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The presence of a variety of bacteria is an inevitable/indispensable part of human life. In particular, for
patients, the existence and spreading of bacteria lead to prolonged treatment period with many more
complications. The widespread use of urinary catheters is one of the main causes for the prevalence of
infections. The necessity of long-term use of indwelling catheters is unavoidable in terms of the
development of bacteriuria and blockage. As is known, since a permanent solution to this problem has
not yet been found, research and development activities continue actively. Herein, polyethylene glycol
(PEG)-like thin films were synthesized by a custom designed plasma enhanced chemical vapor
deposition (PE-CVD) method and the long-term effect of antifouling properties of PEG-like coated
catheters was investigated against Escherichia coli and Proteus mirabilis. The contact angle
measurements have revealed the increase of wettability with the increase of plasma exposure time. The
antifouling activity of surface-coated catheters was analyzed against the Gram-negative/positive bacteria
over a long-term period (up to 30 days). The results revealed that PE-CVD coated PEG-like thin films
are highly capable of eliminating bacterial attachment on surfaces with relatively reduced protein
attachment without having any toxic effect. Previous statements were supported with SEM, XPS, FTIR

rsc.li/materials-b

1. Introduction

Infections that develop in parallel with the widespread use of
implantable medical devices, which are frequently used in health-
care in the diagnosis and treatment of diseases, are an important
cause of mortality and morbidity rates.' More than 65% of
healthcare-associated infections (HAIs) are associated with
implants or medical devices.” In particular, catheter-associated
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spectroscopy, and contact angle analysis.

urinary tract infections (CAUTIs) are one of the most common
causes of infection® and show systemic spread with a high (32.8%)
mortality rate. The main cause of catheter-related infection is
prolonged presence in the urinary tract, resulting from catheter-
ization of the bladder for 48 hours or longer.” The period of
prolonged presence provides bacteria with an opportunity to
adhere to catheter surfaces, allowing them to produce biofilms
and develop antibiotic resistance.® Urinary catheter surfaces have
certain properties that promote or attract microorganisms on the
surfaces;” for example, non-uniform surface production during
manufacturing® paves the way for a thin protein coating accumu-
lated on the outer surface, which is very attractive for binding and
growth.’ While urine runs down, the mineral content leaves a trace
for bacterial attachment and biofilm formation that leads to
encrustation of the catheter. Regarding patients’ health, in clinics,
there is a growing need for outer and inner protective layers on
catheters for the inhibition of bacterial attachment.

Numerous methods have been studied and practiced for
the development of such a protective coverage; yet, majority of
them still do not have adequate effectiveness. In terms of
methods, there are two main ways to inhibit bacterial attach-
ment, either by the use of antibiotics/antimicrobials or through
antifouling coatings. The prominent characteristic of antifoul-
ing coatings is that they do not induce resistance in bacteria;"°
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therefore, unlike antibiotics, repeated exposure to antifouling
coatings does not cause any adaptation. Polyethylene glycol
(PEG) and its derivatives'® and zwitterionic polymers are widely
used as antifouling coatings in biomedical applications.'**?
In general, surface modification of catheters with hydrophilic
polymers can be carried out via physical adsorption or chemical
binding of polymer chains. Compared to physical adsorption,
chemical binding is more robust and long-lasting."* Solution
processes and/or vacuum-assisted processes can be employed
to produce chemically functionalized thin films on biomater-
ials. Solution processes are also known as wet thin film coating
techniques which include dip coating, spin coating, spray
coating, blade coating, and roll coating;'* each has its own
advantages, such as ease of coating and low-cost, with draw-
backs of excessive use of monomer coating, etc. On the other
hand, vacuum-assisted processes such as plasma-enhanced
chemical vapor deposition (PE-CVD) are also being developed
as an alternative method to overcome disadvantages of the
solution process.™® PE-CVD is the one of the crucial methods for
solvent-free synthesis of polymer thin films in a single step.
Since PE-CVD does not require any organic solvents and
initiators, it avoids any coating defects such as dewetting from
the substrates'® and formation of aggregates."”” Additionally,
the “low pressure” environment of the method provides pro-
tection over sample surfaces and integrity of coatings.'® This
low-pressure environment makes monomer precursors to eva-
porate at lower temperatures rather than their boiling point.
Therefore, easier and more controlled film thicknesses are
achieved.'* Addition of plasma intervention to the system
even reduces the required temperature for deposition.

