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The introduction of a surface into the marine environment begins a process known as
biofouling, which increases the weight and hydrodynamic drag of the fouled structure.
This process is detrimental to maritime vessels and costs the industry ∼$150B in fuel
and maintenance spending annually. Preventing the settlement of fouling organisms
mitigates these issues and limits the spread of non-indigenous species (NIS). This is
primarily achieved via antifouling paints. Ultraviolet light is a sterilization method used
in water purification, food storage packaging, and within medical fields. Ultraviolet C
(UV-C) radiation interacts with DNA to prevent growth, proliferation, and survival of
bacteria, and biofilm formation. Recent progress in microelectronics technology has
advanced the range of commercially available light-emitting diodes (LEDs) to include
the UV wavelengths, and the reduced size and cost has allowed their integration into
previously inaccessible locales. This study builds on recent progress in integrating UV-
C LEDs into UV-lucent silicone tiles for fouling control. The operational cycle needed
to prevent growth of Navicula incerta cells was determined. Constant irradiance at a
peak of 5.77 µW/cm2 resulted in a significant reduction in diatoms within 2 h, and a
2 log and 3 log reduction after 48 h and 5 days, respectively. Duty cycling (pulsing) in
all variations from 50 to 2.5%, indicated significant reductions in cell densities, and the
lowest cycle could effectively reduce biofouling growth and increase the longevity of the
LEDs for up to 45.6 years. Irradiance and exposure were altered over a set duration and
indicated a restriction in growth between 0.01–0.82 J/cm2 and an increased mortality
at irradiances > 2.65 J/cm2, suggesting an effective antifouling threshold between
these dosages. The effective dosage for 1 log reduction in fouling was estimated to be
25 J/cm2 but varied according to irradiance delivery method. Effective dosage for a 1 log
reduction between experimental methods was variable indicating that UV treatment of
N. incerta departed from the Bunsen-Roscoe reciprocity law expectancy. The variation
in densities at similar dosages could be explained with further investigation of DNA repair
mechanisms. In conclusion, UV-B/C use was effective at all irradiances, including as low
as 0.01 J/cm2, and holds considerable promise for marine biofouling control.
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INTRODUCTION

The accumulation of marine organisms on submerged surfaces,
known as biofouling, is an ongoing challenge for the maritime
industry. In aquaculture, biofouling increases the degradation of
cages, can inhibit water exchange, and increases the potential of
disease (Bannister et al., 2019). Powerplant cooling pipes that
receive and deposit into the ocean can become clogged, reducing
flow, and impacting internal temperature control (Flemming
et al., 2009). Biofouling can occur on filtration membranes
that are used for desalination of saltwater and reclamation of
wastewater (Matin et al., 2021). The fouling of ships’ hulls
increases hydrodynamic drag, increasing fuel consumption and
pollutant emissions (Munk et al., 2009). Fouling of hulls and
internal ballast tanks also transports non-indigenous species
(NIS), which can be ecologically detrimental to native species, as
well as impacting upon farmed aquaculture species, submerged
static artificial structures, and presenting risks to marine values
(Sylvester et al., 2011; Piola and Hopkins, 2012; Georgiades et al.,
2020, 2021; Hopkins et al., 2021).

Marine biofouling was estimated to cost the US Navy $56
million p.a. for the DDG-51 class alone, with estimates as high as
∼$150 billion for annual fuel cost savings to the global shipping
fleet derived from effective antifouling coatings (Pritchard, 1988;
Maréchal and Hellio, 2009; Schultz et al., 2011; Selim et al.,
2017). Estimates can vary markedly based on the prevailing oil
price. Since 2017 prices have ranged from $11.26 to $75.23 per
barrel (WTI crude oil) and are currently ∼$25 (60%) per barrel
more than when estimates were last calculated (Selim et al., 2017;
MacroTrends, 2021), which could adjust current estimates to as
high as ∼$240 billion.

Marine biofouling is an expansive industrial problem that is
well-studied, with multiple reviews focusing on or around specific
niches (Pritchard, 1988; Dobretsov et al., 2013). Methods to limit
fouling on ships include biocidal treatment, interference with
adhesion, settlement deterrence, and physical removal of foulers
(Han et al., 2021; Liu et al., 2021; Pistone et al., 2021). Between
these groups many strategies have been developed, ranging from
electrochlorination to biocidal products (Growcott et al., 2017),
self-polishing and controlled depletion paints (Almeida et al.,
2007), fouling-release coatings (Lejars et al., 2012), and the
development of new experimental approaches (Li et al., 2020).
Currently, the most prevalent method for ships is the use of
biocidal paints, which can be used on the hull and in niche
areas, such as sea chests (Kiil et al., 2002). These paints are
optimal for the hull but are often applied to sea chests, even
though they are not designed for these areas, and perform
poorly due to the different flow regimes (Coutts et al., 2003;
De Castro et al., 2018). The hull experiences smooth flow
whilst in motion, but niche areas (propellers, sea-chests, bilge
intakes, etc.) are subjected to regimes that can remove or rapidly
deplete paints, or restrict paint leaching (Coutts and Taylor, 2004;
Coutts and Dodgshun, 2007; Sylvester and MacIsaac, 2010). The
inhibition of early forming biofilms has been proposed as a means
to counteract macrofouling, by interfering with the proposed
successional development of a fouling community (Hadfield
and Paul, 2001; Hadfield, 2011; Salta et al., 2013). Under this

