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Marine biofouling causes serious environmental problems and has adverse impacts on the maritime industry.
Biofouling on windows and optical equipment reduces surface transparency, limiting their application for on-site
monitoring or continuous measurement. This work illustrates that UV emitting glasses (UEGs) can prevent the
establishment and growth of biofilm on the illuminated surfaces. Specifically, this paper describes how UEGs are
enabled by innovatively modifying the surfaces of the glass with light scattering particles. Modification of glass
surface with silica nanoparticles at a concentration 26.5 pg/cm? resulted in over ten-fold increase in UV irra-
diance, while maintaining satisfactory visible and IR transparency metrics of over 99 %. The UEG reduced visible

biological growth by 98 % and resulted in a decrease of 1.79 log in detected colony forming units when
compared to the control during a 20 day submersion at Port Canaveral, Florida, United States. These findings
serve as strong evidence that UV emitting glass should be explored as a promising approach for biofilm inhibition

on transparent surfaces.

1. Introduction

Biofouling on the exterior surface of marine vessels and equipment
creates significant operational, functional, and financial hurdles. Biofilm
is a consortium of microorganisms immobilized in a matrix of extra-
cellular polymeric substances (EPS). Biofilm growth and the bio-
corrosion associated with surface-attached biofilms can damage ocean-
ographic equipment and decrease the optical transparency of windows
used for cameras and communications devices. Biofilm formation costs
the United States Navy Fleet between 180 and 260 million dollars per
year [1]. Increased surface roughness increases hydraulic drag and fuel
consumption, while corrosion causes significant irreparable damage to
the vessel’s components [2]. Moreover, ship biofouling is an important
mechanism for the translocation and introduction of non-native species
throughout the world [3], which can impact various economic,
ecological, societal, and cultural values.

Current approaches for biofilm prevention on ship hulls involve the
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application of antifouling biocidal or non-biocidal coatings. Biocidal
coatings employ an active agent to kill fouling organisms. Due to their
high persistence and toxicity, antifouling biocides adversely affect the
nontargeted fouling organisms and can therefore compromise ecosys-
tems [4]. Non-biocidal coatings include fouling-resistant and
fouling-release coatings [4,5]. To fulfill their purpose, these coatings
must exhibit long-term mechanical and chemical stability, ease of
application and proper adherence to the surface of interest while pre-
venting and detaching a wide variety of fouling organisms. Designing a
successful coating is a time- and cost-intensive process and requires
interdisciplinary work to connect physical-chemical concepts to bio-
logical phenomena [6].

Germicidal ultraviolet radiation between 250 and 280 nm (UVC ra-
diation) is chemical-free and can prevent marine biofilm formation at
extremely low irradiance [7]. UVC radiation prevents organism repli-
cation, growth, and infection by damaging the cell’s DNA, RNA, and
protein structures [8]. Recently, surface exposure to external UVC
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radiation has been applied in the marine field to prevent biofouling
formation on multiple surfaces (Table 1). However, the inability to
distribute adequate light across the surface of interest is the main limi-
tation of using UV light for biofilm prevention in marine environments
and large surface areas. Light intensity decays as it moves away from the
point source due to diverging of rays and attenuation from scattering
and absorption [9]. For example, as turbidity of water increases the
amount of UV light that can reach a surface from the same source de-
creases [10].

Here we present an approach to glow UV light from the inside of
windows to prevent biological attachment and growth on the surface.
Glass substrates such as windows can be modified to externally emit UV
light and prevent biological growth on their surface. The core technol-
ogy is based on the use of nanoparticle-enabled waveguides 9,20. UVC
light (265 nm), launched from a LED, travels through the glass core and
is scattered by the nanoparticles on the surface, resulting in side-
emission into its surrounding water or air. When total internal reflec-
tion (TIR) occurs within a waveguide, an evanescent wave is generated
through the sides of the substrate [21,22]. By adding scattering nano-
particles onto the glass surface, we disturb the electromagnetic wave,
causing the light to leave (leak out) the waveguide substrate, resulting in
side-emission and outcoupling of UVC radiation into the surrounding
medium.

We have previously demonstrated the ability to obtain “glowing” UV
light from a cylindrical waveguide for biofilm prevention. We fabricated
side-emitting optical fibers (SEOFs) by modifying a traditional optical
fiber with highly scattering silica (SiO2) particles (>200 nm in diameter)
and attaching a UV LED (265 nm) to the fiber [9,23]. SEOFs can effec-
tively inactivate planktonic bacteria (2.9 log inactivation of Escherichia
coli at a delivery dose of 15 mJ, /em?) [9] and prevent bacteria growth on
surfaces (inhibition zone of 3 cm at a delivery dose of ~4.3 mJ/cmz)
[23].