It is well known that polyethylene glycol (PEG) polymers,
also referred to as polyethylene oxide (PEO), have attracted
considerable interest in the biomedical field for drug delivery,**
tissue engineering® and surface modification of medical
devices and implants due to their non-toxicity, good biocom-
patibility and biodegradability, non-immunogenicity, protein
adhesion inhibition and antifouling properties.”® PEG consists
of -CH,CH,O- repeating units and a hydroxy (-OH) group at
the end of the polymer chain and the molecular weights of
ethylene groups vary from 200 to 7 000000 g mol " and those
with lower molecular weights are referred to as polyethylene
glycol, whereas ones with higher molecular weights are referred
to as polyethylene oxide.>* Over the decades, numerous studies
have focused on the fabrication of effective PEG-like coatings to
prevent bacterial adhesion and protein adsorption.>® Although
different approaches have been applied for PEG modification,
plasma polymerization is the mainstay approach to obtain
antifouling thin films (in nanoscale) and uniform PEG-like
films.?® The surface density of the CH,CH,O moieties known
as “PEO character” is the most important parameter since the
antifouling properties of PEO-like films depend on the PEO
character. In other words, fouling behavior on surfaces can be
adjusted by changing the PEO character.>”*® Lopez et al. were
the first to prepare antifouling coatings by glow discharge at
low pressures in vapors of tetraethylene glycol dimethyl ether
(tetraglyme). They found that the films had high short-term
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resistance to protein adsorption (fibrinogen, albumin, and
immunoglobulin G (IgG)) and cell adhesion (endothelial cell).?’
Then, numerous researchers have worked on the synthesis of
PEO-like coatings through plasma-polymerization methods using
various plasma precursors to create antifouling thin film coatings.
Various ether-bearing precursors have been explored for this
purpose. For instance, ethylene glycol dimethyl ether’® and
tetraglyme® stand out as some of the most commonly used
precursors in plasma-polymerization processes.

PEG polymers with different molecular weights are also used
as precursors for plasma-polymerization. As a plasma precursor
monomer, PEG200 was only studied by Choi et al. to obtain
PEG-like coatings via the capacitively coupled plasma chemical
vapor deposition (CCP-CVD) method by applying a 2 W RF
power for 30 min. It is reported that the PEG-like thin film is a
biocompatible material and exhibits a high fibroblast cell
repellency with low serum adsorption.*> Amine-functionalized
PEG-like thin films were prepared through the PE-CVD process,
in which the plasma power varied from 2 W to 20 W (specifi-
cally, at 2, 5, 7, 10, and 20 W), to prevent non-specific protein
adsorption (NSA).?® The study by Kim et al. demonstrated that
maximum inhibition of NSA was achieved when utilizing a
plasma power of 5 W.*° However, there are no reports on
bacterial activity of PEG200 plasma-polymerized thin films.

When analyzing the basis of CAUTISs, two types of bacteria
play a major role in the development of infections, which are
Escherichia coli and Proteus mirabilis.>® In particular, E. coli
corresponds to 80% of the UTI** and 24% of the CAUTI cases,
and it’s quite renowned for its antibiotic resistance, which
makes it difficult to eliminate from the urinary tract.*® Simi-
larly, P. mirabilis has a high infection rate®*® and is the main
cause of crystal biofilm formation through the production of
the urease enzyme. The interaction of this enzyme with urea
causes the formation of struvite stones, which is one of the
most known reasons for catheter obstruction.?”

In the literature, the effectiveness of PEG-like coatings
against undesired bacterial attachment and biofilm formation
has been investigated for only up to a few days.*® However, for
CAUTIs, long-term studies are required to inhibit bacterial
attachment and encrustation formation. In accordance with
the need for further investigation, our group developed PEG-
like thin films to provide a new potential catheter substrate for
clinic applications that is capable of inhibiting long-term
bacterial attachment with proven biocompatibility and non-
toxicity.