scenario, the biofouling process begins with the formation of a
conditioning layer providing nutrients for subsequent adhering
organisms (Wahl and Lafargue, 1990; Railkin, 2003; Grzegorczyk
et al., 2018). Next, bacteria and diatoms use the nutrient-rich
conditioning layer to produce an exopolymeric material resulting
in a biofilm (Dang and Lovell, 2016). Diatoms are associated
with early colonization of surfaces and are ubiquitous in their
distribution (Hunsucker et al., 2014; Gómez-Ramírez et al.,
2019). Diatomaceous biofilms can increase vessel hull friction
by up to 70% based on the biofilm’s thickness and percentage
coverage; this can require increases in vessel power between 1.5
and 10.1% (Schultz et al., 2015). Biofilm formation is dependent
on the physical and chemical conditions of the water, such as
temperature and chemical input, and is vulnerable to unfavorable
conditions (Cacabelos et al., 2020). Biofilms may then induce
larval settlement and allow the formation of a macrofouling
layer of juvenile barnacles, mussels, ascidians, polychaetes, and
algal spores. While this process is generally considered to be
successional (Scheer, 1945; Wahl, 1989; Bloecher et al., 2013;
Chen et al., 2013), this is not always the case and many fouling
organisms, which are opportunistic by nature, exhibit settlement
inhibition or ambivalence in the presence of a biofilm (Roberts
et al., 1991; Clare et al., 1992; Hadfield and Paul, 2001; Callow
and Callow, 2011; Salta et al., 2013; Piola et al., 2016). As bacteria
and single-celled organisms, such as diatoms, are particularly
susceptible to ultraviolet (UV) light, its use as an antifouling
strategy has generated interest both for the prevention of
biofilm formation and possible knock-on effects to macroscopic
biofouling prevention.

UV irradiation is used for sterilization in many industries
including water purification, sewage treatment, medical surface
cleansing, food preservation, and in scientific laboratories for
routine sterilization of equipment. The UV spectrum is divided
into ranges of wavelengths; 340–400 nm (UV-A), 280–340 nm
(UV-B), and 100–280 nm (UV-C), and inactivates organisms
most effectively at 254 nm (UV-C; Zelle, 1960). By isomerizing
hydrogen bonds between purine and pyrimidine base pairs, when
there are two of the same adjacent pyrimidines, the neighboring
base pairs bond together producing a photolesion in the form of
a cyclobutane pyrimidine dimer (CPD) or 6-4 photoproduct (6-4
PP; Schreier et al., 2009). In algae, these lesions cause a distortion
in the structure of DNA, which fail a DNA assessment during
photosystem II. This can lead to a failure in cell division and
reproduction, and can cause cell apoptosis (Szabó and Ohshima,
1997). The impediment to proliferation has the potential to
halt biofilm formation and inhibit fouling by organisms that
require a biofilm for settlement. Additionally, evidence suggests
that macrofouling larvae are more susceptible to UV light than
adult phases, indicating that settlement could be prevented and
macrofouling inhibited with continuous exposure (Kuffner, 2001;
Hunsucker et al., 2019).

The use of UV sterilization has become more prevalent
as technology has progressed and the costs and scale of the
light sources have reduced. Mono- and polychromatic halogen
lamps provide a high irradiance capacity but, due to their
size, remain unfeasible for many applications. UV light-emitting
diodes (LEDs) have improved since the early 2000s and are now
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commercially available at a reasonable scale and cost (Bugbee,
2017). This has allowed for technological integration where UV
use was not previously considered.

The use of UV-C LEDs for biofouling control was investigated
by Piola et al. (2016), using a tile design that incorporated
UV-C LEDs in a UV transparent silicone, allowing continual
surface irradiance, and investigating settlement diversity over
time. Unfortunately, some LEDs failed during operation. The
LEDs that remained operational over the duration of the project
maintained a fouling free surface within a radius of the light
source. An estimated threshold irradiance of 1 µW/cm2 was
identified. The low power requirement and high efficacy of the
UV sterilization technique confirmed the high potential of UV
LEDs as a potential new avenue for the antifouling industry.

Using the initial findings of Piola et al. (2016), this study
aimed to determine the efficacy of UV-B/C LED-embedded
tiles in inhibiting biofouling over varying exposure durations,
duty cycle periods, and fluence rates to establish a range of
thresholds for these factors. For our experiments, we used a
laboratory model biofilm-forming diatom, Navicula incerta. To
determine thresholds, the minimum dosages required to attain a
significant reduction in growth and removal followed by a 1 log
reduction in the density of exposed organisms was investigated.
By comparing settlement and survival, a novel UV-C based
antifouling approach that is effective may be achievable.

