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Abstract

Biofilms are communities of microorganisms that pose a problem in many areas, including
the food industry, drinking water treatment, and medicine, because they can contain
pathogens and are difficult to eliminate. For this reason, the possibility of biofilm reduction
by ultraviolet (UV) or visible light was investigated using data from published reports.
Results for different applications, spectral ranges, and microorganisms were compared
by performing MANOVA tests. Approximately 140 publications were found that dealt
with the irradiation of water or surfaces for biofilm reduction or reduction in biofilm
formation. Irradiation of surfaces with UV or visible light in the spectral range 200–525 nm
had a positive effect on biofilm reduction and reduction in biofilm formation, although the
results for irradiation of water were conflicting. Most investigations were carried out on P.
aeruginosa biofilms, but other Gram-positive and Gram-negative bacteria, as well as some
fungi and their biofilm sensitivities to irradiation, were also analyzed. Limited data were
available for the UVB (280–315 nm) and UVA (315–400 nm) range. Most experiments to
date have been carried out in the UVC (100–280 nm) or in the visible violet/blue spectral
(400–500 nm) range, with the UVC range being 2–3 orders of magnitude more efficient in
terms of applied irradiation dose. Other quantitative statements were difficult to make
as the results from the different working groups were highly scattered. Irradiation can
reduce the microorganisms in biofilms but does not completely remove biofilms. New
biofilm formation can at least be delayed by surface irradiation. Whether it is also possible
to prevent the formation of new biofilms in the long term is open to question. Which
irradiation wavelengths are optimal for anti-biofilm measures is also still unclear.

Keywords: biofilm; prevention; reduction; ultraviolet radiation; visible light

1. Introduction
Biofilms are aggregates of microorganisms in which cells are embedded in a self-

produced matrix of extracellular polymeric substances that adhere to surfaces [1]. These
microorganisms can include algae, archaea, bacteria, fungi, and protozoa, and they can
form in a wide range of environments, from natural ecosystems to industrial settings,
medical devices, and agricultural systems [2]. Biofilms can develop on plant surfaces, in
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livestock water troughs, in food processing facilities, and in irrigation systems [3]. These
biofilms have a significant impact on human and animal health, pose food safety challenges,
and contaminate drinking and irrigation water supplies, but they can also be beneficial
for plant growth or water treatment processes [4,5]. Based on a market analysis using
values from 2019, it was estimated that biofilms have a global economic significance of
more than $5000 billion a year, with further market sector breakdowns of $324 billion (food
and agriculture) and $117 billion (water and wastewater) [4].

The biofilm matrix is a dynamic space with continuous production and degradation of
all extracellular polymeric substances (EPS). The many structural components are produced,
transformed, and degraded by various extracellular matrix housekeeping enzymes, by the
biofilm community. The evolution of the matrix takes place in response to the amount and
nature of nutrients available and the environmental conditions they encounter, such as
hydrodynamic shear stress, pressure, salt content, temperature, and light regime [6].

This review summarizes the potential biofilm-reducing effect of UV radiation and
short-wave visible light. The ultraviolet spectral range is divided into UVC (100–280 nm),
UVB (280–315 nm), and UVA (315–400 nm), while visible light covers the spectral range
from 380 to 780 nm. Both UV radiation and short-wave violet and blue light (<500 nm) are
known to be capable of inactivating microorganisms. The most important mechanisms of
action are the destruction of DNA, in particular by UVC radiation, or the generation of
intracellular reactive oxygen species (ROS), which can attack all cell structures from within
with subsequent cell death. The latter is the main basis for the antimicrobial effect of visible
light, but also of UVA radiation [7–10].

This known effect of light or radiation on planktonic microorganisms is the basis for
the approach analyzed here of using UV radiation and visible light against biofilms, as
these are formed by microorganisms and contain microorganisms.

Several state-of-the-art studies, including a recent review by Gora et al. [11], already
provided a preliminary understanding of the impact of irradiation in the UV (200–400 nm)
and VIS (380–780 nm) spectral regions on biofilms and biofilm formation. However, there
are many open questions, such as the following:

• Does the irradiation of water reduce or prevent biofilm formation in water works and
water distribution systems?

• Is it possible to prevent biofilm formation by irradiation in the long term (weeks or
months) and what are the best parameters?

• Is biofilm prevention or reduction possible by all UV and VIS wavelengths?
• Which irradiation wavelength is the best?
• Are multi-species biofilms more irradiation resistant than single species biofilms?
• Are cells in biofilms more radiation resistant than planktonic cells?
• Which mathematical model describes the relation between irradiation and biofilm-

reduction best? Is there a maximum reduction that cannot be increased even by higher
irradiation doses?

• Is there an influence of the substrate below the biofilm?
• Are there differences in the biofilm sensitivity towards irradiation between microor-

ganisms like bacteria or fungi or even between Gram+ and Gram- bacteria?

To answer these questions, an extensive literature research will be performed that
hopefully goes beyond the excellent collection by Gora et al. [11]. Data extracted from the
retrieved reports are to be analyzed to answer some of these questions.
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2. Data Collection and Analysis
2.1. Data Collection

Literature research with Google Scholar and Pubmed with different combinations of
terms like “biofilm”, “irradiation”, “illumination”, “inactivation”, “reduction”, “ultravio-
let”, “UVC”, “UVB”, “UVA”, “visible light”, “violet”, “blue” was performed. References in
the retrieved literature were also checked for their suitability to be included in this review.

Excluded were results that were gained by combination of irradiation with other
disinfection measures, e.g., heat, chemical disinfectants like H2O2, ozone, chlorine, ad-
ditional photosensitizer or TiO2. Also ignored were bacterial monolayers and bacterial
colonies on agar, when irradiated with visible light or UVA radiation, as agar might contain
photosensitizer like riboflavin (e.g., in lysogeny broth or yeast extract peptone dextrose
agar) and therefore might influence the photoinactivation [12].

Recorded were information on physical biofilm properties before and after irradiation,
including cell numbers inside the biofilm or biofilm thickness, but no biochemical data or
changes in biofilm composition or color or microbial gene expression. If results at different
temperatures were available, the data obtained nearest to room temperature was taken.

If quantitative data on biofilm irradiation was available, up to four data points were
taken from a single study for each wavelength and microorganism and sometimes substrate
material, like irradiation doses for four different cell log-reductions. In the case that the
authors did not give values in the paper or supplementary material, the data was obtained
from (enlarged) figures, if available.

2.2. Data Analysis

Collected and analyzed were involved microorganisms, biofilm reduction—usually as
biofilm cell reduction—irradiation parameters like wavelength, intensity and dose, biofilm
age and biofilm substrate in the first step. These data were sorted into different tables
according to diverse applications. Results from different authors but for the same species
in different spectral regions were also graphically combined if there were at least five data
points of at least three different publications. An exponential function—or a straight line in
a semi-logarithmic representation—was fitted to all obtained data as first approximation
and typical inactivation behavior [13]. In addition, the often applied inactivation models
“Weibull” [14] and “log-lin + tail” [15], which both exhibit reduced inactivation for longer
irradiation procedures, were also fitted to the data. The intention was to determine which
model best described the collected data. This was assessed by RMSE (residual mean
squared errors) as calculated by the software Bioinactiavtion (version 4) [16,17].

Statistical tests were conducted to assess whether Gram-positive and Gram-negative
bacteria or fungi differed from each other in their sensitivity to radiation and whether
the material under the biofilm had an influence. Biofilm irradiation data were sorted by
spectral range, irradiation dose, biofilm reduction, and microorganism and analyzed for
normal distribution as this is often a requirement for subsequent steps. Here Kolmogorov–
Smirnov tests were applied, followed by Wilks’ lambda tests (WL), which is a common
MANOVA (Multiple analysis of variance) technique, with the advantage that it is quite
robust against violations of the normal distribution [18–21]. The MANOVA tests Pillai’s
trace (PT), Hotteling–Lawley trace (HL) and Roy’s maximum root (RM) were also carried
out for comparison. All tests were performed with the online software Statistics Kingdom
(version of November 2017) [22]. The same statistical tests were performed to determine
whether the irradiation sensitivity of mono- and multi-species biofilms differed and whether
the substrate on which the biofilm grew had an influence.
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3. Results
About 140 publications that met the above-mentioned criteria were collected and

analyzed. Most data were found on Pseudomonas aeruginosa irradiated by UVC or visible
(violet or blue) light. Table 1 provides an overview of all about 50 microorganisms and
their taxonomic classes for which biofilm irradiation results were retrieved.

Table 1. List of the microorganisms used in the different biofilm inactivation studies and targeted in
this meta-analysis. The abbreviated organism names are used in the body text, figures, and tables
hereafter. Gram-positive (GP) and Gram-negative (GN) indicates response to Gram staining; EFS
displays the organisms’ capacity to form endospores.

Microorganism Abbreviation Taxonomic Class Comments
Bacteria

Actinomyces naeslundii A. naeslundii Actinomycetes GP, anaerobe or
microaerophilic

Aeromonas australiensis A. australiensis Gammaproteobacteria GN, anaerobe

Acinetobacter baumannii A. baumannii Gammaproteobacteria GN,

Aeromonas hydrophilia A. hydrophilia Gammaproteobacteria GN, facultative anaerobe

Aggregatibacter
actinomycetemcomitans A. actinomycetem-comitans Gammaproteobacteria GN, facultative anaerobe

Alicyclobacillus
acidocaldarius A. acidocaldarius Bacilli GP, strict aerobic, ESF

Alicyclobacillus
acidoterrestris A. acidoterrestris Bacilli GP, strict aerobic, ESF

Alicyclobacillus
cycloheptanicus A. cycloheptanicus Bacilli GP, strict aerobic, ESF

Alicyclobacillus herbarius A. herbarius Bacilli GP, strict aerobic, ESF

Bacillus cereus B. cereus Bacilli GP, aerobic or facultative
anaerobe, ESF

Bacillus thuringiensis B. thuringiensis Bacilli GP, aerobic, ESF

Burkholderia multivorans B. multivorans Betaproteobacteria GN, aerobic,

Cupriavidus metallidurans C. metallidurans Betaproteobacteria GN, aerobic

Enterococcus faecalis E. faecalis Bacilli GP, facultative anaerobe

Escherichia coli E. coli Gammaproteobacteria GN, facultative anaerobe

Flavobacterium breve F. breve Flavobacteriia GN, strict aerobic

Fusobacterium nucleatum F. nucleatum Fusobacteriia GN, anaerobe

Klebsiella oxytoca K. oxytoca Gammaproteobacteria GN, facultative anaerobe

Klebsiella pneumoniae K. pneumoniae Gammaproteobacteria GN, facultative anaerobe

Lactobacillus brevis L. brevis Bacilli GP, facultative anaerobe

Leuconostoc citreum L. citreum Bacilli GP, facultative anaerobe

Listeria monocytogenes L. monocytogenes Bacilli GP, facultative anaerobe

Methylobacterium
fujisawaense M.fujisawaense Alphaproteobacteria GN, facultative anaerobe

Moraxella catarrhalis M. catarrhalis Gammaproteobacteria GN, aerobic

Pediococcus acidilacti P. acidilacti Bacilli GP, facultative anaerobe

Porphyromonas gingivalis P. gingivalis Bacterioidia GN, anaerobe
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Table 1. Cont.

