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ABSTRACT: Coatings with antibiofilm properties are desirable
for biomedical applications. Titanium dioxide (TiO2) has been
explored as an antimicrobial agent in materials development
primarily due to it being an excellent photocatalyst. Candida
glabrata (C. glabrata) is an emerging human fungal pathogen with
known high resistance to oxidative stress. Here, we fabricated a
polydimethylsiloxane/titanium dioxide (PDMS/TiO2) nanocom-
posite coating and tested its antibiofilm activities against C.
glabrata. The resulting nanocomposite exhibited >50% reduction
in C. glabrata biofilm formation with 2.5 wt % TiO2 loading, even
in the dark. Through ROS detection and surface characterization,
the antibiofilm activity was attributed to the synergistic interaction
of TiO2 nanoparticles with the PDMS matrix, which resulted in the impediment of hydrophobic recovery. This work provides a
design strategy to develop antibiofilm coatings against C. glabrata.

■ INTRODUCTION
Biofilm formation serves as a crucial virulence mechanism to
resist both host immune responses and antifungal treatments
on both biological and abiotic surfaces.1−3 Surface engineering
can effectively prevent the biofilm formation by inhibiting
fungal cell adhesion to surfaces. Initial cell adhesion is pivotal
for the proliferation of pathogens including the emerging
fungal pathogen such as Candida glabrata (C. glabrata) in
biofilms. The development of antifungal drugs is hindered due
to the challenge in targeting fungal cells specifically without
affecting human cells.4 The presence of biofilms exacerbates
this issue by imparting significant drug resistance, which leads
to high failure rates of antifungal treatments of up to 70%.5−9

This limitation underscores the urgent need for developing
antibiofilm coatings as an alternative approach to mitigate
biofilm-associated infections. Thus, the application of anti-
biofilm coatings or the modification of existing abiotic surfaces
holds significant promise in impeding the proliferation of C.
glabrata.
Surface properties including surface roughness and wett-

ability have been found to influence microbial cell surface
attachment.10 Le et al. studied the effects of the surface
architecture on C. albicans biofilm formation using polished or
unpolished titanium and glass surfaces; they found biofilm
formation to be higher on surfaces with higher roughness and
not correlated with wettability.11 Another study using acrylic
resin surfaces found surface roughness to have no effect on C.
albicans and C. glabrata biofilm formation, but coating with

either zwitterionic or hydrophilic compounds led to reduced
cell adhesion.12

Nanomaterials, such as TiO2, have been explored as
antimicrobial materials that can potentially prevent and reduce
formation of bacterial and fungal biofilms on surfaces.9,13−17

The mechanism behind the antimicrobial activity of TiO2 has
been attributed to the photoactivated formation of reactive
oxygen species (ROS). The presence of ROS induces oxidative
stress and damages cell membranes on a wide range of
pathogenic microorganisms.18 Studies have also shown gene
expression changes in bacteria induced by UV-activated TiO2-
based nanomaterials, suggesting disruptions in metabolism and
activation of cellular detoxification and repair.19,20 Interest-
ingly, some studies have shown antimicrobial activity of TiO2
without UV exposure as well. Wasa et al.21 found that a
nanostructured anatase−rutile-carbon TiO2 coating inhibited
the growth of Escherichia coli, Staphylococcus aureus, Pseudo-
monas aeruginosa, and Saccharomyces cerevisiae without UV
light exposure (in visible light or dark), demonstrating that
TiO2 nanomaterials exert additional antimicrobial mechanisms
besides photoactivated ROS generation. These mixed results
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indicate the need for a systematic investigation into the surface
properties that influence C. glabrata biofilm formation, aiding
in the design of materials capable of preventing biofilm
development.
In this work, we explore the antibiofilm effect of the TiO2/

polydimethylsiloxane (PDMS) nanocomposite against C.
glabrata. PDMS is a commonly used material in biomedical
applications due to safety, stability, and cost considerations.
Studies have focused on the modifications of PDMS to
enhance its antimicrobial properties.22−24 We incorporated
anatase TiO2 nanoparticles (NP) into PDMS matrices with
different concentrations of TiO2 and analyzed their surface
properties to unravel their antibiofilm activity mechanism.
Composite films consisting of TiO2 NP embedded in PDMS
were tested for ROS generation using methylene blue and
evaluated for their ability to inhibit biofilm formation under
both visible light or dark conditions. A possible ROS-
independent mechanism for antibiofilm activity of the TiO2
/PDMS composite is proposed.

