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ABSTRACT: Pathogens such as bacteria and viruses cause disease
in a range of hosts, from humans to plants. Bacterial biofilms,
communities of bacteria, e.g., Staphylococcus aureusand Escherichia
coli, attached to the surface, create a protective layer that enhances
their survival in harsh environments and resistance to antibiotics
and the host’s immune system. Biofilms are commonly associated
with food spoilage and chronic infections, posing challenges for
treatment and prevention. Tomato brown rugose fruit virus | — covalentbond

(ToBRFV), a newly discovered tobamovirus, infects tomato plants,

causing unique symptoms on the fruit, posing a risk for tomato . Pifnor oyl
production. The present study focuses on the effectiveness of /_Q_/
silane-phosphonium thin coatings on polymeric films, e.g,

polypropylene. Phosphonium has significant antibacterial activity

and is less susceptible to antibacterial resistance, making it a safer alternative with a reduced environmental impact. We successfully
synthesized silane-phosphonium monomers as confirmed by *'P NMR and mass spectrometry. The chemical composition, thickness,
morphology, and wetting properties of the coatings were tested by Fourier-transform infrared spectroscopy with attenuated total
reflectance, focused ion beam, atomic force microscopy, environmental scanning electron microscope, and contact angle (CA)
measurements. The antibiofilm and antibacterial activities of the coatings were tested against S. aureus and E. coli, while the antiviral
activity was evaluated against ToBRFV. The significant antibiofilm and antiviral activity suggests applications in various fields
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including medicine, agriculture, and the food industry.

1. INTRODUCTION

Pathogens, such as bacteria or viruses, are microorganisms
capable of causing disease in animals, plants, and humans.'”
Bacterial biofilms are communities of bacteria that attach to
surfaces and to each other by a self-produced matrix. The
biofilm mode of growth provides bacteria with increased
resilience to extreme environments, antibiotics, and immune
systems.”” Biofilms play a crucial role in many aspects of daily
life including food spoilage and hospital acquired infec-
tions.* "¢

Similarly, viruses can also cause disease and food spoil-
age."'™"* The tomato brown rugose fruit virus (ToBREV) is a
newly discovered plant virus that belon%s to the tobamovirus
family and can cause disease in tomatoes' * and pepper varieties
lacking L resistant alleles."> Since its discovery in Jordan and
Israel in 2014 and 2015,'*'° respectively, TOBRFV spread to
other countries, including Germany, the United States, Turkey,
and China.'""?

ToBRFV causes significant economic damage to the tomato
crops, which are one of the important crops grown
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worldwide.'""* The tobacco plant Nicotiana glutinosaproduces
a hypersensitive response (HR) when infected with
ToBRFV," resulting in necrotic local lesions (LLs) that
isolate the virus and prevent it from spreading throughout the
plant.

Many studies focus on the development of biocides and the
prevention of infection.'”'® However, these biocides can lead
to antimicrobial resistance and environmental pollution and
can be toxic to humans."”

Phosphonium salts, which are positively charged, exhibit
potent antibacterial activity against a wide range of micro-

17-22

organisms. These salts are absorbed into the cytoplasmic
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Figure 2. Coating process of PP films with phosphonium monomers. R = phenyl/octyl.

membrane, creating a disruption that leads to microbial cell
death."”~"” In comparison to existing cationic disinfectants
containing positively charged nitrogen atoms, phosghonium
salts have significantly higher antimicrobial activity."”"? They
are particularly effective against drug-resistant bacteria, such as
methicillin-resistant S. aureus.'® Furthermore, since these
disinfectants target the bacterial cytoplasmic membrane, they
are less susceptible to antibacterial resistance.'”'”~** Our
study focuses on the utilization of silane-phosphonium thin
coatings onto polymeric films for medical, agricultural, and
industrial purposes. The aims of these coatings are to inhibit
bacterial biofilm formation while reducing the possibility of
antibiotic resistance and development and providing an
effective and stable antibiofilm and antiviral agent.

