2 M processes

Article

Effect of UV Light and Sodium Hypochlorite on Formation and

Destruction of Pseudomonas fluorescens Biofilm In Vitro

Melani Sigler Zekanovic¢ 2, Gabrijela Begic¢ 2, Silvestar Meznari¢ 3, Ivana Jelovica Badovinac 4, Romana Kristof 5,
Dijana Tomi¢ LinSak 36* and Ivana Gobin 27**

Citation: Sigler Zekanovi¢, M.;
Begi¢, G.; Meznari¢, S.; Jelovica
Badovinac, I.; Kristof, R.; Tomi¢
LinSak, D.; Gobin, I. Effect of UV
Light and Sodium Hypochlorite on
Formation and Destruction of
Pseudomonas fluorescens Biofilm In
Vitro. Processes 2022, 10, 1901.
https://doi.org/10.3390/pr10101901

Academic Editor: Rok Fink

Received: 20 August 2022
Accepted: 16 September 2022
Published: 20 September 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Ilirija d.d., Tina Ujevica 7, 23210 Biograd na Moru, Croatia

2 Department of Microbiology and Parasitology, Faculty of Medicine, University of Rijeka,
Brace Branchetta 10 20, 51000 Rijeka, Croatia

3 Department of Environmental Health, Teaching Institute of Public Health, Primorje-Gorski Kotar County,
Kresimirova 52a, 51000 Rijeka, Croatia

¢ Faculty of Physics and Centre for Micro- and Nanosciences and Technologies, University of Rijeka,
51000 Rijeka, Croatia

5 Department of Sanitary Engineering, Faculty of Health Sciences, University of Ljubljana,
1000 Ljubljana, Slovenia

¢ Department for Health Ecology, Faculty of Medicine, University of Rijeka, Brace Branchetta 10 20,
51000 Rijeka, Croatia

7 Faculty of Health Studies, University of Mostar, 88000 Mostar, Bosnia and Herzegovina

* Correspondence: ivana.gobin@uniri.hr or ivana.gobin@fzs.sum.ba; Tel.: +385-51651265

*  These authors share last authorship.

Abstract: Pseudomonas fluorescens is one of the first colonizers of bacterial biofilm in water systems
and a member of opportunistic premise plumbing pathogens (OPPPs). The aim of this study was to
examine the effect of UV light and sodium hypochlorite on the formation and destruction of mature
P. fluorescens biofilm on ceramic tiles. Planktonic bacteria or bacteria in mature biofilm were exposed
to UV light (254 nm) for 5, 20 s. and to 0.4 mg/L sodium hypochlorite for 1 min. Mature biofilm was
also exposed to increased concentration of sodium hypochlorite of 2 mg/L for 0.5, 1 and 2 h and
combined with UV. Prolonged action of sodium hypochlorite and an increase in its concentration
in combination with UV gave the best results in the inhibition of biofilm formation after the pre-
treatment and destruction of mature biofilm. The effect of hyperchlorination in combination with
UV radiation shows better results after a long exposure time, although even after 120 min there was
no completely destroyed biofilm. Furthermore, the mechanism of the effect of combined methods
should be explored as well as the importance of mechanical cleaning that is crucial in combating
bacterial biofilm in swimming pools.
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1. Introduction

Water supply systems are inhabited by the group of organisms called opportunistic
premise plumbing pathogens (OPPPs) [1]. They are adapted to these systems, and can
grow in changing, oligotrophic conditions [2]. OPPPs have similar characteristics, such as
disinfectant resistance, biofilm formation, and amoeba digestion resistance. Model OPPPs
are Legionella pneumophila, Mycobacterium avium and Pseudomonas spp., a genus for which
drinking water is considered a relevant habitat. To these species, we may add Acinetobac-
ter baumannii, Stenotrophomonas maltophila, Helicobacter pylori, Aeromonas hydrophila, and
Methylobacterium spp. [3,4]. OPPPs can cause a range of transmissible and antimicrobial-
resistant infections. Because of that there is a need to implement better control measure-
ments and increase awareness [5-7].
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Pseudomonas fluorescens is a rod-shaped aerobic, non- fermenting, gram-negative bac-
terium. It is widely spread in water, soil, plants, and animals [8]. Its presence in water is
already well known. It can survive and replicate even in damp places, which relate to
water supply sources [9-12], and it has been isolated from still, bottled water [13].