■ MATERIALS AND METHODS
Preparation of the 96-Well Plates with TiO2 and

PDMS Coating. The PDMS binder (Sylgard 184 silicone
elastomer kit, Dow Corning) was prepared by mixing the
PDMS elastomer base and curing agent with the weight ratio
of 10:1 using a spatula for about 1 minute. Various
concentrations of PDMS/TiO2 solutions (2.5, 5, 9, and 13
wt % of TiO2, 99% anatase, US Research Nanomaterials Inc.,
average particles size: 18 nm) were made by diluting the
PDMS/TiO2 mixture to 5 wt % in tert-butyl alcohol (TBA).
The solution was vortexed for 1 minute and sonicated for 15
minute at 40 °C using a bath sonicator. After the sonication,
the solution was vortexed again for 1 minute before loading on
the well plate using a pipette. Each well of the 96-well plates
was coated with 100 μL of the PDMS/TiO2 solution and was
cured at 80 °C for 30 minute in a vacuum oven. The 96-well
plates were then treated with oxygen plasma (Nordson March
CS-1701, 100 W, oxygen flow rate: 30 sccm) for 30 seconds.
Photocatalysis Experiment. PDMS-coated plates with

different TiO2 weight loadings were exposed to the light or
kept in the dark. The LED lamp was placed 18 in. away from
the plates. The LED lamp had a power rating of 8.3W,
operating at 120 VAC, 60 Hz, and 0.07 A. To minimize
evaporation during the experiment, water was added to the
surrounding empty wells in the 96-well plates. In each coated
well of the 96-well plates, 300 μL of 5 ppm methylene blue
(MB, Sigma-Aldrich) solution was added. To obtain a baseline
absorbance of the MB solution, the plates were then incubated
at 37 °C for 10 minutes, after which the MB solution was
removed, and the MB absorbance (665 nm) was measured
using a plate reader (Tecan Infinite 200 PRO). The MB
solution was then returned to the wells for a 24 hour
incubation period at 37 °C, either under light exposure or in
the dark. Following the incubation, the absorbance of the MB
solution was measured again (representative absorbance
spectra are included in Figure S1). To determine the percent
reduction of the MB dye, individual well data were subjected to
baseline correction. The corrected absorbance values were
then used to calculate the percent MB dye reduction according
to the following equation:

= ×
A A

A
Percentdyereduction 100%initial final

initial (1)

where Ainitial is the initial absorbance value after the 10 minute
incubation and Afinal is the absorbance value obtained after the
24 hour incubation. The data were then statistically analyzed
and compared between the different TiO2 weight loadings and
incubation conditions.
TiO2 and PDMS Composite Characterization. Scan-

ning Electron Microscopy. Scanning electron microscopy
(SEM) was performed using an FEI Quanta 200 system. The
PDMS/TiO2 coatings were deposited onto silicon wafers and
subsequently sputter-coated with gold.

Hydrophobicity Measurements. The static contact angles
were measured using the drop shape analyzer (KRUSS
DSA30M). Five drops of 4 μL deionized (DI) water were
placed at different points on each coating sample. The contact
angles were analyzed using KRUSS ADVANCE software. This
process was repeated three times for each coating formulation.

Roughness Analysis. The surface roughness was deter-
mined with confocal laser scanning microscopy via a 3D
surface profiler (Keyence VK-X3000) in the laser scanning
mode (semiconductor laser 661 nm). The coating samples
were cast onto polypropylene disks of 2 cm in diameter. Three
measurements were performed at different locations on each
sample, and the average area roughness values were obtained.
The roughness parameters Sa and Sz were calculated using the
associated software (VK-A3E) in accordance with ISO 25178.
Sa is the arithmetical mean value of the absolute surface heights
of the sample and Sz is the maximum height of the surface,
which is the sum of the maximum peak heights and maximum
valley depths of the sample.25