Microorganism Abbreviation Taxonomic Class Comments

Propionibacterium acnes 1 P. acnes Actinomycetes GP, aerotolerant,

Proteus mirabilis P. mirabilis Gammaproteobacteria GN, facultative anaerobe

Pseudomonas aeruginosa P. aeruginosa Gammaproteobacteria GN, facultative anaerobe

Pseudomonas fluorescens P. fluorescens Gammaproteobacteria GN, facultative anaerobe

Ralstonia insidiosa R. insidiosa Betaproteobacteria GN, aerobic

Salmonella Typhimurium S. Typhimurium Gammaproteobacteria GN, facultative anaerobe

Staphylococcus aureus S. aureus Bacilli GP, facultative anaerobe

Staphylococcus epidermis S. epidermis Bacilli GP, facultative anaerobe

Streptococcus mutans S. mutans Bacilli GP, facultative anaerobe

Streptococcus sanguinis S. sanguinis Bacilli GP, facultative anaerobe

Vibrio parahaemolyticus V. parahaemo-lyticus Gammaproteobacteria GN, facultative anaerobe

Vibrio vulnificus V. vulnificus Gammaproteobacteria GN, facultative anaerobe
Fungi

Aspergillus niger A. niger Eurotiomycetes Aerobic

Brettanomyces bruxellensis B. bruxellensis Pichiomycetes Facultative anaerobe

Candida albicans C. albicans Pichiomycetes Facultative anaerobe

Candida auris 2 C. auris Pichiomycetes Facultative anaerobe

Candida glabrata 3 C. glabrata Saccharomycetales Facultative anaerobe

Candida parapsilosis C. parapsilosis Pichiomycetes Anaerobe

Cryptococcus neoformans C. neoformans Tremellomycetes Obligate aerobic

Fusarium solani F. solani Sordariomycetes Facultative anaerobe

Penicillium glaucum P. glaucum Eurotiomycetes Facultative anaerobe
Algae

Navicula incerta N. incerta Bacillariophyceae
1 new name: Cutibacterium acnes, 2 new name: Candidozyma auris, 3 new name: Nakaseomyces glabratus.

The published investigations were divided into three categories and are therefore
presented here in three separate tables:

1. Water irradiation for biofilm prevention/delay on different surfaces (Table 2);
2. Surface irradiation for the prevention/delay of new biofilms (Table 3);
3. Biofilm irradiation for the reduction in existing biofilms (Table 4).

3.1. Water Irradiation for Biofilm Prevention/Delay

Table 2 presents the experimental details and results for the irradiation of drinking
or waste water for biofilm prevention or delay as published in more than 20 studies. Five
reports investigated water contaminated with Pseudomonas aeruginosa, but most of these
studies applied the present natural water microbiome. The typical irradiation sources were
254 nm low-pressure mercury vapor lamps. However, some other UV wavelengths between
220 und 290 nm were also investigated. Studies with longer irradiation wavelengths
irradiation in the UVB, UVA, or even visible light spectrum were not published.

Half of these studies reported a positive effect of the UV irradiation, but the other
half observed no effect on biofilm prevention or even an increase in biofilm formation.
This might be caused by different water qualities and organic compounds but was not
investigated here any further.
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Table 2. Irradiation of water for biofilm prevention or delay. ( “red” background : no biofilm-

reducing effect of irradiation— “green” background : biofilm-reducing effect of irradiation; PC:
polycarbonate, PE: polyethylene, PS: polystyrene, PVC: polyvinylchloride).

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm Substrate Reduction

[23] 254 nm,
0.003 mJ/cm2

natural
microbiome

24 h–38 d,
≈107 cells/cm2

steel, cement (in
drinking water)

no significant biofilm
reduction by water

irradiation

[24] 254 nm,
40 mJ/cm2

natural
microbiome

4 w–6 m,
≈106–107 cells/cm2

PVC, PE, steel, copper
(in drinking water)

no significant biofilm
reduction by water

irradiation

[25] 254 nm,
40 mJ/cm2

natural
microbiome

20 w,
≈100 µg dry
weight/cm2

membrane
(in water)

water irradiation reduced
biofilm formation

[26] 254 nm natural
microbiome

up to 30 d,
≈105–106 cells/cm2

PVC, steel
(in drinking water)

no significant biofilm
reduction by water

irradiation

[27] 254 nm,
up to 80 mJ/cm2

natural
microbiome

19 d,
≈105 cells/cm2

polyamide membrane
(in waste water)

water irradiation
increased biofilm

formation

[28] 254 nm,
up to 259 mJ/cm2

natural
microbiome

2 h, 30 d,
≈106 cells/cm2

PVC (in drinking
water)

no significant biofilm
reduction by water

irradiation (nutrient
availability in

UV-irradiated water
higher; no effect on

biofilm density in the long
run)

[29] 254 nm,
up to 150 mJ/cm2 P. aeruginosa 24 h PS higher UVC doses led to

stronger biofilm formation

[30] 254 nm

mixture of
P. aeruginosa,

E. coli,
Flavobacterium

breve,
Aeromonas
hydrophila

up to 72 h,
≈105 cells/cm2 PC

water irradiation reduced
biofilm formation

(difference ≤ 1 log/cm2

after 72 h)

[31] 254 nm,
40 mJ/cm2

natural
microbiome

4 w–6 m,
≈105–106 cells/cm2 PC, iron no biofilm reduction by

UV alone

[32] 254 nm,
40 mJ/cm2

natural
microbiome

3 m,
≈5 × 104–7 × 106

cells/cm2
steel, copper

depending on detection
technique and parameters

no biofilm reduction

[33]
254 nm,

1900 mJ/cm2 every
30 min (pulsed)

natural
microbiome 32 d

hollow fiber
membrane (surface

water)

water irradiation
prevented biofilm

formation for 32 days

[34]

254 nm, 49
mW/cm2;

up to
29,000 mJ/cm2

natural
microbiome 3 h

hollow fiber
membrane (in waste

water)

water irradiation reduced
biofilm formation

[35]
254 nm;

broadband UVC
(MP Hg)

natural
microbiome up to 200 d unknown coupons

(in drinking water)

water irradiation did not
lead to a biofilm decrease;
especially for broadband

UVC there even seemed to
be an increased biofilm

formation

[36]
broadband UVC

(MP Hg),
80 mJ/cm2

natural
microbiome

up to 4 m,
120–230 µm;

106–107 cells/cm2

membranes (in
brackish water)

water irradiation reduced
biofilm formation
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Table 2. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm Substrate Reduction

[37]

220 nm, 260 nm,
280 nm, broadband

UVC (MP Hg),
up to 8.8 mJ/cm2

isolates of
natural

microbiome

24 h–38 d,
≈109 cells/cm2 glass, PP in sea water

280 nm water irradiation
decreased biomass; other
wavelength had no larger

effect or even increased
biofilm formation

[38]

220 nm, 239 nm,
254 nm, 260 nm,
270 nm, 280 nm,
broadband UVC

(MP Hg),
up to ≈15 mJ/cm2

P. aeruginosa up to 34 h PS MTP

water irradiation reduced
biofilm formation; 254 nm,

270 nm and broadband
UVC were most effective

(higher bacterial
concentration led to

stronger biofilm
formation)

[39]

broadband UVC
(MP Hg),

≈0.135 mW/cm2,
up to 8 mJ/cm2;

filtered
UV > 295 nm,

≈0.045 mW/cm2,
up to 40 mJ/cm2;

P. aeruginosa up to 9 d plastic MTP

water irradiation reduced
biofilm formation (UV

pretreatment of bacteria
resulted in lower

concentrations and
reduced biofilm formation;
in the long term: the UV
treatment was unable to

prevent biofilm formation)

[40] broadband UVC
(MP Hg) P. aeruginosa 24 h,

15–20 µm
glass, PVC, steel

(in drinking water)

≥99.9% biofilm volume
reduction by water

irradiation (decisive for
biofilm formation:

bacterial concentration,
but not whether bacteria

were previously
irradiated)

[41]
broadband UVC

(MP Hg),
137 mJ/cm2

natural
microbiome ≈10 µm membrane in brackish

water
irradiation (alone) did not
lead to biofilm reduction

[42] 254 nm,
42 mJ/cm2

natural
microbiome (20 m) PE in drinking water water irradiation reduced

biofilm formation

[43]

254 nm;
broadband UVC

(MP Hg),
40 mJ/cm2

natural
microbiome up to 170 d membrane in water

water irradiation reduced
biofilm formation

(membrane running time
was increased by factor 6x)

[44]

275 nm,
up to

≈30 mW/cm2

(pulsed and
continuous)

natural
microbiome up to 11 d membrane in water water irradiation reduced

biofilm formation

[45] 278 nm,
2 mJ/cm2

natural
microbiome

up to 15 d,
108–109 cells/cm2

membrane (in tap
water)

water irradiation reduced
biofilm formation

[46]
254 nm;
283 nm,

40 mJ/cm2

natural
microbiome 5 d PC in waste water

water irradiation
reduced/retarded biofilm
formation (no significant

difference between
irradiated and not

irradiated water in the
long run)

[47] 280 nm;
40 mJ/cm2 E. coli 5 d membrane in

contaminated water

water irradiation
reduced/delayed biofilm

formation—higher UV
doses led to more biofilm
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3.2. Surface Irradiation for Biofilm Prevention

About 30 studies addressed the question of whether the irradiation of surfaces that
were biofilm-free at the beginning of the experiment reduced or delayed or even prevented
biofilm formation. These are listed in Table 3. Many of these studies focused on the
prevention of biofouling on surfaces exposed to seawater. Other authors investigated
biofilm prevention in medical applications or in the food or drinking water sector. Here,
too, irradiation was mainly carried out in the UVC spectral range at 254 nm, but visible
light wavelengths up to 625 nm (red) or even up to 970 nm (infrared) were applied in
around 10 studies. The irradiation was partly continuous and partly pulsed.