MATERIALS AND METHODS

Units and Nomenclature
Throughout this manuscript, irradiances (a radiant flux which
a surface receives per unit area—µW/cm2) were measured
using an ILT 950 spectroradiometer by taking a reading at the
experimental surface. These measures were treated as the surface
irradiance, which gave individual nm irradiances and total UV-
B/C spectral range irradiances. The term fluence (units J/cm2) is
used interchangeably with UV dose. Fluence/dose is the amount
of irradiance the organisms were exposed to over a given time
(in seconds). The quantum yield, and how much of the dose
was absorbed by individual organisms, was not measured. The
UV dose was determined by taking an irradiance reading at
the experimental surface and multiplying it by the duration of
exposure in seconds. All rates and dose measurements were
compiled and are supplied in Supplementary Table 1.

Methods and Materials
A total of four tiles (two irradiated and two control) were
produced with a 2 × 2 array of UV (265–300 nm) LEDs
embedded 1 cm beneath the surface of a 70 × 70 × 25 mm
Lumisil R© 400 (Wacker) silicone polymer (Figure 1). To degas
the Lumisil R© 400, it was cured at -0.1 MPa within a Medline
ScientificTM Jeio Tech 665 L vacuum oven (OV-12) over 48 h
at 70◦C. This prevented bubble formation on the surface and
allowed optimal internal cross-linking.

Supplier recommendations stipulated that LED power
requirement was 24 V and 0.17 amps per LED to achieve an
expected 10,000 h of dependable performance. This was used as

FIGURE 1 | Four low powered (24-volt, 0.17 amp) UV-B/C LEDs arranged in
a 2 × 2 array on a 1.5 cm thick opaque silicone polymer and embedded in a
1 cm thick UV transparent Lumisil R© 400 silicone.

the standard operating power supply and only altered in specific
experiments, as described below.

Diatoms, Navicula incerta were chosen as a representative
slime-forming species; a major challenge for contemporary non-
biocidal fouling-release coatings (Schultz et al., 2015). N. incerta
strain UTEX B 2046 from the culture collection at the University
of Texas in Austin, United States was cultured following Kardela
et al. (2019), and were used for experiments on day 5 of culture,
at the peak of their exponential growth phase. Cells were agitated
and suspended before experimentation, allowing the cell density
to be calculated. The culture was then diluted with F/2 medium
to give a 150,000 cells/mL culture. To the surface of the tiles,
20 mL of the 150,000 cells/mL culture was added and allowed
2 min to acclimate before irradiance was initiated. Tiles were
split into irradiated and control, and operated in replicates of
five for durations of 2 h, 1, 2, 3, 4, and 5 days. After the
allotted exposure duration, tiles were transferred to fresh artificial
seawater (ASW) made to 33 ppt using Tropic Marin R© salts and
placed on an orbital shaker for 5 min as a wash step. The wash step
allowed any deceased and non-adhered N. incerta to be removed
from the surface so that differences between viable cell densities
could be determined.

Cells remaining adhered were photographed using an
epifluorescence microscope (Leica DMi8 with Texas Red filter
set, 570–600 EX and 604–644 EM). To control for possible
uneven coverage, 30 fields of view were taken at randomly chosen
locations (Callow and Callow, 2002), three of which were counted
manually for comparison to subsequent automated counts. These
were made using Image J software by converting images to 16-bit
format, altering the threshold to isolate cells from the surface, and
counting with a minimum pixel count of 35 and curvature of 0.2.
All cell count survival and settlement data were then subjected to
generalized linear modeling (GLM) and statistical analysis using
R 4.0.0 (R Core Team, 2021).

The method described above was used for the pulsing study,
which was conducted after the completion of the initial study but
varied with irradiance supplied in periods of 20 min according
to the following duty cycles: 10:10, 5:15, 2.50:17.50, 1:19, and
0.50:19.50 (irradiated: no irradiance). Experiments were run for
2 days, based on findings from the diatom settlement study.

To determine thresholds for survival of diatoms, the
irradiance was altered by controlling the voltage to the tiles.
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Diatom cultures and methodology otherwise followed the same
protocol as above. Irradiance was measured using an ILT 950
spectroradiometer (Supplementary Table 1). The irradiance
of the LEDs at the tile surface was 108 µW/cm2 at full
power over the UV-B/C range and peaked at 5.77 µW/cm2

(Figure 2). Based on these findings, voltage experiments were
conducted with increments from 18 to 24 V. Settlement and
survival of N. incerta were measured and statistically compared
for all voltage increments. Smooth line plots were generated
using a t-based approximation, and GLM, where the normal
confidence interval is constructed on the link scale and then back-
transformed to the response scale within the ggplot2 package
using the geom_smooth function (Wickham, 2016).