Strains and Growth Conditions. C. glabrata strains
sMH080 (wild-type) and sMH081 (H2O2-resistant mutant)
used in the study are derived from ATCC 2001.26 Prior to the
experiments, C. glabrata strains were cultured overnight in 10
mL of YPD (yeast peptone dextrose) media at 37 °C and 230
rpm.
Biofilm Quantification in TiO2 NP-Coated 96-Well

Plates. Overnight cultures were centrifuged at 2700 rpm for 5
minutes at room temperature and washed two times with 1×
PBS (phosphate buffer saline). The cell pellet was resuspended
in 10 mL of 1× PBS. The cell concentration was measured
using the Invitrogen Countess II Automated Cell Counter
(Thermo Fisher) and normalized to a concentration of 1 × 107
total cells/mL with RPMI 1640 media supplemented with 2%
glucose and 34.53 g/L of MOPS (3-(N-morpholino) propane-
sulfonic acid) and buffered to pH 7.0 using 10 N NaOH.
One hundred microliters of the cell suspension was pipetted

into each of the inner wells of the coated 96-well plate. To
prevent edge effects due to evaporation, 100 μL of 1× PBS was
pipetted into wells along the perimeter of the plate. The plates
were incubated at 37 °C for 24 hours in light (under the LED
lamp) or in the dark. After incubation, cell cultures were rinsed
with 200 μL of 1× PBS to remove any nonadherent cells. One
hundred fifty microliters of absolute methanol was added to
each well. After 15 minutes, the methanol was removed and
allowed to dry completely for 10 minutes. One hundred
microliters of 0.1% crystal violet (CV) solution was added to
each well and incubated at room temperature for 20 minutes.
The plate was washed with DI water three times and allowed
to air dry for 1 hours. Then, 150 μL of 33% acetic acid was
added to each well. One hundred microliters of each sample
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and 100 μL of DI water were transferred into a black well plate
for absorbance measurements in a plate reader (BioTek
Synergy Neo2Multi-Mode Microplate Reader) at 590 nm.
To calculate the percent biofilm inhibition compared to the

control (samples without TiO2), the following equation was
used:

i
k
jjj y

{
zzz= ×C X

C
Percent inhibition 100%

(2)

where C is the average absorbance of the control samples and
X is the average absorbance value of the experimental samples.
Student’s t test was used to determine statistical significance
between treatments.

■ RESULTS AND DISCUSSION
ROS Generation by the TiO2 Nanocomposite Film in

Visible Light and Dark. The photocatalytic performance of
PDMS/TiO2 nanocomposite films was evaluated by measuring
the percentage reduction of the methylene blue (MB) dye in
coatings with various nanoparticle weight loadings. The
experiment was conducted under LED light irradiation or
dark conditions over a 24 hour incubation period to estimate
the production of reactive oxygen radicals in these conditions.
Results demonstrated a TiO2 concentration-dependent in-
crease in MB dye reduction under LED exposure (Figure 1),

indicating photoactivation of the PDMS/TiO2 nanocomposite
coating in visible light.27,28 Typically, anatase TiO2 nano-
particles require incident light in the UV region for
photoactivation due to their 3.2 eV bandgap.29 However,
introducing oxygen vacancies on the surface of the nano-
particles effectively enhances the photoactivity of anatase
TiO2.

30 TiO2 nanomaterials enriched with oxygen vacancies
can be obtained via synthesis,31,32 ion sputtering,30,33,34

annealing,35 and oxygen plasma treatment.36,37 These defects
act as dissociative sites, transforming adsorbed O2 and H2O
into radical superoxide (·O2−) and hydroxyl groups (·OH),
respectively.30,38−40 This mechanism explains the observed
levels of MB reduction under dark conditions that correlated
with the TiO2 concentration (Figure 1), as the surface-bound
radicals degrade MB through successive hydroxylation.41

Furthermore, the oxygen vacancies act as electron traps,
effectively lowering the bandgap of anatase TiO2.

