masks, and sanitizing surfaces are recommended by WHO
and governments.

However, personal protective equipment such as masks do
not completely mitigate the risk of contagion because they do
not inactivate the viral particles and do not prevent their
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significantly increased since the beginning of the COVID-19
pandemic. Hydroalcoholic gels, metal ions, and nanoparticles
(constitute of eg, silver and copper), polymer
nanocomposites made of graphene or carbon nanotubes,
disinfectants of chlorine derivatives such as hypochlorite,
chlorine dioxide, triclosan, chlorhexidine, tributyltin and
finally ozone are common biocides reported in the
literature.>** Although their biocidal properties are quite
effective, these compounds have major disadvantages due to
their short duration of action caused by rapid leaching. This
leach-out is a hazard to the environment because they are
mostly toxic.*” In addition, over the long term, the
misapplication of these disinfectants can lead to the
development of bacterial resistance.*’

Ultraviolet (UV) radiation is also a widely used water and
surface disinfection technology to inactivate microorganisms.
Following the exposure and absorption of UV radiation, the
nucleotides composing DNA and RNA are damaged and the
process of cell reproduction is blocked.'' Nevertheless, this
disinfection method carries a risk of cell regrowth of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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microorganisms by photoreactivation. After treatment by UV,
cells can repair if the dose of irradiation is not powerful
enough.'?

Quaternary ammonium salts are known effective in
rupturing Gram-negative and Gram-positive bacteria cell
membranes. They can thus confer antibacterial properties
to polymers when they are incorporated therein.® Amine
functional groups on a polymer's backbone can also be
chemically modified into quaternary ammonium. Those
polymers are referred to as polyquaternary ammonium
and widely as polycations. Laschewsky et al. synthesized
many charged polymers including polycations and
reported that those having quaternary ammonium
functions present a well-known bactericidal activity."*
Some polycations are functionalized macromolecules with
permanent positively charged groups attached to the
chains while others are not fully charged because they
are partially dissociated in solution and strongly depend
on the pH."”

Antimicrobial and antibacterial properties of polycations,
such as quaternary ammonium compounds (QACs), have
been widely demonstrated.’®™® Numerous studies report on
the biocidal activity of QACs coated on polymers-based
fabrics, in particular polypropylene (PP) surfaces. Kumaran
et al. demonstrated that QAC-based antimicrobial coatings
could be easily applied to various mask fabrics, rapidly
inactivating multiple viruses and bacteria.>® Sorci et al.
applied ultrathin QAC coatings to N95 respirator masks
using UV grafting, maintaining filtration efficiency and
providing broad-spectrum antiviral activity.”! Furthermore,
Hirao et al. developed a method for three-dimensionally
surface-grafting poly(N-benzyl-4-vinylpyridinium bromide)
onto PP, achieving durable antiviral coatings resistant to
abrasion by optimizing UV-induced polymerization.>”> The
antibacterial action mechanism of QACs is mainly
explained by the electrostatic and hydrophobic interactions
existing between the positively charged polymer (N') and
the negatively charged cell membrane of bacteria when they
are close to each other.*®>* The polycation captures the
surrounding bacteria through electrostatic attraction and
adsorbs onto the bacteria cell wall's surface.>* The
hydrophobic alkyl chains of the polymer penetrate the
phospholipid membrane and rupture it.'*?*?° Cellular
permeability is disrupted and cytolytic damage causes
intracellular fluid and its cytoplasmic constituents such as
potassium ions, DNA, and RNA to leak out.>?’ It results
in the immediate death of the organism and the bacterial
cell reproduction is thereby inhibited.>>'® During the
adsorption of QACs to the bacteria's surface, an additional
inactivation process is discussed in literature.'®>* A cation
exchange within the cytoplasmic membrane can also occur
and destabilize the intracellular matrix. Divalent calcium
and magnesium cations, essential for neutralizing
membrane components, become free to diffuse out through
the cell wall by ion exchange."® The exchange of these
structural cations causes a loss of membrane integrity and
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inactivates the bacteria. The antibacterial activity of QACs
depends therefore on the surface N' charge density.’
However, a high amount of positive charges present on the
polycation weakens its hydrophobic character responsible
for the membrane rupture.® Thus, a balance between N*
charge density and hydrophobicity is imperative. The
annihilating efficacy is strongly linked to the length of the
hydrophobic alkyl chains.’® It has been demonstrated using
the zeta potential that the QACs with long carbon chains
have superior biocidal properties compared to those with
shorter chains.""® The optimal chain length of alkyl based
on literature ranges from six to eight carbons. This length
represents a compromise between N' charge density and
hydrophobicity both useful for the pathogen inactivation
mechanism.> Hexyl and octyl chains are more efficient to
disrupt the cytoplasmic membrane compared to methyl
chain groups.