With only one exception, a positive effect of irradiation on new biofilm formation was
observed, i.e., biofilm formation was at least slower under irradiation with wavelengths
between 222 and 450 nm. Some authors also reported that biofilm formation no longer oc-
curred above certain irradiation intensities. Values between 0.1 and 100 µW/cm2 were given
as a sufficient UVC irradiation for the total prevention of biofilm formation [48–54]. How-
ever, some authors still observed biofilm formation at even higher UVC irradiances [55–58],
and on closer inspection, slight biofilm formation could be recognized in some studies that
claimed biofilm prevention thresholds for UVC irradiation.

Torkzadeh et al. suggested a mathematical model for (E. coli) biofilm formation under
different UVC irradiations. The higher the irradiation intensity the slower the biofilm
formation, but according to this model it is never zero [58,59]. If this is true, there might be
no overall UVC irradiation intensity that totally prevents biofilm formation.

Other spectral regions were less investigated. There was only one UVA study [60] and
a few in the visible light region above 400 nm. To avoid often observed confusion, it should
be mentioned that the spectral range 380–400 nm is UVA and also visible violet light by
definition [61]. However, wavelengths above 400 nm are only visible light and no UV as
sometimes erroneously stated by LED manufacturers. Vollmerhausen et al. observed total
biofilm prevention for 2.5 mW/cm2 UVA and Butement et al. the same for 160 mW/cm2 of
405 nm violet light [60,62]. However, the situation might be similar as in the UVC range,
with just low—but not zero—biofilm formation at these irradiances.

Whether UVC radiation or visible violet or blue light is better for preventing or delay-
ing biofilm formation cannot be deduced from the widely varying irradiation conditions
and results. However, red light and infrared irradiation exhibited no recognizable influence
on biofilm formation in any of the presented studies.

Table 3. Irradiation of surfaces for biofilm prevention or delay. ( “red” background : no biofilm-

reducing effect of irradiation— “green” background : biofilm-reducing effect of irradiation; PC:
polycarbonate, PE: polyethylene, PS: polystyrene, PVC: polyvinylchloride, MTP: microtiter plate).

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm Substrate Reduction

[55]

222 nm,
0.236 mW/cm2;

up to
354 mJ/cm2

P. aeruginosa,
S. aureus

24 h, 48 h,
≈20 µm steel

biofilm formation
observed under

continuous far-UVC
irradiation, but

formation much slower
than biofilm formation

in the dark
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Table 3. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm Substrate Reduction

[50] 254 nm,
≤0.0008 mW/cm2

natural
microbiome 5 w–4 m copper, silicone,

epoxy

continuous irradiation
prevented biofilm
formation on most

materials; 1 min
irradiation per day

reduced biofilm
formation

[63]

254 nm,
1.15 mW/cm2;

up to
18.4 mJ/cm2 per

vehicle run

natural
microbiome 1 m steel, copper (in

seawater)

successful after two
weeks, but biofilm

increase after 4 weeks
(mobile UVC vehicle)

[64] 254 nm natural
microbiome 1–2 m PVC

(in seawater)

no biofilm after
2 months continuous
UV irradiation; UV

reduced existing
biofilms

[56]
254 nm,

up to
1.47 mW/cm2

natural
microbiome

2 d–7 d,
≈106 cells/cm2

after 7 d
glass

irradiation reduced
biofilm formation

(>99% less biofilm cells
after 7 d);

however, even
1.47 mW/cm2 did not

completely stop biofilm
formation for 7 d

[65] 254 nm,
up to 2 mW/cm2

natural
microbiome

24 d,
106–107

cells/cm2

quartz
(in sea water)

antifouling impact
starts for >10 µW/cm2;

however, even
0.8 mW/cm2 did not

prevent biofilm
formation completely

[58] 254 nm, up to
0.350 mW/cm2 E. coli 2 d glass

(in drinking water)
95% less biofilm

volume @ 50.5 µW/cm2

[59] 254 nm, up to
≈0.15 mW/cm2 E. coli 2 d, 12 d,

up to 27 µm flow cell

0.06 mW/cm2

significantly reduced
biofilm formation;
however, biofilm
formation even

observed at
0.1 mW/cm2 and UVC
is probably unable to

stop biofilm formation
in the long run (only

23 ◦C results)

[54] 265 nm P. aeruginosa,
E. coli agar plate

4.3 mJ/cm2 to prevent
biofilm (bacterial lawn)
formation; (Irradiation

via fibers)
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Table 3. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm Substrate Reduction

[66] 265 nm,
up to 21 mJ/cm2 P. aeruginosa 3 h Teflon tubes

100% @ 1 mJ/cm2

(Teflon); no bacteria
observed for 3–4 d;

higher doses necessary
for other materials

(high NaCl
concentration (20%) for
light guide approach)

[48]

265 nm, 275 nm,
300 nm, 365 nm,

up to
0.156 mW/cm2

(pulsed or
continous)

mixture:
P. aeruginosa,

Ralstonia
insidiosa,

Burkholderia
multivorans,
Cupriavidus

metallidurans,
Methylobacterium

fujisawaense

up to 6 d,
≈0.3 mm;
6.2 × 106

cells/cm2

steel

265/275 nm: significant
biofilm prevention at

about 10 µW/cm2

(continuous/pulsed) at
least for 6 days;

300/365 nm: no biofilm
prevention but biofilm
increase (irradiation via

optical fibers;
no total biofilm

prevention even above
10 µW/cm2)

[57]
267 nm,

1 mW/cm2;
up to 60 mJ/cm2

C. auris 24 h steel, PS,
poly-cotton

5–60 mJ/cm2 needed
for a significant

reduction in biofilm
formation, depending
on surface structure

[67]

272 nm, up to
0.48 mW/cm2

(pulsed or
continuous)

natural
microbiome up to 24 w quartz

(in sea water)
almost no biofilm after
69 d @ 0.48 mW/cm2

[52] 273 nm,
<0.2 mW/cm2

natural
microbiome up to 19 w

seachest with
antifouling coating

(in sea water)

UV-irradiation
prevented/delayed
biofilm formation

[49]

275 nm,
up to

0.25 mW/cm2

(pulsed or
continuous)

P. aeruginosa up to 3 d,
≈250 µm steel

significant biofilm
prevention at about

8 µW/cm2 (irradiation
via optical fibers; no

total biofilm prevention
even above 8 µW/cm2)

[51] 278 nm,
0.0174 mW/cm2

natural
microbiome up to 47 d plastic

(in sea water)
biofilm prevented for

47 d

[53] 278 nm natural
microbiome up to 10 m silicone

(in sea water)

9 cm disk quite
biofilm-free after

4 weeks in water with
an average irradiation

of 0.005 mW/cm2

[68]

280 nm, up to
0.093 mW/cm2;

up to
167 mJ/cm2

natural
microbiome 9 m quartz

UV reduced biofilm
formation;

even 0.0005 µW/cm2

seemed to have an
impact
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Table 3. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm Substrate Reduction

[69] UVC LED,
≈0.1 mW/cm2

natural
microbiome 20 d glass/polymer

biofilm CFU 1.8 log
lower compared to

unirradiated control
after 20 d

[70]

281 nm, up to
0.108 mW/cm2;

up to
18,700 mJ/cm2

Navicula incerta up to 5 d,
≈105 algae/cm2 tiles

1 log-reduction (biofilm
cell) @ 42,000 mJ/cm2, 3
log-reduction @ 5 d and
5.77 µW (2500 mJ/cm2)

[71] 285 nm natural
microbiome 1 w–19 w quartz

(in sea water)
UV reduced biofilm

formation

[72]
285 nm,

0.025 mW/cm2

up to 180 J/cm2

natural
microbiome 112 d quartz

(in sea water)
irradiation delayed
biofilm formation

[60]
385 nm, 420 nm,

2.5 mW/cm2;
216 J/cm2

E. coli up to 24 h
silicone (in urine

mucine medium in
MTP)

2.5 mW/cm2

(216 J/cm2) reduced
bacteria on

silicone/medium and
prevented biofilm

formation

[73]

broadband blue
(380–440 nm
with peak @

405 nm),
30.9 mW/cm2;

9.26 J/cm2

S. mutans 12–16 h PS in medium in
MTP

irradiation reduced
biofilm formation

(biofilm recovered for
2–6 h before analysis;

tryptic soy broth might
contain

photosensitizer?)

[74]

405 nm,
26 mW/cm2;

up to
748.8 J/cm2

L.
monocytogenes 24 h steel and acryl in

salmon exudate

irradiation reduced
biofilm formation by
≈1 log @ 26 mW/cm2

or 748.8 J/cm2

(irradiation impact
slightly temperature

dependent)

[75]
410 nm, 455 nm,
100 mW/cm2;

up to 450 J/cm2
P. aeruginosa 6 h PS MTP

biofilm formation
prevention:

410 nm: 6.6 log @
450 J/cm2;

450 nm: 3.8 log @
450 J/cm2;

[76]

445 nm (laser),
970 nm (laser),

different
irradiances;

up to 120 J/cm2

P. aeruginosa 24 h, 72 h MTP, flow cell,
wound

one time 445 nm
irradiation inhibited

growth up to 18 h, but
had mostly no larger

effect after 24 h besides
a small biomass

reduction;
no effect by 970 nm

irradiation;

[77]

450 nm (pulsed),
2 mW/cm2;

7.6 J/cm2 three
times per day

over three days
(68.4 J/cm2 total)

S. aureus,
P. acnes 3 d PS MTP

no significant impact on
forming biofilms for the

first three days
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Table 3. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm Substrate Reduction

[78]

450 nm, 525 nm,
625 nm,

up to
240 J/cm2

C. albicans 24 h MTP

450 nm irradiation led
to an average reduction

of up to 0.43 log @
240 J/cm2; no effects for

other wavelengths;

[79] “blue”,
up to 1300 lux E. coli 24 h MTP blue light reduced

biofilm formation

3.3. Biofilm Irradiation for Biofilm Reduction

Table 4 presents the key data of almost 90 papers, which report the continuous or
pulsed irradiation of existing biofilms in the spectral range 220–1000 nm. Most of the
biofilms were mono-species biofilms cultured for one to three days. The most frequently
examined microorganisms were the following bacteria: P. aeruginosa (Gram-negative), S.
aureus (Gram-positive), E. coli (Gram-negative) and L. monocytogenes (Gram-positive). There
are far fewer studies on fungal biofilms. Here, biofilms of C. albicans have been studied
most frequently. The background of most of the investigations were medical issues or
biofilm problems in the food or water sector.