Although not considered a human pathogen, in some cases, especially in immuno-
compromised patients, it can cause acute diseases or outbreaks of bacteremia [8,9]. It is
mostly studied as an environmental or soil bacteria, considering that Pseudomonas spp. are
widely spread in the environment. But because of its ability to easily form biofilm and
potentially cause infections it has been more studied as a growing concern in the food
industry or in patients in medical institutions [14-17].

Biofilms are microbial communities in which cells are embedded within self-pro-
duced extracellular polymeric substances (EPS) or matrix [18]. The formation of biofilm
takes place in several, usually fast phases, and P. fluorescens is frequently one of the first
colonizers which adhere to the surface with the LapA protein and create microcolonies
that will serve as an anchor to other microorganisms in creating a biofilm community. It
can act as a “helper” as well, for other species to persist by using a P. fluorescens matrix as
a shelter [18-20]. P. fluorescens are good biofilm producers with a strong EPS production
capacity and these biofilms are characterized by an increased resistance to environmental
influences and disinfectants [21,22].

Water in distribution systems or in swimming pool systems must be monitored and
regulated. Disinfection is the most important process that ensures water safety. Standard
doses of disinfectants, based mostly on chlorine, do not destroy OPPPs, and their number
in water systems is increasing over time. Chlorine disinfection also creates a more homo-
geneous bacterial population, dominated by resistant Pseudomonas spp. [23-25]. Chemical
disinfection of water contributes to the creation of harmful disinfection byproducts. Many
of them have adverse health effects [26-28].

To avoid adaptive features of opportunistic pathogens such as resistance to disinfec-
tion or formation of biofilms, new technologies are being applied or are combining. Ultra-
violet radiation (UV) is a promising technology for reducing OPPPs in water systems
[29,30]. It has also been proven that combined disinfection, chlorination, and UV is an
effective method to reduce concentrations of toxic byproducts [31-33].

The research into biofilms formed by the OPPPs group of microorganisms is scarce.
Those biofilms represent potential source sites from which opportunistic pathogens are
released into the aquatic environment. Therefore, in this study we isolated P. fluorescens
from biofilm on the ceramic tiles of a freshwater swimming pool and examined the effect
of the combined method, as well as the individual effect of UV light and sodium hypo-
chlorite on the creation and destruction of already formed, mature P. fluorescens biofilm
on ceramic tiles in vitro.

2. Materials and Methods
2.1. Bacterial Strains

P. fluorescens used in the in vitro experiment was isolated from mixed biofilm from
small ceramic tiles (dimensions 2.5 cm x 2.5 cm), taken out of the freshwater swimming
pool. The pool had a double disinfection method implemented, so the water was disin-
fected with chlorine and UV disinfection. After removal, the tile was washed and added
to a tube with 10 mL of sterile water. Bacteria in biofilm were detached by treatment in an
ultrasonic bath (Bactosonic, Bandelin, Germany) at 40 kHz for 1 min. Subsequently, ten-
time dilutes of the sonicates were planted on a Mueller-Hinton agar (MH, Biolife, Milan,
Italy) and after a 48-h incubation, suspected colonies were isolated. P. fluorescens was then
identified using the API NE system (Biomerieux, Paris, France). Pure bacterial cultures
were suspended in an MH broth (Biolife, Milan, Italy) of appropriate concentrations of 10°
CFU/mL and used in the experiment. For this, the optical density was measured at 600
nm (OD600) (Eppendorf, Bio photometer, model #6131, Hamburg, Germany).
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2.2. Mature Biofilm Formation

The method of biofilm formation was described according to the procedure devel-
oped by Ivankovi¢ et al., and modified [34]. The individual ceramic tiles were mechani-
cally brushed, washed, and then sterilized for 1 h at 180 °C. An agar bacteriological solu-
tion (Oxoid, Basingstoke, UK) was prepared according to the manufacturer’s instructions
and autoclaved at 121 °C/15 min. Three sterile tiles were placed in a Petri dish, with the
ceramic surface facing up. After this, the still warm agar solution was poured, making
sure that the upper ceramic area of the tiles remained uncovered. Suspensions of P. fluo-
rescens in sterile tap water were poured onto the upper side of the tiles that were placed
in agar, ensuring that they completely covered their surface, as described. Petri dishes
were incubated at 35 °C for 5 days using a rotational shaker (30 rpm). In this way a mature,
5-day old biofilm was formed.