The annihilation mechanism of QACs prevents bacterial
resistance and does not involve oxidative reactions and the
formation of disinfection by-products in the water.>*®
Furthermore, the use and the development of these polymers
are interesting due to their non-volatility, chemical stability,
difficulty in penetrating the skin and their long-term biocidal
activity."®> Alkoxysilanes, exchange resins, ionenes, soluble
and insoluble pyridinium-type polymers are only a few
examples of cationic materials frequently used to eliminate
pathogens."®

Several articles mentioned that the annihilating
mechanisms of QACs applied to enveloped viruses such as
coronaviruses due to the favorable electrostatic and
hydrophobic interactions between the QACs' functional
groups and the amino acid residues of reverse transcriptase
involved in the viral cycle.”*' The virions can be damaged
by the alkyl chains and the interior of the nucleocapsid is
released causing the inactivation of the viruses.'*?*?"> The
virucidal action of alkylated PEI derivatives has been
demonstrated on the influenza A, the most infectious type in
humans, hence the hypothesis of their potential efficiency in
inactivating SARS-CoVv-2.>

Due to their mentioned benefits, PEI and its derivatives
have been therefore targeted for a potential antiviral
activity against COVID-19. In this study, alkylated PEI
derivatives were synthesized and applied with the aim of
developing a virucidal coating on a filtration felt made of
polypropylene fibers employed in the manufacture of
protective masks and building air filtration systems.®>®*?
The effect of alkylation degree and the atomic
concentration of positively charged nitrogen (N) on the
antiviral activity of PEI coatings were investigated.
Moreover, the non-coated felt for comparison and the
coated felts were tested against feline calicivirus (FCV) as
the foundation of SARS-CoV-2 according to the
International Standard ISO 18184:2019," which may have
significant value in the development of virucidal coatings
against other viruses and the prevention of possible
epidemics in the future.

RSC Appl. Interfaces, 2024, 1, 908-919 | 909
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2. Experimental section
Chemical materials

Polypropylene fabrics with mean thickness of 1.5 mm was
supplied by Alkegen (Quebec, Canada). Branched
polyethylenimine (PEI) of molecular weight of 750 kDa (50%
w/w aqueous solution), 1-bromohexane (=98.0%), tert-amyl
alcohol (TAA) (=99.0%), potassium carbonate (=98%),
iodomethane (=99.0%) and 2-propanol (>=99.5%), were all
purchased from Sigma-Aldrich and used without further
purification. Spectrapor® dialysis membranes (VWR) with a
nominal cut-off of 3500 Da were used for dialysis. Water used
for dialysis was purified by a Millipore Milli-Q water
purification system (resistance 18.2 MQ).

Cells, virus and reagents

Crandell-Rees feline kidney (CRFK) cell (cat kidney cell
origin, ATCC CCL-94) and feline calicivirus (FCV) (ATCC VR-
782) were purchased from ATCC. Eagle's minimum essential
medium (EMEM) with Earle's salts, with r-glutamine was
bought from Wisent Bio Products. Horse serum, 100 pg mL™
penicillin G, and 100 pg mL™" streptomycin were also
purchased from Wisent Bio Products.

Cells culture

CRFK cells were grown in growth medium made up from
EMEM supplemented with 10% heat-inactivated horse serum
(HS), 1% penicillin G/streptomycin and maintained in a 5%
CO, incubator at 37 °C up to 90% confluent monolayer.
Then, the cells were washed with phosphate buffered saline

View Article Online
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(PBS), transferred to 96 wells microplate, and left to growth
for an additional three days until reaching a confluent
monolayer of in each well. Three columns in the microplate
were assigned to each sample.

Synthesis of N-hexyl-PEI and N-hexyl,N-methyl-PEI

PEI modifications were accomplished according to the
protocol described by Haldar et al>* Polymer's molecular
weight constitutes an important factor affecting its biocidal
properties.*> We used the 750 kDa branched PEI in this study
due to its superior antibacterial capacity over low molecular
weight PEL**?® The aqueous PEI-750 kDa solution was first
dried at 110 °C in an oven under reduced pressure. Water is
immiscible with reagents used as alkylating agents and must
be removed to facilitate the alkylation reaction.*® The PEI's
water content was around 3 wt% after drying at 80 °C under
vacuum for 2 days (see Fig. 1b). "H-NMR (400 MHz, DMSO-
de): 0 = 3.8-2.7 to 2.7-2.3 [broad, -CH,- (a-€)]; 1.87 [s, 1H,
NH]; 1.16 [s, 2H, NH,] (see Fig. 1a).

