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The increasing prevalence of healthcare-associated infections from multidrug-resistant bacteria presents a
growing challenge due to their high transmissibility, and resistance to traditional antimicrobial strategies. In this
study, we introduce an innovative dual-mode antibacterial strategy through the development of novel surface
coatings on glass substrates, offering a proof-of-concept solution for enhanced infection control. Our
approach uniquely combines the light-active methylene blue silane (MBS1) dye with the potent antimicrobial
compound dimethyloctadecyl[3-(trimethoxysilyl)propyll ammonium chloride (QAS) into silica nanoparticles
(SNPs) to create multifunctional antibacterial surface coatings. The distinct use of silane-functionalized MB
and QA enables strong covalent bonding with silica nanoparticles, while the robust silane chemistry ensures
durable adhesion of SNPs to the glass substrates. While MBS1-SNP coatings generated highly hydrophilic (CA
= 28°), light-active surfaces, combination of QAS (QA-MBS1-SNP) coating enhanced surface hydrophobicity
(CA = 90°) without compromising photokilling efficiency. The antibacterial efficacy of these coatings was rig-
orously tested against the Gram-negative bacterium Escherichia coli. The synergistic action of MB and QA
demonstrated exceptional photokilling performance achieving >99.999% (>5-log reduction) bactericidal
activity under white light (~500 lux, ~0.0732 mW cm™) and effectively inhibited biofilm formation by up to
80%. The demonstrated efficacy of these coatings highlights their potential for transformative applications in
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1. Introduction

Hospital acquired infections (HAIs) pose a grave and imminent
global threat that demands immediate attention. The impact of
HAIs is staggering, affecting millions of patients globally. In
Australia alone, public hospitals witness an annual occurrence of
approximately 170600 HAIs, resulting in ~7600 deaths.’
Moreover, these infections contribute to a prolonged hospital
stay, averaging 18 days longer compared to patients without
HAIs.>® These infections are a significant challenge for both
society and health care organizations, causing a financial burden
of billions of dollars for governments. HAIs are mainly caused by
multi-drug resistant pathogens, transmitted through contami-
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healthcare settings, providing a robust, multifaceted approach to infection control.

nated surfaces on medical equipment and implants such as cath-
eters and ventilators, and intensified by excessive antibiotic use.
The recent advent of the COVID-19 pandemic has further exacer-
bated this issue, particularly associated with the use of venti-
lators.” This has elevated the imperative need for innovative
methods for creating antibacterial materials and surface coatings.

The utilization of antibacterial surface coatings has emerged
as a promising avenue, particularly those loaded with antibiotics
capable of impeding the attachment and progression of bio-
films. However, the rising prevalence of antibacterial-resistant
bacteria has underscored the need to explore alternative modes
of action, distinct from conventional antibiotics.**°
Antibacterial photodynamic therapy (aPDT) is one of the alterna-
tive approaches for treating microorganisms resistant to tra-
ditional antibiotics."* The aPDT strategy involves the synergistic
interplay of light and a photosensitizing agent, to induce a
photochemical reaction that eradicates bacteria by generating
toxic reactive oxygen species.'” Distinguished by numerous
advantages over traditional antibiotics, aPDT demonstrates a
broad spectrum of action, proving effective against diverse
organisms.”'" Notably, its immediate bactericidal action signifi-
cantly reduces the risk of resistance development, as it targets
multiple cellular components.
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A surface coating incorporating gPDT represents an innova-
tive approach to combat bacterial infections. While research
has delved into surface coatings containing metal nano-
particles, such as Ag, and Cu,, for the creation of light-active
coatings, reports indicate severe toxic effects associated with
these materials.” In contrast, organic synthetic dyes, serving as
photosensitizers (PSs), have proven to be more effective
against multi-drug resistant bacteria.’®'* Among these dyes,
methylene blue (MB) has garnered significant attention for its
aPDT activity in clinical settings. The cationic charge of MB
facilitates high affinity for binding to bacterial cell walls,
enhancing its effectiveness.'> Numerous studies have demon-
strated the excellent activity of MB against planktonic bac-
teria.'® Recent research has showcased MB’s efficacy as an
aPDT disinfectant against coronavirus-contaminated personal
protective equipment.’”” Furthermore, Ghareeb et al.,® inte-
grated MB with a UV-photocrosslinkable polymer, creating
photodynamic coatings for infection control.

The integration of PSs with nanotechnology has been
shown to significantly influence the outcome of PDT.’
Nanoparticles serve a dual purpose by acting as a secure
carrier for PSs and shielding them from excessive photo-
bleaching. In addition, they contribute to the improved safety
profile and biocompatibility of PSs, mitigating potential dark
toxic effects. Furthermore, nanoparticles play a pivotal role in
enhancing the interaction between PSs and bacterial walls due
to their unique surface chemistry.”'® In the context of surface
coatings, nanoparticles facilitate the infusion of PSs into
coating materials, enhancing their overall efficacy.'® While
numerous studies have underscored the augmented anti-
cancer PDT efficacy achieved through PS encapsulation with
nanoparticles,'® research in the domain of aPDT remains rela-
tively scarce. Among the diverse array of nanoparticles, silica
nanoparticles stand out as particularly noteworthy. Their
proven biocompatibility, versatility with tuneable morphology,
and flexible surface chemistry make them ideal candidates for
facilitating advancements in aPDT."**°