2.3. Pre-Treatments of Planktonic Bacteria with UV Light and Sodium Hypochlorite

In the pre-treatment of the planktonic bacteria, the effect of UV light, sodium hypo-
chlorite, and their combination on the bacterial suspension was tested. The ability of bac-
teria to form biofilm after treatment was investigated. Bacterial suspensions of 105
CFU/mL were prepared as described, transferred to a plastic Petri dish and exposed to
UV light at 254 nm (UV lamp-dual wavelength, Muttenz, Switzerland) for 5 s, 20 s, sodium
hypochlorite solution 0.4 mg/L for 1 min, and a combination of UV light for 5 s, 20 s and
sodium hypochlorite solution 0.4 mg/L for 1 min. A neutralizer was not used. The used
UV lamp had two UV tubes for illumination (dual length), one for 254 nm and the other
for 366 nm, both with 8 W of power. We only used 254 nm light for our experiment. The
lamp was manually installed on two plastic stands so that the microtiter plate with sus-
pension was one centimeter away. Treated bacterial suspension was poured over the ce-
ramic tiles in agar, as described, followed by incubation at 35 °C for 5 days, so that mature
biofilm could be formed. After washing unattached bacteria and ultrasound treatment to
release bacteria in the biofilm, CFUs were determined by planting tenfold dilutions on
MH agar. Treatment was performed in triplicate.

Immediately after treatment, P. fluorescens viability was tested (Live/Dead BacLight
bacterial viability kit; Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
protocol. Briefly, planktonic bacteria were treated as described earlier. Then two nucleic
acid stains, propidium iodide (PI) and SYTO-9, were added and incubated for 15 min. The
microbiological slides were prepared, and digital images were collected using a fluores-
cence microscope (Olympus BX51, Tokyo, Japan).

2.4. Mature Biofilm Treatments with UV Light and Sodium Hypochlorite

After incubation for 5 days, the tiles with mature biofilm were transferred to a plastic
Petri dish and washed three times in sterile saline solution. After that, the mature biofilm
was exposed to various treatments: UV light at 254 nm (UV lamp-dual wavelength, Mut-
tenz, Switzerland) for 5 and 20 s, sodium hypochlorite solution (T.T.T, Sveta Nedjelja,
Croatia), 0.4 mg/L for 1 min, and a combination of UV light for 5 or 20 s and sodium
hypochlorite solution of 0.4 mg/L for 1 min. The lamp was manually installed on two
plastic stands so that the surface of the mature biofilm was only one centimeter away.
After this, sodium hypochlorite exposure, 10% sodium thiosulphate solution (Kemika,
Zagreb, Croatia), was added to remove the residual sodium hypochlorite. Subsequently,
tiles were washed and placed in sterile polypropylene tubes with sterile saline and treated
in an ultrasonic bath (BactoSonik —Bandelin, Berlin, Germany) for 1 min/40 kHz. Tenfold
serial dilutions were prepared, and samples were inoculated on MH agar. After incuba-
tion on 35 °C for 24 h, CFU/mL was determined.

Biofilm was also exposed to increased concentration of sodium hypochlorite of 2
mg/L for 1 min, 0.5, 1 and 2 h and combined with UV light for 5 and 20 s. After treatment,
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the tiles were processed as previously described and the number of bacteria was deter-
mined. As a control, mature biofilm was grown on the tiles under the same conditions
and was not exposed to UV light and sodium hypochlorite. Each experiment was per-
formed three times.

2.5. Scanning Electron Microscopy (SEM)

For the morphological analyses of biofilm on ceramic tiles, the scanning electron mi-
croscope Jeol JSM-7800F (JEOL Ltd., Tokyo, Japan) was used. The ability of bacteria to
form biofilm after the pretreatment and destruction of mature biofilm was analyzed. Be-
fore microscopy, tiles fixation was done with 4% glutaraldehyde and 0.5% paraformalde-
hyde (Sigma Aldrich, Burlington, MA, USA) prepared at 4 °C in 0.1 M PBS (Sigma-Aldrich,
Burlington, MA, USA). Dehydration was carried out in a series of increasing concentra-
tions of ethanol from 50% to 100% (Sigma-Aldrich, Burlington, MA, USA) each for 20 min.
Due to the increase in stability and conductivity, samples were sputtered with a gold
layer.

2.6. Statistical Analyses

In order to analyze the normality of results and distribution in differently treated
experimental groups Shapiro-Wilk test was used. To analyze the effect of different treat-
ments in experimental groups, a nonparametric Mann-Whitney U-test was used for
groups without normal distribution, and for groups with normal (Gaussian) distribution
statistical significance was tested by a t-test. Results were expressed as means and stand-
ard deviation. Comparison with the control group was analyzed using the Wilcoxon
signed-rank test. Results were considered statistically significant at p < 0.05 and are pre-
sented graphically using TIBCO Statistica 14.0, Excel office 365 and Sigmaplot 14.0.