N-Hexyl-PEI (PEI-H) (step 1 (see Fig. 1b)

4 mmol of dried PEI were dissolved in 25 mL of TAA in a
three-neck round bottom flask equipped with a magnetic
stirrer and a condenser. After homogenization of the polymer
in alcohol at 60 °C, 56 mmol of potassium carbonate and 79
mmol of 1-bromohexane were added to the flask. To proceed
with the hexylation reaction, the mixture was stirred and
heated at 110 °C for 72 h. Dialyses were then performed
several times on the recovered product in deionized water to
remove excess potassium carbonate and 1-bromohexane. The

a) B ]
. NH
5
C NH, N/\/
i H
N N N
H;;_N/\\/ \/b\N/\/ \/\N/\/ \//\NH‘>
a H e 2
N
H,N N \/\NH2
_ —n
b) ...............................................
Branched 1) TAA
PEI-750 kDa 2) CHy(CH,)sBr
K,CO, CHyl
110°C, 72h 60 °C, 24h, N,

Fig. 1
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(a) Chemical structure of branched PEI (750 kDa); (b) schematic route to alkylated PEls synthesis.
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content of the dialysis membrane was then dried overnight
and characterized. "H-NMR (400 MHz, CDCl3): 6 = 4.6 [t, 2H,
-N"-CH,-CH,-N"]; 4.2-2.7 [t, 2H, N-CH,-(CH,),-CH;], [s,
3H, -N'-CH;]; 2.0-1.6 [t, 6H, N-CH,~CH,~(CH,);-CH;]; 1.6-
1.1 [broad, N-CH,-(CH,),~CH;]; 0.95-0.8 [t, 3H, N-CH,-
(CH,),~CH;].

N-Hexyl,N-methyl-PEI (PEI-HM) (step 2 (see Fig. 1b)

The polymer (PEI-H) recovered from the previous step (3.75
g) was dissolved in 25 mL of TAA at 60 °C using another
round bottom flask equipped with a magnetic stirrer and a
condenser. The flask was closed with a septum, put under
inert atmosphere by introducing nitrogen, and 88 mmol of
iodomethane were added to it. The mixture was then stirred
and heated at 60 °C for 24 h to promote methylation. The
polymer's purification was carried out using several dialysis
performed in deionized water. The content of the dialysis
membrane was dried overnight and characterized. "H-NMR
(400 MHz, CDCl,): 6 = 4.5-3.9 [t, 2H, -N'-CH,-CH,-N"]; 3.9~
2.7 [t, 2H, N-CH,~(CH,),~CH3], [s, 3H, -N'-CH;]; 2.0-1.6 [t,
6H, N-CH,-CH,—(CH,);-CHj3]; 1.6-1.2 [broad, N-CH,—(CH,),4~
CH,J; 0.95-0.8 [t, 3H, N-CH,~(CH,),~CHj].

Characterization of polymers

"H NMR spectroscopy was achieved using an Agilent Varian
500 MHz spectrometer. The PEI spectrum was recorded in
dimethyl sulfoxide-ds solvent and the alkylated PEI
derivatives spectra were obtained in deuterated chloroform
both at ambient temperature. The chemical composition of
polycations was characterized by a Perkin Elmer System
(Spectrum 100) equipped with an attenuated total reflectance
unit. Fourier transform infrared (FTIR) spectra were recorded
in the 400-3600 cm™ domain with a resolution of 2 cm™.
The acquisition of 16 scans was performed for each
compound. In order to investigate the surface chemical
composition of the polymers, X-ray photoelectron
spectroscopy (XPS) analyses were performed using a Kratos
Axis Ultra DLD instrument. X-ray monosource (Al Ko = 1486.6
eV) at 225 W was used to record survey and high-resolution
spectra with charge neutralization. The spectra were recorded
at a pass energy of 80 eV for survey spectra and 20 eV for
high-resolution acquisition of core level spectra. The C-C and
C-H contributions to the C 1s high-resolution for a polymer
was adjusted to 285 eV to correct the charging effect since it
is the most intense peak of the C1s orbital (except for the PEI
which was corrected to 285.56 eV according to the high-
resolution XPS of organic polymers database).’” The analysis
was performed on a 700 um x 300 um sampling oval area at
a takeoff angle of 90°. The data was analyzed using the
CasaXPS software. Background subtraction was performed
according to Shirley or the linear models when necessary.