In this work, PEG-like thin films were deposited on different
substrates using the PE-CVD process at 5.0 W with different
plasma exposure times. PEG200 was used as a plasma precur-
sor due to its low molecular weight, which provides a lower
evaporation point. And due to the low-pressure environment
of the reactor, it evaporates even at lower temperatures
(lower than the evaporation point), which helps maintain the
chemical structure and proper bonding of monomer molecules.
The antifouling behavior of the synthesized thin films was
investigated by controlling the attachment of P. mirabilis and
E. coli to the surfaces. Besides structural analysis, the interactive

This journal is © The Royal Society of Chemistry 2024
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activity of PEG-like surfaces, protein adhesion, and in vitro cell
viability were also examined.

2. Materials and methods
2.1 Substrates and chemicals

PEG-like films were synthesized using the PEG200 precursor as
purchased from Sigma Aldrich. Urinary catheters were pur-
chased from Rusch Foley Catheter 14Fr. Glass slides and Si
wafers were cut into the size of 1.0 cm x 1.0 cm and catheters
were cut into 1.0 cm-long segments. Dulbecco’s minimum
essential medium (DMEM), fetal bovine serum (FBS), Dulbecco’s
phosphate buffered saline (DPBS), and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich. 1-Glutamine, penicillin-streptomycin, and 0.25%
trypsin—-0.005% EDTA were acquired from Biological Industries
Ltd. NCTC clone 929 (L cell, L-929, derivative of Strain L; CCL-1™)
mouse fibroblast cell line was supplied by American Type Culture
Collection (ATCC). Tryptic soy agar (TSA), tryptic soy broth (TSB),
dimethyl sulfoxide (DMSO) and ethanol were purchased from
Merck Millipore.

2.2. Preparation of PEG-like films and their characterization

PEG-like films were synthesized by the following procedure.
The PE-CVD system used in the process is illustrated in Fig. S1
(ESIT), and detailed information about all parts of the system
can be found in the ESIf (S1). First, substrates were carefully
positioned inside the deposition chamber. They were placed
above the plasma shower ring head, which was directly con-
nected to the chamber. Prior to the deposition, all substrates
were washed with ethanol and deionized water, each repeated
three times. Subsequently, they were dried using N,. During
film formation, the PEG precursor was vaporized at 140 °C
within a glass tube connected to the plasma deposition cham-
ber through the stainless distribution line. The PEG vapor
pressure was set to 20 mTorr by adjusting the volumetric flow
rate of precursor vapor. PEG polymerization was carried out at
5 W RF power for varying durations of 15, 30 and 60 min.
Subsequently, all coated samples were kept under vacuum
conditions at room temperature before undergoing character-
ization and microbiological studies. PEG-like films were
labelled based on their exposure time, denoted as P15, P30
and P60. The chemical structure of PEG-like films was analyzed
using attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR). The spectra of the films were
acquired using a JASCO FTIR 4600 FTIR spectrometer. The
surface chemical composition of the PEG-like film was further
examined using X-ray photoelectron spectroscopy (XPS) with a
PHI 5000 VersaProbe spectrometer. To assess the wettability of
films, contact angle measurements were performed with deio-
nized water and diiodomethane at room temperature using the
sessile drop method. Results were recorded on a drop shape
analysis instrument (KSV Instruments Ltd, Finland). The
plasma polymerization technique is almost substrate indepen-
dent and, especially in our case, since all three substrates are
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non-conductive materials, they will not be able to interfere with
the RF plasma. Hence, FTIR analysis was carried out on coated
silicone wafers, and XPS and contact angle analyzes were
performed on glass slides. The antifouling, protein adhesion
and cell viability analyses were conducted on Rusch Foley
Catheter 14Fr silicone catheters.