3. Results
3.1. The Effect of UV Light and Sodium Hypochlorite on Biofilm Formation

To examine the influence of UV light (UV) and sodium hypochlorite (Cl) on the abil-
ity of P. fluorescens to form biofilms, the bacterial suspension was treated with UV for 5
and 20 s and with 0.4 mg/L Cl for 1 min. A combination of Cl and UV was also carried
out, under the same described conditions. After 5 days of incubation, bacteria ability to
form biofilm was determined (Figure 1).
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Figure 1. Effect of biofilm creation after pre-treatment of planktonic bacteria with UV 5 s (UV5”),
UV 20 s (UV 20”), Cl for 1 min (Cl 1), combination of UV 5 s and Cl for 1 min (UV5” + C11’), and
UV for 20 s and Cl for 1 min (UV20” + C1 1’) and afterward incubation for 5 days (logioCFU/mL) (A).
(The control is a biofilm created from untreated planktonic bacteria. The mean values are shown
along with the standard deviations. (B)) % of inhibition of biofilm formation after the above treat-
ments. Lowercase letters above the results indicate the statistical significance. Different letters indi-
cate statistically significant differences tested by Students t-test and Mann-Whitney U test for UV
20”7 +Cl 1.

Results showed that all treatments applied to planktonic bacteria in bacterial suspen-
sion significantly inhibited biofilm formation (5 days incubation) compared to the control
(p = 0.002). The results showed that the number of bacteria in the biofilm depends on the
applied treatment. Extending the exposure time of UV from 5 to 20 s significantly inhib-
ited the number of bacteria in the biofilm (p = 0.02). Furthermore, the application of one-
minute of Cl leads to a significant inhibition compared to UV radiation (p = 0.001). This
was followed by a more pronounced effect of the combination of 5 s of UV and 1 min of
Cl (p <0.01). The most effective pre-treatment was the combination of 20 s of UV and 1-
min CI (p < 0.001) where 99.99% inhibition was achieved.

Dead/live staining showed that after applying individual treatments, as well as the
UV 5 “ + Cl "’combined treatment, a significant number of viable cells was present and
explained their ability to create biofilm after 5 days. For a UV 20” + C1 1’ combined treat-
ment, there was a dominance of dead cells that were colored with red fluorescence, but
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there were also individual viable cells that were obviously capable of creating biofilm after
5 days of incubation (Figure 2D).

Figure 2. Representative images of dead/live staining of planktonic bacteria after treatment with:
(A) UV 20 s, (B) Cl for 1 min, (C) combination of UV 5 s and Cl for 1 min, and (D) UV for 20 s and
Cl for 1 min. CTRL represent control (untreated bacteria). Green fluorescence represents viable cells
while red fluorescence indicates dead cells. Magnification 1000x.

3.2. The Effect of UV Light and Sodium Hypochlorite on Mature Biofilm Destruction

Mature 5-day old biofilm was exposed to UV for 5 and 20 s, and 0.4 mg/L Cl for 1
min. A combination of UV and Cl was performed under the same described conditions.
We compared the effect of individual treatments to untreated mature biofilm as a control.
Treatments were also compared mutually (Figure 3.).
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Figure 3. Destruction of a 5-day-old biofilm (logiwCFU/mL) (A) after treatment with UV 5 (UV 5”)
and 20 s (UV 20”), 0.4 mg/L of CI for 1 min (Cl 1’), combination of UV 5 s and Cl for 1 min (UV 5” +
Cl 1), and UV for 20 s and Cl for 1 min. The control is represented by an untreated biofilm. The
mean values are shown along with the standard deviations. (B) % of destruction of a mature biofilm
after the above treatments. Lowercase letters above the results indicate the statistical significance.
The same letters indicate that there is no statistically significant difference between groups while
different letters indicate a statistically significant difference tested by Students ¢-test for UV 20” + Cl
1’vs. UV 5”+ C1 1" and UV 5”+ Cl 1" vs. C1 1" and Mann-Whitney U test for other samples.