In this study, silane-phosphonium monomers were synthe-
sized and used to coat a corona-discharged polypropylene
(PP) surface. Corona-treatment is a method used to increase
the surface energy, adhesion properties, surface wetting,
polarity, and roughness of surfaces through an oxidation
mechanism, which generates surface polar groups.23_33 These
polar groups, such as hydroxyl groups, can be used for
chemical reactions, including the binding of silanol com-
pounds. The coating was applied using the Mayer—Rod
method, which is a well-known technique for creating thin,
uniform films on different substrate surfaces through the even
spreading of a liquid.”*~>° This coating method requires no
special physical conditions. The materials and the fast-coating
technique are simple, cost-effective, and can be used to coat
different types of polymeric films.***°

The present study demonstrated that the phosphonium-
based coatings applied to the PP surface were highly effective
in preventing the formation of S. aureusand E. colibiofilms.
Furthermore, the coatings exhibited significant antiviral activity
against ToBRFV. Moreover, the coatings onto the PP surface
were found to be durable and long lasting.
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These findings suggest that phosphonium-based coatings
have great potential for use in various medical, agricultural, and
industrial applications.

2. MATERIALS AND METHODS

2.1. Materials. The following high-purity chemicals were
procured from various commercial suppliers: triphenylphos-
phine (TPP), trioctylphosphine (TOP), anhydrous acetonitrile
(ACN), tetra orthosilicate (TEOS), and ammonium hydroxide
aqueous solution (28%) were sourced from Sigma-Aldrich
(Israel); ((chloromethyl)phenylethyl)trimethoxysilane
(CPETS) was acquired from Gelest; anhydrous ethanol was
obtained from Carlo Erba Reagents, Romical, Ltd. (Israel).
Mapal Plastics generously provided PP films.

2.2. Methods. 2.2.1. Synthesis of Silane-Phosphonium
Monomers. In a dry flask under a N, atmosphere, TPP (1.00 g,
262.091 g/mol) or TOP (1.69 mL, 370.372 g/mol) was
dissolved in dry ACN. The flask was dried overnight at 150 °C
in an oven before use. Next, 960 uL of CPETS (274.079 g/
mol) were added to the ACN solution, and the solution was
heated to 60 °C for 24 h. Following this, the ACN was
evaporated, resulting in the desired product being obtained.

Figure 1 shows the synthesis of the two monomers
triphenyl/trioctyl(phosphoniummethyl)phenylethyl-trimethox-
ysilane chloride (TPPPETS/TOPPETS).

2.2.2. Thin coatings of SiO, and/or Poly(silane-phospho-
nium) onto Corona-Treated PP Films. PP films underwent
corona discharge treatment (350 W-min/m?). SiO,-phospho-
nium thin coatings onto corona-treated PP films were prepared
in two ways: (1) a modified Stéber polymerization® = ** of the
silane-phosphonium monomers TPPPETS/TOPPETS in
ethanol/water continuous phase, followed by spreading the
formed dispersion onto corona-treated PP films via Mayer Rod
coating (bar no. 1, RK print coat instruments, UK.); (2) a

https://doi.org/10.1021/acsomega.3c04908
ACS Omega 2023, 8, 39354—-39365


https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04908?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Composition of the Materials Used for Preparation of Phosphonium-Based Coatings®

coating type water (mL) ethanol (mL)
Sio, 2.652 7.5
poly(TPPPETS) 7.5 2,652
Si0,/poly(TPPPETS) 2.652 7.5
$iO,/poly(TOPPETS) 2652 75

NH,OH (mL) TEOS (mL) silane-phosphonium monomer (g)
0.18 0.2
0.18 TPPPETS (0.2)
0.18 0.1 TPPPETS (0.1)
0.18 0.1 TOPPETS (0.1)

“The coating made from poly(TOPPETS) was not at all uniform. Hence, the characterization and biological activities of this coating are not

shown.

modified Stober polymerization of TPPPETS/TOPPETS onto
SiO, core NPs, followed by spreading via a Mayer Rod of the
formed SiO,/poly(silane-phosphonium) dispersion onto coro-
na-treated PP films. Both coating processes were performed
immediately after the solvation of the silane-phosphonium
monomer.

In the second method, TEOS Stober polymerization was
done for 30 min. At this point, SiO, nanoparticles (NPs) begin
to form so that there are many OH groups that replace
methoxy groups in TEOS (produced by Stober polymer-
ization). These groups can react with other OH groups of
TPPPETS/TOPPETS that are produced when adding these
monomers and/or with OH groups of the corona-treated PP
(water molecule released). TEOS has four link sites (four
methoxy groups) unlike the silane-phosphonium monomer,
which has only three link sites. Hence, the combination of
silane-phosphonium monomer with TEOS after Stober
polymerization for a short time can improve the bonding of
the silane-phosphonium monomer to the corona-treated PP.
Therefore, the role of the TEOS is to connect the corona-
treated PP film and the silane-phosphonium monomer coating
by binding to both (after the methoxy group is replaced by a
hydroxyl group).