Preparation of virucidal polymeric coatings

PEI and the modified quaternary PEI derivatives were each
dissolved in a solution of water and 2-propanol (40/60% v/v).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Image of PP fiber filtration felt and (b) assembly for the
deposition of PEI and alkylated PEI derivatives at a concentration of 1 x
10™* pmol N per cm?.

These solutions were respectively diluted at five
concentrations (1; 1 x 1075 1 x 107 1 x 10> and 1 x 10"
umol N per cm?). A commercial filtration felt made of
polypropylene (PP) fibers (Fig. 2a) was used as the coating
support. Small fabric samples were cut (4 cm x 4 cm) and
coated by the solutions previously prepared. After applying
the polymer solutions to the PP felt, it was air-dried at room
temperature for a minimum of 4 hours (Fig. 2b). Solutions
were fairly dispersed on the felt and the amounts deposited
were kept constant with respect to the surface area of the felt.
The morphology of filtration felts treated with alkylated PEI
derivatives was observed by a Hitachi model SU1510 scanning
electron microscope (SEM) associated with a Bruker
(Quantax) energy dispersive X-ray spectrometer (EDS).

Tissue culture infectious dose 50 (TCID5)

CRFK cells were distributed in a 96-well microplate and
incubated at 37 °C until reaching a confluent monolayer of
in each well. A suspension of feline calicivirus was diluted
serially 10-fold, and an aliquot of each dilution was added to
the plate (wells without virus served as a control). The plates
were incubated at 37 °C for 48 h and observed for 7 days, at
which time the number of positive and negative wells was
recorded. TCIDso/mL refers to the number of virus particles
per milliliter capable of producing cytopathic effects in 50%
of inoculated cells. The results were calculated according to
the Reed & Muench method.*®

Determination of antiviral activity

For textile antiviral activity determination, the protocol used
was from international standard ISO 18184 (Second edition
2019(E)).>* 2 x 2 cm pieces of felt fabric for each sample were
put in 50 mL falcon tube, then 0.2 mL of ten folds diluted
virus with a TCIDs, at 107 were deposited on the samples for
either 30 minutes or 2 hours. Subsequently, the volume of
the liquid in each tube was completed using 5 mL of
preservation medium (EMEM supplemented with 2% heat-
inactivated HS, 1% penicillin G/streptomycin). Several vortex
sequences were performed to wash out the virus from the
specimen. The eluate of each sample was transferred to the

RSC Appl. Interfaces, 2024, 1, 908-919 | 911
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cell surface of the corresponding wells, with a serial dilution
from 1 to 10”. The microplate was then incubated at 37 °C,
in 5% CO, and humid atmosphere for at least 5 days. The
cytopathic effect of the virus in each sample eluate was
observed for each well of the microplate using phase contrast
microscope.

To determine antiviral activity of the polymers, the
protocol used was the synthetic protocol from the following
four documents: Health Canada, Guidance document - Safety
and Efficacy Requirements for Hard Surface Disinfectant
Drugs (January 2014);>® American Society for Test Materials
(ASTM) E1053-11, Standard test Method to Assess Virucidal
Activity of Chemicals Intended for Disinfection of Inanimate,
Nonporous Environmental Surface;*® U.S. Environmental
Protection Agency, Office of Chemical Safety and Pollution
Prevention, OCSPP 810.2200, Disinfectants for Use on Hard
Surfaces-Efficacy Data Recommendations (March 2012)*° and
the International Standard ISO 18184 (Second edition
2019(E)).** In summary, for each sample, a volume of 0.5 mL
of polymer was placed in a 100 mm x 15 mm glass petri dish,
then dried at room temperature, under a hood, overnight
before being subjected to testing. A volume of 0.2 mL of the
feline calicivirus (ATCC #VR-782), with a TCID;, equal to 107,
was then spread over the dried specimen. Different contact
times were observed; or 30 minutes and 2 hours. Assays were
carried out in triplicate. The host cells used were also CRFK
cells (ATCC #CCL-94).

Calculation of antiviral activity value

Antiviral activity value (M,) was obtained using the following
formula from International Standard ISO 18184.*

M, = log(Va/V.) = log(Va) — log(Ve)

where M, is the antiviral activity value; log(V,) is the common
logarithm average of 3 infectivity titre value immediate after
inoculation of the control specimen; log(V,) is the common
logarithm average of 3 infectivity titre value after 2 hours
contacting with the antiviral fabric specimen.