The results show that the applied treatments significantly reduced the number of
bacteria in the biofilm compared to the untreated biofilm as follows: UV for 5 and 20 s (p
=0.0012), 1 min CI (p =0.0001), UV 5 s and 1 min CI (p = 0.00018), UV for 20 s and 1 min CI
(p <0.0001). A significant difference was also found between the effect of individual treat-
ments, from the least effective UV to the most effective treatment, which was achieved by
combining UV for 20 s with 1 min Cl. The destruction of a mature biofilm with different
treatments shows results ranging from 66.67% to 99.99%. The effects of UV 5 s with reduc-
tion of 74.34% and UV 20 s with reduction of 80.19% are less successful in mature biofilm
destruction then Cl alone or combined with UV. Cl 1 min treatment achieved biofilm re-
duction of 97.82%. With UV 5 s and UV 20 s combined with CI for 1 min treatment, over
99% reduction was observed.
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3.3. The Effect of UV Light and Hyperchlorination on Mature Biofilm Destruction

The effect of a five-time higher concentration of sodium hypochlorite of 2.0 mg/L (Cl-
H) was tested on a 5-day old biofilm. Its combined effect with UV for 5 and 20 s was also
examined. Afterwards, dependence of the treatment efficiency with hyperchlorination on
the exposure was assayed (Figure 4).
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Figure 4. Destruction of a 5-day-old biofilm (logioCFU/mL) after treatment with UV 5 (UV 5”) and
20 s (UV 20”), and hyperchlorination (Cl-H) for (A) 1 min, (B) 30 min, (C) 60 min and (D) 120 min
and their combinations. The control is represented by an untreated biofilm. The mean values are
shown along with the standard deviations. Lowercase letters above the results indicate the statistical
significance. The same letters indicate that there is no statistically significant difference between
groups while different letters indicate a statistically significant difference tested by Students t-test
and by Mann-Whitney U test for UV 20” vs. UV 5”; CI-H120" vs. UV 20” and UV 20” + CI-H120" vs.
UV 5” +CIl-H 120°.

All treatments, UV (p = 0.0012), hyperchlorination (Cl-H) lasting from 1 to 120 min (p
=0.01) and the combination of UV and CI-H (p < 0.001) significantly reduced the number
of bacteria in the biofilm compared to the untreated biofilm. As expected, hyperchlorina-
tion is significantly more effective than UV light alone. Combined exposure of the biofilm
to UV for 5 s and CI-H did not increase the effectiveness of the hyperchlorination itself,
regardless of its duration. On the contrary, the duration of UV radiation had an impact on
the effectiveness of the combined treatment. Exposure to UV for 20 s in combination with
hyperchlorination for 1, 30, 60 or 120 min led to a significant reduction in the number of
bacteria compared to almost all other treatments. Only hyperchlorination for 120 min
combined with UV for 5 and 20 s did not differ significantly.

The percentage of mature biofilm destruction was also determined and results are
presented in Table 1.



Processes 2022, 10, 1901

9 of 16

Table 1. Destruction of mature biofilm after different hyperchlorination treatments. Results are pre-
sented as a percentage (%). Small letters above the results indicate a statistically significant differ-
ence (a according to UV 5”; b according to UV 20”; caccording to Cl (p <0.05), non-parametric Mann-
~Whitney U test).

Destruction of Mature Biofilm

Uv5” UV 20" CI-HT UV5”+Cl-H1 UV 20" +Cl-H1
Hyperchlorination of
y?f;;rsr;ﬁig‘ ' 69.66% 77.73% 96.57% ab 97.06% 97.98% ab
o (£0.20) (+0.12) (£0.02) (£0.02) (£0.01)
UV 5" UV 20" CI-H 30’ UV 5 +C-H30' UV 20” + Cl-H 30’
Hyff;‘ﬁ;’gﬁ:g‘ of  c6.67% 75.74% =99.90% ab 99.949% ab 99.97% abe
o (£0.20) (0.11) (+0.002) (+0.001) (+0.007)
UV 5" UV 20" CI-H 60’ UV5 +CL-H60' UV 20” + Cl-H 60’
Hyffﬁjsgﬁﬁz‘ of  69.66% 76.96% =99.96% ab 99.97% ab 99.999 ab
P (0.10) (+0.12) (£0.02) (£0.09) (x0.01)
Uv5” UV 20" CI-H 120’ UV 5 +CI-H 1200 UV 20”7 + Cl-H 120/
Hyif ;ﬁggﬁﬁ;’;‘ of  69.66% 76.96% =99.999 b 99.99% ab 99.999 ab
(0.10) (+0.12) (x0.01) (0.01) (+0.001)

120 min

Hyperchlorination treatments of the mature biofilm for 1, 30, 60 and 120 min have
shown most efficiency combined with UV and results range from 97.06% to 99.99%.