RESULTS

Tile Specifications
Tile irradiance was measured, using an ILT 950
spectroradiometer, at the water-tile interface directly over
the LEDs and at the center of each tile. The mean irradiance from
all tiles was 108.23 µW/cm2 with an average peak irradiance of
5.77 µW/cm2 at 281 nm, which did not vary significantly between
the LEDs (P > 0.05), and had a wavelength range from 265 to
300 nm (Figure 2). There was some substantial drop off in fluence
based on the tile surface location (Figure 2). These variations
were taken into consideration in the design of experiments.

The irradiances for LEDs used in this study were determined at
18 V (0.07 µW/cm2), 19 V (0.88 µW/cm2), 20 V (4.76 µW/cm2),
21 V (15.32 µW/cm2), 22 V (36.04 µW/cm2), 23 V (64.34
µW/cm2), and 24 V (108.23 µW/cm2). These gave fluence values
over 48 h of 0.01, 0.15, 0.82, 2.65, 6.23, 11.12, and 18.70 J/cm2,
respectively (Figure 3).

FIGURE 2 | Average peak wavelength of eight LEDs embedded in two tiles at
24 volts (A,B). Heat maps of individual tile irradiances (yellow high and red
low).

Duration of Exposure to Irradiance
Exposure durations of 2 h, 1, 2, 3, 4, and 5 days produced fluences
of 0.78, 9.35, 18.70, 28.05, 37.40, and 46.75 J/cm2, respectively
(Supplementary Table 1). For the controls, of the total 150,000
cells/mL added, ∼1 million (∼209 ± 100 cells/mm2) were able to
settle and adhere within the first 2 h (Figure 4). Not all diatoms
land on the raphe (which functions in adhesion and motility),
and those that do not are able to reposition within 30–90 s for
firm initial adhesion (Wetherbee et al., 1998). This indicates that
the biofilm would sufficiently adhere within minutes, and that
2 h allowed before counting was adequate as a measure of initial
settlement. Any irradiated treatment densities that were below
this initial input level would be counted as a removal of cells,
while higher levels would be counted as growth. The treatment
controls represented the ability of the diatoms to proliferate with
no UV treatment and indicated the population growth from
the initial cell input. Comparing irradiated to both control and
initial numbers enabled inhibition of reproduction and survival
to be determined.

Control densities indicated population growth over time with
increases of 257, 277, 551, 500, and 425% over the following 1, 2,
3, 4, and 5 days, respectively. Irradiated tiles showed a reduction
of 35, 57, 93, 83, 99, and 98%, respectively, compared to initial
settlement. Compared to the growth that accrued on the controls,
there were, respectively, 35, 87, 98, 98, 99, and 99% fewer cells on
the irradiated tiles (Figure 5).

Kruskal-Wallis and Wilcoxon pairwise tests were used for
statistical analysis as data did not conform to assumptions of
normality and equal variance after transformation. All doses
resulted in a significant difference between the initial settlement,
controls, and irradiated tiles (Figure 4).

Effect of Duty Cycling
Interval experiments were run for 48 h in periods of 20 min,
allowing 144 duty cycles. Fluences were determined as 9.35, 4.68,
2.34, 0.94, and 0.47 J/cm2 for each respective duty cycle of 10:10,
5:15, 2.50:17.50, 1:19, and 0.50:19.50 (irradiated: no irradiance).

The control treatments indicated a mean (± SD) diatom
settlement of 1,352 ± 450 cells/mm2, which was 989% higher
than the initial cell input. Settlement differed significantly from
the respective controls in all irradiance duty cycles P < 0.05
(Figure 6). Cell densities on irradiated tiles were reduced by
94, 90, 95, 85, and 78% of control tiles for the 10:10, 05:15,
02.50:17.50, 01:19, and 0.50:19.50 (irradiated: no irradiance) duty
cycles, respectively. Duty cycles of 10:10, 05:15, and 02.50:17.50
had reductions of 67, 49, and 58%, respectively when irradiated
tiles were compared to the initial settlement, whereas 01:19 and
0.50:19.50 had 19 and 24% growth, respectively. The point at
which growth was inhibited, and reduction below initial input
density observed, was between 0.94 and 2.34 J/cm2 (Figure 7).

Effect of Voltage Changes
Voltage experiments were run to allow varying irradiance
(Figure 7 and Supplementary Table 1). All voltages indicated
significant differences between control, initial, and irradiated
samples (Figure 8). Low voltage irradiances resulted in diatom
growth of 8, 74, and 285%, respectively, compared to the initial
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FIGURE 3 | Mean irradiances of eight LEDs embedded in two tiles (A,B) at varying voltages (18–24 V). These gave fluence values over 48 h of 0.01, 0.15, 0.82,
2.65, 6.23, 11.12, and 18.70 J/cm2, respectively.