In this study, we aimed to provide proof of concept that UV surface-
emitting (glowing) glass can prevent marine biofilm formation on a
transparent surface. A UV emitting glass (UEG) (Provisional Patent US
Serial No. 63/506,985) was fabricated to emit UV light throughout its
length (Fig. 1). The UEG was deployed in a marine environment for 20
days to assess the ability of UEGs to prevent biofilm when compared to a
similar non-UEG control.

2. Methods
2.1. Fabrication of UV-emitting glass (UEG)

UV transparent quartz slides measuring 24 x 110 mm and 2 mm
thick were modified to emit UV light through a three-step method. Step
1 involved cleaning the slides at room temperature by immersing them
in acetone (99.5%) and sonicating the solution for 10 min to remove any
deposits from the exposed surfaces. Step 2 includes the application of
scattering nanoparticles onto the cleaned slides by electrostatic depo-
sition. Aminated silica spheres suspended in ethanol with a diameter of

Table 1

Biofilm 7 (2024) 100186

200 nm (nanoComposix, San Diego, CA, 10 mg/mL, SIAN200), were
selected due to the low absorptivity and high scattering coefficient at
265 nm. Positively charged aminated spheres facilitated the attachment
to the negatively charged glass slide surface. The nanoparticle suspen-
sion was sonicated for 10 min before application. Approximately 700 pL
of the suspension was gently pipetted onto the slide to uniformly cover
the 26.5 cm? surface area of the slide before drying for 2 h. UEGs with
different mass coverage (pg/cm?) of nanoparticles on the slides were
fabricated by diluting the nanoparticle suspension with Ethyl Alcohol
100% (Decon Laboratories, Inc. PA). In Step 3, the slide was coated with
Cyclic Transparent Optical Polymer (CYTOP™) (AGC Chemicals, USA)
by semi-print screen technique. Following sonication for 10 min, 300 +
20 pL polymer was dragged along the exposed facet of the glass slide
using the round edge of a razor blade and dried at room temperature
overnight. The polymer serves to (1) act as a cladding to the glass, (2)
protect the glass core, and (3) fixate the nanoparticles close to the
substrate. Therefore, a minimum coating thickness was desired, while
ensuring complete coverage of the substrate and nanoparticles. CYTOP
is a fluoropolymer characterized by its amorphous structure, allowing
for remarkable transparency (>95% for 1 mm) over a wide spectral
range (200-2000 nm), and is well-suited for functioning as an optical
thin film coating.

The thickness of the coating material was measured by AFM profil-
ometry using a Jupiter XR Atomic Force Microscopy (AFM) (Oxford
Asylum Research, UK) across a scratch made by a brass pin on the
coating layer. When scanning, measurements of the material derived
from scratching was avoided by selecting areas free of debris when
possible. The instrument was operating in tapping mode using Super-
Sharp PointProbe-Plus®-NCHR Silicon tips (NANOSENSORS™,
Switzerland). These measurements were repeated four times at different
locations, and the average value is reported.

2.2. Establishing optical transparency vs. UV emission profile

A series of 12 slides were prepared to investigate the optical trans-
parency and UV emission profile resulting from changes in nanoparticle
concentration. The first six slides were fabricated with varying con-
centrations of nanoparticles, including 265, 132.5, 53, 26.5, 2.65, and 0
ug/cmz, prepared from 1:0, 1:2, 1:5, 1:10, 1:100, and 0:1 dilutions of
nanoparticle suspension, respectively. Each of these slides was then
coated with a polymer layer. The remaining six slides were coated with
nanoparticles at the same mass coverage, without the polymer coating.
The fabricated UEGs were subsequently characterized for their optical
transparency and UV emission profiles.

The optical transparency of the slides was measured by the U.S.
Naval Research Laboratory (NRL) by positioning a collimated light
source in front of the substrate followed by a detector behind it. Mea-
surements were carried out over a spectral range of 400-2500 nm using
Flame (Flame-T-XR1-ES, Ocean Insight, USA) and NIR Quest
(NQ512-2.5, Ocean Insight, USA) spectrometers working in tandem.
The light sources used in the measurements (DH-2000-FHS-DUV-TTL for

Summary of the most recent applications of UVC for prevention of biofilm formation on surfaces.

Source of UVC Target bacteria Surface material

Ref.

LED Biofilm-bound Pseudomonas aeruginosa Clear polycarbonate coupons
LED Escherichia coli Fused silica glass
Lamp Marine bacteria Polycarbonate
Stainless steel
LED Pseudomonas spp., Polycarbonate coupons
Legionella spp., Quartz coupons
Mycobacteria
LED Marine bacteria Aluminum plates
Lamp Marine bacteria Borosilicate microscope slides
Lamp Marine bacteria
Lamp Marine bacteria
LED Marine bacteria Perspex test plate

Steel plate coated with an ablative copper antifouling and a silicone fouling release coating
Aluminum sheet coated with polydimethylsiloxane

Goraetal. [11]
Torkzadeh et al. [12]
Richard et al. [13]

Ma et al. [14]

Abhishek et al. [15]
Braga et al. [16]
Braga et al. [17]
Cagnola et al. [18]
Ryan et al. [19]




L. Alidokht et al.

¢rease in UV flux through length of slide

Biofilm 7 (2024) 100186

Polymer layer
Silica nanoparticles layer
Glass slide

Aluminum Backing

Fig. 1. Schematic illustration of UV emitting glass (UEG) and light engine.