Many research works have documented the immobilization
of free MB onto silicone supports, predominantly employing
the swell-shrink method.® However, a notable drawback of this
approach is the potential leaching of the dye from the test sur-
faces upon incubation with solutions.” As an alternative, the
conjugation of MB onto the silicone support presents a viable
solution to eliminate this issue. Nevertheless, MB lacks a sup-
porting functional group for direct covalent conjugation to the
silicone support. Piccirillo et al.,*! demonstrated the conju-
gation of toluidine blue O to an activated silicone polymer
through an amide linkage. Despite this progress, there
remains a dearth of reported works concerning the utilization of
MB-conjugated silica nanoparticles in the context of aPDT
surface coatings. This unexplored avenue holds promise for
addressing the limitations associated with dye leaching, poten-
tially opening new frontiers in the development of surface coat-
ings with enhanced stability and performance. Furthermore, qua-
ternary ammonium compounds have demonstrated remarkable
efficacy as antibacterial and antibiofouling agents.>* They disrupt
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bacterial cell membranes, leading to leakage of cellular contents
and ultimate cell death.”*** Additionally, their positive charge
facilitates adherence to microbial surfaces, making them effective
in preventing biofilm formation.

Although both methylene blue (MB) and quaternary
ammonium ions have been extensively studied for their anti-
bacterial properties, to the best of our knowledge, there are no
reports on their combined use for synergistic antibacterial
applications. We hypothesize that integrating MB with qua-
ternary ammonium compounds could offer a novel approach
by combining two distinct mechanisms of action: MB’s oxi-
dative damage to bacteria under light exposure and quaternary
ammonium ion offers prolonged antibacterial effects through
membrane disruption. This synergistic approach could be
more effective than using either agent alone, addressing both
initial infection control and long-term antimicrobial activity.

The present work demonstrates the development of these
dual-functional surface coatings on glass substrates through
the application of MB and a quaternary ammonium com-
pound covalently conjugated to SNPs, combined with the spin
coating method. The synthesized nanoparticles and sub-
sequently developed surface coatings were characterized for
morphology by electron microscopy and optical properties by
UV-Vis spectral analysis. The newly developed surface coatings
were tested for aPDT efficacy and biofouling activity against
Escherichia. coli (E. coli) microorganism in both dark and low-
level white light exposure at ambient temperatures.

2. Materials

2.1. Chemicals

Tetraethylorthosilicate (TEOS, 78-10-4, reagent grade 98%,
Sigma-Aldrich) and dimethyloctadecyl [3-(trimethoxysilyl)
propyl] ammonium chloride (QAS, 27668-52-6, 42 wt% in
methanol, Sigma-Aldrich) were obtained from Merck,
Australia. 25% w/v ammonium hydroxide (NH,OH, 1336-21-6,
AR grade, Ajax Fine Chem) and absolute ethanol (AR grade,
99.5%) supplied by MCScientific, Australia were used as
received. Nutrient broth powder was purchased from Southern
Biological (Alphington, Victoria, Australia). EM grade glutaral-
dehyde 25% aqueous solution was purchased from ProSciTech
(product code: C002), Australia. Millipore filtered deionised
water purified with a Milli-Q system, and sterilized phosphate
buffered saline (1x PBS), made in-house were used throughout
the experimental work. An alkoxy silane derivative of methyl-
ene blue  3-(dimethylamino)-7-(methyl(3-(trimethoxysilyl)
propyl)amino) phenothiazin-5-ium triiodide (MBS1) was pre-
pared in the lab according to our previous reported method.”>

2.2. Bacterial strain and growth conditions

Gram negative E. coli [(Migula 1895) Castellani and Chalmers
1919] strain (kindly donated by Microbiology teaching prepa-
ration lab, Murdoch University) was used in this study as a
model organism. The bacterial culture was subcultured in
Nutrient Broth (NB) media at 37 °C overnight in an orbital

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shaker at 200 rpm. Prior to each experiment, the optical
density (OD) of the overnight inoculum was adjusted to 0.5
McFarland standard (~1.5 x 10° CFU mL™") in PBS. This was
further diluted in 1x PBS to obtain a bacterial working solu-
tion with ~10° CFU mL™". All experiments were performed at
this concentration.

3. Instrumentation

Transmission electron microscope (TEM) (JEOL F200
FEGTEM, JEOL Ltd, Tokyo, Japan) was used to measure the
nanoparticle size, shape, and surface morphology of the bac-
teria. Zeta potential and hydrodynamic radius of the nano-
particles were analyzed using Zetasizer NanoZS (Malvern Inst.,
Malvern, UK). A scanning electron microscope (SEM)
(JEOL-JCM-6000 benchtop model, JEOL Ltd, Tokyo, Japan)
equipped with energy dispersive X-ray spectroscopy (EDS) and
operating at 15 kV was used to investigate the nanoparticle
coated glass surfaces and to record the information regarding
the elemental composition of the coated surfaces. Zeiss 1555
VP-FESEM (Carl Zeiss, Germany) at 5 kV was used to check
biofilm formation on the coated glass surfaces, and to investi-
gate the extracellular features and morphology changes of bac-
terial biofilms before and after PDT treatment.

