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The formation of microbial biofilms is one of the mechanisms underlying the acquisition of antimicrobial resistance, which
is associated, in particular, with the presence of an extracellular matrix and reduced metabolic activity of the cells. In addition,
the development of chronic infections of bacterial and fungal etiology is closely associated with biofilm formation. Consequent-
ly, the investigation of non-pharmacological approaches targeting biofilm formation and established biofilms of opportunistic
microorganisms is of particular relevance. The combined effect of a photosensitizer — a 0.1% aqueous solution of methylene
blue —and coherent (low-intensity laser radiation) as well as non-coherent (polarized non-coherent low-intensity radiation) red-
spectrum light on biofilms of clinical isolates of Staphylococcus aureus and Candida albicans, as well as reference test strains
S. aureus ATCC 25923 and C. albicans ATCC 10231, was investigated. It was established that the use of antimicrobial photo-
dynamic therapy leads to a significant reduction in the density of 5-day-old biofilms of the studied microbial strains, which is
manifested by a decrease in the growth intensity of biofilm scrapings on solid nutrient media by an average of 88.2-94.7% com-
pared with the control. A 20-minute exposure to methylene blue led to a reduction in biofilm density by 38.6-45.7% compared
with the control group. At the same time, low-intensity laser radiation and polarized non-coherent low-intensity red-spectrum
radiation with a power density of 40 mW/cm? did not produce a statistically significant effect on the density of the formed bio-
films. Ten-minute irradiation of the microbial inoculum of the reference test strains S. aureus ATCC 25923 and C. albicans
ATCC 10231 with PILER radiation showed a stimulatory effect, manifested by an increase in the biofilm density of these strains
by 24.7-30.5%. When comparing the effects of low-intensity laser radiation and polarized non-coherent radiation on the bio-
films of the studied strains, their similarity was noted both when used alone and when combined with a photosensitizer. Given
the pronounced antibiofilm effect, the use of antimicrobial photodynamic therapy may be recommended as part of combination
treatment for infections caused by S. aureus and C. albicans, with the aim of disrupting microbial biofilms and reducing the
pharmacological burden on the body.
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Introduction

The examination and observation of aggregated microbes’ com-
plexes surrounded by extracellular matrix attached to the surfaces
have been known since the classical works of Leeuwenhoek and
Pasteur. In medicine however the connection between chronic infec-
tion and microbial biofilms was established in early 1970-s during
routine microscopic examination of Gram-stained sputum smears
from cystic fibrosis patients with chronic Pseudomonas aeruginosa
lung infection (Heiby, 2017; Shamim et al., 2023). According to
Costerton’s definition, biofilm is an aggregate of microbial cells sur-
rounded by a self-produced polymer matrix (Costerton et al., 1999).
Biofilms are now recognized as the predominant mode of microbial
growth in both natural and clinical environments and are implicated in
the pathogenesis of the majority of chronic and recurrent infectious
diseases (Hall-Stoodley et al., 2004; Koo et al., 2017).

A key characteristic of microbial biofilms is their markedly in-
creased tolerance to antimicrobial agents and host immune defense
mechanisms compared to planktonic cells. This phenomenon is asso-
ciated with limited penetration of antimicrobial compounds through
the extracellular polymeric matrix, altered metabolic activity of bio-
film-associated cells, the presence of persister populations, and en-
hanced horizontal gene transfer (Davies & Davies, 2010; Haiby et al.,
2017). As a result, biofilm-associated infections are difficult to eradi-
cate using conventional antibiotic therapy and often lead to chronic
inflammation, treatment failure, and recurrence of disease. These
features make biofilms a major contributor to the global problem of
antimicrobial resistance (AMR), which is currently recognized as one
of the most serious threats to public health worldwide (Watkins et al.,