FIGURE 4 | Navicula incerta densities after UV irradiance over varying periods. Durations of 2 h, 1, 2, 3, 4, and 5 days produced fluences of 0.78, 9.35, 18.70,
28.05, 37.40, and 46.75 J/cm2, respectively. Kruskal-Wallis value displayed with Wilcoxon pairwise comparison arranged above groupings (****P < 0.0001).

density for 18, 19, and 20 V. Significant reductions of 52, 70,
89, and 92% were also seen in the 21-, 22-, 23-, and 24-V
treatments compared to the initial input. All voltages resulted
in significantly lower densities (cell counts) than the growth
controls, with one-volt increases from 18 to 24 V having 20,
31, 69, 88, 92, 97.5, and 98% lower densities, respectively.
The intersect where the irradiated cell densities overlapped
with the initial cell densities was between 20 and 21 V. This
was between 0.82 and 2.65 J/cm2 and represents a threshold
of fluence to halt growth and, above this level, to initiate
removal (Figure 9).

Comparisons at High and Low Dosages
Fluence is reported to have the same biological effect regardless
of the method of delivery (Bunsen and Roscoe, 1863). Therefore,
the three methods discussed previously should have resulted in
reproducible reductions in diatom cell counts, if doses were the
same (Sommer et al., 1996, 1998). High and low fluence groups
were identified based on doses across the three experimental
procedures. A low fluence of 0.78–0.94 J/cm2 included the
2 h, 20 V, and 1:19 duty cycle samples, and a high fluence
of 9.35–11.12 J/cm2 included the 1 day, 23 V, and 10:10
duty cycle samples.
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FIGURE 5 | Navicula incerta abundance after UV irradiance over varying periods with respective fluences. Durations of 2 h, 1, 2, 3, 4, and 5 days produced fluences
of 0.78, 9.35, 18.70, 28.05, 37.40, and 46.75 J/cm2, respectively.

FIGURE 6 | Navicula incerta abundance after UV irradiance over varying duty cycles. Duty cycling periods display minutes in which the UV light was turned on to
minutes it was turned off (On:Off). Fluences were determined as 0.47, 0.94, 2.34, 4.68, and 9.35 J/cm2 for each respective duty cycle 0.50:19.50, 1:19, 2.50:17.50,
5:15, and 10:10 (irradiated: no irradiance). Significant differences indicated via Wilcoxon pairwise comparison above groupings (ns, no significance, **P < 0.01,
****P < 0.0001).

There were no significant differences in cell densities between
the 20 V and the 1:19 duty cycle method, however, the 2-h
exposure was significantly more effective (P< 0.05). High fluence
samples indicated that all treatment methods were significantly
different from each other (P < 0.05), with 23 V having the highest
removal and 1 day having the lowest removal (Figure 10).

Determination of Thresholds
The dose required to produce a 1 log reduction (lethal dose
to achieve 90% cell reduction—LD90) below initial densities

was determined via GLM using predictive analysis based on
the count data. Doses were compared separately by experiment
and comprehensively by removing all control data, other than
the initial settlement, and comparing irradiated data against the
initial data. Only data that were below the initial density level
were included as densities above this indicated growth and would
produce predictions based on an inflated density. The duration
experiment indicated that a fluence of 42 J/cm2, with a range
from 35 to 52 J/cm2, would be required for a 90% reduction
in diatom cell density (Figure 11). The pulsing data revealed

Frontiers in Marine Science | www.frontiersin.org 6 February 2022 | Volume 8 | Article 809011

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-809011 February 8, 2022 Time: 13:20 # 7

Whitworth et al. UV-B/C in Marine Biofouling Control

FIGURE 7 | Navicula incerta density and range after UV irradiance over varying duty cycles with respective irradiance dosages. Duty cycling periods display minutes
in which the UV light was turned on to minutes it was turned off (On:Off). Fluence dosages were determined as 0.47, 0.94, 2.34, 4.68, and 9.35 J/cm2 for each
respective duty cycle 0.50:19.50, 1:19, 2.50:17.50, 5:15, and 10:10 (irradiated: no irradiance). Irradiated and initial intercept point (between 0.94 and 2.34 J/cm2)
indicates the fluence required to reduce density below initial levels.

FIGURE 8 | Navicula incerta abundance and range after UV irradiance over varying voltages. Kruskal-Wallis value displayed with Wilcoxon pairwise comparison
ranged above groupings (*P < 0.05, ****P < 0.0001).

increased cell densities in 0.5:19.5 and 01:19 duty cycles and
these were thus removed from GLM. Modeling indicated that a
fluence of 20 J/cm2, with a range from 12 to 65 J/cm2, would
be required for 90% diatom removal. The voltage experiment
indicated that cell numbers increased in the 18–20 V treatments,
which were, therefore, not included in the predictive analysis. The
LD90 of the voltage experiments was a fluence of 21 J/cm2 with
a range of 17–28 J/cm2. The comprehensive LD90 was predicted
to be 25 J/cm2 with a range from 19 to 36 J/cm2. All four data
sets produced different LD90s and were indicative of variation
between irradiance delivery method and effect. The LD90 was

predicted to be between 20 and 42 J/cm2, with an overall range
of 12–65 J/cm2.