A PerkinElmer Lambda 650 UV-Visible spectrophotometer
(PerkinElmer, Inc., USA) was used to collect the UV-Visible
spectral data of nanoparticle coated surfaces. The measure-
ments were conducted over a spectral range of 250 to 800 nm
in 2 nm increments. The base line correction was obtained
using an uncoated glass slide as a reference. BioTek
PowerWave XS2 (BioTek Instruments, Inc., Vermont, USA)
microplate reader and Shimadzu UV-2600 (Shimadzu
Corporation, Kyoto, Japan) UV-Visible spectrophotometers
were used to run UV-Vis spectral measurements and OD of
bacterial samples. Nikon C2+ (Nikon Instruments Inc., Japan)
confocal microscope was used for fluorescence imaging.

4. Experimental methods

4.1. Synthesis of silica nanoparticles for surface coatings

The sol-gel process was used in the synthesis of various types
of silica nanoparticles (SNPs) reported in this work.

The standard synthesis procedure for SNPs involved the
addition of 5 mL (22.4 mmol) of TEOS to a solution containing
10 mL of ethanol, 0.5 mL (8.2 mmol) of 28% w/v NH,OH, and
1.2 mL of water. This mixture was stirred for 4 hours at room
temperature to form a sol. The sol was then aged overnight at
room temperature and utilized for surface coating preparations.

To produce quaternary ammonium cation conjugated SNPs
(QA-SNP), 2.5 mL (11.2 mmol) of TEOS and 2.5 mL (2.1 mmol)
QAS were added to ethanol (10 mL), water (1 mL), and 28% w/v
NH,OH (0.5 mL, 8.2 mmol). The mixture was stirred for
4 hours, followed by aging overnight to form QA-SNP, which
was then used in surface coatings.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MBS1 covalently conjugated SNP (MBS1-SNP) was syn-
thesized using our previously prepared MBS1 derivative. The
synthesis of these particles followed the standard procedure
with the inclusion of 0.5 mg (1 pmol) of MBS1 added during
the addition of TEOS to facilitate co-condensation with
TEOS.*®

For the synthesis of dual functionalized QA and MBS1 con-
jugated SNPs (QA-MBS1-SNP), a mixture of MBS1 (1 pmol),
TEOS (11.2 mmol), and QAS (2.1 mmol), was added to ethanol
(10 mL), water (1.2 mL), and NH,OH (0.5 mL) mixture. The
mixture was stirred for 4 hours, followed by aging overnight.

After synthesis, batches of nanoparticles were isolated for
characterization, using centrifugation at 15 000 rpm, followed
by successive washes with water and ethanol. The samples
were then subjected to freeze-drying.

4.2. Surface coating preparation

The preparation of the glass substrates and the subsequent
surface coating procedures followed the process outlined in
SFig. 1A.}

Prior to the coating process, thorough cleaning of the glass
substrates was undertaken to ensure the creation of hom-
ogenous and uniform coatings. Initially, the glass substrates
(25 x 25 mm) were rinsed with deionised water, accompanied
by 15 minutes of sonication in water and acetone.
Subsequently, the substrates underwent sonication at 40 °C for
30 minutes in a 1 M potassium hydroxide solution (KOH). This
was repeated then the substrates were soaked in 1 M KOH for
12 hours. Between each sonication step, the substrates were
washed three times with deionized water. Finally, the cleaned
slides were dried in a vacuum oven at 50 °C for 20 minutes.

The cleaned glass slides were then employed for spin
coating using a Polos spin coater, following the steps outlined
in SFig. 1B,f with nanoparticle solutions used for surface
coatings.

The following parameters were used in the spin coating
process. Firstly, ~100 uL of the nanoparticle solution, prepared
previously (described in 4.1) was dispensed over 10 seconds
onto a glass substrate spinning at 500 rpm. To achieve spread-
ing of the solution the speed of rotation was increased to 1000
rpm for 20 seconds. Initial drying was achieved by spinning
the coated substrate at 2000 rpm for 20 seconds. The coated
sample was then further dried on a hot plate at 100 °C for
5 minutes. This coating process was repeated three times.
After the final coating, the resultant coated glass substrates
were left to dry overnight under vacuum at 50 °C.

To assess hydrophilicity and wettability, 10 pL water droplets
were placed onto the surfaces. The droplets are photographed
immediately and contact angles were measured by Image J soft-
ware using low bond axis symmetric drop shaped analysis.

4.3. Light source

A primary white LED (Light Emitting Diode) (12 Watt) with a
lux value of approximately 500-600 lux, placed at one meter
from samples, was used as a light source for all aPDT
experiments.

RSC Pharm., 2025, 2,163-177 | 165
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4.4. Bactericidal activity of coated surfaces

The bactericidal efficacy of various coated surfaces, in both
light and dark conditions, was assessed against E. coli follow-
ing an established protocol.>” Briefly, 30 uL of a bacterial sus-
pension (1.5 x 10 CFU mL™") was inoculated onto uncoated,
SNP, QA-SNP, MBS1-SNP, and QA-MBS1-SNP coated glass sur-
faces. One set of test samples was placed in a Petri dish within
a humidified chamber at 25 °C under dark conditions, while
the other set was exposed to the LED light source with an
intensity of ~500 lux, to evaluate aPDT efficacy of the coated
surfaces as shown in SFig. 2.1 After a 30 minute exposure
period, bacterial-treated surfaces were thoroughly rinsed with
2 mL of PBS to collect bacteria. Subsequently, 20 pL of the bac-
terial suspension was subcultured on agar plates to enumerate
viable bacteria. Each experiment was conducted in triplicates,
and results were expressed as the mean.