There were not many investigations in the UVB and UVA range. Most irradiations
were performed with UVC radiation or visible violet/blue light. The result of the single
microorganisms/mono-species biofilms in the UVC (200–280 nm) and visible violet spectral
range (400–420 nm) are presented in Figures 1 and 2, while Figure 3 offers an overview of
all results of all irradiated mono-species biofilm in the UVC, violet region, and blue spectral
region, divided in three subfigures.

A total of five investigations dealt with natural biofilms. However, they were very
difficult to compare. Three of them were grown in (sea) water and two on patient material.
One was irradiated by blue light, the others irradiated by UVC. The maximum UVC
irradiation doses differed by a factor of 500,000, nevertheless resulting in more or less
similar log-reductions. An overview of the impact of irradiation in the UVC and visible
spectral range on natural biofilms and artificial multi-species biofilms can be found in
Figure 4.

Many authors compared the irradiation sensitivity of planktonic cells and cells in
biofilms. In most reports cells in biofilms were more or much more resistant to irradiation
compared to planktonic cells [77,80–94]. Only in three papers no difference between
planktonic cells and cells in biofilms were observed or the sensitivity of the biofilm cells
were even higher [95–97]. The reasons for these contradictory observations are unknown
but may be caused by the differences in the experimental setup and procedure.

The publications reporting on irradiation with pulsed broadband xenon lamps were
not evaluated here as they were even more difficult to compare. The applied lamps seem to
have different emission spectra and maybe even additional different physical properties
like pulse length. Unfortunately, the irradiation doses were given in many different units,
including Farad, which is the unit of electrical capacitance and cannot be converted into
irradiation units.
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Table 4. Irradiation of biofilms. ( “red” background : no biofilm-reducing effect of irradiation—

“green” background : biofilm-reducing effect of irradiation; PC: polycarbonate, PE: polyethylene,
PET: polyethylene terephthalate, PMMA: polymethyl methacrylate, PS: polystyrene, PTFE: polytetra
fluoroethylene, PVC: polyvinylchloride, MTP: microtiter plate).

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[98]
222 nm, up to

0.6 mW/cm2; up
to 179.3 mJ/cm2

E. coli,
S. epidermis

5 h,
≈106 cells/cm2 PS MTP

E. coli: 2.10 log @
179.3 mJ/cm2,

S. epidermis: 2.03 log @
179.3 mJ/cm2

[99]
222 nm, 254 nm,

up to
600 mJ/cm2

F. nucleatum,
P. gingivalis

72 h, 25 µm,
38 µm plastic MTP

reduction in biofilm
thickness:

222 nm: F. nucleatum and
P. gingivalis; 254 nm: F.

nucleatum

[87]
222 nm, 254 nm,
260 nm, 270 nm,

282 nm
P. aeruginosa 1 d–5 d PC, quartz

≈1 log @ 55 mJ/cm2,
222 nm, 72 h

≈1 log @ 8.2 mJ/cm2,
270 nm, 72 h

[100]

249–338 nm in 5
nm steps (UVC,
UVB, UVA), up
to 2110 mJ/cm2

P. aeruginosa 24 h, 48 h,
≈100 µm (48 h)

cellulose nitrate
membrane filter

for 24 h biofilm @
126–170 mJ/cm2:

UVC: 0.36 log; UVB
(296 nm): up to 2.4 log @

296 nm;
UVA: no significant

reduction;
48 h biofilm much more

resistant;
[101] 254 nm L. monocytogenes 7 d steel cells in biofilm reduced

[102]
254 nm,

up to 1800
mJ/cm2

L. monocytogenes 24 h steel, egg shell

steel:
0.26 log @ 300 mJ/cm2;
0.42 log @ 600 mJ/cm2;

1.12 log @ 1200 mJ/cm2;
1.47 log @ 1800 mJ/cm2;

egg shell:
0.23 log @ 300 mJ/cm2;
0.40 log @ 600 mJ/cm2;

0.74 log @ 1200 mJ/cm2;
1.14 log @ 1800 mJ/cm2;

[103]

254 nm,
1.3 mW/cm2;

up to
390 mJ/cm2

L. monocytogenes 24 h,
≈106 cells/cm2 lettuce, cabbage

cell reduction in biofilm
on both surfaces: » 4.0

log @ 390 mJ/cm2

[104] 254 nm L. monocytogenes
6 d, 12 d,

≈106 cells/cm2

(12 d)
steel ≥5 log cell reduction in

biofilm

[105] 254 nm,
up to 60 mJ/cm2

V.
parahaemolyticus

24 h,
≈107 cells/cm2 shrimp, crab

shrimp:
1.37 log @ 5 mJ/cm2;
1.56 log @ 10 mJ/cm2;
1.84 log @ 30 mJ/cm2;
2.53 log @ 60 mJ/cm2;

crab:
0.75 log @ 5 mJ/cm2;

0.94 log @ 10 mJ/cm2;
1.37 log @ 30 mJ/cm2;
1.94 log @ 60 mJ/cm2;
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[106]

254 nm,
0.236 mW/cm2;

up to
2549 mJ/cm2

P. aeruginosa,
S. aureus,

E. coli,
L. monocytogenes,
S. Typhimurium

24 h
biofilms from

agar transferred
to steel, PP

steel:
P. aeruginosa:

0.80 log @ 425 mJ/cm2;
2.02 log @ 850 mJ/cm2;
2.22 log @ 1700 mJ/cm2;
2.65 log @ 2549 mJ/cm2;

S. aureus:
2.24 log @ 425 mJ/cm2;
1.42 log @ 850 mJ/cm2;

1.61 log @ 1700 mJ/cm2;
2.70 log @ 2549 mJ/cm2;

E. coli:
0.62 @ 425 mJ/cm2;

0.83 log @ 850 mJ/cm2;
1.83 log @ 1700 mJ/cm2

3.12 log @ 2549 mJ/cm2;
L. monocytogenes:

0.84 @ 425 mJ/cm2;
1.14 log @ 850 mJ/cm2;
2.56 log @ 1700 mJ/cm2;
2.18 log @ 2549 mJ/cm2;

S. Typhimurium:
0.82 log @ 425 mJ/cm2;
1.28 log @ 850 mJ/cm2;
2.06 log @ 1700 mJ/cm2;
3.06 log @ 2549 mJ/cm2;

polypropylene:
P. aeruginosa:

1.79 log @ 425 mJ/cm2;
2.44 log @ 850 mJ/cm2;
3.62 log @ 1700 mJ/cm2;
3.09 log @ 2549 mJ/cm2;

S. aureus:
1.50 log @ 425 mJ/cm2;
2.30 log @ 850 mJ/cm2;

1.78 log @ 1700 mJ/cm2;
3.11 log @ 2549 mJ/cm2;

E. coli:
0.82 @ 425 mJ/cm2;

1.21 log @ 850 mJ/cm2;
2.93 log @ 1700 mJ/cm2;
4.16 log @ 2549 mJ/cm2;

L. monocytogenes:
0.71 @ 425 mJ/cm2;

0.72 log @ 850 mJ/cm2;
1.16 log @ 1700 mJ/cm2;
1.91 log @ 2549 mJ/cm2;

S. Typhimurium:
1.62 log @ 425 mJ/cm2;
1.18 log @ 850 mJ/cm2;
4.01 log @ 1700 mJ/cm2;
2.99 log @ 2549 mJ/cm2;
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[89]

254 nm
(irradiation from
top or bottom for
up to 60 min), up
to 0.63 mW/cm2;

up to
1400 mJ/cm2

P. aeruginosa 4 d on quartz Petri
dish

0.3 log @ ≈354 mJ/cm2;
1 log @ ≈900 mJ/cm2;
100% @ 1300 mJ/cm2;

(“inside out” irradiation
more effective;

planktonic cells more
sensitive than cells in

biofilm)

[82] 254 nm,
up to 40 mJ/cm2 C. neoformans up to 48 h PS

0.13 log @ 40 mJ/cm2;
(planktonic cells more
sensitive than cells in

biofilm)

[91] 254 nm F. solani up to 48 h PS MTP

cells in biofilm are
reduced (planktonic cells
more sensitive than cells

in biofilm)

[107] 254 nm

P. aeruginosa,
S. aureus,

S. epidermis,
A. baumannii,

E. coli

24 h MTP
strong cell reduction in
all biofilms, (no large
change in biomass)

[94] 254 nm

P. aeruginosa,
E. coli,

S. aureus MSSA,
S. aureus MRSA,

S. epidermis
MRSE,

C. albicans

24 h steel

P. aeruginosa:
2.96 log @ 228.6 mJ/cm2;
3.96 log @ 467.8 mJ/cm2;
4.87 log @ 946.7 mJ/cm2;

E. coli:
4.22 log @ 228.6 mJ/cm2;
5.39 log @ 467.8 mJ/cm2;
6.44 log @ 946.7 mJ/cm2;

S. aureus (MSSA):
1.88 log @ 228.6 mJ/cm2;
2.78 log @ 467.8 mJ/cm2;
3.34 log @ 946.7 mJ/cm2;

S. aureus (MRSA):
1.92 log @ 228.6 mJ/cm2;
2.80 log @ 467.8 mJ/cm2;
3.27 log @ 946.7 mJ/cm2;

S. epidermis:
1.21 log @ 228.6 mJ/cm2;
2.29 log @ 467.8 mJ/cm2;
3.88 log @ 946.7 mJ/cm2;

C. albicans:
1.43 log @ 228.6 mJ/cm2;
3.38 log @ 467.8 mJ/cm2;
3.62 log @ 946.7 mJ/cm2;

[83]

254 nm,
1.4 mW/cm2;

up to
2600 mJ/cm2

A. acidoterrestris,
A. herbarius,

A. cycloheptanicus,
A. acidocaldarius

72 h steel, rubber

steel: 2.5 log @
2600 mJ/cm2;

rubber: 2.7 log @
2600 mJ/cm2

(planktonic spores much
more sensitive than cells

in biofilm)
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[56] 254 nm, up to
1.47 mW/cm2

natural
microbiome

2 d,
≈5 × 105

cells/cm2
glass

84%/0.8 log cell
reduction in 2 d biofilm @

2646 mJ/cm2;

[108] 254 nm, up to
6,000,000 mJ/cm2

natural
microbiome

>100 d,
≈104 cells/cm2

steel (in ground
water)

≈1.6 CFU log-reduction
@ 6,000,000 mJ/cm2

[109]

254 nm,
0.4 mW/cm2;

up to
2160 mJ/cm2

natural patient
biofilm mature silicone urinary

catheter

≈0.96 log @ 12 mJ/cm2;
≈2 log @ 1400 mJ/cm2;
(planktonic cells more
sensitive than cells in

biofilm)

[110]