2.3. In vitro antimicrobial/antifouling testing

A series of experiments were conducted to determine the
antifouling features of the P60-coated urinary catheters (UCs)
and uncoated UCs against two Gram-negative bacterial strains:
Proteus mirabilis (ATCC 15146) and Escherichia coli (ATCC
25922) using procedure described elsewhere.*® Specifically,
P. mirabilis and E. coli strains were incubated in a tryptic soy
broth (TSB) medium, and 10 pl of bacteria cells (1.5 X
10° CFU ml™") were inoculated on both uncoated UC and
P60-coated UC surfaces and then they were covered with an
acetate film to limit evaporation of the medium. All samples
were incubated with each bacterial strain for 1, 3, 7 and 30 days
at 37 °C (~15% humidity). At the end of each incubation
duration, samples were detached from the acetate coverage,
placed in a fresh UV-sterilized PBS (pH: 7.4), and gently washed
to remove unbound bacteria. The concentration of live bacteria
in the washing solution was analyzed after culturing in tryptic
soy agar (TSA) plates. In addition to this analysis, the rinsed
samples were also transferred to the centrifuge tubes contain-
ing 1 ml of fresh TSB medium and vortexed for 1 min to detach
all the remaining bacteria on the catheter surface of the
samples (uncoated UCs and P60-coated UCs). The remaining
TSB suspensions consisting of bacteria were diluted (1/103,
1/10° and, 1/107) by fresh TSB addition and then cultured at
37 °C for 24 hours in TSA plates. This approach enables us to
examine the surface behavior of films, which can either kill the
bacteria upon contact or repel them from diffusing through the
material surface. Ultimately, bacterial viability was analyzed by
counting the number of colonies formed on the agar plates.
The calculation formula used is as follows:

Inhibition (%)

__ # of bacteria on uncoated UCs — # of bacteria on coated UCs
a # of bacteria on uncotaed UCs

x 100

2.4. Protein adhesion studies

To investigate protein features of P60-coated urinary catheters
(UCs), bovine serum albumin (BSA, Sigma Aldrich, >%96) was
used as a model protein. Specifically, P60-coated and uncoated
UCs were treated with BSA solution at a concentration of
1 mg ml™" (in PBS, 0.1 M, pH: 7.4). The samples were placed
in BSA in a shaker incubator at 50 rpm at 37 °C for 1 day, 3 days,
7 days, and 30 days. At predetermined time points (1, 24,
48 ...720 hours), 1 ml of the buffer medium was collected
and substituted with fresh buffer. The concentration of BSA in
buffer medium was determined by measuring the absorbance
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at 280 nm using a UV-vis spectrometer (HITACHI, U-5100).
Then, the concentration of adhered proteins on uncoated and
P60-coated UCs was calculated and compared. The calculation
formula used is as follows:

Inhibition (%)

_ BSA adhered on uncoated UCs — BSA adhered on coated UCs
o BSA adhered on uncotaed UCs

% 100

2.5. Invitro cell viability

In vitro cytocompatibility of uncoated and P60-coated UCs was
evaluated by the MTT assay tested against NCTC clone 929 [L
cell, L-929, derivative of strain L] (CCL-1™) mouse fibroblast cell
line following a standard protocol described elsewhere.*’
Briefly, L-929 cells were regenerated, seeded to flask in com-
plete DMEM medium supplemented with 10% (v:v) FBS, 1%
(viv) r-glutamine, and 1% (v:v) penicillin-streptomycin and
cultured in a humidified 5% CO, environment. Prior to cell
seeding, cells were dissociated with 0.25% trypsin-0.05% EDTA
solution, centrifuged and resuspended in the complete med-
ium. 100 000 L-929 cells were seeded onto each tissue culture
plate surface (TCPS) of a 24 multi-well plate and incubated for
24 hours to obtain a monolayer culture. Afterwards the culture
medium was removed and gently washed with DPBS to elim-
inate dead/unbound cells. Following this, uncoated or P60-
coated UC substrates were treated with UV germicidal irradia-
tion (4 = 254 nm) for an hour, transferred to the wells and
incubated in the medium for 24 hours. TCPS and uncoated
catheter substrates (UCs) were used as the negative control and
control, respectively. At the end of 24 hours of incubation time,
the media were aspirated, and dead or unbound cells were
removed; wells were washed with DPBS gently. After further
washing, FBS-free medium containing 0.5 mg ml~* of MTT was
added to each well. After 4 hours of incubation, media were
gently aspirated and washed with DPBS. To assess the viability
of the cells, formazan crystals were dissolved in DMSO and
optical densities were spectrophotometrically measured using a
microplate reader (Thermo Scientific, Multiskan GO Microplate
Photometer) at 540 nm.