Vis, and HL-2000-HP-FHSA for NIR, respectively; Ocean Insight, USA),
were directed onto the slide using a sample 74-ACH adjustable colli-
mating lens holder (Ocean Insight, USA), modified with custom-made
3D printed panel brace and 74-UV collimating lenses (Ocean Insight,
USA). The intensity of light passing through the slides was collected and
recorded using the OceanView software package, and the percent of
transmission was calculated during data processing using the MATLAB
software package using control (uncoated) slides for background signals.
Visual Resolving Power evaluations were conducted using a USAF 1951
Optical Calibration Target printed at 8.5" x 11" scale. Comparisons
were made to an uncoated blank slide.

The UVC emission profile measurements were conducted using a
spectroradiometer (AvaSpec-2048L, Avantes, Louisville, CO USA),
calibrated over the wavelength range of 200-1100 nm. UEGs were
placed in a slide holder case (section 2.3.1) in a perpendicular position
to the UV LED lamp. The UV irradiance (4W/cm?) was measured along
the length and perpendicular distance from the UEG surface by placing
the spectroradiometer’s sensor tip (5 mm?) normal to the surface at a 1
mm distance. Intensity was measured at distances of 1, 3, 5, 7 and 9 cm
from the UV LED. The total irradiance was obtained by integrating the
output spectrum over 240-300 nm. Triplicate measurements were taken
at each position along independent UEGs. The output intensity was
corrected for the dark data for correct full-width half maximum (FWHM)
calculations. The reflectance of light by the benchtop was measured by
inverting the spectroradiometer tip away from the light source and
normal to the benchtop surface. No signal was measured indicating that

the surrounding material had no influence on the light distribution
profile.

2.3. Submersion

2.3.1. Case design

The submersion cases were 3D-printed by UMass Advanced Digital
Design and Fabrication (ADDFab) 3D printing facilities (STL files and
instructions for assembly are available from the authors at reasonable
request). The cases were printed on nylon-12 (PA2200) with a density
(laser sintered) of 930 kg/m3 and certified for biological tests (USP class:
VI). Each case contained six chambers housing two control slides and 4
UEG (nanoparticles concentration: 26.5 ug/cmz) (Fig. 2). The controls
included polymer-only slides with no UV. Each chamber dimension was
approximately 25 mm x 3 mm x 100 mm. 3D printed side brackets
secured one side of the slide against the chamber so that only one side of
the slides was exposed to the marine environment and therefore to
biofouling.

2.3.2. Coupling UV LED to UEG

The water-sealed top compartment of the 3D-printed cases were
designed to accommodate the LED strip, aluminum backing, heat sink,
and electrical connections and wiring (Fig. 2). Strips of four UV LEDs
with 30-degree lenses and emission peak of 265 nm were acquired from
Violumas, San Diego, CA. The LED strip was screwed to the aluminum
backing and placed in the light housing space. A butt-coupling approach

Light blocker

I I_. Control slide

Al backing

!

LED strip
Panel junction Light blocker Screw UEG
point T 1
Control slide
chamber
Dividers

Fig. 2. Schematic of the submersion case.
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was used between LED and UEGs. The UEGs were secured inside the
light engine by a silicone binder.

The LEDs produce up to 2-4 J/s of heat. During submersion, the
marine environment was used as the heat sink. However, during UV
profile measurements, four 22 mm x 22 mm x 7 mm anodized aluminum
heatsinks (Easycargo, Amazon, Seattle, WA USA) were attached to the
aluminum backing to assure proper semiconductor cooling. A fan (HT
900, Honeywell, Charlotte, NC USA) was directed to the LED to further
dissipate heat. A 700 mA current was delivered to the UV LEDs for all
experiments. The output wattage of each LED was 71 mW. During
submersion, the light engine was sealed with a silicone binder to avoid
water infiltration. The cases were connected to an external power
source, and all electronics except the LEDs were kept above water. Cases
were mounted to a submersion platform via panel junction points and
submerged on January 20th, 2023, at Port Canaveral, Florida, United
States. A total of twelve slides were submerged in two submersion cases
for 20 days.

2.4. Biofilm formation analysis

2.4.1. Visual assessment of biofilm formation

American Society for Testing and Materials (ASTM D6990) standard
was used to qualitatively assess biofouling coverage when UEGs and
control slides were subjected to immersion conditions in a marine
environment [24]. The assessment was performed in the field immedi-
ately after slide retrieval to estimate the total coverage of biofilm. Each
slide was photographed and divided into a grid arrangement to define
observation areas. Prior to retrieval, submersed cases were gently
agitated to remove any silt or loosely attached material from the slide’s
surface.