As controls, pure PP, corona-treated PP, and PP with a SiO,
coating were tested. All coatings were made with a size 1
Mayer Rod bar. Figure 2 shows the process for coating corona-
treated PP films, and Table 1 shows the content of the
materials used to create thin SiO,-phosphonium coatings.

2.3. Characterizations. 2.3.1. 3'P Nuclear Magnetic
Resonance (NMR) of the Silane-Phosphonium Monomers.
A powerful tool for examining the products is *'P NMR. There
is just one phosphine atom in each reactant (from TPP/TOP),
and the synthetic method relies upon this nucleophile acting
phosphine. As a result, the chemical shift of this phosphine
changes significantly. All NMR spectra were acquired on
samples dissolved in chloroform-D (CDCl;, Cambridge
Isotope Laboratories, USA) by using a Bruker DMX-400
spectrometer (161.9 MHz, Germany).

2.3.2. Mass Spectra (MS) of the Silane-Phosphonium
Monomers. In addition to 3'P NMR, MS can show that silane-
phosphonium monomers were synthesized. To confirm the
molar mass of the positive ions in our products, high-resolution
mass spectrometry (Q-TOF 6545 LC-MS (ESI/APCI/ASAP),
Agilent, USA) was applied to validate the molar mass of the
positive ion.

2.3.3. Characterization of the Chemical Composition of
the Film Surfaces by FTIR/ATR. FTIR spectra for the different
films were obtained at room temperature using the Bruker
ALPHA-FTIR Quicksnap sampling module equipped with a
platinum ATR diamond module (Bruker). The OPUS
program was used to process and analyze the obtained data.
The measurements were conducted in the range of 400—3000
cm™.

2.3.4. Determination of Coating Thickness by FIB. The
coating thickness was determined by FIB (Helios S UC,
Thermo Scientific, USA), using a cross section of the sample.
Dry coated corona-treated PP films were attached to a silicon
wafer with carbon tape and coated with iridium prior to FIB
examination.

2.3.5. Determination of Film Surface Morphology and
Roughness by AFM. The surfaces (roughness and morphol-
ogy) of the films are different because of the various treatments
done on each film. AFM measurements were conducted by
using a Bio FastScan scanning probe microscope (Bruker
AXS). The PeakForce quantitative nanomechanical mapping
(QNM) mode was used with a FastScan-C silicon probe
(Bruker) with a spring constant of 0.45 N/m. All measure-
ments were carried out in an acoustic hood under controlled
environmental conditions to minimize vibrational noise. The
images were acquired in the retrace direction at a scan rate of
1.7 Hz with a resolution of 512 samples/line. Image processing
and roughness analysis were done using Nanoscope Analysis
software applying both “flatting” and “planefit” functions.

2.3.6. Characterization the Surfaces of the Coatings by
ESEM and Determination of Phosphorus Percentage by
EDX. In addition to FIB and AFM, ESEM can provide
additional information about the uniformity and morphology
of the coatings in larger scale than AFM. Hence, ESEM images
were taken in small and large scales using an FEI E-SEM
Quanta 200 F scanning electron microscope (Oregon, USA)
operating at 15 kV (EDX operating at S kV). Dry coated
corona-treated PP films were attached to a silicon wafer with
carbon tape and coated with gold prior to ESEM imagination.

2.3.7. Wettability Properties by Contact Angle (CA)
Measurements of the Films. Water CA measurements were
performed by using a Goniometer (System OCA, model
OCA20, Data Physics Instruments Gmbh, Filderstadt,
Germany). Double distilled water drops (3 uL) were gently
deposited on the surface by a syringe, and after the needle was
removed from the drop, an image was taken.

2.3.8. Coating Durability. Examination of the coatings’
stability was done by an adhesion test. An adhesive tape was
attached to the coated films, and the film was peeled off. The
process was done ten times for each coating, and at the end of
the process, the CA of each coating was measured.