42 Bi et al.
demonstrated that introducing 7.8% oxygen vacancies in
anatase TiO2 nanoparticles through annealing could reduce
the bandgap to 1.99 eV. These defect-rich TiO2 nanoparticles

exhibited remarkable efficiency in reducing NO and rhodamine
B.35 Similarly, the oxygen plasma treatment of the PDMS/
TiO2 nanocomposite coating in this work serves a dual
function: it etches the topmost PDMS layer, thereby exposing
the surface of TiO2 particles, and creates oxygen vacancies in
the TiO2 nanoparticles.

36,37 This process increased the oxygen
vacancy concentration in the TiO2 nanoparticles, potentially
lowering the bandgap and facilitating efficient photon
absorption within the visible light spectrum.35,36,43 Addition-
ally, TiO2 nanoparticles tend to self-aggregate, forming three-
dimensional networks in the solution during the colloidal
preparation of the prepolymer mixture. This self-aggregation
behavior gives rise to the antenna effect, which enables efficient
energy transfer along a chain of aggregated particles. As a
result, the absorbed light energy can be transported to the
active sites where it induces the desired chemical reactions,
prolonging the useful lifetimes of photogenerated excitons and
improving the photocatalytic performance of the TiO2
nanoparticles in the network.44

Unexpectedly, a 10% ± 0.5% reduction in MB was also
observed in the PDMS-only control samples under the LED
condition. This phenomenon may be attributed to the
destruction of methyl groups (Si−CH3) along the siloxane
backbone of PDMS, resulting in the subsequent formation of
oxygen-containing groups such as silanol (Si−OH), alcohol
(C−OH), and carboxylic acid (COOH) on the PDMS surface
during the oxygen plasma treatment.45,46 Under LED
irradiation, these oxygen-containing groups, particularly silanol,
interact with water molecules, generating reactive hydroxyl
radicals.47 Alberti et al. observed a similar phenomenon, where
bare PDMS without TiO2 addition exhibited some MB
degradation under solar-simulated irradiation.22

Effects of PDMS/TiO2 Nanocomposites on C. glabrata
Biofilm Growth in Light and Dark Conditions. To explore
whether the observed ROS formation in the PDMS/TiO2
nanocomposite contributes to antimicrobial activities, the
efficacy of the nanocomposite coating on inhibiting biofilm
formation in C. glabrata was tested under LED and dark
conditions. In the presence of TiO2, significant reductions in
biofilm growth compared to PDMS-only samples were
observed regardless of light exposure. The levels of inhibition
were similar between TiO2 concentrations between 2.5 and
10%, with ∼51% inhibition and ∼56% inhibition observed in
the presence and absence of light, respectively (see Figure 2A
and Table 1). A slight decrease, although not statistically
significant, in inhibition was observed when the TiO2
concentration was increased to 13%. The observed biofilm
inhibition activities of TiO2 did not correlate with the TiO2-
dependent and light-dependent increase in ROS generation
observed using MB, suggesting that ROS generation may not
be the main contributor to the antibiofilm activity of the
nanocomposite tested in this study.
To further investigate whether oxidative stress is involved in

the antibiofilm activity of the TiO2 nanocomposite, the strain
(sMH081) with a mutation in Ste11, the mitogen-activated
protein kinase (MAPK) previously shown to have a ∼10×
increase in oxidative stress tolerance to hydrogen peroxide,26

was tested for the ability to form biofilms on the TiO2
nanocomposite. As shown in Figure 2, the TiO2 nano-
composite had a similar antibiofilm activity against the
oxidative stress-tolerant mutant sMH081 compared to the
wild-type strain in both LED and dark conditions. This result
further suggests that oxidative stress is likely not involved in

Figure 1. Percentage reduction of the MB dye in plasma-treated
PDMS/TiO2 coatings with various NP weight loadings under LED
irradiation or dark conditions over a 24 hour incubation period. Error
bars are standard errors between 4 replicates.
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the antibiofilm activity of the TiO2 nanocomposite. C. glabrata
is known to have high resistance to oxidative stress,48−51 which
may explain the lack of susceptibility to ROS generated by the
TiO2 nanocomposite. Instead, the surface properties of the
nanomaterial may be responsible for the observed antibiofilm
properties.
Surface Characterization of the Nanocomposite. The