254 nm,
0.7 mW/cm2;

up to
210 mJ/cm2

C. albicans 24 h PMMA
1.3 log @ 21 mJ/cm2;
1.9 log @ 84 mJ/cm2;
2.9 log @210 mJ/cm2;

[111]
254 nm,

6.4 mW/cm2;
1920 mJ/cm2

S. aureus,
S. epidermis 24 h plastic

reduction below ≈5%
(irradiation details

unclear)

[112]
254 nm,

up to
620 mJ/cm2

S. Typhimurium
48 h,

3 × 106

cells/cm2
steel

1.44 log @ 39.5 mJ/cm2;
3.28 log @ 76.4 mJ/cm2;

3.69 log @ 620.4 mJ/cm2;

[113]

254 nm,
1.2 mW/cm2;

up to
360 mJ/cm2

S. Typhimurium,
cultivable

indigenous
microorganisms

(CIM)

72 h (steel)
≈107 cells/cm2,

24 h (lettuce)
≈3 × 104–7 ×
106 cells/cm2

steel, lettuce

steel:
S. Typhimurium:

4.7 log @ 24 mJ/cm2;
6.3 log @ 72 mJ/cm2;

S. Typhimurium mixed:
4.3 log @ 24 mJ/cm2;
6.0 log @ 72 mJ/cm2;

lettuce:
S. Typhimurium:

2.4 log @ 72 mJ/cm2;
3.6 log @ 360 mJ/cm2;

S. Typhimurium mixed:
1.2 log @ 72 mJ/cm2;
1.8 log @ 360 mJ/cm2;
(multi-species biofilms

less sensitive)

[114] 254 nm,
3.5 mW/cm2 C. auris 48 h PS

3.5 log @ 3864 mJ/cm2;
7.2 log @ 7728 mJ/cm2;

6.7 log @ 11,592 mJ/cm2;

[115]

UVC LED
(254 nm?),

irradiation up to
20 min

mixture:
S. mutans,
S. aureus,

E. coli,
C. albicans

24 h silicone
significant biofilm

reduction for 20 min
UVC

[116]
254 nm,

3.1 mW/cm2, up
to 11,160 mJ/cm2

Navicula incerta 60 min glass biofilm reduction
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[117]

254 nm,
0.625 mW/cm2,

up to
200 mJ/cm2;

270 nm,
0.038 mW/cm2,

up to
100 mJ/cm2;

405 nm,
75.5 mW/cm2,

up to 225 J/cm2

P. aeruginosa,
natural

microbiome

3 d,
P. aeruginosa:

1.8 × 108

CFU/cm2;
mixed culture:

1.4 × 105

CFU/cm2

PC, PTFE, PVC,
quartz

P. aeruginosa biofilm on
PC:

254 nm:
1.1 log @ 15 mJ/cm2

1.3 log @ 60 mJ/cm2

1.5 log @ 200 mJ/cm2

270 nm:
1.3 log @ 4.5 mJ/cm2

2.2 log @ 30 mJ/cm2

2.0 log @ 100 mJ/cm2

2.5 log @ 200 mJ/cm2

405 nm:
0.3 log @ 22 J/cm2

1.7 log @ 67 J/cm2

2.7 log @ 135 J/cm2

3.8 log @ 225 J/cm2

dual species biofilm on
PC:

254 nm:
1.1 log @ 15 mJ/cm2

1.65 log @ 100 mJ/cm2

1.9 log @ 200 mJ/cm2

270 nm:
0.9 log @ 15 mJ/cm2

1.5 log @ 50 mJ/cm2

1.9 log @ 100 mJ/cm2

405 nm:
0.14 log @ 22 J/cm2

1.3 log @ 135 J/cm2

1.8 log @ 225 J/cm2

[118]

255 nm,
0.088 mW/cm2;

up to
135 mJ/cm2

S. aureus,
A. baumannii PVC

S. aureus:
1.72 log @ 3.7 mJ/cm2;
2.78 log @ 7.4 mJ/cm2;
4.0 log @ 66.7 mJ/cm2;
4.6 log @ 133 mJ/cm2;

A. baumanni:
0.34 log @ 5.0 mJ/cm2;

0.92 log @ 17.4 mJ/cm2;
1.5 log @ 66.7 mJ/cm2;
1.5 log @ 133 mJ/cm2;

dual species:
1.5 log @ 7.4 mJ/cm2;
2.1 log @ 17.4 mJ/cm2;
3.4 log @ 66.7 mJ/cm2;
3.7 log @ 133 mJ/cm2;

[119]
265 nm,

up to
1570 mJ/cm2

P. aeruginosa 3 d
Teflon and

silicone urinary
catheter

≈4 log @ 7.9 mJ/cm2

(high NaCl
concentrations of up to

20% to achieve light
guide effect ⇒ therefore
values not included in

analysis)
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[120] 265 nm P. aeruginosa 48 h PC ≈1.3 log @ 8 mJ/cm2

≈2.8 log @ 32 mJ/cm2

[121]

265 nm,
1.93 mW/cm2;

up to
231.6 mJ/cm2

P. aeruginosa 48 h chamber well
slides

irradiation led to dead
biomass;

no increase in dead
biomass after about

13 mJ/cm2

[122]

266 nm (UVC),
up to

1000 mJ/cm2;
296 nm (UVB),

up to
2000 mJ/cm2;

P. aeruginosa 24 h, 48 h, 72 h,
≈200 µm

cellulose nitrate
membrane filter

UVC: ≈1 log
@ 1000 mJ/cm2 (24 h)

UVB: ≈1 log
@ 63.8 mJ/cm2 (24 h)
≈4.1 log @ 200 mJ/cm2

(24 h);
48 h and 72 h biofilm

more resistant

[93]

268 nm (UVC)
275 nm (UVC)
312 nm (UVB)
370 nm (UVA)

E. coli 24 h,
≈431 nm PES membrane

268 nm:
0.62 log @ 12 mJ/cm2;
1.39 log @ 69 mJ/cm2;

1.93 log @ 230 mJ/cm2;
1.75 log @ 347 mJ/cm2;

275 nm:
0.97 log @ 12 mJ/cm2;
1.63 log @ 69 mJ/cm2;
2.69 log @ 230 mJ/cm2;
3.18 log @ 347 mJ/cm2;

312 nm:
0.66 log @ 23 mJ/cm2;
0.95 log @ 69 mJ/cm2;

1.17 log @ 150 mJ/cm2;
1.25 log @ 230 mJ/cm2;

370 nm:
0.02 log @ 23 mJ/cm2;
0.38 log @ 69 mJ/cm2;

1.17 log @ 150 mJ/cm2;
1.25 log @ 230 mJ/cm2;

[123]

275 nm (pulsed),
6 mW/cm2;

455 nm (pulsed),
291 mW/cm2

S. Typhimurium,
A. australiensis

up to 6 d,
≥107 cells/cm2

depending on
biofilm and time

steel

S. Typhimurium:
275 nm: 3.9 log @

3600 mJ/cm2;
455 nm: 2.8 log @

349.2 J/cm2;
A. australiensis:

275 nm: 2.8 log @
3600 mJ/cm2;

455 nm: 5.6 log @
87.3 J/cm2;

dual species:
275 nm: 2.1 log @

1800 mJ/cm2;
455 nm: 4.3 log @

87.3 J/cm2;
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[124]

280 nm,
0.57 mW/cm2;

up to
684 mJ/cm2

P. aeruginosa,
L. citreum

24 h,
108–109

cells/cm2

cellulose ester
membranes

P. aeruginosa: 2.3 log
@ 684 mJ/cm2;

L. citreum: 2.2 log
@ 684 mJ/cm2;

[72]

285 nm,
0.025 µW/cm2;

up to
180 mJ/cm2 (one
time irradiation)

natural
microbiome 14 d quartz irradiation reduced

further biofilm growth

[125]
365 nm,

2.5 mW/cm2;
up to 216 J/cm2

P. aeruginosa 0.5 h, 1 h, 24 h,
≥108 cells/cm2 glass

UVA irradiation slightly
promoted biofilm

formation

[92]
365 nm,

2 mW/cm2;
up to 21.6 J/cm2

P. aeruginosa 24 h glass ≈1.5 log @ 21.6 J/cm2

[126]

365 nm pulsed
and CW,

0.28 mW/cm2;
1008 mJ/cm2

E. coli,
C. albicans

E. coli: 48 h;
C. albicans: 72 h; MTP

E. coli: 3.4 log
@ 1008 J/cm2;

C. albicans: 3.1 log
@ 1008 J/cm2;

(100 Hz more effective
than cw)

[60]
385 nm, 420 nm,

2.5 mW/cm2;
216 J/cm2;

E. coli up to 24 h
silicone (in urine
mucine medium

in MTP)

24 h biofilms:
in urine mucin medium:

no reduction @ 216 J/cm2

for both wavelengths;
in PBS:

2.2 log @ 216 J/cm2 of
385 nm;

1.3 log @ 216 J/cm2 of
405 nm;

[80]
400 nm,

60 mW/cm2;
up to 216 J/cm2

P. aeruginosa,
S. aureus,

E. coli,
A. baumannii,

amongst others

72 h PP

@ 54/108/162/216 J/cm2:
P. aeruginosa:

0.68/0.94/0.85/0.87;
S. aureus:

0.32/0.44/0.58/0.63;
E. coli:

1.13/1.15/1.23/1.28;
A. baumannii:

0.31/0.7/0.83/1.0;
(planktonic cells more
sensitive than cells in

biofilm)
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[127]

400 nm, 420 nm,
570 nm, 583 nm,

698 nm,
up to

29.2 mW/cm2;
up to

420.5 J/cm2

P. fluorescens,
S. epidermis

24 h,
P. fluorescens

≈108 cells/cm2;
S. epidermis

≈107 cells/cm2

PS

P. fluorescens @ 400 nm:
1 log @ ≈140 J/cm2,

29.1 mW/cm2;
6.8 log @ ≈420.5 J/cm2,

29.1 mW/cm2;
less strong reduction at
420 nm, no reduction at

other wavelengths;
S. epidermis @ 400 nm:
1 log @ ≈130 J/cm2,

29.1 mW/cm2;
3.7 log @ ≈420.5 J/cm2,

29.1 mW/cm2;
no reduction at other

wavelengths

[128]
405 nm (laser),
300 mW/cm2;

up to 270 J/cm2
S. aureus 3 d urethral stent in

broth

1.2 log @ 90 J/cm2;
2.2 log @ 180 J/cm2;
3.2 log @ 270 J/cm2;

[88]

400 nm: up to
99.7 J/cm2;

470 nm: up to
306.3 J/cm2,

522 nm, 644 nm

P. fluorescens
24 h,

107–108

cells/cm2
PS (hydrated)

no significant changes in
biofilm (planktonic cells
(more) sensitive to violet

light)

[129]
402 nm, 440 nm,

35 mW/cm2;
up to 252 J/cm2

A. baumannii 24 h MTP

402 nm:
1.9 @ 189 J/cm2;

4.8 log @ 252 J/cm2;
440 nm:

0.9 log @ 189 J/cm2;
1.7 log @ 252 J/cm2;

[130]

403 nm laser,
141 mW/cm2;

up to
21.16 J/cm2

S. aureus 8 h–48 h MTP

24 h biofilm:
0.86 log @ 21.2 J/cm2

48 h biofilm:
0.26 log @ 21.2 J/cm2

[131]

405 nm:
84 mW/cm2;
379–452 nm:
62 mW/cm2;

P. aeruginosa,
S. aureus,

E. coli,
A. baumannii

72 h PP

average log-reduction @
513 J/cm2 of 405 nm

(“SWA”):
P. aeruginosa 0.64; S.

aureus 0.4;
E. coli 0.97; A. baumannii

0.63;
395 nm exhibits similar
antimicrobial impact;

other wavelengths less
antimicrobial; (not

included in analysis
because of seemingly

inhomogeneous
irradiation)
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Table 4. Cont.