Hyperchlorination, CI-H of mature biofilm for 1 min was significantly different from
UV for 20 s (p = 0.034). No other statistical significance was noted in the 1-min treatment.
Hyperchlorination for 30 min and UV for 20 s was different from UV for 5 s (p = 0.02). Cl-
H for 30 min was significantly different from UV for 20 s (p = 0.004); a combination of UV
for 20 s and CI-H for 30 min was different from only CI-H for 30 min (p = 0.02). Hyper-
chlorination for 60 min was significantly different from UV for 20 s (p <0.001). Hyperchlo-
rination for 120 min was significantly different from UV for 20 s (p < 0.001). No other sta-
tistical significance was noted in the 60- and 120-min treatment.

3.4. Scanning Electron Microscopy (SEM) Analysis

SEM analysis allowed a qualitative presentation of the effect of the combined treat-
ment with UV light and chlorination with sodium hypochlorite on the mature biofilm.
Representative images are shown. A dense 5-day-old biofilm with EPS is shown in pic-
tures (Figure 5a). After UV treatments, a cluster of bacteria on the surface of the tile can
be seen and they were located inside the tick EPS layer. We noticed the visible difference
after C1 1 min and fewer bacteria that are widespread on the tile surface in smaller clusters
or individually can be seen without the presence of EPS. The most significant difference
was seen after the combination of UV for 20 s and Cl for 1 min, where individual adhered
cells or minor cell clumps can be seen on the tile surface. We did not notice the EPS layer.
The figures are consistent with the result of 99% effectiveness of the study treatment de-
scribed in the section (Figure 1).

Figure 6a showed the biomass with bacteria incorporated into the thick layer of EPS.
After treatment of UV for 20 s, the clusters of the cells are fitted with the EPS layer and no
significant changes can be seen. After 0.4 mg/L of Cl for 1-min, significant biomass de-
struction is visible, and fewer bacteria as well as a thinner EPS layer and EPS remains
alone, were visible on the tile damage. On smooth parts of the tile, individual bacteria or
cluster with fewer bacteria cells and remains of EPS can be seen. In addition to chlorina-
tion, it would be necessary to apply regular cleaning for better results. The picture (d)
showed individual bacteria or small cluster of cells within a thin layer of EPS and the
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remains of EPS without bacteria. By combining both methods, fewer bacteria can be seen
on the tiles, although EPS remains are still visible.

Figure 5. Representative scanning electron microscopy (SEM) micrographs of biofilm inhibition af-
ter treatment with UV 20 s (b), 0.4 mg/L of Cl for 1 min (c), combination of UV for 20 s and ClI for 1
min (d); (a) represented untreated control of 5-day-old biofilm. Magnifications 5000x. Red arrows
point out bacteria embedded in EPS:

Figure 6. Representative scanning electron microscopy (SEM) micrographs of 5-day-old biofilm de-
struction after treatment with UV 20 s (b), 0.4 mg/L of Cl for 1 min (c), combination of UV for 20 s
and Cl for 1 min (d); (a) represented untreated control biofilm. Magnifications (a,c) 5000%, (b) 1000x
and (d) 2000x. Red arrows point out bacteria embedded in EPS.



Processes 2022, 10, 1901

11 of 16

4. Discussion

The object of this study was to examine the effect of UV light and sodium hypo-
chlorite on formation, as the pre-treatment and destruction of mature P. fluorescens biofilm
on ceramic tiles. Our results show that different individual treatments or their combina-
tion have diverse effects on planktonic bacteria and their ability to form biofilms, as well
as on the destruction of a matured, 5-day-old biofilm.

The effect of different treatments on planktonic bacterial cells has significantly af-
fected the ability of the cells to form a biofilm.