2.4.2. Pour plate method (culturable cell quantification)

After retrieval, each slide was divided into 3 equal parts, namely p;,
P2, and ps. Among these parts, p; was closest to the UV LED, p, middle,
and ps the part furthest from the LED. Biofilms were aseptically
extracted from the slide surface using a sterile cell scraper and executing
a reproducible side to side brushing pattern. The extracted biofilm was
suspended in a 10 mL sterile phosphate buffer solution (PBS) to prevent
osmotic shock and dispersed via combined action of vortex-ultrasound-
vortex (each for 1 min). PBS was prepared by dissolving one BupHTM
PBS Pack (Fisher Scientific, USA) in a final volume of 500 mL deionized
water. The resulting suspension was designated as BS (biofilm
suspension).

To prepare Marine Agar, 37.4 g of Marine Broth powder (Sigma-
Aldrich, 76,448) and 10 g of Agar (Sigma-Aldrich, A1296) were dis-
solved in 1 L of deionized water while being heated and continuously
mixed. The solution was boiled for 1 min and autoclaved at 121 °C for 1
h. Biofilm suspension obtained from control slides were subjected to a
four-fold dilution by combining 1 mL BS with 3 mL sterile phosphate
buffer solution. For the BS obtained from UEGs, no dilution was per-
formed. A total of 1 mL of each diluted/un-diluted suspension was added
to a sterile Petri dish, followed by the addition of 20 mL of liquified
marine medium acclimatized at 48 + 2 °C. The plates were thoroughly
swirled to ensure proper mixing of the liquid medium with the sample
and were left undisturbed in a biosafety hood until the medium was
completely solidified. Incubation of the plates was carried out at 37 +
1 °C for 24 h, and the colony forming units (CFU) per cm? was recorded
as the resulting data. All opaque growth spots were counted as a colony.
Statistical consistency between dilutions indicated lack of
contamination.

2.4.3. Live/dead analysis

To evaluate the viability of bacterial populations based on cell
membrane integrity, the LIVE/DEAD BacLight™ Bacterial Viability Kit
(Invitrogen, USA) was utilized. This kit enables the differentiation of
cells with compromised membranes, with dead or dying cells stained red
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and cells with intact membranes staining green. Sample preparation and
staining procedures followed the manufacturer’s instructions provided
with the BacLight™ Assay Kit.

Initially, 6 mL of the biofilm suspension was transferred into a sterile
centrifuge tube and centrifuged at 10,000xg for 10 min. The superna-
tant fluid was carefully removed, and the resulting pellet was resus-
pended in 20 mL buffer solution. After vortexing for 1 min, the
suspension was incubated at room temperature for 1 h. Subsequently,
the suspension was centrifuged at 10,000xg for 10 min and the pellet
was resuspended in another 20 mL buffer solution. Once again, the
sample was vortexed and centrifuged as described above. No dilution
occurred during washing.

The harvested cells were suspended in a 2 mL buffer solution and
vortexed for 1 min. From this suspension, 1 mL of the sample was mixed
with 3 pL of the LIVE/DEAD BacLight Kit mixture containing a 1:1 ratio
of SYTO™ 9 nucleic acid (final concentration: 29.91 pM) and propidium
iodide (PI) (final concentration: 4.99 uM) and incubated in the dark for
15 min at room temperature. To visualize the stained bacterial cells and
determine their viability, 5 pL of the stained bacterial suspension was
pipetted onto a microscope slide and covered with a coverslip. Images
were captured by fluorescence microscope (AMG EVOS FL, USA), from
eight randomly selected areas of each microscope slide. Green fluores-
cent protein (GFP) images were used to count live images and red
fluorescent protein (RFP) images were used to count dead cells. The
number of live and dead cells was recorded, and the mean values were
reported.

2.4.4. Protein and DNA analysis

For the quantification of unbound proteins, 3 mL of the biofilm
suspension was subjected to centrifugation (10,000xg for 10 min). The
resulting supernatant fluid was collected to measure the concentration
of unbound proteins. The pellet obtained from centrifugation was
resuspended in 1 mL of phosphate buffer solution. A10 pL aliquot of the
suspension was used to quantify the total bound and intracellular pro-
teins. The quantification of total proteins in each sample fraction was
performed using Qubit™ Protein Assay Kit (Invitrogen, USA) and a
Qubit ® 2.0 Fluorometer without protein isolation.

To extract the total DNA concentration from biofilm samples, the
QIAamp Viral RNA Kit (Qiagen, USA) was used. The QIAamp Viral RNA
Mini Kit can extract small quantities of viral RNA and cellular DNA if
both are present in the sample. The biofilm suspension (900 pL) was
concentrated by centrifugation at 10,000xg for 10 min. Supernatant
fluid was decanted. Phosphate buffer solution was added to the pellet to
a final volume of 140 pL. The subsequent extraction by the QIAamp Viral
RNA Kit was done according to the manufacturers protocol. Quantifi-
cation of DNA was conducted using Qubit™ 1X dsDNA HS (High
Sensitivity) Assay Kit (Invitrogen, USA) and Qubit R 2.0 Fluorometer.