SEM analysis of the nanocomposite coatings with different
TiO2 weight loadings revealed interesting trends in the surface
morphology of the coatings (Figures 3 and S2). The coatings
appeared relatively smooth and uniform up to 10 wt % loading,
with the nanoparticles becoming more evenly dispersed. The

most uniform coating was observed at 10 wt % loading. At 20
wt % loading, particle aggregation became more pronounced,
with large aggregates protruding out of the PDMS binder,
making the film rougher. The uneven distribution of the
nanoparticles at greater than 10 wt % loading may explain the
slight decrease in biofilm inhibition observed in Figure 2. At 30
wt % loading and higher, the PDMS binder failed to adequately
fill the voids in between the TiO2 nanoparticles or their
aggregates, as evidenced by the appearance of large holes on
the surface, which was similarly observed by Xu et al.52 This
suggests that there is an optimal nanoparticle loading to
achieve a uniform and smooth surface morphology for the
PDMS/TiO2 nanocomposite coatings.
The roughness parameters Sa and Sz have been suggested as

useful surface parameters for comparing biomaterial surfaces in
terms of microbial adhesion.53 The Sa and Sz values (Figure 4)
for the bare PDMS coating were 0.072 and 0.996 μm,
respectively, similar to those obtained by De-la-Pinta et al.54

Addition of up to 5 wt % TiO2 increased Sa and Sz slightly;
however, the increase was not statistically significant. Above 10
wt % TiO2, these roughness parameters significantly increased
(Figure 4). The average Sa values were 0.072, 0.094, 0.083,
0.137, and 0.275 μm for the 0, 2.5, 5, 9, and 13 wt % PDMS/
TiO2 nanocomposite coatings, respectively. The average Sz
values were 0.996, 1.175, 1.018, 1.374, and 2.207 μm for the 0,
2.5, 5, 9, and 13 wt % PDMS/TiO2 nanocomposite coatings,
respectively. Research has shown a strong correlation between
fungal and microbial adhesion and increased surface roughness.
Rough surfaces provide more contact area, which is favorable
for the process of biofilm formation.54−58 However, even
though the roughness increased between 2.5 and 13 wt % TiO2
loadings, no further increase in fungal biofilm inhibition was
observed, suggesting that roughness was likely not a major
contributor to antibiofilm activity of the nanocomposite
coating.
Wettability. The surface wettability of the nanocomposite

PDMS/TiO2 was evaluated via contact angle measurements of
the nanocomposites before (called pristine) and after reactive
oxygen plasma treatment (Figures 5 and S3) to measure
surface hydrophobicity. All samples were allowed to rest for 48
hours before the water contact angle (WCA) measurements.
The average WCA of pristine PDMS was about 110°, which
agrees well with literature values of ∼100−120°.45,59−61 Little
change in the WCA was observed with the pristine samples
because TiO2 NPs are mostly covered with PDMS before the
plasma treatment. The plasma-treated PDMS/TiO2 samples
exhibited hydrophobic recovery, a process in which hydrophilic
silanol (Si−OH) groups created on the surface during the
plasma treatment are passivated by un-cross-linked PDMS
molecules that migrate from the bulk to the surface, rendering
the PDMS surface hydrophobic again.62−65 Inclusion of
hydrophilic entities such as TiO2 nanoparticles

66,67 seemed
to impede the hydrophobic recovery process after plasma
treatment,68,69 even after more than 48 hours. For the plasma-
treated samples, average contact angles were 96°, 57°, 45°, 46°,
and 70° for the 0, 2.5, 5, 9, and 13 wt % PDMS/TiO2
nanocomposite coatings, respectively. The WCA trend reversal
for the 13 wt % coating could be due to increased aggregation
and poor dispersion of TiO2 nanoparticles, as seen in Figure 3,
leading to the formation of TiO2 aggregates and leaving behind
large domains of bare PDMS that can undergo hydrophobic
recovery. Overall, the inclusion of TiO2 nanoparticles appeared
to impede the hydrophobic recovery of PDMS.

Figure 2. Biofilm formation (A: sMH080 [wild-type] and B: sMH081
[oxidative stress-tolerant mutant]) on plasma-treated plates with
various TiO2 NP concentrations under LED and dark incubation.
Error bars are standard errors from four biological replicates. *:
statistically different from its PDMS-only control (p-value < 0.05,
Student’s t test).