3. Results and discussion

3.1. Chemical structure analysis of PEG-like films

FTIR analysis was conducted to determine the chemical com-
position of the PEG-like film surfaces created by plasma
processing at 5 W for different plasma exposure times (15, 30
and 60 min), respectively (Fig. 1a). For the PEG precursor, one
of the characteristic bands is -OH stretching vibration that
appeared in the region of 3630-3040 cm™'. Other pronounced
bands such as symmetric and asymmetric -CH, peaks were
observed at 2930 cm ™" and 2864 cm ™", respectively. In addition,
-CH, bending vibrations were observed at 1462 cm ' and
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between 970 cm™ ' and 790 cm ™. The -C-C- stretching vibrations
for PEG were also detected between 1400 cm™" and 1200 cm ™.
The double bands for -C-O-C- stretching vibrations found at
1115 cm ™' and 1060 cm™* were the main characteristic peaks of
PEG. The spectra for PEG precursor were compared with spectra
of PEG-like films as shown in Fig. 1a. Characteristic PEG peaks
(-CH,, peaks and -OH peak and -C-O-C- peaks) were also seen in
spectra of all PEG-like films. However, an additional peak was
detected at 1725 cm™', which was attributed to the -C—=0
stretching vibrations. These carbonyl groups can be formed by
oxidative degradation when exposed to air (oxygen) after the
process. Several research studies confirmed these results as
well.*** As conclusions, FTIR results confirmed that PEG-like
films were successfully deposited on the substrates, and they
possessed chemical similarity to PEG precursor.*!

The effect of plasma exposure time on the chemical struc-
ture of PEG-like films was also investigated. Herein, plasma
polymerization proceeded at 5 W for 15 min, 30 min and 60
min. It was observed that as the plasma exposure time
increased, the intensity of -OH decreased and -C-O-C
increased. Detailed information about percentage areas of the
corresponding chemical bonds can be found in the ESIT (S2).

Furthermore, the stability of the films was assessed through
FTIR analysis. The solubility of PEG molecules is known to be
very high, especially those with a low molecular weight.*?
In this study, soluble characteristic has been manipulated with
crosslinks that originated as a result of plasma polymerization
technique. P60 thin films underwent multiple rinses with DI
water and organic solvents such as methanol and ethanol. The
FTIR spectra of PEG-like films before and after rinsing are
depicted in S3 (ESIt). Remarkably, no discernible differences
were observed between the FTIR spectra of the rinsed thin films
and the PEG-like film. This phenomenon can be attributed to
the presence of crosslinks between the PEG chains formed
during polymerization as it was mentioned in the literature.**
Moreover, there was no evidence of delamination observed
during rinsing, indicating strong chemical adhesion of the
films to the substrates. This outcome aligns with expectations,
as the substrates were treated at base pressure with RF plasma
for 1 min prior to plasma polymerization, facilitating enhanced
adhesion between the films and substrates.

3.2. XPS analysis of PEG-like films

XPS analysis was performed to determine the compositional
changes of PEG-like films with variations in the plasma expo-
sure time. High-resolution C (1s) spectra of the P15, P30 and
P60 films are presented in Fig. 1b-d. C (1s) photoelectron
region was deconvoluted into four separate binding energy
peaks corresponding to -C-C bonds (284.8 eV), -C-O-H
(286.4 eV), -C-O-C (286.6 eV), and -C—=0 (288.9 eV), respec-
tively. XPS results of PEG-like films are also tabulated in Table
S2 in S4 (ESIY). It is known that the majority of PEG polymers
consists of -C-O-C bond related to the PEO character, based on
the peak area of the -C-O-C bond.****> XPS results demonstrate
significant variations in the chemical structure of PEG-like
films with respect to the plasma exposure time. After plasma

This journal is © The Royal Society of Chemistry 2024
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(a) FTIR spectra of PEG-like thin films on silicone wafers. (b)-(d) Deconvoluted high resolution C 1s XPS spectra of P15, P30 and P60 films on glass

slide, respectively. C-C bond (dark green); C-O-H bond (blue); C-O-C bond (orange) and C—=0O bond (magenta).

polymerization for 15 min, P15 consisted of 42.6% C-C bond,
26.4% —C-0O-C bond, 24.1% C-OH and 6.9% -C—O bonds. As
plasma polymerization continued for 60 min, the amount of
-C-O-C bonds in films increased by 53.8%, whereas -C-C bond
decreased by 20.8%. In other words, the C-O-C/C-C ratio
increased with increasing the plasma exposure time. This
implies a greater retention of the ethylene oxide structure in
the PEG-like thin films produced via long plasma polymeriza-
tion. In addition, -C-OH was reduced from 24.1% to 20.5% and
then to 17.3% with increasing exposure time from 15 to 30 min
and to 60 min, respectively.