2.4. Biological Testing Methods. 2.4.1. Antibiofilm
Activity. Poly(TPPPETS), SiO,/poly(TPPPETS) and SiO,/
poly(TOPPETS) coated surfaces were examined for anti-
biofilm and antibacterial activity, along with controls (PP,
corona-treated PP, and SiO, coating surfaces). The coated
surfaces were tested against one Gram-positive strain and one
Gram-negative strain (S. aureusATCC 29213 and E. coliATCC
25922, respectively). The surfaces were precut into 1 cm*
squares. For each experiment, the bacteria were grown
overnight at 37 °C with continuous shaking at 250 rpm in
100% Mueller Hinton medium (MH, BD). To create bacterial
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Figure 3. *'P NMR spectrum of the as-prepared TPPPETS.
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Figure 4. 3p NMR spectra of as-prepared TOPPETS.
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stocks, one percent MH was used to adjust the bacteria
concentration to 0.01 O.D. for S. aureusand 0.3 O.D. for E. coli.
Additionally, 0.2% glucose was added to the S. aureusstock.
Next, the squares were glued to the bottom of a 24-well plate,

and 1 mL of bacterial stock was transferred onto the glued
squares. For E. coli, 1 mL of the stock was first dispensed into
to each well of a 24-well plate, and subsequently, the squares
were positioned on top of the liquid. In all experiments, the

https://doi.org/10.1021/acsomega.3c04908
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plates were incubated at 37 °C for approximately 18 h. was used to quantify the bacteria within the biofilm by a viable

Following incubation, two samples from the liquid phase were count. The experiments were performed three times with two

used to determine the quantity of the planktonic bacteria by internal repeats.

the viable count method. For biofilm quantification, the 2.4.2. Bioassay with Tomato Brown Rugose Fruit Virus

squares were rinsed three times using sterile DDW, followed (ToBRFV). For evaluation of the antiviral activity of the

by scraping the biofilm into 250ul of medium. This suspension coatings, all prepared coatings were divided into two halves.
39358 https://doi.org/10.1021/acsomega.3c04908
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Only on one-half was a 1:5000 dilution of ToBRFV solution
sprayed, and the two halves were attached for 24 h. Afterward,
0.2 mL of phosphate buffer was added to each half for
extracting the remaining virus and viral particles. Leaves of the
tobacco plant N. glutinosawere sprayed with silicon carbide
(Carborundum) and exposed to the collected liquid. The
appearance of LLs occurred 4 days post viral infection. Each
test was performed on three leaves of three plants for a total of
nine leaves, and LLs were counted. An LL reduction indicates
a reduced viral load due to the decontamination effects of the
coating sample. As a positive control, N. glutinosaleaves were
sprayed with carborundum dust and exposed directly to 1:5000
dilutions of ToBRFV solution with 0.2 mL of phosphate buffer.

2.4.3. ELISA Detection of ToBRFV in Leaves of Tomato
Plants. ELISA was used to identify the presence of ToOBRFV
infection in tomato plants, as the appearance of the infection
was not easily distinguishable."' Tested leaves were collected
from tomato plants that were infected with ToBRFV for 2
weeks. Indirect ELISAs (Thermo Fisher Multiskan FC) were
performed on leaves that had ToBRFV infection symptoms.
Samples were placed in a coating buffer (Agdia) and incubated
for 3 h at 37 °C with a 1:5000 dilution of the ToBRFV
antiserum. Detection was done by incubating the samples with
AP-conjugated goat antirabbit IgG (Sigma, Germany) for 3 h
at 37 °C. A substrate of P-nitro phenyl phosphate (Sigma) was
used at a concentration of 0.6 mg/mL. The accepted color
reaction was detected and recorded with an ELISA reader
(Thermo Fisher Multiskan FC) at 405 and 620 nm. The
minimum ratio OD values considered positive were
determined to be three times higher than the value of the
healthy (negative) controls.

3. RESULTS AND DISCUSSION

3.1. Characterization. 3.1.1. *’P NMR of the Silane-
Phosphonium Monomers. One method for identifying
phosphorus-containing products and determining their purity
level is *'P NMR analysis. This technique is particularly
suitable for our desired products, which contain only one
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Figure 8. Thickness of the coatings studied by FIB. (A) SiO,, (B)
poly(TPPPETS), (C) SiO,/poly(TPPPETS), and (D) SiO,/poly-
(TOPPETS).

phosphorus atom, and is a straightforward approach. In the
case of TPPPETS, the peaks indicating the presence of
phosphonium are at 23.521 and 23.802 ppm, as shown in
Figure 3. The two peaks result from a mixture of meta and para
CPETS. The peak at —4.732 ppm corresponds to the
unreacted phosphine atom of TPP, while another peak at
30.194 ppm is triphenylphosphine oxide (TPPO), which is
probably produced as a byproduct during the synthesis of the
silane-phosphonium monomer. Through integration, phospho-
nium was determined as the main product with a purity level of
over 95%.