4.5. Transmission electron microscopy (TEM) imaging

The impact of aPDT on the surface morphology of the bacterial
culture was evaluated using TEM imaging. Initially, the test
bacterial culture was treated with the coated surfaces as
described above. The treated bacteria were then collected
through centrifugation and fixed in 2.5% glutaraldehyde fol-
lowed by 1x PBS wash, twice.

Approximately 5 pL of the bacterial suspension was
dropped on a continuous Cu grid and allowed to stand for one
hour. Subsequently, excess solution was carefully absorbed
with the help of a filter paper. The fully dried grids were then
subjected to imaging using JEOL F200 FEGTEM (JEOL Ltd,
Tokyo, Japan), at the Centre for Microscopy, Characterisation
and Analysis, University of Western Australia. The instrument
was operated at an accelerating voltage of 200 kV and magnifi-
cations ranging from 40 000x to 80 000x. Images were pro-
cessed by Imge]J software.

4.6. Growing biofilms on the nanoparticle coated glass
surfaces

The biofilm inhibition potential of uncoated, SNP, QA-SNP,
MBS1-SNP, and QA-MBS1-SNP coated glass surfaces was
investigated through a comprehensive assessment.

50 pL of bacterial suspension (10° CFU mL™') was dis-
pensed onto the coated glass surfaces and covered with culture
media. A set of samples were maintained in the dark for
48 hours to allow biofilm formation, while another set was
continuously exposed to white light during biofilm formation
(48 hours). Subsequently, matured biofilms were washed care-
fully from the slides to remove planktonic bacteria. Uncoated
glass slides were used as a control.

The quantification of biofilms, derived from the aforemen-
tioned methodology, was performed employing the crystal
violet assay, as outlined by Paramanantham et al.,”® with
minor adjustments. Firstly, the biofilms grown on the nano-
particle coated surfaces in dark and in white light conditions
were washed gently with 1x PBS to remove unattached bacteria.
Then, approximately 200 pL of a 0.1% w/v crystal violet solu-
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tion was added on coated glass surfaces. The samples were
incubated for 15 minutes, followed by a thorough wash with
1x PBS. After allowing complete drying, ethanol was utilized to
extract the crystal violet bound to the bacteria cells.
Subsequently, the OD was measured at 585 nm, providing a
quantitative assessment of biofilm formation. All experiments
were performed as triplicates and the results were expressed as
mean.

4.7. Scanning electron microscopy (SEM) imaging

The morphology of the coated glass surfaces were visualized
using SEM (JEOL-JCM-6000, JEOL Ltd, Tokyo, Japan), at
Murdoch University. The instrument was operated at 15 kV at
a magnification from 500x to 550x. Elemental mapping was
performed using an integrated energy dispersive X-ray spec-
troscopy detector.

The biofilms contained glass substrates from the above-
mentioned experiment, along with control experimental slides
(refer to section 4.6), were fixed in 2.5% glutaraldehyde for
10 minutes, followed by gradient ethanol fixation (50%, 75%,
and 100%) for 10 minutes each. Subsequently, the slides were
dried and sputter-coated with a 10 nm layer of platinum.
Biofilm formation was visualized using Zeiss 1555 VP-FESEM
(Carl Zeiss, Germany) (Centre for Microscopy, Characterisation
and Analysis, University of Western Australia), operated at an
accelerating voltage of 5 kV, 6.8 to 6.9 mm working distance,
and magnifications ranging from 10 000x to 20 000x.

4.8. Fluorescence imaging of biofilms

Additional fluorescence imaging was performed using biofilms
developed on the glass substrates as outlined in section 4.6.
The biofilms were fixed with 2.5% glutaraldehyde for
10 minutes followed by staining with acridine orange (AO)
(2 pg mL™") for 15 min at room temperature. Fluorescence
imaging was then performed using a Nikon C2+ confocal
microscope at 525 nm.

4.9. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 10
(GraphPad Software, San Diego, CA, USA). A two-tailed
Student’s ¢-test was used to compare groups. For comparisons
involving more than two groups, one-way ANOVA followed by
Tukey’s post-hoc test was used. Statistical significance was
determined with the following thresholds: *p < 0.05, **p <
0.01. Data are presented as mean + Standard Error of the
Mean (SEM), with error bars indicating SEM.

5. Results and discussion

5.1. Synthesis of SNP, QA-SNP, MBS1-SNP, and QA-MBS1-
SNP and their characterization

The synthesis of these nano-formulations was achieved
through the sol-gel methodology. TEOS was utilized as the
metal precursor across all nanoparticle types. QAS and MBS1
were employed to introduce quaternary ammonium cation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(QA) and MB modifications to the nanoparticle surfaces, respect-
ively. The silane functional groups present on QAS and MBS1
facilitated their covalent conjugation to the SNPs. In the reaction,
the silane compounds underwent hydrolysis and condensation in
the presence of water and NH,OH, forming a sol-gel mixture.
This sol-gel mixture was then either directly applied onto glass
surfaces to create the corresponding surface coatings or isolated
to collect nanoparticles for characterization.