3.3. Wettability of PEG-like films

The level of hydrophilicity and oleophilicity of PEG-like thin
films were evaluated by measuring the contact angle of deio-
nized water (WCA) and diiodomethane (DCA). Substrate (glass
slide) was partially wettable with deionized water and diiodo-
methane (WCA and DCA < 45 + 3°). As shown in Fig. 2, when
PEG-like films were deposited on wafers, deionized water and
oil spreadability on the surface was significantly changed. Even
after plasma polymerization for 15 min, WCA and DCA
increased up to the level of 86.7° and 69.0°, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The contact angle of deionized water (polar) and diiodomethane
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However, when more PEG chains were deposited on the surface
with increasing plasma exposure time (up to an hour), WCA
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Table 1 Surface wettability analysis of samples synthesized with PE-CVD

View Article Online

Journal of Materials Chemistry B

Dispersive component

Polar component Total surface free

Sample Wettability (°) (mJ cm™?) (mJ cm™?) energy (mJ cm™?)
Uncoated 42.74 £+ 3.29 35.70 24.38 60.09
P15 86.66 * 3.82 23.47 4.98 28.45
P30 67.79 £+ 1.46 25.83 13.72 39.55
P60 39.78 + 6.22 44.24 21.78 66.02

and DCA decreased to 39.8° and 30°, respectively. This is
expected to be due to its enrichment with more -C-O-C groups
produced during plasma polymerization. It is worth to say that
P60 films possess similar hydrophilic and oleophilic features to
the PEG films synthesized by dip coating, where similar contact
angle measurements (WCAppg &~ 37.3° and DCApgg ~ 29°)
were reported.*®

Surface energy (¢) of PEG-like coatings influences surface
properties of coatings. Thus, their surface energies were esti-
mated using their WCA and DCA results according to the
Owens-Wendt method (S5, ESIt). The surface energy of PEG-
like coatings is shown in Table 1. Surface energy of coatings
depended on the plasma exposure time. Among the thin films,
P60 exhibited the highest surface energy, 66.02 mJ cm 2,
whereas P30 and P15 exhibited 39.55 mJ cm™ > and 28.45 mJ cm 2,
respectively. Surface energy value for reference glass slide was
60.09 mJ cm~%; therefore, the comparisons between coated and
reference surfaces showed that 60 min thin film synthesis
enhances surface free energy likewise hydrophilicity of sample
surfaces. XPS results revealed that as the plasma exposure time
increased, the amount of non-polar -C-C bonds of the thin
films decreased and the polar -C-O-C group increased, which
affected the increase in surface energy behavior.

3.4. Antimicrobial/antifouling properties of PEG-like films

In vitro antimicrobial/antifouling tests were conducted with
P. mirabilis and E. coli bacterial strains, as these are the most
commonly isolated bacteria from urinary catheter biofilms.*?
Thus, antifouling coatings on catheters are required to repel
from the sample surface and/or kill them by contact. Some
studies have reported antibacterial properties of PEG coatings
incubated for short periods (<8 days), as PEG chains are easily
oxidised in the presence of O,, forming ethers and alde-
hydes.*”*® This reaction causes the degradation of PEG with a
consequent reduction of PEG coatings’ antifouling ability.
Therefore, they have a limited utility in long-term applica-
tions.***® Especially, for urinary catheter applications, coatings
on urinary catheters should be durable for more than 7 days.>”
Hence, we synthesized PEG-like thin film on catheters via the
PE-CVD technique to investigate the long-term effect as well.
PEG chains become crosslinked during plasma coating, leading
to the formation of highly durable PEG-like films. And, since
the P60 thin film exhibits the lowest contact angle with higher
C-O-C groups, microbiological studies were carried on only
P60 samples. The concentration of P. mirabilis and E. coli on
P60-coated and uncoated catheters was examined after incuba-
tion for 1 day, 3 days, 7 days, and 30 days. The quantitative