3. Results and discussion
3.1. Coating thickness

The AFM analysis of the glass surfaces coated with only polymer and
nanoparticles + polymer was performed to measure the mean thickness
of coating material. Fig. 3 shows top view images of glass surface coated
with only polymer (Fig. 3 a;), and nanoparticles + polymer (Fig. 3 by) as
well as the respective corresponding cross-sectional profiles (Fig. 3 ag
and by). As illustrated by the peak in each image, the method of
scratching used in analyzing the polymer thickness leaves accumulated
residue. Therefore, the reported polymer thickness is the measurement
after the residue (test) minus the measurement before the residue
(glass). Based on the cross-sectional profiles, the mean thickness of only
polymer and nanoparticles + polymer was 151 + 9 nm and 422 + 83
nm, respectively.

For this work, the goal was to minimize the polymer thickness
applied to the substrate, while ensuring complete coverage of the
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Fig. 3. AFM top view images of glass surface coated with only polymer (a;) and nanoparticles + polymer (b;), and corresponding cross-sectional profiles (az and by).

substrate and nanoparticles. The polymer thickness should not have a
strong effect on the UV performance of the UEGs due to the high
transparency of >95% for 1 mm thickness of material. However, the
thickness and method of polymer application will affect both the dura-
bility and cost of the UEGs. Therefore, an optimization study will be
conducted before long-term (>1 month) deployment in future research.

3.2. Scattering nanoparticles enables glasses to emit UVC light along
entire surface

To obtain effective UVC emission across their surface, UEGs were
fabricated using 200 nm silica spheres as scattering particles. Our pre-
vious study [20] demonstrated that silica spheres >200 nm coated op-
tical fibers resulted in a UV emission of ~4.4 pW/cm?. This value was
slightly greater than the emission by 100 nm diameter particles (3.4
uW/cm?), and more than 5-times greater than the emission of 50 nm
spheres [20].

Fig. 4 shows the UV irradiance profile through the length of the slides
coated with different concentrations of nanoparticles without (Fig. 4 a)
with and a secondary polymer coating (Fig. 4 b). In a homogeneous
longitudinal waveguide, the intensity of the scattering light follows an
exponential decrease (Eq. (1)) [25]:

L(z)=le™ ')
where Iy (2) represents the intensity of light remaining in the waveguide
at any axial position z; I; is the amount of light that enters the slide at the
z = 10 mm; and « is the attenuation coefficient. a is a function of the
optical and physical properties of the glass and the surface coating. The
attenuation coefficient is a metric for quantifying the decrease in light
intensity resulting from the combined effect of scattering and absorption
over a given unit length of travel in an attenuating medium {a = ag
(scattering coefficient) + o, (absorption coefficient)}. SiO5 has low ab-
sorption at UVC range due to its insulation characteristics. The bandgap
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Fig. 4. UV irradiance measurements for slides coated with different concen-
trations of nanoparticles with (a) and without (b) polymer coating.
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energy of SiO falls between 7.52 and 9.6 eV [26]. The photon energy of
4.67 eV in 265 nm wavelength cannot be absorbed and will not be able
to excite enough the valence band electrons to jump into the conduction
band. Since most of the attenuation is a result of light being scattered
from the glass (« = o), the same equation was used to represent the
scattering attenuation of UV light over the length of the glass slide.

The scattering attenuation coefficients for each concentration of
nanoparticle coated slide were determined by exponentially fitting the
scattering intensity profiles (Fig. 4) and are presented in Table 2. As
illustrated, the UV irradiances increases along the slide surface as con-
centration of nanoparticles increases from 0 to 26.5 pg/cmz. Greater
concentrations led to an insignificant (p-value >0.05, paired t-test)
change in scattering attenuation coefficient. As previously explained,
scattering particles interact with the evanescent wave created at the core
surface of the waveguide. Evanescent waves refer to the electromagnetic
disturbance that occurs due to total internal reflection at the interface of
a transmitting medium [22]. The wave amplitude decreases exponen-
tially with the distance from the interface. Greater concentration of
nanoparticles would result in higher wave interaction. These mecha-
nisms have been previously explained in detail for UV Side Emitting
Optical Fibers (UV SEOFs) [23,27]. However, increasing the concen-
tration of nanoparticles also results in more light refraction back to-
wards the core of the waveguide instead of being emitted outwards. This
can reduce the light that can be used in disinfection.