Reference
Irradiation

Wavelength,
Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[132]
405 nm,

80 mW/cm2;
144 J/cm2

P. acnes up to 7 d PET membrane 3.9 log @ 144 J/cm2

[133]
405 nm,

60 mW/cm2;
216 J/cm2

S. aureus 48 h MTP 0.62 log @ 108 J/cm2

1.28 log @ 216 J/cm2

[134] 405 nm,
1050 mW/cm2; S. aureus 48 h titanium 0.74 log @ 63 J/cm2;

1.55 log @ 315 J/cm2;

[135]

405 nm,
150 mW/cm2;

up to
3240 J/cm2;

S. aureus 72 h skin/titanium 1.63 log @ 3240 J/cm2

[90]
405 nm,

60 mW/cm2,
up to 216 J/cm2

M. catarrhalis 24 h MTP

≈3.6 @ 216 J/cm2

(planktonic cells
somewhat more light

sensitive)

[74]

405 nm,
26 mW/cm2;
up to 748.8

J/cm2

L. monocytogenes 24 h steel and acryl in
salmon exudate

@ 25 ◦C:
steel: 1.5 log

@ 748.8 J/cm2

acryl: 1.6 log
@ 748.8 J/cm2

[96]
405 nm,

24 mW/cm2;
up to 432 J/cm2

P. aeruginosa 24 h + 48 h steel

@ 25 ◦C:
0.93 log @ 86.4 J/cm2;
1.7 log @ 172.8 J/cm2;
2.1 log @ 259.2 J/cm2;
3.0 log @ 345.6 J/cm2;

(cells in biofilm less light
resistant than planktonic

cells)

[136]
405 nm,

60 mW/cm2;
up to 108 J/cm2

C. albicans 48 h MTP

0.73 log @ 108 J/cm2

planktonic cells more
sensitive than cells in

biofilm

[137]

405 nm,
up to

92.6 mW/cm2;
up to 500 J/cm2

P. aeruginosa,
S. aureus,

C. albicans

24 h, 48 h,
107–108

cells/cm2
MTP, PC

@ 24 h biofilm after
250/500 J/cm2:

P. aeruginosa: 6.55/6.3 log
S. aureus: 1.2/3.48 log

C. albicans: 0.35/2.33 log;
P. aeruginosa and S. aureus:
P. aeruginosa: 3.94/3.4 log

S. aureus: 1.42/2.37 log
P. aeruginosa and C.

albicans:
P. aeruginosa: 5.67/6.34

log
C. albicans: 2.46/3.11

@ 48 h MTP biofilm after
500 J/cm2:

(biofilms grown on PC in
CDC bioreactor slightly

more resistant)
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Irradiance, Dose

Microorganisms
Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[138]
405 nm,

141.5 mW/cm2;
up to 504 J/cm2

P. aeruginosa,
S. aureus,

E. coli,
L. monocytogenes

4–72 h,
glass: 106–108

cells/cm2;
acrylic: 104–105

cells/cm2

glass, acryl

P. aeruginosa 24 h glass:
1.5 @ 42 J/cm2;
2.43 @ 84 J/cm2;

3.72 @ 168 J/cm2;
L. monocytogenes 24 h

glass:
0.61 @ 42 J/cm2;
1.87 @ 84 J/cm2;
2.48 @ 168 J/cm2;
E. coli 24 h glass:

0.19 log @ 42 J/cm2;
2.5 log @ 84 J/cm2;
3.41 log 168 J/cm2;

4.4 log @ 254.7 J/cm2;
S. aureus 24 h glass:

0.61 @ 42 J/cm2;
1.87 @ 84 J/cm2;
2.75 @ 168 J/cm2;

3.0 log @ 254.7 J/cm2;
E. coli and S. aureus 24 h

glass: 2.2 log
@ 254.7 J/cm2; (mixed
biofilm more resistant;
biofilms became more

resistant with maturity)

[139]
405 nm,

60 mW/cm2;
up to 162 J/cm2

E. coli,
K. pneumoniae,

K. oxytoca
72 h PP

@ 162/54/108 J/cm2:
E. coli:

0.30/0.68/0.92;
K. pneumoniae:
0.21/0.46/0.91;

K. oxytoca:
0.99/0.69/1.06;

[140]

405 nm,
280 mW/cm2;

up to
284.4 J/cm2

C. albicans,
C. glabrata, 24 h PMMA in

artificial saliva

mono-species biofilms:
C. albicans reduction:
0.28 log @ 47.4 J/cm2;
1.4 log @ 94.8 J/cm2;
2 log @ 189.6 J/cm2;
C. glabrata reduction:
0.25 log @ 94.8 J/cm2;
2 log @ 189.6 J/cm2;

no biofilm after 30 min
(284 J/cm2) irradiation

[141]

405 nm,
280 mW/cm2;

up to
379.7 J/cm2

S. mutans,
C. albicans 24 h PMMA in

artificial saliva

dual-species biofilm:
3.64 log @ 189.6 J/cm2 for
C. albicans and 3.66 log @
189.6 J/cm2 for S. mutans

in dual species biofilm;
faster reduction in C.

albicans for higher doses;
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Biofilm

Age, Thickness,
Cells

Biofilm
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[142]

405 nm,
280 mW/cm2;

up to
379.7 J/cm2

S. mutans,
C. albicans 24 h PMMA in

artificial saliva

mono-species biofilms:
S. mutans: 3.6 log

@ 379.7 J/cm2;
C. albicans: 3.55 log

@ 379.7 J/cm2;
cell reduction in

dual-species biofilms:
S. mutans: 3.4 log

@ 379.7 J/cm2;
C. albicans: 3.57 log

@ 379.7 J/cm2;

[143]
405 nm,

370.6 mW/cm2;
up to 222 J/cm2

B. bruxellensis 30 d steel, oak in wine
or yeast medium

steel and yeast medium:
0.8 log @ 22 J/cm2;

2.6 log @ 44.5 J/cm2;
3.7 log @ 111 J/cm2;
3.8 log @ 222 J/cm2;

wood and wine:
0.25 log @ 22 J/cm2;
0.5 log @ 44.5 J/cm2;
2.9 log @ 111 J/cm2;
4.7 log @ 222 J/cm2;

[97]

405 nm,
up to 100
mW/cm2;

up to 360 J/cm2

V. vulnificus 48 h MTP;
6 h wound MTP, wounds

1 log @ ≈60 J/cm2;
3 log @ ≈162 J/cm2

(no large sensitivity
differences between

planktonic cells and cells
in biofilms)

[144]
405 nm
420 nm
460 nm

L. monocytogenes 48 h,
≈6.5 µm

steel, PVC,
silicone, PE, PS

steel:
405 nm:

0.79 log @ 668 J/cm2;
1.40 log @ 1336 J/cm2;
3.29 log @ 2672 J/cm2;

420 nm:
1.33 log @ 240 J/cm2;
1.74 log @ 480 J/cm2;
2.06 log @ 960 J/cm2;

460 nm:
1.27 log @ 200 J/cm2;
1.67 log @ 400 J/cm2;
1.72 log @ 800 J/cm2;
significant biomass

reduction for all
wavelengths;

[75]
410 nm, 455 nm,
100 mW/cm2;

up to 450 J/cm2
P. aeruginosa 6 h PS MTP

410 nm:
1.1 log @ 75 J/cm2;
2.5 log @ 225 J/cm2;
6.7 log @ 450 J/cm2;

455 nm:
1.1 log @ 450 J/cm2
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Wavelength,
Irradiance, Dose
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Biofilm

Age, Thickness,
Cells

Biofilm
Substrate Reduction

[145]

415 nm,
up to 100
mW/cm2;

up to
540 J/cm2

P. aeruginosa,
A. baumannii 24 h, 72 h MTP, wounds

MTP—P. aeruginosa:
≈3 log @ 432 J/cm2 for

24 and
72 h biofilm;

MTP—A. baumannii:
≈3.6 and 3.2 log

@ 432 J/cm2 for 24 and
72 h biofilm, respectively;

wound—A. baumannii:
≈3 log @ 360–540 J/cm2

[146]

415 nm,
445 nm,
525 nm,
623 nm,

up to 110 J/cm2

P. aeruginosa,
S. aureus plastic

415 nm:
P. aeruginosa PAO1:
≥2 log @ 60 J/cm2

P. aeruginosa LESB65:
≥2 log @ 60 J/cm2

S. aureus CF-MRSA:
≥2 log @ 60 J/cm2

S. aureus USA300:
≈1 log@60 J/cm2,

≈1.5 log@110 J/cm2

445 nm:
P. aeruginosa: ≈1 log

@ 60 J/cm2

S. aureus: ≈1 log
@ 60 J/cm2

525 nm:
P. aeruginosa LESB65: ≈1

log @ 60 J/cm2; no
reduction for other
strains; 623 nm: no

reduction

[86]
420 nm,

212 mW/cm2;
up to 763 J/cm2

P. fluorescens 60 h PS MTP in
medium

≈0.7 log @ 763 J/cm2

(planktonic bacteria more
light sensitive than
bacteria in biofilms)

[147]

420 nm,
93 mW/cm2;

2 × 72 J/cm2 per
day over 5 days
(720 J/cm2 total)

S. mutans 5 d saliva-coated
hydroxyapatite

1 log @ 720 J/cm2 (in
total);

42% biomass reduction;
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[95]