Figure 4 shows TOPPETS, the chemical shifts of the
phosphonium at 32.148 and 32.276 ppm, indicating a
successful synthesis of TOPPETS with a purity level of over
95%. While some unknown impurities were detected, their
integration shows that they had a negligible presence.
Additionally, the lack of a phosphine peak for TOP, which
typically appears around —30 ppm, indicates that there is no
unreacted TOP present in the sample, suggesting a complete
reaction between the phosphine source and TOP.

3.1.2. MS of the Silane-Phosphonium Monomers. The
exact molar masses of TPPPETS and TOPPETS are 536.170
and 644.452 g/mol, respectively. By subtracting the negative
ion of the monomer (chlorine ion), we can determine the exact
mass of the positive ion can be determined. Figure S displays
various masses resulting from different isotopes. These results
provide evidence of the desired products.

3.1.3. Chemical Composition of the Film Surfaces. FTIR
can be used to study functional groups present on the surfaces
of the different films. Figure 6 displays FTIR measurements of
pristine, corona-treated PP, and corona-treated PP coated with
SiO,. Significant differences between the substrates can be
observed, including a peak at 1710 cm™’, indicating a carbonyl
stretching band resulting from corona treatment that is not
found on the other surfaces. Additionally, a peak at 1040—1200
cm™ corresponds to the Si—O—Si stretching band, which is
only found in the SiO, coating. This is due to the high number
of Si—O bonds present in the SiO, coating, which is not
typically found in pristine or corona-treated PP film.
Furthermore, a peak at 1187 cm™! corresponding to the Si—
O—C bending band suggests the formation of a covalent bond
between the hydroxyl groups on the corona-treated PP and
silica. The most significant peaks at 1357 and 1457 cm™
belong to C—H rocking in methyl and C—H scissoring of the
PP, respectively. Additional peaks are at 723 (C—C rocking),
803 (C—C stretching), 841 (C—H rocking), 937 (C-H
rocking in methyl), 983 (C—H rocking in methyl), and 1157
ecm ™' (C—O stretching).

FTIR was also used to study the surfaces of other coatings,
and new peaks were observed in addition to those previously
identified. The peaks at 698, 714, and 748 cm™" correspond to
the C—H out of plane bending band in the aromatic ring, while
the peak at 1586 cm™' corresponds to the C=C stretching
band in the aromatic ring. These peaks are present in
poly(TPPPETS) and SiO,/poly(TPPPETS) coatings, which
contain more aromatic rings compared to those in the SiO,/
poly(TOPPETS) coating. A peak corresponding to C—P* was
found at 1510 cm™’, indicating the presence of phosphonium
at the surfaces of the coatings. However, this peak is much
smaller for the SiO,/poly(TOPPETS) coating due to its less
uniform structure (Figure 7).

3.1.4. Coating Thickness and Uniformity. The thicknesses
and uniformity of the coatings were studied by the FIB,
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Figure 9. Surface morphology and roughness of the coatings/films. (A) PP, (B) corona-treated PP, (C) SiO,, (D) poly(TPPPETS), (E) SiO,/

poly(TPPPETS), and (F) SiO,/poly(TOPPETS).

Figure 10. ESEM images in small and large scales for the coatings. (A) SiO,, (B) poly(TPPPETS), (C)SiO,/poly(TPPPETS), and (D) SiO,/

poly(TOPPETS).

Table 2. % Phosphorus as Measured by EDX

coatings % phosphorus
Sio, 0.0
poly(TPPPETS) 42
$i0,/poly(TPPPETS) 39
Si0,/poly(TOPPETS) 3.1

providing valuable information on coating characteristics.
Although all coatings were made with the same no. 1 bar,
the thicknesses are different. The SiO, and SiO,/poly-
(TOPPETS) coatings are made from NPs (Figures 8A,D)

while poly(TPPPETS) and SiO,/poly(TPPPETS) are made
from a uniform layer or made from NPs (Figures 8B,C).
However, the NPs in the poly(TPPPETS) and SiO,/
poly(TPPPETS) coatings are very dense, the particulate
nature of these coatings is negligible, and they are more
uniform and smoother from the SiO, and SiO,/poly-
(TOPPETS) coatings, which are made from NPs. Different
NP sizes used in the polymerization process resulted in varying
thicknesses of the coatings. Recent studies show that more
bacteria can adhere to coating when the thickness of the
coating decreases.””~** In other words, the biological activity
of the coatings increases when the thickness increases, and
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Figure 11. Water contact angles of the coatings/films. (A) PP, (B)
corona-treated PP, (C) SiO, (D) poly(TPPPETS), (E) SiO,/
poly(TPPPETS), and (F) SiO,/poly(TOPPETS).