5716 | J Mater. Chem. B, 2024, 12, 5711-5721

analysis of each bacterial colony was performed using colony
forming units (CFU) per milliliter (CFU ml~"), shown in Fig. 3
and 4. To assess potential contamination and bacterial growth
prior to assay analysis, bacterial multiplication was assessed
using fresh and sterile TSA agar plates. Fig. 3a and b illustrate
the number of P. mirabilis present on the uncoated and coated
UCs after incubation for 1, 3, 7 and 30 days. It was found that
P. mirabilis was extensively present in the environment of the
uncoated UCs within the first 24 h of incubation. As expected,
the number of colonies increased from 4.8 x 10” CFU ml™" to
7.0 x 10 CFUmI ™, and then 1.2 x 10® CFU ml™! as incubation
time increased from 24 hours to 3 days and 7 days, respectively.
After a month (30 days) of incubation, the concentration of
P. mirabilis on uncoated catheter surfaces reached up to 8.5 x
10" CFU m1 ™. On the other hand, a significant decrease in the
adhesion of P. mirabilis on P60-coated UCs was observed as
compared with uncoated ones. Even though the antifouling
mechanism process is complicated, the bacterial repellency (%)
for P60-coated UCs increased with increasing incubation time
(Fig. 3a). After 1 day of incubation, P60 coatings repelled
44.83% of P. mirabilis bacteria, whereas 73.00% and 93.90%
of bacteria were repelled after 7 days and 30 days of incubation,
respectively. Furthermore, unbound P. mirabilis colonies on
catheters were also observed, shown in Fig. 3b. This indicates
that the number of unbound cells on P60-coated UCs
increased with increasing incubation time. In addition, there
is no significant unbound cell concentration differences
between uncoated UCs and P60-coated UCs.

Fig. 4a shows that, for the uncoated UC substrates, the
concentration of E. coli live bacteria was found to be approxi-
mately 4.8 x 10° at the end of the first 24 hours of incubation
and continued to increase exponentially to 1.5 x 10" CFU ml™*
at the end of 30 days of incubation. Meanwhile, P60-coated UC
surfaces limited the adherence of E. coli live bacteria concen-
tration down to 3.1 x 10° CFU ml~" (24-hour incubation) and 4
x 10° CFU ml™" (30-day incubation), corresponding to 34.5%
and 97.3% of inhibition ratios respectively. On the other hand,
Fig. 4b shows the concentration of live E. coli bacteria that
could not adhere to the surfaces and maintained their viability
during the incubation period. Details about ONE-WAY ANOVA
test is given in the ESIT (S6).

For both P. mirabilis overgrowth and E. coli strain over-
growth, proliferation can be related to the humidity of the
environment (~15%) and to the TSB medium used, which
provides a suitable environment for the bacterial species to
adhere and grow on the substrate surfaces. SEM images were
taken to confirm the observed trend in live bacterial concentration

This journal is © The Royal Society of Chemistry 2024
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the P60-coated and uncoated UC surfaces, and red shows the bacteria

repellency (%) from the P60-coated UC. (b) Bacterial colonies that were not adhered on the P60-coated and uncoated UC surfaces when immersed in a
wash buffer (PBS). Bacteria strains were cultivated on TSA plates, and each bacterial strain was incubated with the substrate of interest for 24, 72, 168 h

and 30 days at 37 °C (n = 6).

(CFU/ml]) for UCs and P60-coated substrates for both bacterial
strains for different incubation times (24h, 72h, 168h and 30 days).
Fig. 5 and 6 clearly show that uncoated UC surfaces are consider-
ably much more conducive to bacterial adhesion for both strains,
whereas P60-coated UCs restricted bacterial adhesion noticeably.
It can be also said that P60-coated UC surfaces also prevent the
colony formation of bacterial strains and also limit the growth rate
of bacterial strains which were adhered to the surfaces. This
feature of the PEG coating can be explained by the surface
repellent property of PEG towards the studied bacterial strains,
which also limits the metabolic activity of the mentioned bacterial
strains, that ended up with a slower growth rate and less coloniza-
tion ability compared to the uncoated UC ones.**?