Characterization of these resulting nanoparticles encom-
passed assessments of their size and zeta potential. TEM
imaging revealed the monodisperse nature of the spherical
nanoparticles, with sizes ranging from 5-10 nm (Fig. 1).
Comprehensive results are presented in Table 1, indicating
that all nanoparticle types were obtained in ultra-small sizes.

Zeta potential values determined in water were negative for
both SNP and MBS1-SNP, with values of —34 + 0.85 mV and
—13.5 + 2.9 mV, respectively (Table 1). The negative values were

MBS1-SNP QA-MBSI-SNP

Fig.1 TEM images of spherical monodispersed silica nanoparticles
(SNPs) functionalised with quaternary ammonia groups (QAS) and
methylene blue (MBS1) dye (scale bar 50 nm).

Table 1 Characteristics of silica nanoparticles and SNP coatings

Sample Zeta potential” Contact
name Size® (nm + SD) (mV % SD) angle® (°)
SNP 5.4 +0.5 —34.0£0.8 41
QA-SNP 5.8+0.7 +33.5+1.5 102
MBS1-SNP 6.4 +0.8 —-13.5+£2.9 28
QA-MBS1-SNP 6.9 + 0.6 +25.2+1.1 90

“Particle size was based on TEM imaging of more than 200 particles
chosen randomly. ? Zeta potential measurements in water (0.1 mg mL™).
¢ Contact angle (CA) measurements for water droplets.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributed to the presence of electronegative hydroxyl groups
on the surfaces of the nanoparticles. The negative surface
charge of MBS1-SNP was lower than that of SNP, possibly due
to the presence of cationic MB molecules on the particle sur-
faces, which partially offset the negative charge of the hydroxyl
groups. On the other hand, both QA-SNP and QA-MBS1-SNP
displayed positive zeta potential (Table 1) due to the positive
charge of QA groups present on the surface of the particles.

5.2. Synthesis of dual functional light active surface coatings

The development of SNP, QA-SNP, MBS1-SNP, and QA-MBS1-
SNP coated surfaces was achieved utilizing the spin coating
method. This technique was selected for its simplicity,
enabling the production of thin and uniform coatings on glass
substrates.*® Sol-gel synthesis of nanoparticle solutions was
employed to provide control over film thickness, making it a
preferred method for generating oxide coatings on glass sub-
strates.>® Additionally, sol-gel spin coating is well-suited for
research applications.

As described in SFig. 1A,t glass slides underwent an initial
etching process in a 1 M KOH solution to expose hydroxyl
groups for crosslinking with silane groups.®" The spin coating
process was iterated three times to achieve the desired thick-
ness, interspersed with 5 minute drying intervals at 100 °C
between each coating, to enhance the condensation process.
Following spin coating, the resulting thin films underwent
overnight curing at 75 °C under vacuum conditions to ensure
thorough drying. This procedure also promoted siloxane con-
densation, enabling hydrolyzed silane groups on nanoparticles
to effectively condense with hydroxyl groups on the glass
surface (Fig. 2). This drying stage is crucial for establishing
robust siloxane bonds between the etched glass substrate
surface and the nanoparticles,**** while the vacuum environ-
ment serves to prevent any potential formation of cracks in the
coated surfaces.*

Fig. 2 presents contact angle (CA) images of uncoated, SNP,
QA-SNP, MBS1-SNP, and QA-MBS1-SNP coated surfaces, with
contact angle results detailed in Table 1. CA is an important
parameter to evaluate the water repelling capacity of the sur-
faces, which in turn is useful in the determination of repel-
lence and inhibition of biofilm formation. Contact angles less
than 90° indicate the surface wettability is high. The uncoated,
SNP, and MBS1-SNP coated surfaces exhibited CAs 55°, 41°,
and 28°, respectively, confirming their hydrophilic nature. The
CA for uncoated glass closely resembled the findings of
Sriramulu et al.,*® (55.7°), while the CA decreased to 41° after
SNP coating. These values were lower than those reported by
Zainuri et al.,’® (70°) for SNP-coated surfaces, which could be
attributed to differences in SNP particle sizes used in surface
coatings. Zainuri et al. utilized SNP particles of ~1 um,
whereas this study employed SNP particles <10 nm, with
smaller particles offering increased surface area and a higher
number of hydroxyl groups, thereby enhancing hydrophilicity.
Conversely, QA-SNP and QA-MBS1-SNP coated surfaces dis-
played CAs of 102° and 90°, indicating their hydrophobic
nature. These findings were consistent with those reported by
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Fig. 2 Schematic illustration of uncoated, SNP, QA-SNP, MBS1-SNP, and QA-MBS1-SNP coated glass surfaces and respective water contact angle
measurements. QA—SNP and QA-MBS1-SNP coated surfaces showed water contact angle >90°, indicating hydrophobic surfaces.

Lou et al.,”” for quaternary ammonium functionalized surfaces
(CA = 105° + 2). The hydrophobicity observed in these glass
surfaces can be attributed to the presence of QA groups on the
nanoparticle surfaces, with the octadecyl alkyl chain on the QA
contributing to surface hydrophobicity.