DISCUSSION

UV treatment is an effective form of sterilization used across
diverse industries (Shaban et al., 1997; Tree et al., 1997; Bintsis
et al., 2000; Shaw et al., 2008; Winward et al., 2008). The
present results indicate the potential of UV treatment for control
of biofouling of surfaces within the marine environment. In
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FIGURE 9 | Navicula incerta cell densities and ranges at different voltages, with the corresponding fluence on the x axis. Predictive generalized linear modeling
indicated the intercept between irradiated density and initial density to be between 20 and 21 volts (0.82–2.65 J/cm2).

FIGURE 10 | Comparison of Navicula incerta cell densities remaining on the surface after low and high irradiance exposures. Low fluence grouped based on fluence
of 0.82, 0.78, and 0.94 J/cm2 for 20 volts, 2 h, and a 01:19 duty cycle, respectively. High fluence grouped based on fluence of 11.12, 9.35, and 9.35 J/cm2 for 23
volts, 1 day, and a 10:10 duty cycle, respectively. Kruskal-Wallis value displayed with Wilcoxon pairwise comparison arranged above groupings (ns, not significant,
***P < 0.001, ****P < 0.0001).

the experiments conducted in our study, all diatom (Navicula
incerta) samples, even those exposed to low fluences (0.01, 0.47,
and 0.78 J/cm2), demonstrated a significant reduction in densities
when compared to control counts. The suppression of growth
at the lowest fluence (<0.78 J/cm2), combined with reduced
cell densities above this level, highlights the efficacy of UV
sterilization for biofouling control.

Effect of Duration of Irradiance
This study determined that diatom densities, compared to initial
settlement, were impacted in all UV treatment durations. Cell
densities in the controls (non-irradiated) increased above the

initial settlement (after 2 h) establishing the ability of N. incerta
to grow within the experimental conditions. Cell densities
above the initial input, but below the experimental control cell
densities, suggested a negative impact of UV treatment on cell
proliferation, but biofilm growth was not entirely prevented. Cell
densities, which were similar to initial densities after irradiance,
implied a stop to cell division and an equilibrium between
the repair mechanisms and the exposure dosage. Finally, when
cell counts were lower than the initial cell count, following
irradiance at fluences from 0.78 to 46.75 J/cm2, the implication
is that cell division stopped, and repair mechanisms could
not keep pace with the damage caused by UV exposure. By
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FIGURE 11 | Generalized linear model predicted lethal fluences, expressed as LD90, of each experiment and the combined data to obtain a 90% reduction in cell
density of Navicula incerta below the initial cell density. Dashed lines intercept at the LD90. The 95% confidence interval ranges are indicated by the vertical dotted
lines with the values in parentheses.
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whatever mechanism, death and/or detachment, cells were lost
from the surface.

The lowest fluences produced a reduction in cell densities,
although a 1 log reduction compared to the initial settlement
was only observed after 2 days of irradiance, equivalent to
18.70 J/cm2 (Figure 5). After 4 days of irradiance, cell density
was nearly 3 log lower than the control, suggesting that
continuous irradiance was extremely effective, even at low
fluence. This implied that fluence sufficient to negate growth
and induce removal (i.e., above 18.7 J/cm2), could be achieved
to meet performance specifications required for antifouling
approval by MIL-PRF-24647C and the European Chemical
Agency (European Chemicals Agency, 2014; ECHA/EFSA, 2017).
However, the methods required by the European Chemical
Agency and MIL-PRF-24647C were mainly developed with
chemical biocides in mind. There is currently no EU regulation
under which an UV-based antifouling method could be
appropriately certified (ECHA/EFSA, 2017).

Effect of Voltage
Voltage supply directly affected the irradiance of the LEDs
with changes of a single voltage unit causing a reduction in
irradiance (Figure 3). This had a substantial effect on the
diatoms (Figure 9). Growth at the lowest voltages (18–20 V)
was influenced by only small changes in voltage. Higher voltage
supply (21–24 V) reduced cell density below the initial count,
indicating a potential effective level for prevention of biofilm
growth. This threshold is important for the optimized design of
UV-B/C LED systems for biofouling control, though additional
target fouling species need to be tested. An effective antifouling
level (the required irradiance for preventing the growth of
organisms on a surface) has been predicted to be 1 µW/cm2 for
UV-based antifouling systems (Piola et al., 2016). The fluence
supplied to the tile surface in the current study had an average
peak value which was 5.77 times higher than the predicted
value at the recommended operating voltage (24 V), and a
total UV-B/C fluence that was 109 times greater. Based on
spectroradiometer readings, 19 V (Figure 3) supplied the closest
irradiance for comparison to the reported level. Piola et al. (2016)
stated that the level could be even lower than 1 µW/cm2 and,
for the current study, the irradiance threshold for N. incerta
was validated as below 0.7 µW/cm2. Although, as indicated
by the intercept point in Figure 9, to achieve a reduction
below initial cell density, a fluence between 4.76–15.32 J/cm2