MTT assay for cell viability and proliferation

The MTT assay (thiazolyl blue tetrazolium bromide, M21288,
Sigma-Aldrich, Millipore Canada Ltd) is a measure of the
metabolic activity of the cells analyzed.*® The more metabolic
activity in the sample, the higher is the signal. In fact, the
MTT assay protocol is based on the conversion of water
soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) compound to an insoluble
formazan product. Thereby, only viable cells with active
metabolism can convert MTT into formazan. Dead cells lose
this ability and therefore show no signal. Thus, the measured
absorbance at OD 570 nm is proportional to the number of
viable cells.

Cells are cultured in 100 pL of storage medium in a flat-
bottomed 96 well plate (tissue culture grade) at a

912 | RSC Appl. Interfaces, 2024, 1, 908-919
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concentration of 500000 cells per mL and maintained in a
5% CO, incubator at 37 °C up to 90% confluent monolayer.
The culture medium was then removed and replaced with
either the tissue eluate or the polymers and incubated for 4
hours. The appearance of the cells in the different wells was
observed using a phase contrast microscope for a qualitative
evaluation of the samples’ cytotoxicity. Then the MTT reagent
was then added (10 pL per well) and the plate was incubated
for four hours in the dark at 37 °C, to allow intracellular
reduction of the soluble yellow MTT to the insoluble purple
formazan dye. Detergent reagent was added to each well to
solubilize the formazan dye prior to measuring the
absorbance of each sample in a microplate.

Statistical analysis

All results were calculated as the mean + SEM of independent
experiments. Data were analyzed using GraphPad Prism9.1.1
(225) by one-way ANOVA with Dunnett's correction for
multiple comparisons. Differences were considered
significant at the following P values: *<0.05, **<0.01,
*¥*%<0.001, and ****<0.0001.

3. Results and discussion

3.1 Chemical composition of polymers

"H-NMR spectra of PEI and alkylated PEIs are depicted in
Fig. 3. The spectrum of branched PEI contains several
overlapping peaks between 2-3 ppm corresponding to the
methylene protons adjacent to the terminal amine group,
which represent a typical "H-NMR characteristic resonance of
branched PEL*' After the first modification, resulting from
the hexylation step, three significant new broad peaks can be
observed at the chemical shift of 0.85, 1.27 and 1.65 ppm.

—— PEI-HM

Chemical shift (ppm)

Fig. 3 IH-NMR spectra of the prepared PEl and alkylated PEI
derivatives.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra of PEl and alkylated PEI derivatives.

The new peaks are, respectively, assigned to the methyl
protons of the aliphatic chain (-CHj3), and two methylene
protons of aliphatic chain (N'-CH,-(CH,),-CHj;), and (N'-
CH,-(CH,),~CHj;), thus endorsing the hexylation of the
branched PEL** Besides the broadness of the new peaks, no
significant difference can be observed between the modified
PEI-H and PEI-HM. The above results suggest that a
quaternized PEI was successfully synthesized.

FTIR spectroscopy analysis was performed on PEI, PEI-H
and PEI-HM (Fig. 4) samples to investigate the degree of
alkylation reactions on the PEI's amine functions. The degree
of PEI alkylation is mainly evaluated qualitatively by a
decrease in the number of vibration bands related to N-H
and by an increase in the vibration bands of elongation and
deformation of the C-H bonds. FTIR spectrum of PEI without
modification exhibits typical characteristic absorption with
the presence of primary and secondary amine bands between
3250 to 3400 cm ' due to N-H stretching vibration. Primary
amine spectra dispose of two bands (symmetrical and
asymmetrical stretches); secondary amine have one, while
tertiary amine groups do not absorb in this region of the IR
spectrum since they don't contain any N-H bonds.**** The
shoulder peak at 3177 cm™ corresponds to the band
associated with the synergistic effect between the vibration of
the N-H bonds and the O-H vibration of the residual water
contained in PEL*’ The peak at 1591 cm™ refers to the N-H
bending vibration of the amine groups found in the polymer
structure. The high intensity absorption peak at 1458 cm™"
belongs to C-H bending vibration and the shoulder peak
characteristic of C-N bond stretching vibration is observed
between 1000 and 1350 cm '. Table S1t summarizes the
absorption peaks associated with their corresponding
functional group for all polymers.