The SEM images presented in Fig. 3A depict the surface
morphology of uncoated, SNP, QA-SNP, MBS1-SNP, and QA-
MBS1-SNP coated surfaces. The uncoated surface appears
smooth, as do the SNP and MBS1-SNP coatings. However, the
QA-SNP and QA-MBS1-SNP coated surfaces exhibit roughness
characterized by irregular patterns, likely due to the presence
of long alkyl chains modified on the surface of the SNPs.
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Interestingly, the QA-MBS1-SNP coating displays a smoother
surface compared to QA-SNP, potentially due to the lower con-
centration of QA groups as a result of the dual functionali-
zation with MBS1.

Elemental characterization conducted with EDS, as
depicted in Fig. 3B, reveals varying carbon content across the
coated surfaces. Uncoated and SNP-coated surfaces exhibit low
to negligible carbon presence. In contrast, QA-SNP-coated sur-
faces display the highest percentage of carbon. Conversely,
QA-MBS1-SNP-coated surfaces exhibit a lower carbon percen-
tage, attributed to the reduced quantity of QA molecules

present on the SNP surface. Similarly, the diminished carbon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Surface morphology studies: (A) SEM images showing the surface morphology of various coatings: SNP, QA-SNP, MBS1-SNP, and QA-
MBS1-SNP, compared to an uncoated glass surface (scale bar 50 um). (B) Corresponding Energy-Dispersive X-ray Spectroscopy (EDS) elemental
analysis of the coatings. The analysis reveals increased carbon content in substrates coated with QAS and MBS1 compared to those with only SNP or
the uncoated glass surface, indicating successful deposition of the coatings (note the red arrow highlighting the presence of carbon. Samples were

sputter-coated with platinum).

content in MBS1-SNP-coated surfaces compared to QA-SNP
coatings can be attributed to the lower number of carbons per
molecule in MBS1 relative to QAS molecules.

MB exhibits maximum UV-Visible absorption at 660 nm.>®
The coated surfaces underwent characterization via UV-Visible

© 2025 The Author(s). Published by the Royal Society of Chemistry

spectral analysis to assess their absorption properties, with
results presented in Fig. 4. Consistent with expectations, SNP
and QA-SNP coated surfaces showed negligible light absorp-
tion at 660 nm. In contrast, both MBS1-SNP and QA-MBS1-
SNP coated surfaces displayed a peak around 640-650 nm,
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Fig. 4 UV-Visible absorption spectral analysis of uncoated, SNP, QA—SNP, MBS1-SNP, and QA-MBS1-SNP coated surfaces.

indicative of the presence of MB molecules. The UV-Visible
absorbance was notably higher in MBS1-SNP coated glass
slides compared to QA-MBS1-SNP, which possibly indicates a
higher concentration of MB molecules per SNP. Nonetheless,
it is crucial to emphasize that both MBS1-SNP and QA-MBS1-
SNP coatings can serve as light-active surfaces owing to the
incorporation of MB molecules within the coatings. Moreover,
due to the covalent attachment of the MB molecule to the
SNPs, no leakage of MB was observed when the surfaces were
incubated with water for extended periods of time.

5.3. Bactericidal activity of surface coatings against E. coli

E. coli, known for its rapid growth and resilience towards disin-
fectants and antibacterial agents, is a prevalent pathogen on
biomedical and healthcare surfaces.>® Consequently, it served
as the ideal test organism for assessing the bactericidal
efficacy of these novel surface coatings. Our study involved
exposing these coatings to E. coli under light and dark con-
ditions (as shown in SFig. 2.T) to investigate their ability to kill
E. coli over short time exposure, thereby preventing their
growth and reproduction. The maintained lux value of ~500
lux (~0.0732 mW cm?) for light exposure experiments was
chosen for all aPDT experiments to reflect typical workplace
lighting conditions in healthcare settings.

Fig. 5A and B illustrates the bactericidal activity of uncoated
and various SNP surface coatings against E. coli. Following a
30 minute incubation period in dark or white light conditions,
viable bacterial counts were determined by subculturing
samples collected from the contaminated surfaces (Fig. 5A).
Uncoated, SNP, and QA-SNP coated surfaces exhibited high
bacterial viability both in the presence and absence of white
light treatments, as expected due to their lack of light acti-
vation. Conversely, while bacterial survival was observed in the
absence of light exposure, almost no E. coli survived even with
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short-term exposure to white light on the MBS1-SNP and
QA-MBS1-SNP coated surfaces. This can be attributed to the
aPDT activity of these surfaces against E. coli microorganisms.
The bacterial population reduction following the bactericidal
test was represented by a logarithmic reduction factor in
(Fig. 5B). The results revealed that uncoated, SNP-coated,
and QA-SNP coated surfaces displayed less than a 2-log
reduction in bacterial counts, irrespective of light exposure.
Additionally, no significant difference was observed in the bac-
tericidal activity between dark and light conditions for these
coatings.