Table 3. CA Values for Silane-Phosphonium Coatings after
10 Applications of the Tape Test”

CA before tape test CA after 10 tape tests

coating (deg) (deg)
poly(TPPPETS) 4+ 4 382
SiO,/ 33+3 34+3
poly(TPPPETS)
Si0,/ 82+ 1 84 +3
poly(TOPPETS)

“The change in the CA of each coating is negligible, which shows that
the coatings are stable.

thicker coatings may be more efficient for medical and
agricultural applications. However, additional parameters also
influence the biological activity of the coatings, including the
uniformity and roughness of the coatings. While the poly-
(TPPPETS) and SiO,/poly(TPPPETS) coatings exhibited
uniformity, the SiO, and SiO,/poly(TOPPETS) coatings were
less uniform. The particulate nature of the coatings made from
NPs was negligible in the coatings, where the NPs were dense,
resulting in a more uniform and smoother surface.

As mentioned above, the poly(TOPPETS) coating was not
uniform. This is due to the less uniform dispersion for
poly(TOPPETS) coating, resulting in unequal amounts of

coating/film seedling seedling
type no. LLs coating/film type no. LLs
positive 1 >100  SiO, 12 43
control
positive 2 >100  poly(TPPPETS) 13 0
control
positive 3 67 poly(TPPPETS) 14 3
control
PP 4 20 poly(TPPPETS) 15 1
PP S 51 Si0,/ 16 0
poly(TPPPETS)
PP 6 48 SiO,/ 17 3
poly(TPPPETS)
corona-treated 7 16 SiO,/ 18 2
PP poly(TPPPETS)
corona-treated 8 46 Si0,/ 19 0
PP poly(TOPPETS)
corona-treated 9 30 Sio,/ 20 6
PP poly(TOPPETS)
Sio, 10 >100  SiO,/ 21 1
poly(TOPPETS)
Sio, 11 50

phosphonium at different points on the surface. However, the
S$i0,/poly(TOPPETS) coating is more uniform due to the
presence of SiO, core NPs, which aid in binding the silane-
phosphonium monomer to the corona-treated PP surface. The
SiO, coating, conversely, is less uniform than the coatings
containing TPPPETS, highlighting the importance of the
phosphonium moiety for achieving a uniform coating.

3.1.5. Morphology and Roughness of the Films. Surface
morphology and roughness of the different films were analyzed
using AFM and the results show that the corona-treated PP has
the highest roughness, which was expected. The pristine PP
used in this study was somewhat rough, which resulted in a
relatively high roughness. The uniform poly(TPPPETS) and
S$i0,/poly(TPPPETS) coatings were found to be less rough
which is in line with FIB measurements that showed uniform
and smooth coatings for poly(TPPPETS) and SiO,/poly-
(TPPPETS) films (Figure 9).

3.1.6. Uniformity and Morphology of the Coatings by
ESEM. As described above (Section 2.3.6), ESEM can provide
additional information about the surfaces of the coatings.

A B
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Figure 12. Antibiofilm and antibacterial activities of PP, corona-treated PP, and different coatings against (A) S. aureusand (B) E. coli. The graph is
the average of three independent experiments with two internal repeats. Error bars represent the standard deviations.
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Figure 13. Biological assay of ToOBRFV on Nicotiana tabacumplants of the different coatings/films. (A) Positive control, (B) corona-treated PP,
(C)PP, (D) SiO,, (E) Poly(TPPPETS), (F) SiO,/poly(TPPPETS), (G) SiO,/poly(TOPPETS). Photos were taken by Matan Nissim (author).