The IR spectrum of PEI-H shows a reduction in the
intensity of the N-H bands vibration in the region of 3250 to
3400 cm™". The presence of a single band indicates that the
primary amines have been alkylated into secondary amines.
Moreover, the peaks at 2955, 2858 and 1379 cm ™" correspond

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the stretching and bending vibrations of the C-H bonds of
the aliphatic alkane chains grafted onto the nitrogen. The
absorption peak at 720 cm™' is associated to the shearing
vibrations of the hexyl C-H bonds. Based on these results
one can confirm that the amine functions of PEI-H have been
significantly alkylated after the first modification step.

PEI-HM, spectrum presents similar contour as PEI-H with
slight variations in intensities (Fig. 4). The absorption peak
at 720 ecm ' (C-H) and 1460 cm ' (N-H + CH, scissors)
slightly intense compared to PEI-H, which could be explained
by a higher grafting amount of alkyl chains on the amine
groups of PEI-HM and then by a higher degree of alkylation.

The elemental composition and the alkylation reactions
degree of PEI and modified PEIs were evaluated by XPS.
Fig. 5a depicts the survey spectrum of PEI, PEI-H, and PEI-
HM with the presence of C and N as the main elements in
addition to O, I, and Br. Fig. 5b shows of N 1s/C 1s ratio of
unmodified PEI, PEI-H, and PEI-HM after the first and
second modifications, respectively. The (N/C) ratio from the
survey is 0.40 while the theoretical ratio is 0.46. The
difference between the theoretical and experimental values
was mainly due to organic surface contamination by silicon,
chloride, and oxygen. The significant decrease in N/C
observed after PEI modification can be attributed to the
alkylation on the PEI, in agreement with NMR and FTIR
results indicating a significant enhancement of the carbon
structure in the polymer coating. Furthermore, the second
modification step led to higher alkylation degree of the
polymer.

For a detailed analysis of PEI, the high-resolution spectra
N 1s (Fig. 5c-e), and C 1s (ESIT data, Fig. S1) were fitted. The
N 1s spectrum was decomposed into 2 components for the
unmodified PEI attributed to -NH, at 399.2 eV and C-N- at
400.3 eV which are typical characteristics of standard PEL*®
After the PEI modification, the PEI-H is composed of an
additional third component attributed to the quaternary
ammonium peak -N' at 402.0 eV, demonstrating a highly
positively charged polymer. Furthermore, the second step
modification led to a higher concentration amount of
—N+-47

The relative proportion of N 1s peak of -NH, component
significantly decreases after PEI first step modification
giving rise to quaternary ammonium -N* which indicates a
high degree of alkylation of the polymer coating. The
second step modification results even in a higher alkylation
amount with over 80% of N 1s peak attributed to -N'.
Table 1 summarizes the N 1s peak components binding
energy and relative proportions.

3.2 Surface morphology and EDS elemental composition of
the polymeric coatings

The morphology of untreated and treated felts was
investigated using SEM coupled with EDS analysis. Fig. 6a
represents the image of the native uncoated filtration felt
displaying a very smooth surface of PP fibers. Fig. 6b shows
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spectra of PEI, PEI-H and PEI-HM, respectively.

the felt after being treated with a solution of PEI at a
concentration of 1.0 umol N per cm”. Below this polymer
concentration, the coating was relatively imperceptible. PEI
is fairly dispersed on the felt's surface and between the
fibers without agglomeration. At 1.0 umol N per cm?, the
polymeric coating is visible and appears to be paler on
the fibers. Fig. 5c¢ shows the coating at 1000x
magnification.

EDS mapping of PEI and PEI derivatives was performed,
and the concentration (at%) of the main elements C, N, O,
Br, and I are summarized in Table 2. The elemental
composition of PEI is C (78.0%), N (17.0%) and O (4.6%).
The presence of oxygen is due to the residual water in the
polymer after drying. As mentioned above, the amount was
estimated to be around 3% by measuring the mass after
drying. The hexylated PEI contains C (87.5%) and N (6.8%).
The increase in carbon and the decrease in nitrogen are
explained by the addition of carbon chains to the structure.
PEI-H also contains Br (6.0%) which corresponds
approximately to the percentage value of nitrogen detected.
According to FTIR and XPS experiments, the presence of
quaternary ammonium implies that the amount of bromide
anion should be equivalent to the amount of quaternary
ammonium nitrogen. The equivalence therefore likely means
that all the amine functions have been quaternized after the

Table 1 N 1s fitting results of PEIl and alkylated PEI derivatives

.
Polymer _NH, N-C N
coating Concentration (%)