420 nm, 455 nm,
480 nm,

50 mW/cm2;
up to 180 J/cm2

P. aeruginosa,
S. aureus,

S. epidermis,
E. coli

24 h MTP in medium

420 nm @ 180 J/cm2

P. aeruginosa: 2.51;
S. aureus: 0.53;

S. epidermis: 1.63;
E. coli: 1.84;

455 nm @ 180 J/cm2:
P. aeruginosa: 0.83;

S. aureus: 0.48;
S. epidermis: 0.52;

E. coli: 0.41;
480 nm @ 180 J/cm2:

P. aeruginosa: 0.61;
S. aureus: 0.69;

S. epidermis: 0.63;
E. coli: 0.85;

(cells in biofilms more
light sensitive than

planktonic cells)

[76]

445 nm (laser),
380–490 nm

(LED),
970 nm (laser),

different
irradiances; up

to 120 J/cm2

P. aeruginosa 0.5 h, 24 h MTP, wound

445 nm irradiation
significantly reduced

cells in 24 h biofilms in
MTP with higher doses

leading to a larger
reduction;

irradiated wound also
exhibits reduced bacteria

[148]
450 nm,

57 mW/cm2;
100 J/cm2

P. aeruginosa 48 h MTP no significant biofilm
reduction

[77]

450 nm (pulsed),
2 mW/cm2;

7.6 J/cm2 three
times per day

over three days
(68.4 J/cm2 total)

S. aureus,
P. acnes 24 h PS MTP

MRSA:
0.276 log @ 68.4 J/cm2

(total);
P. acnes:

0.194 log @ 68.4 J/cm2

(total);
(cells in biofilms more

light sensitive than
planktonic cells)

[78]
450 nm, 525 nm,

625 nm,
up to 240 J/cm2

C. albicans 24 h MTP

450 nm: of 0.41 log
@ 240 J/cm2;

no antimicrobial effects
for other wavelengths;

[149]
455 nm,

50 mW/cm2;
4 × 12 mJ/cm2

natural patient
biofilm 3 d MTP in medium

0.28 log @ 48 J/cm2

(biofilm microbiome
constitution changed

after irradiation)

[150]
455 nm,

75 mW/cm2;
up to 45.2 J/cm2

S. aureus,
C. albicans 14 d bone

S. aureus: 3.2 log @
45.2 J/cm2;

C. albicans: 2.3 log @
45.2 J/cm2
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[151]
460 nm, red light,

60 mW/cm2;
up to 240 J/cm2

C. albicans 24 h, 48 h, 72 h

460 nm reduced cells in
biofilm;

no visible impact of red
light

[152]

390–480 nm
(peak at 460 nm),
1000 mW/cm2;

60 J/cm2;

E. faecalis 3 w teeth 0.05 log @ 60 J/cm2

[153]

blue light around
470 nm,

620 mW/cm2;
up to 262 J/cm2

S. mutans 24 h, ≈85 µm MTP in medium

biofilm regrowth
increased after blue

irradiation; however,
bacterial viability

decreased; blue light
seemed to have a delayed

antimicrobial impact

[81]

broadband blue
(400–520 nm),
500 mW/cm2;
up to 60 J/cm2

A. actinomycetem-
comitans,

F. nucleatum,
P. gingivalis

7 d,
up to 45 µm MTP in medium

irradiation reduced
mostly P. gingivalis cells

in biofilm:
0.95 log @ 60 J/cm2;

(planktonic cells much
more light sensitive than

cells in biofilm)

[154]

broadband blue
(400–500 nm),

1140 mW/cm2;
up to 68 J/cm2

S. mutans 24 h MTP in medium no effect on biofilm

[155]
400–500 nm,

1217 mW/cm2;
146 J/cm2;

F. nucleatum,
P. gingivalis,
S. sanguinis,
A. naeslundii

48 h/72 h hydroxyapatite
in saliva

mono-species biofilms:
P. gingivalis 0.2 log @

146 J/cm2;
no reduction for the other

mono-species biofilms;
(irradiation of the

multi-species biofilm
changed its bacterial

composition)

[156]

broadband blue
(400–500 nm),

1140 mW/cm2;
up to 680 J/cm2;

S. mutans 24 h MTP in medium
blue light seemed to have
a delayed antimicrobial

impact

[157]

broadband blue
(400–500 nm),
623 mW/cm2;

112 J/cm2;

S. mutans,
S. sanguinis

24 h,
≈200 µm enamel (in PBS)

irradiation reduced
viable cells in mono- and

multi-species biofilm
(biofilm recovered for

24–48 h before analysis)

[158]
pulsed

(unknown
spectrum)

P. aeruginosa 8 h, 48 h biofilms MTP, PC
membrane

up to 100% reduction @
unknown irradiation

parameters;
(mature biofilms more

resistant)
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[159] pulsed Xenon
(220–520 nm)

P. aeruginosa,
S. aureus,

E. coli
up to 72 h PVC reductions in several logs

achieved

[160]

pulsed Xenon
(200–1100 nm),

1270 mJ/pulse at
a distance that

was not applied
against biofilms

E. coli,
L. monocytogenes 24 h, 48 h lettuce, PP

cell reduction in several
logs in both bacteria; E.

coli more sensitive than L.
monocytogenes,

mature biofilms more
resistant;

reduction slightly higher
on polyethylene than on

lettuce

[85] pulsed Xenon
(200–1000 nm)

A. niger,
P. glaucum 8 h, 48 h MTP, PC

membrane

irradiation reduced cells
in biofilm independent of

biofilm maturity
(planktonic much more
sensitive than cells in

biofilm)

[84]

pulsed Xenon
(200–1000 nm),

up to
40.7 mJ/cm2 per

pulse;
up to

21,978 J/cm2

S. aureus,
B. cereus,

B. thuringiensis,
L. moncytogenes,

P. acidilacti,
L. brevis,

E. faecium

8 h and 48 h MTP, PC
membrane

irradiation reduced cells
in biofilm; more mature
biofilm more resistant
(planktonic cell more
sensitive than cells in

biofilm)

[161]
pulsed Xenon
(220–520 nm),
16.2 J/pulse

C. albican,
C. parapsilosis 48 h, 72 h steel, PVC 3–4 log @ 6.48 µJ/cm2

(irradiation dose correct?)

For analyzing the observed data, we tried to find a simple fit function that describes the
result best. A frequently applied approach is the assumption of an exponential decrease in
the number of surviving cells for increased irradiation doses, called Chick-Watson [162,163]
or Bigelow model [13] or “log-lin”, as in a half logarithmic representation the resulting
curve would be a straight line. This seems to be more or less in agreement with at least
some biofilm irradiation studies [37,90,97,110]. Several authors have observed deviations
from these model [55,87,93,117,120,122,124,127]. A potential reason for this discrepancy
could be the fact that cells in deeper biofilm layers are less irradiated or not at all due to
the absorption and scattering of the above cells and EPS matrix. In this case, the reducing
effect became weaker with increasing irradiation dose, an effect that could be described by
a Weibull model or an exponential decay with tail (“log-lin + tail”).

To judge which of these mathematical approaches best fits the experimental results,
the RMSE (residual mean squared errors) was determined by the tool Bioinactivation for
mono-species biofilms of P. aeruginosa, E. coli, A. baumannii., S. Typhimurium, S. aureus, L.
monocytogenes, and C. albicans and all Gram-positive and Gram-negative bacteria, fungi,
and multi-species biofilms. The results for the UVC region can be found in Table 5 and for
violet light in Table 6. In most cases the highly scattered biofilm reduction results were best
described by a Weibull model but the simple exponential (“log-lin”) was often not much
worse. Therefore, the fitted curves of both models were added to Figures 1–4. In both cases
large deviations between model and experimental data could be observed.



Microorganisms 2025, 13, 2048 28 of 42

Figure 1. Log-reductions of Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Salmonella
Typhimurium and Listeria monocytogenes in mono-species biofilms, as affected by UVC irradiation.
The analysis is based on the values displayed in Table 4. Dotted line: exponential linear fit, unbroken
line: Weibull fit.
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Figure 2. Log-reductions of Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, Acinetobacter
baumannii, Listeria monocytogenes and Candida albicans in mono-species biofilms, as affected by visible
violet light (400–420 nm) irradiation. The analysis is based on the values displayed in Table 4. Dotted
line: exponential linear fit, purple unbroken line: Weibull fit. NB! The x-axis displayed for Listeria
monocytogenes deviates from the ones in all other sub-figures.
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Figure 3. Overall cell reduction in mono-species biofilms formed by Gram-positive (GP, blue cross)
and Gram-negative (GN, red bars) as well as fungi (black circles) by irradiation with UVC, visible
violet (400–420 nm) as well as blue (440–480 nm) light. The analysis is based on the values displayed
in Table 4. For data on UVC and violet light, unbroken blue, red, and black lines indicate Weibull fit
for GP- and GN-bacteria as well as fungi, respectively. The unbroken gray line displayed for blue
light represents the overall Weibull fit for all three groups. NB! The x-axis displayed for UVC deviates
from the ones in all other sub-figures.
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Figure 4. Overall cell reduction in multi-species biofilms by irradiation with UVC and visible violet
(400–420 nm) light. The analysis is based on the values displayed in Table 3. Exponential (linear)
fits (dotted line) are displayed for both exposure to UVC and visible violet light; Weibull fit (gray
unbroken line) is only shown for multi-species biofilms exposed to UVC. NB! The x-axis displayed
for UVC and visible violet light deviate from each other.

Table 5. RMSE (residual mean squared errors) for the collected UVC data for the different microor-
ganisms and groups of microorganisms calculated with the Bioinactivation tool [17].

RMSE for: “Log-Lin”
Bigelow 1920 [13]

“Log-Lin + Tail”
Geeraerd 2005 [15]

“Weibull”
Mafart 2002 [14]

Pseudomonas
aeruginosa 1.647 1.09 1.02

Escherichia coli 2.121 1.544 1.533

Staphylococcus
aureus 2.078 0.895 0.94

Salmonella
Typhimurium 2.592 1.59 1.57

Listeria
monocytogenes 0.9854 1.00 0.9433

Gram+ bacteria 1.651 1.104 1.115

Gram- bacteria 1.986 1.727 1.261

fungi 2.053 1.414 0.911

multi-species
biofilm 2.479 1.319 1.41

Additionally, MANOVA tests were applied to analyze whether the data (scatter plots)
for the different groups were significantly different (α = 0.05). For both wavelength ranges
mono-species Gram+ bacterial biofilm reduction was compared separately to mono-species
Gram- bacterial and fungal biofilm reductions and the reduction in the multi-species
biofilms. Additionally, Gram- bacterial and fungal mono-species biofilm reductions were
compared to each other and to the multi-species biofilm results. Prior to the MANOVA
calculations, the different data sets were checked for normality by the Kolmogorov–Smirnov
tests (α = 0.05). Normality was excluded for 4 of the 24 different data sets. However, as
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Wilks’ lambda (WL) is robust to violation of normality [18–21] and was here complemented
by other MANOVA tests, the tests were performed and analyzed.