2016; Murugaiyan et al., 2022). Opportunistic microorganisms such
as Staphylococcus aureus and Candida albicans are among the most
clinically relevant biofilm-forming pathogens. S. aureus is a leading
cause of purulent-inflammatory infections, including periodontal,
skin, soft tissue, and implant-associated infections, and demonstrates
a remarkable ability to rapidly acquire resistance to multiple classes of
antibiotics (Otto et al., 2014; Foster et al., 2017). C. albicans is the
most common fungal pathogen in humans and readily forms biofilms
on mucosal surfaces and medical devices, frequently participating in
mixed bacterial-fungal biofilms that exhibit enhanced resistance and
pathogenicity (Azeredo et al., 2017; Koo etal., 2017). The coexist-
ence of bacterial and fungal species within biofilms further compli-
cates antimicrobial therapy and underscores the need for alternative
treatment strategies.

Given the limited effectiveness of conventional antimicrobial the-
rapy against biofilm-associated infections, increasing attention has
been directed toward non-drug physical methods of microbial inacti-
vation. Among these, low-intensity light-based approaches, including
laser radiation and polarized incoherent low-energy radiation
(PILER), have been widely applied in various fields of medicine due
to their minimal invasiveness and low incidence of adverse effects
(Mansouri et al., 2020, Pantyo et al., 2020). Low-level laser radiation
has been shown to influence cellular metabolism, proliferation, and
membrane permeability, thereby modulating the susceptibility of
microorganisms to antimicrobial agents (Mussttaf et al., 2019; Songca
& Adjei, 2022).

A particularly promising application of low-intensity radiation is
its use in antimicrobial photodynamic therapy (aPDT), which com-
bines light exposure with photosensitizing agents to induce oxidative
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damage in microbial cells and biofilm structures. Methylene blue is
one of the most extensively studied photosensitizers for antimicrobial
photodynamic therapy owing to its favorable photochemical properti-
es, low toxicity, and absorption in the red spectrum (Kwiatkowski
etal., 2018). Previous studies have demonstrated that the combined
application of methylene blue and red-spectrum low-intensity radia-
tion significantly enhances antimicrobial and antibiofilm effects com-
pared to either factor alone (Rolim et al., 2012; Pantyo et al., 2025).
However, data regarding the comparative effects of coherent and in-
coherent radiation sources, including laser and PILER light, on ma-
ture microbial biofilms remain limited.

Therefore, the aim of this study was to investigate the impact of
methylene blue in combination with coherent (laser) and incoherent
(PILER) radiation on the biofilms of Staphylococcus aureus and
Candida albicans.

Material and methods

Objects of study were clinical isolates of Staphylococcus aureus
(n = 5) and Candida albicans (n = 5) as well as collection test-strains
S. aureus ATCC 25923 and C. albicans ATCC 10231 (Selectrol®,
UK). Clinical strains were collected from periodontal pockets of the
patients with chronic generalized periodontitis who were undergoing
treatment in Uzhhorod University Dental Clinic. Identification of
clinical isolates was carried out using generally accepted methods
(Franco-Duarte et al., 2019) with the application of bacterioscopic and
bacteriological techniques. The primary inoculation of pathological
material from periodontal pockets was performed on blood agar. To
isolate pure culture of S. aureus, mannitol-salt agar (Sanimed-M,
Ukraine) was used. For the collection and isolation of C. albicans
pure culture, Sabouraud agar with chloramphenicol (Sanimed-M,
Ukraine) was applied. For the final identification of pure cultures of
microorganisms, a biochemical method using test systems
STAPHYtest 16 and CANDIDAtest 21 (“PLIVA-Lachema as.”,
Czech Republic) was employed.

To determine the combined effect of the photosensitizer 0.1%
aqueous methylene blue solution, as well as coherent and incoherent
radiation, on formed biofilms, the microtiter plate method was used
(Djordjevic et al., 2002, Azeredo et al., 2017). For this purpose, 24-
hour agar cultures of the studied microorganisms were prepared and
standardized using a densitometer (DEN-1, Biosan, Latvia, 2016) to
an optical turbidity of 0.5 according to the McFarland scale. Next, a
10 pL volume of the microbial inoculum was added to the wells of
96-well microtiter plates (C bottom, middle binding, detachable,
sterile, DNase and RNase free), into which 190 pL of sterile nutrient
broth had been previously dispensed. The plates were incubated in a
thermostat for 5 days at a temperature of 37 °C.