This is consistent with studies stating that planktonic cells are considered more sen-
sitive to external influences such as disinfectants, than those in biofilms [35-37]. In our
study, plankton bacteria were treated with individual treatments as well as with their
combinations. After the treatment, the planktonic bacteria were incubated for 5 days and
their ability to create a biofilm was determined. Immediately after the treatment, we also
followed the viability of the cells. Interestingly, a combined treatment with UV for 20 s
and Cl for 1 min showed 99.99% inhibition of biofilm formation, but we have proven that
some of the bacteria possessed an ability to form the biofilm. It seems that a small number
of viable bacteria that survived the combined treatment (Figure 2D) were obviously capa-
ble of creating a biofilm, but we did not see the EPS layer present (Figure 5D). In the swim-
ming pools, this type of disinfection of water is used and the pool water repeatedly passes
through the UV lamp and is constantly exposed to chlorination. This repeated exposure
would certainly be more effective than a onetime exposure. This fact should be investi-
gated further. The mechanism of an individual effect of UV radiation and chlorination is
known from earlier studies. Extended exposure to UV radiation alters the genetic material
of a bacterial cell. UV affects nucleic acid molecules with wavelengths ranging from 200
to 300 nm, specifically at ~260 nm [38]. This leads to genetic mutations which cause the
impossibility of DNA to replicate, and further to cell inactivation. Some bacteria can repair
from UV damage and some of them enter a non-cultivable state as a response to this en-
vironmental stress [39-42]. Hijnen et al. found that UV can be effectively used for inacti-
vation of suspended, free planktonic cells, without forming harmful disinfection by-prod-
ucts (DBPs) [43]. In a study conducted by Lakretz et al. [44] on Pseudomonas aeruginosa, the
effectiveness of different UV wavelengths (220-280 nm) on bacterial inactivation and bio-
film control was tested. The most effective ones were 254, 260 and 270 nm, because they
inactivated more suspended cells, which can contribute to better biofilm control.

The effect of chlorination on the ability of planktonic bacteria to form a biofilm and
results then showed that chlorination with sodium hypochlorite leads to a significant in-
hibition compared to UV radiation treatment or control. Chlorine, in the form of sodium
hypochlorite [NaOCl], is a widely used, low-cost disinfectant with effective antimicrobial
performance [45]. Chlorine is a very strong oxidant which can cause permeabilization of
bacterial membranes causing leakage of protein, nucleic acid, and even lethal DNA dam-
age [46]. Using chlorine alone cannot inactivate species such as Pseudomonas, Sphingomonas
or Acinetobacter because they are known for developing resistance to chlorine-based dis-
infectants [47]. Studies on P. aeruginosa or Escherichia coli have shown that chlorination, as
well as UV irradiation by itself, can induce cells to enter a non-cultivable state [48,49]. We
accomplished damaged planktonic cells with chlorine more effectively than with UV light,
but even so they can form a biofilm.

Wang et al. studied the effect of UV irradiation or chlorination alone, as well as their
combined effect on the model microorganism, P. aeruginosa. They found that the number
of cultivable cells was effectively reduced by using UV, chlorine, and combined UV/chlo-
rine. This is consistent with our findings, but they also found that non-cultivable cells were
present after UV and chlorination but were undetectable after UV/chlorine treatment. Bac-
terial reactivation was completely suppressed as bacteria were completely damaged by
the combined effect of UV and chlorine. This study suggests that the UV/chlorine treat-
ment can completely damage bacteria and is promising for opportunistic pathogen inac-
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tivation [50]. In accordance with their findings, that the combined treatment can effec-
tively destroy bacteria or introduce them into a non-cultivable state, we can note that the
combined approach to water disinfection contributes to a better reduction of chlorine-re-
sistant opportunistic pathogens and looks promising in sustaining their presence at a
barely detectable level. Joint treatments can work more effectively, and the residual effect
of chlorine in their combination contributes to avoiding microbial regrowth. Biofilms dif-
fer in many ways from planktonic cells. In these complex communities, the EPS composed
of extracellular DNA, proteins, and polysaccharides gives microorganisms protection
from disinfectants [51,52]. Cells in biofilms may exhibit changes in their characteristics,
such as reduced growth rates, because of reduced oxygen levels and lack of nutrient pen-
etration. In addition, the frequency of physiologically resistant cells, by that chlorine re-
sistant cells, is higher in biofilm populations [36].

Due to the above and the assumption that bacteria exhibit different characteristics in
biofilms, we exposed the mature 5-day old, single species biofilm of P. fluorescens to the
effect of UV light and chlorine separately and to their combination. We also examined the
separate and combined effects with fivefold increased chlorine levels with prolonged ex-
posure time in a process we labeled as hyperchlorination.

Results showed that UV did significantly affect the mature biofilm compared to con-
trol. But despite this, the impact of UV can be described as weaker compared to chlorine
or the combination. Data about UV-related technologies for already formed biofilms are
limited and often incoherent compared to those related to planktonic bacteria. Despite
that, the effect of UV on mature biofilms is desirable and UV technologies and devices are
being further developed. Sources of UV radiation that are used or examined in studies are
often mercury vapor lamps emitting only 254 nm or a cluster of wavelengths. Some of the
other sources that are being used, such as excimer lamps, xenon pulse lamps and light-
emitting diodes (LEDs) are even showing enhanced bactericidal effects on biofilms [38,53].