Table 6. RMSE (residual mean squared errors) for the collected violet data for the different microor-
ganisms and groups of microorganisms calculated with the Bioinactivation tool [17].

RMSE for: “Log-Lin”
Bigelow 1920 [13]

“Log-Lin + Tail”
Geeraerd 2005 [15]

“Weibull”
Mafart 2002 [14]

P. aeruginosa 1.294 1.326 1.293

E. coli 1.033 1.27 1.076

A. baumannii 1.266 1.82 1.267

S. aureus 0.8005 0.8185 0.8003

L. monocytogenes 1.093 0.84 0.6989

C. albicans 0.7538 0.97 0.7496

Gram+ bacteria 1.578 0.907 0.9316

Gram- bacteria 1.521 1.308 1.398

fungi 1.546 1.341 1.335

multi-species
biofilm 0.1343 0.155 0.1404

The result of all single comparisons was similar: The differences between these groups
were significant but only small or even not large enough to be statistically significant at all
(α = 0.05). Details are presented in Tables 7 and 8.

Table 7. Comparing mono-species Gram+, Gram- bacterial and fungal and multi-species biofilm
UVC irradiation results for significant differences by Wilks’s lambda MANOVA tests. (α = 0.05, ns:
not significant, ssd: significant small difference, PT: Pillai’s trace, HL: Hotteling–Lawley trace, RM:
Roy’s maximum root).

Gram+
Bacteria

Gram-
Bacteria Fungi Multi-Species

Gram+
bacteria

ns
PT: ns,
HL: ns,
RM: ns

ssd
PT: ns,

HL: ssd,
RM: ssd

ssd
PT: ns,

HL: ssd,
RM: ssd

Gram- bacteria

ns
PT: ns,
HL: ns,
RM: ns

ns
PT: ns,
HL: ns,
RM: ns

ns
PT: ns,
HL: ns,
RM: ns

fungi

ssd
PT: ns,

HL: ssd,
RM: ssd

ns
PT: ns,
HL: ns,
RM: ns

ns
PT: ns,
HL: ns,
RM: ns

multi-species

ssd
PT: ns,

HL: ssd,
RM: ssd

ns
PT: ns,
HL: ns,
RM: ns

ns
PT: ns,
HL: ns,
RM: ns
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Table 8. Comparing mono-species Gram+, Gram- bacterial and fungal and multi-species biofilm
visible violet irradiation results for significant differences by MANOVA tests. (α = 0.05, ns: not
significant, ssd: significant small difference, PT: Pillai’s trace, HL: Hotteling–Lawley trace, RM: Roy’s
maximum root).

Gram+
Bacteria

Gram-
Bacteria Fungi Multi-Species

Gram+
bacteria

ssd
PT: ns,

HL: ssd,
RM: ssd

ns
PT: ns,
HL: ns,
RM: ns

ns
PT: ns,
HL: ns,
RM: ns

Gram- bacteria

ssd
PT: ns,

HL: ssd,
RM: ssd

ssd
PT: ssd,
HL: ssd,
RM: ssd

ns
PT: ns,
HL: ns,
RM: ns

fungi

ns
PT: ns,
HL: ns,
RM: ns

ssd
PT: ssd,
HL: ssd,
RM: ssd

ns
PT: ns,
HL: ns,
RM: ns

multi-species

ns
PT: ns,
HL: ns,
RM: ns

ns
PT: ns,
HL: ns,
RM: ns

ns
PT: ns,
HL: ns,
RM: ns

Additionally, the experimental data was divided by substrate material into three
groups: metal (steel, titanium), plastics (PS, PE, PP, PMMA, PVC) and other substrate
materials. Further MANOVA tests were applied to judge whether the results from metal
and plastic substrate revealed a significant difference for UVC or violet biofilm irradiation.
For the UVC irradiation the difference was not significant (WL: ns, PT: ns, HL: ns, RM: ns).
For the violet region (400–420 nm) the MANOVA test also resulted in a non-significant
difference between the metal and plastic substrate groups (WL: ns, PT: ns, HL: ns, RM: ns).

4. Discussion
The observed differences in radiation sensitivity are very large. For example, the

log-reductions achieved for P. aeruginosa biofilms with violet light in the dose range of
200–300 J/cm2 vary by more than 5 orders of magnitude. This scattering of results makes it
difficult to reach concrete statements on biofilm sensitivity or differences in the sensitivity
of different microorganisms or on the influence of the biofilm substrate material.

Part of this scatter could have been caused by the irradiation setup. More than 25
investigations for biofilm culturing and irradiation were performed in 96-well MTPs. These
MTPs are well suited for biofilm cultivation, but poorly qualified for biofilm irradiation,
as the relatively high walls provide unavoidable shading. Even an unirradiated area of
only 1% of the total surface makes evaluations of log-reductions in the range of 2 or higher
mostly meaningless. In addition, the varying degrees of shading cause further scattering of
the irradiation results. Angarano et al. [127] were the only authors that mentioned MTP
well shadowing.

Some of the studies applied irradiation intensities above or even far above
100 mW/cm2, which is rather high and might lead to heating especially for biofilm samples
on plastics that are not good heat conductors. For comparison, at noon in summer, the
total solar irradiation is also at about 100 mW/cm2 and absorbing materials get very hot.
Prasad and Roopesh irradiated biofilms with 290 mW/cm2, and though their substrate
was steel, which probably worked as a good heat conductor and spreader, they observed
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temperatures above 50 ◦C [123]. Other authors applied even higher intensities with biofilms
on substrates that exhibited no good heat conducting properties; therefore, the lethal mech-
anism might be due to heat rather than photoinactivation. This might not only happen
at intensities above 100 mW/cm2, especially for biofilms on plastic substrates like MTPs.
Therefore, the biofilm temperature should be checked.

Gora et al. [11] have addressed some other important issues that may be the reason for
the observed differences. These include biofilm age and biofilm cultivation conditions. In
studies included in this review, the ages of most mature biofilms were between 24 and 72 h.
The reported biofilm cell densities and thicknesses varied between 105 and 109 cells/cm2

and 0.43 (probably a mono-layer biofilm) and 200 µm, respectively, which reveal differences
in several orders of magnitude between seemingly similar biofilms because deeper biofilm
layers might be radiation-protected by the absorption and scattering of the upper layers.

In addition, Gora et al. drew attention to a possible VBNC (viable but not culturable)
problem, in other words, even in irradiated biofilms there could be cells that are not dead
but cannot be propagated when detected on agar plates, for example. They also issued a
warning about the influence of various techniques for determining biofilm reduction, such
as plating or crystal violet staining [11].

For practical reasons, we ignored these problems in the way that we included all data
obtained with all MTPs and other substrates and all irradiation intensities and hoped that
the various effects would partially compensate for each other. The possible influence of
shadow formation on biofilm reduction may also be lost in the large scattering of results
due to different biofilm growth conditions, different irradiation parameters, and different
surfaces, both in terms of reflective properties and roughness of the surface materials.

Further scattering might be caused by the combination of data from different strains of
microorganisms. It seems that biofilm reduction is possible with all wavelengths between
200 and 525 nm, if the irradiance is high enough. The best model to describe the relation
between dose and log-reduction seems to be the Weibull model but the simple exponential
approximation is not much worse.

Since the various irradiation tests were carried out on different materials, these biofilm
substrates could also have an influence on the biofilm sensitivity, but this has not yet been
apparent in the highly scattered individual results.

Pousty et al. [117] stated that the higher log-reduction doses were feasible with “blue”
(violet) light than with UVC radiation, but in Figure 3 maximum log-reduction of about
seven log-levels were observed for both ranges. However, the required total doses were
much higher for the violet/blue spectral range. If the average log-reduction doses for
Gram+ bacteria, Gram- bacteria and fungi according to the given trend lines for UVC
(950 mJ/cm2, 770 mJ/cm2 and 1439 mJ/cm2) and violet light (769 J/cm2, 85.5 J/cm2 and
107.5 J/cm2) are compared, it becomes clear that UVC is much more efficient by two to
three orders of magnitude.

We might add that Figure 3 leads to the impression that violet light (400–420 nm) has
a stronger impact than blue light (440–480 nm), as only about twenty percent of the blue
light irradiation report inactivations of more than 2 log-levels.

Therefore, there is no clear best biofilm irradiation wavelength or even spectral region,
even if efficiency is ignored. According to Ma et al. it is UVC [87], for Argyraki et al. [100]
it is UVB, and for Pousty et al. it is visible blue (violet) light [117].

Besides a few claims of an irradiation threshold that inhibits biofilm formation, it
seems more likely that there is no UVC or visible light surface irradiance that totally
prevents biofilm formation—or at least it has not been found, yet.

Surprisingly, there are less than 10 investigations with UVB or UVA radiation, though
Argyraki et al. reached a better biofilm reduction with UVB than UVC [100]. Also un-
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expectedly, there are only a few UVC irradiations of many important (mono-species)
biofilms with pathogens like some dreaded ESKAPE bacteria (ESKAPE: Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa and Enterobacter spp.).

5. Conclusions
In general, radiation in the 200–525 nm range (UVC—blue/green light) appears

to be able to slow down biofilm growth or even reduce biofilms if the irradiation is
strong enough.

The questions we raised in the introduction are answered as follows:

• The irradiation of water reduces or delays biofilm formation only in some situations
or for some water conditions.

• Irradiation of surfaces reduces or delays biofilm formation. This is true for the spectral
range 200–525 nm if the irradiation intensity is high enough.

• UVC seems to be much more efficient in biofilm reduction than visible blue/violet
light, but it seems still unclear which wavelength is best for biofilm irradiation
and reduction.

• Multi-species biofilms might be more irradiation resistant than mono-species biofilms,
but the difference seems to be small.

• Compared to the scattering of the results, there are no large differences between the
photosensitivities of Gram+ bacterial, Gram- bacterial, and fungal biofilms.

• Cells in biofilms are more radiation resistant than planktonic cells.
• The impact of the biofilm substrate seems to be rather low.

Much research seems to be still “missing”—even UVC experiments on S. aureus and
other ESKAPE pathogens are quite rare, but also biofilm irradiations in the UVB and
UVA region. Especially 96-well MTPs should be avoided for future biofilm irradiation
research—at least if the biofilm is irradiated within a well. Otherwise, we support the best
practice recommendations for future biofilm irradiation experiments of Gora et al. [11].
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