All studied microorganisms were divided into several groups.
The first (control) group consisted of 5-day-old microbial biofilms.
To investigate the effect of coherent and incoherent low-intensity
radiation on biofilm formation, the inoculum of microorganisms of
group 2 was irradiated with low-intensity laser radiation (group 2A)
and PILER (group 2B) immediately before being added to the wells
of the microtiter plates. In both cases, duration of light application
was 10 min. Formed biofilms of microorganisms in group 3 were
exposed to 20-minute sessions of low-intensity laser radiation (group
3A) and PILER (group 3B). A 0.1% aqueous solution of methylene
blue was added to the wells containing biofilms of microorganisms in
group 4, incubated in the dark for 20 minutes, after which the photo-
sensitizer was removed and the wells were rinsed with distilled water.
Methylene blue was added to the wells containing biofilms of micro-
organisms in group 5 (in the same manner as for group 4), followed
by irradiation with low-intensity laser radiation (group 5A) and
PILER (group 5B) with the duration of 20 minutes.

After removal of planktonic forms and washing of the wells, the
density of the formed biofilms of microorganisms in groups 1-3 was
determined as follows. A volume of 200 pL of crystal violet was
added to each well for 10 minutes, the wells were rinsed with distilled
water, and ethyl alcohol was then added for 45 minutes. The optical
density of the biofilms was measured using an ELx800 microplate
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reader (BioTek, USA) at wavelengths of 630 nm and 492 nm. Sterile
meat peptone broth, added to the wells of the microtiter plates at a
volume of 200 pL, served as the control for biofilm formation. Since
the addition of methylene blue to the wells containing biofilms of
microorganisms in groups 4 and 5 increased their optical density, the
following method was used to determine biofilm density of all 5 gro-
ups. A volume of 200 pL of sterile distilled water was added to the
wells containing microbial biofilms. The biofilms were then carefully
scraped from the bottom of the wells using pipette tips and serially
diluted in Eppendorf tubes to obtain tenfold dilutions ranging from
1/10 to 1/10% Subsequently, 10 pL of the different dilutions were
inoculated onto Petri dishes containing mannitol salt agar for S. aure-
us and Sabouraud agar supplemented with chloramphenicol for C.
albicans. The cultures were incubated in a thermostat at 37 °C for 24
hours (24-48 hours for C. albicans), after which the growth intensity
of microorganisms from different groups was compared.

Irradiation of microbial biofilms with PILER using a red-light fil-
ter was performed from a distance of 5 cm from the wells of the mi-
crotiter plates (Fig. 1, left). Irradiation of biofilms with red-spectrum
low-intensity laser radiation was carried out from a distance of 50 cm
using a scanning pattern described as a “circle converging to a point”
(Fig. 1, right). The source of PILER radiation with the wavelength
570-660 nm and the power density 40 mW/cm? was the Bioptron
“MedAll” device (Bioptron light therapy system by Zepter Group,
Switzerland, 2017). Low-intensity laser radiation with the wavelength
660 nm and the power density 40 mW/cm? was generated using a
scanning two-channel device “Medik 2K” (manufactured by “Pho-
tonika Plus”, Cherkasy, Ukraine, 2010).

Fig. 1. Irradiation of microbial biofilm by PILER (on the left)
and laser radiation (on the right)

The obtained data on the number of microbial colonies in differ-
ent groups on Petri dishes were statistically analyzed to determine the
arithmetic mean (x) and standard deviation (SD) of the samples. The
significance of differences between the studied groups of microorga-
nisms was assessed using ANOVA (analysis of variance) with the
Tukey post test. Differences were considered statistically significant
at P < 0.05. To ensure statistical significance, all experiments involv-
ing the collection test strains were conducted in five replicates, corre-
sponding to the number of clinical isolates of the species studied.