Fig. 4 b illustrates the UV profile after a polymer layer was added to
the slides. There was no statistically significant variation in UV irradi-
ance after polymer coating of UEGs prepared at 26.5-265 pg/cm? of
nanoparticles. However, a more than 50% decrease in UV irradiance was
observed for UEG prepared with a nanoparticle concentration of 2.65
pg/cm?. Such decrement can result from decreased interaction between
nanoparticle and glass slide after the polymer is introduced and was
discernible at lower concentration of nanoparticles. Glass slides were
coated by electrostatic attachment of positively charged aminated SiO,
nanoparticles to the negatively charged glass surface. In this process,
electrostatic interaction results in the proximity and attachment be-
tween nanoparticle and glass surface. The negatively charged polymer
can weaken the interaction between glass and nanoparticles and
therefore, increase the distance between the two. This phenomenon
would result in a decrease in UV emission after polymer application. On
the other hand, although CYTOP is an ultra-high UV transparent (over
95%) polymer, it can absorb a small amount of UV irradiation,
contributing to the decrease in UV emission.

Fig. 5 depicts the UV irradiance profile and spectral output for the
final configuration of UEGs. After waterproofing the case with silicone
binder, the UV irradiance decreased by approximately 70% from its
original output. Since the scattering attenuation coefficient remained
unchanged (as; = 0.021), it can be concluded that the only change was in
the light availability, likely due to the addition of silicone as a water
barrier. Silicone has a higher index of refraction than the glass slide.
Therefore, when light encounters the silicone, it is refracted out of the
slide.

3.3. Nanoparticle concentration affects optical transparency of the glass

The transparency of the coated slides was a crucial consideration in
this work. Fig. 6 presents transmission spectra of glass slides that were
coated with different concentrations of nanoparticles, for both slides

Table 2
Values of scattering attenuation coefficients for slides coated with different
concentrations of nanoparticles, with and without polymer coating.

Polymer coating Dilution value of nanoparticles

Oto1l 1to0 1to2 1to5 1to10 1 to 100
Yes 0.017 0.014 0.013 0.017 0.021 0.015
No 0.017 0.018 0.016 0.018 0.023 0.009
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Fig. 6. Transparency of slides coated with different concentrations of nano-
particles without (a), and with (b) polymer coating.

coated with and without polymer. Slides coated with 2.65 pg/cm? of
nanoparticles exhibited a visible light transparency of >95 %, which
was comparable with the transparency of the control slide. Visible light
transmittance decreased to 74.96 % with increasing the concentration of
nanoparticles from 26.5 to 265 pg/cm? (Fig. 6 a). Since silica nano-
particles are transparent in the visible spectral region, the decreased
light transmission by increasing the silica nanoparticles concentration is
attributed to the strong light scattering, including resonant and random
scattering, on the surfaces of the silica nanoparticles [28]. As illustrated,
the addition of a transparent polymer coating did not increase the light
transmittance in the visible region of the slides with concentration of
2.65 and 265 pg/cm? of nanoparticles. However, polymer coating
increased transmittance of the slides by 13, 3.3, and 16.6 % for nano-
particle concentrations of 26.5, 53, and 132.5 pg/cm? respectively
(Fig. 6 b). This increase in transparency upon polymer addition can be
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due to the decrease in the scattering of visible light. Rayleigh theory
describes the reduction of light intensity due to scattering in
nanoparticles-polymer composites. This theory was expressed by Novak
[29] through equation (2):

3Vpar [ mp
! 7|: g (M71>:|
c=e . )

i

where, I represents the intensity of the transmitted light by the
nanoparticle-polymer composite, while V;, and r are the volume fraction
and radius of the particles, respectively. In this equation, x is the optical
path length, 1 is the wavelength, while n, and ny, represent the refractive
index of nanoparticles and polymer matrix, respectively.

According to equation (2), if n, = ny,, the scattering is zero, and the
transmission is equal to 1 (T = 100%). The intensity of scattered light by
silica nanoparticles (n, = 1.43) at visible region can be decreased by a
polymer matrix (n, = 1.34 for CYTOP polymer), resulting in greater
transparency.

As indicated by Equation (2), increasing the thickness of the coating
results in an extended optical path length, that can therefore lead to a
reduction in transparency. We assume that, in general, thicker coatings
would significantly decrease the UV transparency. However, because the
polymer has >95% transparency for a path length of 1 mm, changes in
UV emission due to polymer thickness were negligible. Every slide tested
transmitted more light in the NIR region as compared to the visible re-
gion. In the visible region, the light transmittance of the slides used for
submersion (concentration of nanoparticles: 26.5 pg/cmz) was 88 +
1.6% without polymer coating and 100.4 + 0.6% with the polymer
coating. Light transmission in the NIR region was 101 + 0.6% without
polymer coating and 99.4 + 1.3% with polymer coating. Data exceeding
100 % are attributed to experimental errors in the instrumentation.
These results suggest that the UEG used in this study would excel
transparency performance criteria for both visible and near-infrared
applications.