Table 5. ELISA Test Results of ToOBRFV in Infected Tomato Seedling Leaves

coating/film type seedling no. ToBRFV ELISA results
positive control 1 +
positive control 2 +
positive control 3 -
PP 4 +
PP S -
PP 6 —
corona-treated PP 7 +
corona-treated PP 8 +
corona-treated PP 9 -
SiO, 10

SiO, 11 +

coating/film type seedling no. ToBRFV ELISA results
SiO, 12 +
poly(TPPPETS) 13 -
poly(TPPPETS) 14 -
poly(TPPPETS) 15 -
SiO,/poly(TPPPETS) 16 -
$iO,/poly(TPPPETS) 17 -
$i0,/poly(TPPPETS) 18 -
$i0,/poly(TOPPETS) 19 -
$i0,/poly(TOPPETS) 20 -
$i0,/poly(TOPPETS) 21 +

Figure 10 presents the surfaces of the different coatings on
small and large scales. The ESEM results show that the
coatings are uniform, particularly for poly(TPPPETS) and
SiO,/poly(TPPPETS) coatings, and support the results
obtained from FIB and AFM measurements. In addition,
EDX measurements (Table 2) show that phosphorus
(phosphonium) existed on the surfaces of the poly-
(TPPPETS), SiO,/poly(TPPPETS), and SiO,/poly-
(TOPPETS) coatings and not existed on the surface of the
SiO, coating.

3.1.7. Wettability of the Films. Water CA can provide
insights into the polar nature of a surface. Our measurements
revealed significant differences between the surfaces of the
films, depending on their type. As expected, the contact angle
of the untreated PP film was high, while the corona-treated PP
film exhibited a much smaller contact angle. The poly-
(TPPPETS) and SiO,/poly(TPPPETS) coatings were uniform
and displayed a lower contact angle, even compared to the
corona-treated PP film. However, the SiO,/poly(TOPPETS)
coating exhibited a larger contact angle due to the free
movement of the hydrophobic octyl groups, which could cover
the phosphonium and increase the contact angle. Furthermore,
this coating was less uniform, resulting in a larger contact
angle. Therefore, this method may not be sensitive to this
coating, as the contact angle is too large. Nevertheless, it can
be a useful tool for determining the presence of polar and
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charged groups (such as phosphonium) on the surface of some
films (such as PP) in coatings (such as poly(TPPPETS) and
SiO,/poly(TPPPETS)) (Figure 11).

3.1.8. Durability Test. As described in the methods (Section
2.3.8), CA measurements demonstrate the stability of the
coatings. In addition, the coatings were tested after four
months, which also demonstrates the stability of the coatings.
Table 3 presents the CA before and after the tape test.

3.2. Biological Activities. 3.2.1. Antibiofilm activity.
Antibiofilm activity was tested against S. aureusand E. coli. For
S. aureus, our results show high antibiofilm activity for all
tested coatings, compared to the relevant control (PP, corona-
treated PP, and SiO, coating), observed by a 4—5 log
reduction in bacterial load on the surface (Figure 12A).
Furthermore, a decrease in bacterial count in the surrounding
media (planktonic bacteria) compared with the controls was
observed, which correlated with the reduction in biofilm
biomass. This significant antibacterial activity for all the tested
coatings against S. aureus(a 4—S log-reduction in planktonic
bacteria) may explain the reduction in biofilm biomass, as
there were less bacteria in the surrounding liquid free to attach
to the surface and propagate.

A significant antibiofilm activity was found for poly-
(TPPPETS) and SiO,/poly(TPPPETS) against E. col,
exhibited by a 4-log and a 1-log reduction in biofilm biomass,
respectively. However, no antibiofilm activity was found for
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Figure 14. Biological assay of ToBRFV on tomato plants of the different coatings/films. (A) Positive control, (B) corona-treated PP, (C) PP, (D)
Si0,, (E) poly(TPPPETS), (F) SiO,/poly(TPPPETS), (G) SiO,/poly(TOPPETS). Photos were taken by Nissim (author).

SiO,/poly(TOPPETS). There was also no observed anti-
bacterial activity against planktonic E. coliby any of the
coatings.

Our results show high antibacterial activity against S.
aureusand a lack of activity against E. coli. The mechanism of
action of phosphonium salts includes cytoplasmic and/or outer
membrane abruption, depending on the gram-group. Cationic
disinfectants, such as phosphonium salts, are known to be
more effective against Gram-positive bacteria than Gram-
negative, in which the outer membrane acts as a second barrier,
corresponding with our results.'”*> The reduced E. colibiofilm
formation on poly(TPPPETS) and SiO,/poly(TPPPETS)
surfaces may be attributed to the coating’s smoothness, as
was found by FIB, AFM, and SEM (Figures 8—10). High
surface roughness promotes biofilm formation due to high
surface area and the physical protection it provides, and vice
versa,*o=5! Roughness, in combination with the less uniform
pattern of the coating, as was found by FIB, AFM, and SEM
(Figures 8—10), may explain the SiO,/poly(TOPPETS)
coating’s lack of antibiofilm effect. Nonetheless, the significant
antibiofilm activity of the poly(TPPPETS) and SiO,/poly-
(TPPPETS) coatings against E. coli, even when having no
effect on planktonic bacteria, emphasizes their importance as
antibiofilm materials.