(between 20 and 21 V) would be required. Determining whether
this can translate into the natural environment is imperative,
as cultured organisms are known to be less resilient than
their wild-type counterparts (Falciatore et al., 2020). Dissolved
organic matter within the water can also impede UV treatment
efficacy (Georgiades et al., 2021). Moreover, diatoms are just
one component of a complex biofouling community. The
extracellular polymeric substances secreted by diatoms, and the
silicate structures left behind by dead cells, could attract and
protect further colonizers. Wild-type resilience and population
interactions may cause the effective level to differ from that
currently indicated.

Effect of Duty Cycling
Developing UV as an antifouling strategy will require the method
to meet some design criteria, one of which is prolonged efficacy
with minimal maintenance. The manufacturers’ specifications for
the half-life (irradiance output) of the LEDs used in this study
was 10,000 h (1.14 years), at constant irradiance. Visible light
LEDs, on the other hand, can exceed 100,000 h of use and UV
LED life expectancy will likely improve as technology develops
(Muramoto et al., 2014). Several years of fouling protection under
various conditions will be required to make the integration of UV
LEDs appealing to the shipping industry.

Duty cycles were compared to explore lengthening the
longevity of the LEDs. Outcomes demonstrated that even the
shortest duty cycle of 2.5% could inhibit biofilm growth. Control
tiles of the 02.50:17.50 and 01:19 duty cycles had higher diatom
densities than the other duty cycle controls (P < 0.05). This
apparent anomaly may be explained by the use of a new stock of
F/2 growth medium, or small variations in cell density at the start
of the experiment. This higher density may have allowed some
variation within the irradiated samples. Since the same stock
was used for both control and irradiated exposures, however, the
differences may be compared.

A 12.5% duty cycle would be required to prevent growth and
effectively reduce fouling. At the lower 2.5% cycle, longevity of
the LEDs could be increased to 45.6 years, whilst at 12.5% cycling,
9.2 years could be achieved. Duty cycling of 0.01% (1 min/week)
has been reported by Richard et al. (2021) to have a significant
impact, however, for full macrofouling prevention, a duty cycle
of 0.69% (10 min per day) was required. Rates as low as these
could see effective antifouling via UV lasting the entirety of
a vessel’s lifespan. Differences in the effectiveness of the duty
cycling between this study and the study by Richard et al. (2021)
could be due to the different light sources used. Richard et al.
(2021) used a 25 W Aqua UVC (254 nm) lamp rather than
LEDs. This provided different irradiances than the current study
and recorded an intensity of 1.31 µW/cm2 at a peak wavelength
of 254 nm rather than the 281 nm used herein. As biological
impact is dose-dependent, a threshold would be advantageous in
isolating specific duty cycles from individual light supplies.

Comparisons at High and Low Doses
Variation in dose and biological impact were comparable between
the three methods of irradiance delivery used in the current study
and provided effects of low and high fluence on cell density.
Low fluence experiments included the 2-h experiment, which
resulted in lower cell densities than the other methods. The
lower cell density in the 2-h treatment, as opposed to 20 V and
the 01:19 duty cycle, could be due to the fluence being below
an effective inactivation level. This would enable the diatoms
to proliferate during the 48-h experiment. According to the
Bunsen-Roscoe reciprocity law (Bunsen and Roscoe, 1863), the
total photochemical dose absorbed by an organism will have
the same effect regardless of varying irradiance and/or exposure
durations. Supporting evidence was discussed by Sommer et al.
(1998) who found that a microbiocidal dose of 400 J/m2 was
required for a 4-log bacterial reduction regardless of delivery
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intensity. Sommer et al. (1996) indicated that a low intensity
and longer exposure duration was more effective at inactivation
than short high irradiance on eukaryotic yeast cells. Escherichia
coli and bacteriophages have displayed the opposite, reducing
more over shorter durations at higher intensities (Sommer et al.,
1998; Werschkun et al., 2012). UV damage is not described as
being time dependent and is associated with the overall dose.
However, diatoms require time to complete biological processes
such as division and growth. Therefore, the biological processes
may have counteracted some of the damage and be accountable
for the differences. The densities may have been relatable if the 2-
h experiment had the UV turned off and the diatoms left to grow
for a further 46 h.