PEI 96.9 3.1 —
PEI-H 24.1 11.6 64.3
PEI-HM 14.8 2.4 82.8
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(a) XPS survey of PEI and alkylated PEI derivatives, (b) N 1s/C 1s atomic ratio for PEl, PEI-H and PEI-HM, (c)-(e) the high-resolution XPS N 1s

first alkylation step. The absence of bromine confirms that
dialyzes have been well carried out and that there is no
residual 1-bromohexane reagent. PEI-HM contains C (82.2%),
N (7.4%), O (2.8%), Br (0.2%) and I (7.5%). Based on these
results, the amount of iodine which is supposed to be the
counter anion of the -N" group is equivalent to the nitrogen
atomic percentage. EDS mapping images are reported in the
ESIt (Fig. S2).

3.3 Antiviral activity and biocompatibility of coated PP
fabrics

PEI and alkylated PEI derivatives coated felts were tested
against FCV to study the virucidal efficiency. According to the
International Standard ISO 18184:2019, the antiviral activity
value (M,), which represents the log reduction (V,/V.), is
considered to be a good antiviral activity when M, > 3.** It
corresponds to an inactivation rate of >99.9% when
comparing tests between the biocide and the virus control.
The efficiency of FCV viral inactivation of PP felt coated
with PEI, PEI-H and PEI-HM at a concentration of 1 x 10™*
umol N per cm?, after 4 hours of exposure, is presented at
Fig. 7a. The results show that the uncoated PP fabric has a
reduction of 3log in the viral titer and when PP felt is coated
with PEI and alkylated-PEI coatings, the antiviral activity
values considerably increased. In contrast with other works,
PEI-HM (M, > 4) does not have the higher antiviral efficiency
among the different coatings of polymers.*® The decrease in
the number of viruses for PEI-HM coating is rather good but
it is still less efficient that PEI and hexylated PEI activity
value of M, = 6 (99.9999%). From the above results, one can
note that an additional modification of PEI after the initial
alkylation does not necessary contribute to higher antiviral

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of (a) uncoated PP felt, (b) PP felt coated with PEl at 1.0 pmol N per cm? (x250) and (c) PP felt coated with PEl at 1.0 pmol N

per cm? (x1000).

activity of the coating, emphasizing that a higher N* charge
density is not necessarily correlated to a higher antiviral
activity. The logarithmic reduction value also does not
change as a function of the concentration in pmol N per cm?®
for each polymer (ESIf data, Table S3). Furthermore, it is
possible that the high antiviral activity of PEI on PP felt was
related to amino functions that protonate on PEI structure.
In the antiviral activity assay, PEI/PP is in contact with the
preservation medium (EMEM supplemented with 2% heat-
inactivated HS, 1% penicillin G/streptomycin). This cell
culture medium has a physiological pH of 7.0 to 7.4.*°
Primary amine functions have a relatively high pKj,, so that at
physiological pH, amino groups tend to bind a proton and
become positively charged (NH;").

Our approach stands out by studying the effect of
different concentrations of polymers on antiviral

Table 2 Elemental composition obtained from semi-quantitative EDS
analysis for PEI, PEI-H and PEI-HM

Elemental composition (at%)

Polymers C N o Br I

PEI 78.0 17.0 4.6 — —
PEI-H 85.7 6.8 1.6 6.0 —
PEI-HM 82.2 7.4 2.8 0.2 7.5

© 2024 The Author(s). Published by the Royal Society of Chemistry

activity,”®*® while most articles report antiviral efficiency

of N-alkylated-PEI derivatives as a function of the length
of alkyl chains grafted onto the PEI or compare antiviral
properties of PEI to other polymers at a single
concentration. The difference between the strong virucidal
effect of PEI against FCV and the less efficient results
published in literature may be explained by the type of
virus used in the experiment but also by the
concentration of PEI coating on the filtration felt. Calais
et al. did a similar experiment and coated a PP mask
fabric with a 0.25% (w/v) branched PEI-750 kDa solution
and obtained a less significant reduced viral titer of
>99.99% against MHV-3 virus.”® The virucidal activity of
PEI can be modulated by the concentration deposited on
the filtration felt. Therefore, the filtration felt presents a
higher antiviral efficiency at lower concentrations of PEL>?