3.2.2. Antiviral Activity Against ToBRFV in Tobacco and
Tomato Seedlings. The number of LLs can indicate the level
of active viral particles that have infected the tobacco plant,
making it a useful indicator for testing the antiviral activity of
the phosphonium-coated polymers.'* The number of LLs was
counted, and the small number of lesions indicates significant
antiviral activity of the substrate. After exposure to the virus
pretreated with poly(TPPPETS), SiO,/poly(TPPPETS), and
SiO,/poly(TOPPETS) coatings, there were none or a few LLs
in the seedlings. These results testify to the antiviral efficacy of
these coatings. In contrast, dozens of LLs were counted for
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each control (positive control, PP, corona-treated PP, and the
SiO, coating), showing that there is no antiviral activity for
these films/coatings. Hence, to protect seedlings from the
virus, applying these coatings on doors, walls of greenhouses,
agricultural devices, and desks can reduce the spreading of the
virus. The virus particles, which find in the space, will become
inactive (“dead”) upon contact with these coated surfaces. In
this way, the virus spreads, and the amount of virus particles
can be reduced. As a result, more seedlings will be protected.
Table 4 summarizes the results of the experiments, and Figure
13 presents seedlings with/without LLs.

ELISAs for tomato seedlings show the same trend for
tomato seedlings. Eight of the 12 seedlings that were treated
with controls (positive control, pp, corona-treated pp, and
SiO, coating) were infected when just one from the nine
seedlings that were treated with the phosphonium coatings
(poly(TPPPETS), SiO,/poly(TPPPETS), and SiO,/poly-
(TOPPETS)) was infected. These results match with the
results for tobacco seedlings and show significant antiviral
activity of the phosphonium coatings. Table 5 summarizes the
results of the experiments, and Figure 14 presents seedlings.

4. SUMMARY AND CONCLUSIONS

The present study discussed the synthesis and characterization
of silane-phosphonium coatings onto polymeric films with
potential applications in medical, agricultural, and industrial
fields. We successfully synthesized silane-phosphonium mono-
mers and confirmed their synthesis through *'P NMR and MS
analysis. These monomers formed the basis for creating
phosphonium coatings onto PP films using two different
preparation methods. In the first method, a modified Stober
polymerization was applied to the silane-phosphonium
monomer, and the coating was done immediately. In the
second method, TEOS Stober polymerization was done and
after 30 min, the silane-phosphonium was added to the
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dispersion. Our findings demonstrate that the choice of the
phosphonium reagent is crucial for obtaining uniform coatings.
For instance, the use of TEOS was necessary to achieve a
uniform  SiO,/poly(TOPPETS) coating, compared to the
poly(TOPPETS) coating was found to be nonuniform and
ineffective without this reagent. We used FTIR to study the
chemical composition of the various films’ surfaces, and each
film had a unique spectrum that reflected the relevant
treatment used for its preparation. Moreover, we used AFM
to investigate the roughness and morphology of the coatings.
Our results revealed that corona-treated PP had the highest
roughness due to the polar functional groups formed on its
surface. Conversely, the coatings containing TPPPETS were
found to be uniform and smooth, resulting in a lower
roughness. These findings suggest that the presence of
TPPPETS can lead to a more even distribution of the coating
material on the polymeric film. The study investigated the
antibiofilm and antiviral activity of phosphonium coatings
synthesized by using silane-phosphonium monomers. The
results for poly(TPPPETS) and SiO,/poly(TPPPETS)
showed significant antibiofilm activity against S. aureusand E.
coliand promising antiviral activity against ToBRFV. The SiO,/
poly(TOPPETS) showed antibiofilm activity only against S.
aureus. These findings hold promise for further research on
various coatings and biological targets with the potential for
the development of uniform coatings that can be fine-tuned for
medical, agricultural, and industrial applications. Overall, the
study demonstrates the potential of silane-phosphonium
coatings as antibiofilm and antiviral surfaces.
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