Table 1. Biofilm Inhibition (%) in Different Concentrations
of TiO2 (wt %) in the Wild-Type Strain

condition
PDMS-
only 2.5% 5% 9% 13%

LED 0 52.6 ± 6 51.5 ± 5 52.3 ± 5 44.7 ± 7
dark 0 50.4 ± 7 56.2 ± 6 48.9 ± 8 41.2 ± 9
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Effects of Plasma Treatment on Biofilm Formation on
the Nanocomposite. Cells were grown in RPMI 1640 media
on the coated plates for 24 hours at 37 °C under LED
incubation to assess the effects of plasma treatment of the
nanocomposite on biofilm formation. Results showed a similar
amount of biofilm formation across all samples without plasma
treatment, with the nanoparticles having no effect on biofilm
formation (see Figure 6). On the other hand, the plasma-
treated samples exhibited significantly less biofilm formation in
all conditions. Comparing plasma-treated to untreated plates,
2.5% TiO2 nanoparticle samples had about a 75% reduction in
the biofilm and the 5, 9, and 13 wt % TiO2 nanoparticle
samples had about 67% reduction on average after plasma
treatment. Interestingly, plasma treatment of PDMS without

TiO2 nanoparticles also reduced biofilm formation by about
40%. The inhibition observed with the plasma-treated versus
non-plasma-treated PDMS-only samples may be due to the
temporarily increased hydrophilicity that hinders the adhesion
of C. glabrata and other Candida species. Plasma-treated
polymers, like PDMS, typically become more hydrophilic after
exposure to high-energy plasma gas species, such as oxygen
and nitrogen.62 Due to the instability of the high-energy
surface groups formed, the increased surface hydrophilicity is
temporary and spontaneously reverts through the hydrophobic
recovery process. The addition of TiO2 nanoparticles to PDMS
likely impedes hydrophobic recovery, increasing the longevity
of its enhanced hydrophilicity.69 This was supported by the
observed correlation between wettability and biofilm for-

Figure 3. SEM images of the PDMS/TiO2 coatings with (A) 0 wt % NPs, (B) 2.5 wt % NPs, (C) 5 wt % NPs, (D) 10 wt % NPs, (E) 20 wt % NPs,
and (F) 30 wt % NPs.

Figure 4. Surface roughness measurements of the PDMS/TiO2 nanocomposite coatings as a function of NP weight loading with standard errors
from at least 6 independent samples. *: statistically significantly different (p < 0.05, Student’s t test).
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mation, where higher antibiofilm activities were observed for
nanocomposite coatings with 2.5−9 wt % TiO2 loading
(Figures 5 and 6). The result is consistent with prior studies
that showed adherence of C. glabrata to more hydrophobic
surfaces,70,71 which is mediated by the adhesin protein
Epa6.8,72 The reduced hydrophobic recovery in the nano-
composites likely prevents biofilm adhesion by forming a
hydration layer, which acts as an energetic barrier against
nonspecific fungal and bacterial protein adsorption onto the
surface.55,73−75

■ CONCLUSIONS
Biofilm formation by fungal pathogens on surfaces poses
infection risks. Previous works showed incorporating nano-
particles with known antimicrobial activities such as TiO2 can
inhibit biofilm formation in bacterial and fungal pathogens.
Various possible mechanisms responsible for the antimicrobial
activities such as ROS formation and surface properties have
been explored. In this work, we developed a TiO2/PDMS

nanocomposite using tert-butyl alcohol as a substitute for
traditional toxic solvents like hexane and xylene.76−78 We show
that the TiO2/PDMS nanocomposites have strong antibiofilm
properties against C. glabrata, and the antibiofilm activity is
primarily due to reduced hydrophobicity of PDMS by the
presence of TiO2 nanoparticles and oxygen plasma treatment.
C. glabrata has high resistance to oxidative stress, making ROS
formation less effective as an antibiofilm strategy. Tuning
surface properties, such as hydrophobicity, may be a more
effective method for developing antibiofilm materials for
biomedical applications.
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