Resolving power is another important feature of transparent sur-
faces. This is the ability of an instrument or the human eye to distinctly
differentiate between two objects positioned closer than the minimum
angular separation discernible to the observer’s eye. All tested slides,
coated with different concentrations of nanoparticle and with or without
polymer, exhibited 100 % resolving power (versus blank) and excellent
optical clarity (data are not shown).

Control glasses UEGs
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3.4. Biofilm prevention by UEG

3.4.1. UEG decreases biofilm coverage

Fig. 7 an illustrates the photographs of the control slides and UEGs
that were submerged and exposed to continuous UVC radiation for 20
days. Visual assessment results (Fig. 7 b) indicated a reduction of over
92% in biofilm coverage on UEGs compared to the control slides. The
slides modified with scattering particles delivered more than 7.7 times
the UVC dose and achieved 13.7-fold less biofilm coverage compared to
the control slides. Most of the observed growth was unidentified
microorganism biofouling, green algae, and amphipod tubes.

The culturable cells attached to the surface of each slide were
quantified as CFU and are presented in Fig. 8a. On average, the control
slides exhibited CFU counts of about 1000 + 190, 700 + 280, and 600
+ 310 CFU/cm? for P1, P2, and p3 sections, respectively. In contrast, the
UEGs showed significantly lower CFU counts, with only 10 + 2.7 CFU/
cm? for pi, 12 + 6.6 CFU/cm? for py, and 16 + 5.5 CFU/cm? for ps.
Although a descending trend in CFU was expected with increasing the
distance from the UVC source, no statistically significant (p-value
>0.05, paired t-test) difference in biofilm abundance was observed
among the across three sections of the slides, suggesting proximity to the
light source did not impact biofilm mitigation. The average UV dose for
section ps totaled approximately 19.56 J/cm? for 20 days of submersion,
with an irradiance of 11.32 pW/cm? (Fig. 5). This dose and irradiance
were highly effective in preventing biofilm attachment and growth on
the surface resulting in 1.79 log reduction of biofilm in comparison to
the control.

The required UV dose for effective inactivation of planktonic bac-
teria can vary from the dose necessary for surface disinfection. For
example, a dose of 25 J/cm? was found to be effective in biofouling
control and 1 log inactivation of Navicula incerta cells on a UV-lucent
silicone integrated with UVC LEDs [30]. Torkzadeh et al. [12]
observed that a UV dose of 8.7 J/cm? at 254 nm achieves 1.3 log inac-
tivation corresponding to 95 % decrease in E. coli surface biovolume,
while a 0.02 J/cm? dose was sufficient for approximately 5 log inacti-
vation of planktonic E. coli. Bacteria in biofilms are physiologically and
morphologically different from their planktonic growing counterparts.
Once bacteria attach to a surface and begin producing EPS, they become
highly resistant to disinfection. Additionally, marine bacteria, due to
their aggressive adaptation to harsh oceanic conditions, can require
more intensive irradiation for effective biofilm control. On the other
hand, the accumulation of sediment and organic materials on the sur-
faces can act as a shield for biofilms exposed to UV irradiation, affecting
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Fig. 7. Photographs (a) and relative abundance (b) of biofilm coverage on the control and UEG after immersion for 20 days. The data presented are the average

values of 4 control slides and 8 UEGs submerged in two cases.
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control slides and 8 UEGs submerged in two cases.

UV transmission [16]. Therefore, a higher UV intensity would be
required for the effective removal of the biofilms formed in the marine
environment.

3.4.2. Lower viable cell count in UEG

The LIVE/DEAD BacLight Bacterial Viability Kit was employed to
assess the viability and distribution of live and dead cells within the
biofilm samples. In this method, membrane integrity is considered the
criterion to differentiate viable bacterial cells from dead ones. Viable
cells are assumed to have intact and impermeable cell membranes that
prevent the penetration of certain staining compounds, whereas dead
cells are recognized by their disrupted or broken membranes [31].

Microscopy analysis of the samples revealed the presence of micro-
colonies and individual cells within the biofilm samples. A small number
of dead cells were observed, along with amorphous red propidium
iodide-stained material, which can represent DNA-containing debris
from lysed cells. In the biofilm grown on the UEGs, the number of cells
exhibiting both live and dead fluorescence was limited, and these cells
were sporadically distributed. Live and dead cells were counted sepa-
rately for the control slides and UEGs and the results are illustrated in
Fig. 8 b and c respectively. Comparable to the results obtained from the
pour-plate method, no significant difference (p-value >0.05, paired-t-
test) in the number of live/dead cells was observed among different
sections of the slides. On average, the number of live bacterial cells in
the biofilm grown on the UEGs was found to be 73 + 2.1% lower than
that on control slides. The number and proportion of dead cells in bio-
film grown on UEG was also lower than that of control slides (Fig. 8 c).