Conversely, MBS1-SNP and QA-MBS1-SNP coated surfaces
demonstrated statistically significant (¢-test p* < 0.05 and p** <
0.01) reductions in viable bacteria (~5-log reduction, equi-
valent to a 99.999% reduction rate) when exposed to white
light compared to uncoated, SNP, and QA-SNP coated sur-
faces. Notably, MBS1-SNP coated surfaces exhibited over a
2-log reduction in bacterial population in the dark, suggesting
inherent toxicity towards E. coli. The cationic structure, hydro-
philic, and the redox nature of MB facilitate greater interaction
with Gram negative E. coli, leading to damage to the outer
cellular membrane.*”*! Both surface coatings displayed
decreased bacterial survival rates when exposed to white light
compared to dark conditions, indicative of surface
phototoxicity. Light exposure initiated the photo-bactericidal
activity of MB, releasing cytotoxic singlet oxygen species that
caused oxidative damage to the outer cell membrane of E. coli,
leading to cell death. The decreased bactericidal activity of
QA-MBS1-SNP coated surfaces (4.34-log reduction) compared
to MBS1-SNP surfaces (5.65-log reduction) in the presence of
light might be due to the higher loading of MBS1 molecules
per SNP particle in MBS1-SNP, leading to increased generation
of reactive oxygen species compared to QA-MBS1-SNP. The
dual functionalization with QA could potentially reduce the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Bactericidal activity of uncoated, SNP, QA-SNP, MBS1-SNP, and QA-MBS1-SNP coated surfaces after short time incubation of 30 minutes,
in the presence and absence of white light (~500 lux (~0.0732 mW cm™2)). (A) Viable E, coli bacteria by subculturing samples collected from the
contaminated surfaces. (B) Graphical representation of Log reduction of E. coli after short-term exposure to coated surfaces. MBS1-SNP coated,
and QA-MBS1-SNP coated surfaces significantly reduced the bacterial viability in presence of white light upon short-term exposure. Unpaired
Student’s t-test and one-way ANOVA used to compare between groups: * for p < 0.05, ** for p < 0.01.

encapsulation of MBS1 per nanoparticle. These findings
suggest that the aPDT activity significantly enhances bacteri-
cidal efficacy.

Additionally, the surface morphology of E. coli observed using
TEM, after incubation with these surface coatings and light
exposure are shown in Fig. 6. The bacteria collected from the
uncoated and SNP-coated surfaces appeared no visible damage
to the outer membrane. However, disruption of the outer cell
wall was observed in samples collected from QA-SNP coated sur-
faces, indicating some level of damage. More pronounced
damage was evident in cells collected from MBS1-SNP and QA-
MBS1-SNP coated surfaces, suggesting a more efficient and
immediate cell killing action following aPDT treatment. These

© 2025 The Author(s). Published by the Royal Society of Chemistry

observations underscore the effectiveness of aPDT in inducing
cellular damage and highlight the potential phototoxicity of MB-
containing coatings in combating bacterial pathogens.

5.4. Assessment of E. coli biofilm inhibition on coated glass
substrates after long term incubation

After incubation of E. coli with various SNP-coated substates
for extended periods of time (up to 48 hours) in the absence
and presence of white light, the bacterial adherence capacity,
biofilm formation, and morphology changes were examined
using SEM imaging. Fig. 7A and B illustrate the SEM images,
revealing dense bacterial colonies aggregating and forming
complex biofilms on the uncoated surface both in dark and
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Fig. 6 TEM images of photodamaged samples collected from uncoated, SNP, QA-SNP, MBS1-SNP and QA-MBS1-SNP coated surfaces
30 minutes after light treatment. The collected samples displayed undamaged bacteria from uncoated and SNP-coated surfaces whereas, damaged
outer cellular membrane and arrest of bacterial cell growth were noticed in samples collected from QA-SNP, MBS1-SNP, and QA-MBS1-SNP
coated surfaces due to contact killing activity and aPDT (scale bar 1 pm for uncoated and SNP-coated, 500 nm in QA—SNP, MBS1-SNP, and QA-

MBS1-SNP coated).

light conditions. The biofilm formation on SNP coated sur-
faces was found to be comparable to that on uncoated sur-
faces, with no significant reduction in bacterial adherence or
biofilm formation. In addition, the outer membrane walls of
bacteria were undisturbed and undamaged when grown on
uncoated and SNP-coated surfaces. On the QA-SNP coated sur-
faces, a thick layer of E. coli biofilm was observed after pro-
longed incubation, irrespective of the light conditions. This
finding contradicts previous literature reports that highlight
the contact-killing and anti-biofouling properties of QA-coated
surfaces.”***** The observed ineffectiveness of QA-SNP coat-
ings against E. coli might be due to the specific coating meth-
odology used in this study. Notably, the SEM images revealed
that bacteria on QA-SNP coated surfaces exhibited rough,
wrinkled, and ruptured membranes with noticeable holes.
This suggests that the QA-SNP coatings may induce bacterial
membrane damage through electrostatic interactions between
the positively charged QAS and the negatively charged bacterial
cell membranes. However, the cationic nature of QAS may
render these surfaces more susceptible to biofouling due to

172 | RSC Pharm., 2025, 2,163-177

the adhesion of anionic compounds in organic matter, poten-
tially enhancing bacterial adhesion on QA-SNP coated sur-
faces. The extent of bacterial adhesion could potentially be
modulated by adjusting the concentration of QAS during the
synthesis of QA-SNP nanoparticles for surface coatings.
However, for the purposes of this study, we opted to maintain
a constant QAS concentration.