MTT assay was used to investigate the in vitro cytotoxicity
of PP filtration felt coated with PEI-HM which is most likely
to be cytotoxic due to its higher amount of quaternary
ammonium functions compared to PEI and PEI-H. Polymers
with high charge density and molecular weight have been
reported to exhibit higher cytotoxicity.>® Cell viability of CRFK
after 4 hours of incubation with PP felt coated with PEI-HM
dissolved in a solution of water and 2-propanol (40/60% v/v)
at five concentrations (1; 1 x 1075 1 x 10% 1 x 10 and 1 x

RSC Appl. Interfaces, 2024, 1, 908-919 | 915
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Fig. 7 a) Reduced viral titer of FCV after 4 hours incubation with uncoated PP and PP felt coated with PEI, PEI-H, and PEI-HM at a concentration
of 1 x 10™* umol N per cm? (the error bar is too small to display), and b) cell viability of CFRK cells after 4 hours of incubation with PP felt coated
with PEI-HM at different concentrations (tests were conducted in triplicate).

10" pmol N per cm?) was determined. None of these
concentrations of coating presents significant cytotoxicity to
CRFK cells (Fig. 7b) as proved by the high cell viability of
>95%. This suggests that at these concentrations, PEI and
PEI-H are not cytotoxic as well.

Table 3 reports a summary of different studies on the
antiviral activity of PEIs and PEI-based compounds. The latter

were tested against different viruses at different

concentrations. The antiviral efficiency of PP felt coated at 1
x 10~* umol N per cm? against FCV in the present study is
found to be highly superior to all the compounds listed in
Table 3. Considering the excellent antiviral activity, PEI used
at this level of concentration can be expected to be tested
against other viruses and could exhibit a strong virucidal
character. Commercial PEI coatings provide a promising,
attractive, and inexpensive method to annihilate viruses.

Table 3 Summary of antiviral activity of various PEI compounds from the literature

Concentration of PEI for
the antiviral activity

Antiviral activity

Compounds evaluation Viruses Titer reduction log % reduction Ref.
Branched PEI-750 kDa — Escherichia coli >4 >99.99% 54
bacteriophage MS2
Branched PEI-25 kDa — Escherichia coli 5 99.999% 55
bacteriophage T4
Linear PEI-25 kDa 52 nM Human >2 >99% 50
papillomaviruses
(HPV16)
PEI aqueous solutions at — SARS-CoV-2 PEI aqueous solutions: 0%  PEI aqueous solutions: 0% 56
10, 1.0 and 0.1 mg mL™"
AgNPs-PEI AgNPs-PEI on PP: 3 AgNPs-PEI on PP: 99.9%
PEI — Murine hepatitis PEL: 4 PEI: 99.99% 51
PEI/Cu®" virus (MHV-3) PEI/Cu”": 5 PEI/Cu**: 99.999%
PEI — Influenza A (HIN1) PEI: inactive for both PEI: inactive for both 48
viruses viruses 0%
N,N-Hexyl,methyl-PEI Influenza A (H3N2) HIN1/N,N-hexyl,methyl-PEIl: H1N1/N,N-hexyl,methyl-PEI:
3 99.9%
N,N-Hexyl,methyl-PEI 3.47 ug mm™> Influenza A (HIN1) 4.5+0.3 >99.99% 57
N,N-Dodecyl,methyl-PEI 320 ug mm™> Herpes simplex HSV-1: 5 HSV-1: 99.999% 58
viruses (HSV-1 and  HSV-2: 4 HSV-2: 99.99%
2)
N,N-Dodecyl,methyl-PEI — Influenza A (HIN1) 4 99.99% 25
N,N-Dodecyl,methyl-PEI — Influenza A (H3N2) H3N2: >3.5 H3N2: >99.9% 59
Influenza A (H4N2) H4N2: >4.5 HAN2: >99.99%
Branched PEI-750 kDa 1 x 10™* umol N per cm®> FCV PEL: 6 PEI: 99.9999% This
PEI-H PEI-H: 6 PEI-H: 99.9999% study
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4. Conclusions

This study investigated the antiviral activity of a filtration felt
made of polypropylene fibers coated with PEI and alkylated
PEI derivatives at different concentrations. The results
showed that PEI and PEI-H coated PP have a stronger
antiviral efficiency than uncoated PP and PEI-HM coating
with >99.9999% reduced viral titer against feline calicivirus
(FCV). Thus, this work demonstrated with this one-step low-
cost process that a PP felt coated with PEI is a promising
material for the development of protective masks, textiles
and building air filtration systems with highly effective
antiviral properties. A further approach on the development
of immobilized PEI-coated polymer fabrics and hard surfaces
with strong biocide properties and non-cytotoxic effect would
be of interest for many medical applications.
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