In addition, live:dead ratio was 82:1 and 25:1 for biofilm grown on
UEG and control slides, respectively. This can result from the mode of
action of the LIVE/DEAD Baclight stains being incongruous with the UV
inactivation mechanism. The LIVE/DEAD BacLight method allows for
the detection of cell states beyond just live and dead cell. This includes
identification of live injured cells that are unable to grow on agar plates
[32-34]. Germicidal UVC prevents the buildup of bacterial biofilms via
breaking the chemical bonds between DNA and RNA polymers within
microorganisms, disrupting the genetic code, and preventing DNA from
replicating [35,36]. However, since UVC does not directly affect mem-
brane integrity [12], many metabolically inactivated cells did not stain
red, as their membranes were still intact. Consequently, the number of
live cells estimated using this method is noticeably greater than the
counts obtained from the pour-plate method. It can be concluded that
the pour plate method can be a more accurate technique for quantifying
the viable bacteria in UV-irradiated biofilm.

3.4.3. Protein and DNA analysis
DNA and proteins are two of the main molecules identified in natural
marine biofilms that are essential for biofilm growth and survival. The
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Fig. 9. Concentration of total DNA, unbound, and bound protein in biofilm
samples after immersion for 20 days.

total DNA unbound, and bound protein concentrations were determined
on each UEG and control slide and are illustrated in Fig. 9. The mean
value of total DNA concentration for control and UEG slides were 1.6 +
0.33 ng/cm?, and 0.2 + 0.1 ng/cm?, respectively. These results align
with the number of CFU observed in both control and UEG slides. UVC
radiation particularly targets nucleic acid molecules, and it interacts
with bacterial DNA to inhibit growth, reproduction, and the formation
of biofilms [37]. It is worth noting that an increased cell density in the
biofilm corresponds to a greater concentration of DNA.

The concentration of bound proteins in the control slides was 0.17 +
0.05 pg/cm? However, bound proteins concentration was below
detection in the UEGs. Additionally, concentration of unbound proteins
was below detection on all slides. It is likely that the reconstituted
concentration of proteins in these samples fell below the detection limit
of the method employed. It should be noted that UVC has been reported
to irreversibly damage proteins and prevent enzymatic DNA repair
processes [38]. Proteins are a crucial component of extracellular poly-
meric substances (EPS) and, together with polysaccharides, play a vital
role in the structural properties of biofilms due to their gel like nature
[39].

3.5. Further development of UEGs

This proof-of-concept study demonstrated the use of UEGs for pre-
vention of biofilm growth on transparent surfaces. However, there are
still significant limitations for a broad application and adaptation of
UEG in biofilm prevention. The main limitation of the current work is
that only a 20 day submersion period was assessed using relatively small
substrates. This means that issues with longevity and limitations in
preventing biofilm growth over larger areas could not be assessed. The
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two main areas of development foreseen to be needed include (1) long-
term stability and performance of UEGs, and (2) the light distribution
profile across larger surface areas. In relation to (1) engineering the
design related to polymer thickness and application methods will enable
the polymer coating to be durable during long-term submersion. Spe-
cifically, these improvements will reduce potential for delamination and
damage from general use or cleaning procedures. Related to (2), a better
modeling of light distribution across the waveguide (e.g. using ray-
tracing approaches) will inform the design of each specific UEG to
enable a minimum irradiation for biofilm prevention. Both nanoparticle
concentration and LED coupling configurations can be modified to
achieve these design requirements. Additionally, more work has to be
done to understand the advantages and disadvantages of UEGs in
comparison to both conventional external UVC radiation techniques and
other biofilm prevention approaches (e.g. antifouling coatings). External
UVC irradiation inhibits biofilm formation by inactivating planktonic
microorganisms prior to attachment. UEGs inhibit biofilm formation
directly at the surface of interest during all stages of attachment and
growth. Contrary to external exposure, the surface itself serves as a UVC
source. Furthermore, it is worthwhile to compare the effectiveness of
UEGs with other antifouling coating techniques, such as surface modi-
fications. Quantifying an energy budget that accounts for both capital
and operational costs associated with these technologies enables com-
parison between these strategies.

4. Conclusion

This study showcases the promising potential of employing UEGs for
inhibition of biofilm growth on transparent surfaces. We determined
that the concentration of nanoparticles plays a pivotal role in scattering
UVC light. A concentration of 26.5 pg/cm? was selected to maximize UV
irradiance intensity, while prioritizing substrate visible light trans-
parency. The novel scattering nanoparticle coated glass surfaces
exhibited remarkable inhibitory effects on biofilm growth reducing
visible biofilm coverage by 92 % and culturable cell count by over 98%
based on number of CFU, during 20 days of marine submersion. Detailed
microscopic analysis also revealed lower viable cell counts within the
biofilm grown on the modified surfaces. These results not only under-
score the potential for UEGs to enhance surface hygiene and mitigate
microbial contamination but also open new avenues for their utilization
in diverse disinfection applications. The described UEG can be used for
disinfection of transparent surfaces such as windows of ships, flotation
spheres and moored buoys, camera lenses and sensors for oceano-
graphical, agricultural, water treatment, and process design
applications.
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