The longer experimental duration could explain why the high
exposure 23 V experiment, in high fluence samples, had a lower
cell density than the 1 day and duty cycle doses. If the irradiance
is above an effective threshold for a longer time, then there
would be more time for the population to reduce in number.
This could explain why the 23 V method was significantly more
effective than its similar dosage counterparts (Figure 10). The
variance between sample counts in the duty cycle and the 1-
day method was large, whereas the 23 V experiment had minor
variance. This may indicate greater resilience during the pulsed
method and could also result from repair and recovery during
LED downtime. With regard to the 1-day experiment, the shorter
duration may have different effects on diatoms of different sizes,
as described by van de Waal and Litchman (2020). This could
explain the variability within the counts and the deviation from
the full exposure. The current results (Figure 10) contradict the
Bunsen-Roscoe reciprocity law as similar irradiances produced
significantly different effects. For N. incerta short, high irradiance
treatments were more effective at inactivation than longer, lower
intensity treatments which may indicate that biological factors
can alter the overall outcome from a prolonged exposure.

It is important to consider that both high and low fluence
had some variability and that the exact dose was not the same in
all cases. The high doses, from the comprehensive analysis, had
identical duty cycle and 1-day doses (9.35 J/cm2), however, the
23 V dose was 1.77 J/cm2 higher than these and could explain
the lower cell density present within that treatment. Additionally,
the low fluences were conducted with no two identical measures
delivered, although they only varied by 0.16 J/cm2 from highest
to lowest. To clarify a fluence effect without variation, a repeat of
the experiment with exact dose comparisons of the three different
treatment methods would be necessary to determine if the small
irradiance discrepancy was important.

The data in the current study suggest that the Bunsen-
Roscoe law does not allow for interacting biological factors.
Diatoms can self-repair photoactive lesions via excision repair
mechanisms using photosynthetic light (De Tommasi et al.,
2018). This enables them to excise the lesions from the DNA and
combat the overall damage. A high intensity could overwhelm
an organisms’ repair mechanisms and a heavily outweighed
system would be expected to inactivate quicker than a neutrally
balanced or minimally overcome system. Additionally, if there
was no interacting repair mechanism, the organisms would
still be limited due to their quantum yield (Braslavsky, 2007).

Organisms can only absorb a certain number of photons in a
set period before reaching their maximum quantum yield, after
which photons that the organism is exposed to become surplus
(Li et al., 2006, 2010). Like enzyme reactions, there would be a
limit to the reactions that could take place at any given time.

Threshold Analysis
The interaction between growth and density provides insight
into a potential threshold of effect. To prevent growth, but not
reduce below initial density, the threshold was determined to
be between 0.01 and 0.78 J/cm2. For densities to be reduced
below the initial input levels, a threshold point between 0.78
and 2.65 J/cm2 would be required. This is similar to the level
reported by Piola et al. (2016). Using the densities and fluences
from all three experiments and a combination of all the data,
LD90s were calculated, which suggest a predicted dose to reduce
the initial input densities by 90% (Raikow et al., 2007). According
to the Bunsen-Roscoe reciprocity law LD90 fluences should be the
same regardless of methodology, however these were observed
to vary in the current study. Cell density counts from pulsing
(Supplementary Table 1) indicated that supplied irradiance
doses did not reduce initial levels below 90%, but duration and
voltage methodologies both indicated that 18.7 J/cm2 produced
over 90% removal. The predicted LD90 for guaranteed effect
ranged from 12 to 65 J/cm2 depending on delivery method,
and 25 J/cm2 when averaged across all of the data. Experiments
with diatoms were conducted using a high nutrient growth
medium (F/2), these nutrient concentrations are not expected
to be encountered in the natural environment. Biofilm growth
would therefore be slower than observed in laboratory conditions
that are optimized for growth. Accordingly, a lower dose may
be required for wild type removal. However, as both controls
and irradiated experiments used the same medium, the results
within the study are comparable. An adaption for more accurate
thresholds would require a comparison between this study and
field experiments. The predicted threshold for 90% removal,
based on all data, was 25 J/cm2. However, this is likely to be
a conservative estimate when the fluences and their respective
cell densities are compared. Duration and voltage treatments
had > 88% removal at 18.7 and 11.12 J/cm2, respectively, which is
considerably lower than the predicted value. The latter could have
been impacted by the variability in densities and the pulsing not
achieving 90% removal, which could explain why the threshold
value was elevated. Adhering to an elevated fluence, similar to
the conservative prediction, should result in effective antifouling
prevention and removal but other factors that affect UV efficacy,
not currently investigated, would need to be considered.

CONCLUSION

The effectiveness of UV-B/C for antifouling has been confirmed
using a technology (LEDs) that could plausibly be incorporated
using a cladding system. The effective levels determined by
duty cycling could allow longer lifespans of LED equipment,
and longer intervals between repair or replacement. Lower
voltages of delivery would lower LED strain and could also
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prolong longevity. By determining effective thresholds and
doses, equipment can be developed to efficiently meet standards
and protocols for the approval of UV B/C integration as an
antifouling system. Exploration of ecosystem thresholds, under
a range of field conditions (including non-target effects), is
required to fine-tune this threshold level.
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