So far it is known that UV minimally affects the EPS of established biofilm [54]. EPS
adheres firmly to surfaces, with electrostatic forces, van der Waals forces and chemical
bonding with other polymers, which are not easily interrupted with UV [55,56]. Bacteria
that are good producers of EPS may have developed a protection mechanism to UV such
as increasing the path length of the incident irradiation, emission of free radicals that in-
tercept UV, usage of motility to avoid UV phototaxis, scavenging photogenic reactive ox-
ygen species and protecting the cell structure and components from oxidative damage,
light scattering caused by inorganic particles, producing UV-absorbing protective factors
such as pigments [38,56,57]. Furthermore, multiple-species biofilms with different micro-
organisms and their protective mechanisms are less sensitive than single-species biofilms.
This was demonstrated in a study conducted on natural biofilms formed on catheters and
single P. aeruginosa biofilm culture which showed that multiple-species biofilms were
much more tolerant of the UV effect than the single-species [58,59]. It is proven that bio-
films can repair or recover themselves after irradiation has ended [56,57]. This means that
the UV effect is temporary, and bacteria can regrow [56,57,44,60-61].

Formed, matured biofilm is known to be a resistant reservoir of pathogens, which
can be spread in bulk water. Biofilms of water distribution systems, or generally other
controlled water systems are recognized as areas of concern to be maintained safe [62].
EPS is considered as an adaptation of microorganisms to protect against disinfectants such
as chlorine [61,63]. Disinfectants containing halogen species such as chlorine, with their
high reactivity, are even neutralized through reaction with EPS, so have an impaired effi-
ciency in reducing biofilm cell density [64]. The presence of EPS is not the only factor that
provides biofilm resistance. Cells in biofilms can phenotypically differ from planktonic
cells and develop different adaptive responses to sublethal concentrations of the disinfect-
ant [65].

In order to effect even more efficiently on the mature biofilm, in our research we also
combined the action of chlorine and prolonged hyperchlorination with UV radiation,
which was proved to be the most effective method. Although we did not eradicate the
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biofilm completely, the synergistic action of hyperchlorination for 120 min and UV radia-
tion for 20 s reduced the biofilm the most. Synergistic actions have been reported in vari-
ous studies. A combination of UV light with chlorine dioxide was shown to be more ef-
fective in eradicating drinking water biofilms than the two treatments applied separately
according to Rand et al. [66]. UV treatment systems in combination with chlorine or chlo-
rine dioxide and monochloramine achieved greater log reductions of suspended E. coli
and its biofilm, than chlorine-based disinfectants alone [67].

By using chlorine-based agents in water, such as sodium hypochlorite, relatively
good disinfection results can be achieved as well as residual chlorine. Sodium hypo-
chlorite is added to water as an oxidant that acts on organic and inorganic substances [68].
This results in creating disinfection by-products (DBPs), significantly trihalomethanes
(THMSs) that are becoming a serious health concern. Due to the genotoxic and carcinogenic
effect of THMs, and other DBPs which have not yet been sufficiently investigated, it is
preferable to use lower doses of chlorine, and one of the possible solutions is the applica-
tion of combined disinfection methods, UV radiation and chlorination [68,69]. Complete
eradication of biofilm was not achieved with any treatment, so it is necessary to investi-
gate more methods, and their combination, to keep the biofilms of water systems under
control. Finally, we want to emphasize that the cleaning and sanitation processes are im-
portant as well, so that disinfection methods can be more effective, and their by-products
maintained at a safe level.

5. Conclusions

Our study indicates that both chlorine and UV light are effective agents in the inhi-
bition of formation as well as in the treatment of the mature biofilm of P. fluorescens. Ex-
posure of plankton bacteria to combined disinfection significantly affects the ability of
these bacteria to create a biofilm and, by constantly repeating the procedure, with regular
sanitation the formation of bacterial biofilm could be kept under control.

The application of combined methods has proven to be effective on a mature biofilm
even though it has led only to its reduction. Therefore, the application of combined disin-
fection methods should go in the direction of treatment of planktonic bacteria with regular
cleaning and sanitation. An additional application of UV radiations directly to the tiles
would further facilitate maintaining the biofilm under control. Hyperchlorination has
proven to be effective in destroying the biofilm, but due to the creation of by-products it
should be used under defined conditions.
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