3.5. Protein adhesion studies

Specifically, silicone-based catheters were coated with PEG-like
films via PE-CVD. In this part, only P60 films were deposited on
catheters since they possess high -C-O-C bonds, which refers
to “PEO character” affecting antifouling feature. In addition,
P60 films are highly hydrophilic as compared to the other thin

This journal is © The Royal Society of Chemistry 2024

films (P15 and P30). To demonstrate the PEG-coated UCs as
protein fouling resistant materials, bovine serum albumin
(BSA) protein was used. BSA is negatively charged and rich in
deprotonated carboxylic acid groups.>

The presence of aforementioned groups was also found in
blood plasma and involved in supply nutrients. Herein, a series
of BSA adsorption experiments were carried out at pH 7.4 and
at 37 °C. Uncoated UCs and P60-coated UCs were kept in BSA
solution (1 mg ml™*, dissolved in PBS buffer). The level BSA
adsorption on catheters was calculated at different times. The
results are shown in Fig. 7. This demonstrates that after 1 h of
incubation, uncoated UCs and P60-coated UCs had BSA adsorp-
tion levels of 2.89% and 1.55%, respectively. Over a 48 h
incubation period, unmodified UCs adsorbed 29.51% of
the BSA protein. In addition, the P60 film demonstrated a
reduction in the amount of protein adhered to the catheters
by 22.58% compared to the uncoated ones. This indicates the
efficacy of the P60 film in reducing protein adsorption on
catheter surfaces. Up to 30 days of incubation, for uncoated
UCs, the BSA adsorption level significantly increased (41.70%).
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(***p < 0.005****p < 0.001). Remaining p values did not express a

significant difference.

However, for P60-coated UCs, it is slightly increased in 30 days
and reached 34.52% adsorption level. It is important to note
that although there was an increase in the PEG-modified
samples at the end of 30 days, the difference with the uncoated
was around 20%. As the samples were treated in a dynamic
environment, this situation also has a negative effect on surface
stability. As PBS is a charged buffer medium in terms of ions
(i.e. Na, K etc.), the interaction between PEG-like coatings and
buffer media is inevitable.”® Nevertheless, it can be concluded
that P60-coated catheters can be safely used in clinical applica-
tions compared to current catheters.

3.6. Invitro cell viability

According to the ISO 10993-5 standard, biomaterials should not
decrease cell viability under 70% to fulfill the non-toxicity
features.”® The biocompatible property of silicone makes it a
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Fig. 8 Cell viability of uncoated and P60-coated urinary catheters
(****p < 0.001).
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popular polymeric material in biomedical applications, includ-
ing urinary catheter bulk structures.””

As the UCs will be in contact with a physiological environ-
ment, they have to fulfill several quality standards, including
biocompatibility and safety, in order to be used by patients.
Therefore, to evaluate the biocompatibility of the PEG coated
UCs, their cytotoxicity against L-929 cell line was tested. In vitro
cytotoxicity results shown in Fig. 8 indicate that compared to
the TCPS control (100.00 £ 13.93%), both UC and UC-PEG
enhanced cellular viability, yielding 127.06 + 14.91% (***p <
0.001) and 108.95 £ 10.82% (****p < 0.001), respectively. Even
though reference UCs have a higher value of fibroblast viability
compared to UC-PEG ones, there is still no cytotoxic effect of
the modified UC substrates on the mentioned cell line.

4. Conclusions

PEG-like thin films were deposited using the PE-CVD technique
on different substrates including urinary catheters, using a
single plasma precursor. To the best of our knowledge, the
low molecular weight PEG200 precursor was employed for the
first time to synthesize thin films with this technique and
investigate the long-term antifouling potency against uropatho-
genic bacteria for up to 30 days along with the possible toxicity
with mouse fibroblast cell line and protein adsorption analysis.
FTIR and XPS results revealed that the molecular structure
of PEG200 was retained at 20 mTorr vapor pressure and at a
low plasma power. Moreover, longer plasma exposure time
improved the PEO character of the coating and increased the
wettability of the surfaces. In pursuance of analysis result, it
was concluded that PEG-like coatings made in 60 minutes offer
the most effective antifouling barrier for bacterial encounter on
surfaces with the bacterial repellency rate of 93.9% for P.
mirabilis and 97.3% for E. coli at the end of the 30-day period.
Besides, it was determined that PEG like thin film coated
catheters do not possess any toxicity instead they promote cell
viability and proliferation with quite lower protein adsorption
compared to uncoated catheters.
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