Interestingly, a notable reduction in biofilm formation was
observed on both MBS1-SNP and QA-MBS1-SNP coated sur-
faces, even in the absence of light. This reduction might be
due to the intrinsic antimicrobial activity of MB, which has
been reported to compromise the viability of E. coli.** Despite
diminished biofilm formation, viable bacteria on these sur-
faces under dark conditions exhibited normal growth and
appeared healthy. However, when exposed to white light, the
bacterial cultures on these surfaces demonstrated marked
changes. The bacteria exhibited signs of photodamage, such
as parched cell walls and significant morphological altera-
tions. Specifically, the application of aPDT led to a disruption
of the bacterial outer membrane, resulting in the loss of intra-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cellular components. Additionally, aPDT induced a transform-
ation in E. coli morphology from bacilli (rod shaped) to
cocci (spherical), consistent with the effects documented in
previous studies on aPDT impact on biofilms.*>"*” Despite the
reduction in viable bacteria on MBS1-SNP coated surfaces,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A and B) SEM images of bacteria, grown on uncoated, SNP, and QA—-SNP, MBS1-SNP, and QA-MBS1-SNP in presence of dark and white

some bacteria remained adherent to the surfaces in an inacti-
vated state, indicating residual surface affinity. Conversely,
QA-MBS1-SNP coated surfaces exposed to white light exhibi-
ted a further reduction in bacterial adhesion, with fewer
colonies adhering to the surface and the majority appearing as
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single-cell entities. This enhanced antibiofouling effect
suggests that the incorporation of QA in the coating not only
improves the efficacy of aPDT but also enhances the overall
resistance to bacterial colonization. The combination of
MB with QA in the coatings significantly improved the antibac-
terial and antibiofouling properties by rapidly affecting bac-
terial viability upon contact, particularly when exposed to
light.

To quantify the amount of biofilm formed, CV assay was
conducted. As depicted in Fig. 8A, both MBS1-SNP and QA-
MBS1-SNP coated surfaces exhibited significant potency in
inhibiting biofilm formation. Particularly noteworthy was
the substantial reduction in biofilm formation observed
when exposed samples were subjected to white light treat-
ment (aPDT). Both samples demonstrated a significant

View Article Online

RSC Pharmaceutics

(t-test p* < 0.05 and p** < 0.01) decrease in biofilm for-
mation compared to the control sample. On the other hand,
SNP and QA-SNP coated surfaces showed less antibiofouling
activity, due to the lack of aPDT activity. However, these sur-
faces showed antibacterial resistance compared to uncoated
surfaces, despite not exhibiting bactericidal activity in the
earlier experiments. This discrepancy may stem from the
prolonged exposure of bacterial samples to the coated sur-
faces. In previous assessments of bactericidal activity, E. coli
cultures were exposed to the coated surfaces for only a short
duration (30 minutes).

The presence of biofilm formation on the coated surfaces
was further confirmed through fluorescence imaging using
acridine orange (AO) as a stain. Glutaraldehyde-fixed and AO-
stained samples were visualized using confocal microscopy at
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Fig. 8 Biofilm inhibition tests: (A) CV assay performed to quantify the adhered bacteria on the surfaces and (B) biofilms visualization using fluor-
escence imaging (scale bar 50 pm) (two-tailed Student'’s t-test *p < 0.05, **p < 0.01).
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a wavelength of 525 nm (Fig. 8B). The results revealed a dense
layer of thick biofilm formed on both uncoated and SNP-
coated surfaces under both light and dark conditions. The QA-
coated surfaces also showed bacterial adhesion onto the sur-
faces; however, no substantial formation of thick biofilm colo-
nies was observed. In contrast, MBS1-SNP and QA-MBS1-SNP
coated surfaces exhibited significantly less biofilm growth
compared to the control samples and the effect was more pro-
nounced when exposed to white light compared to culture
grown in dark conditions, consistent with the SEM and CV
results.

6. Conclusion and future outlook

In summary, this study developed dual-action antimicrobial
and antibiofouling surface coatings by covalently incorporat-
ing MBS1 and QAS into silica nanoparticles. QA-SNP coatings
exhibited excellent hydrophobicity, enhancing bacterial repel-
lence, while MBS1-SNP coatings demonstrated potent photo-
killing activity. The combined QA-MBS1-SNP coatings suc-
cessfully integrated both photokilling and bacterial repellence
functionalities, addressing the issue of dye leakage through
covalent incorporation of MBS1 into SNPs. This ensured sus-
tained antimicrobial activity. Preliminary tests against E. coli
revealed the superior dual efficacy of QA-MBS1-SNP coatings.
In addition to the phototoxic effects of MBS1, these coatings
induced hydrophobicity, further enhancing antibiofouling
properties. These findings highlight the potential of light-acti-
vated surface coatings in controlling biofilm formation and
mitigating microbial infections, offering a compelling alterna-
tive for healthcare, industrial, and environmental
applications.

Future work should focus on evaluating the performance of
these coatings against a broader spectrum of microorganisms,
including clinically relevant pathogens. Moreover, studies asses-
sing the coating’s durability, photostability, and long-term per-
formance under real-world conditions will be critical for advan-
cing their practical application. Incorporating this technology
into diverse substrates and exploring scalable manufacturing
methods will also be essential for translating these coatings from
the laboratory to commercial use. By addressing these chal-
lenges, the dual-action antimicrobial and antibiofouling coatings
hold significant promise in combating microbial contamination
and biofilm-associated risks on a global scale.
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