Results

It was established that all studied clinical isolates and collection
test strains of S. aureus and C. albicans were capable of forming
biofilms, as evidenced by significantly higher optical density values in
microorganisms of groups 1-3 compared with the biofilm formation
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control — sterile nutrient broth (Table 1). The results of optical density
measurements of the formed 5-day-old biofilms showed no statistical-
ly significant differences in their density between the control groups
and those exposed to irradiation, either at the stage of microbial ino-
culum during biofilm formation or after biofilms had already formed.
In addition, no statistically significant differences were observed in
the optical density of biofilms between subgroups 2A and 2B, as well

Table 1

as between subgroups 3A and 3B (P > 0.05). At the same time, a
statistically significant difference was observed when comparing the
optical density of biofilms in groups 2 and 3 (P < 0.05). An exception
was observed for biofilms formed by clinical isolates of S. aureus: the
differences in biofilm density between groups 2B and 3A (P = 0.09),
as well as between groups 2B and 3B (P = 0.07), were not statistically
significant.

Impact of low power radiation on the optical density of microbial biofilms (x £ SD; n =5)

Control of biofilm

Group 2 A (irradia- Group 2 B (irradia- Group 3 A (irradia- Group 3 B (irradia-

Species of microorganisms formation (sterile (%crnﬂtjr‘znll) tion of inoculum  tion of inoculum  tion of biofilm with tion of biofilm with
broth) with laser) with PILER) laser) PILER)
Staphylococcus aureus (clinical isolates)  0.058 +0.013 0.271+£0.021 0.284 +£0.018 0.279£0.022 0.258 £0.012 0.254 £0.016
S. aureus ATCC 25923 0.071+0.010 0.289+0.020 0.309 +0.015 0.309+0.025 0.267 +0.015 0.269 +0.020
Candida albicans (clinical isolates) 0.063£0.011 0.380 £0.016 0.401£0.021 0.401+£0.019 0.367 £0.022 0.361+£0.017
C. albicans ATCC 10231 0.059 +0.010 0.391+0.020 0.413+0.018 0.405 +0.024 0.374+0.017 0.371+0.016

Note: data analysis (ANOVA) showed that the difference between control and experimental groups is not considered to be statistically significant (P > 0.05).

Figure 2 shows the growth on Petri dishes containing mannitol
salt agar all five groups of the S. aureus strain after inoculation with
10 pL of various dilutions of biofilm scrapings. No pronounced dif-
ferences in growth intensity were observed among microorganisms in
groups 1-3, whereas a somewhat lower number of colonies was not-
ed in group 4, and almost complete absence of growth was observed
in group 5.

Similar patterns were observed for C. albicans (Fig. 3). As in the
case of the studied S. aureus strains, complete absence of growth was
noted in some series at high dilutions (1/10% and 1/10%) of biofilm
scrapings from microorganisms of group 5.

Table 2 presents statistically processed data on the number of
colonies of the studied microorganisms on Petri dishes after inocula-
tion with 10 L of the highest dilutions (1/10%) of biofilm scrapings.

Fig. 2. Growth of Staphylococcus aureus clinical isolate on Petri
dishes with mannitol-salt agar after subculture of different dilutions:
1-4 — control; 5-8 —irradiation of microorganisms by laser radiation;
9-12 —irradiation of microorganisms by PILER; 13-16 —irradiation

of biofilm by laser radiation; 17—20 —irradiation of biofilm by
PILER; 21-24 —adding methylene blue; 25-28 — adding methylene
blue with subsequent irradiation by laser radiation; 29-32 — adding
methylene blue with subsequent irradiation by PILER

Fig. 3. Growth of Candida albicans clinical isolate on Petri dishes
with Sabouraud dextrose agar after subculture of different dilutions:
1-4 — control; 5-8 —irradiation of microorganisms by laser radiation;
9-12 —irradiation of microorganisms by PILER; 13-16 —irradiation

of biofilm by laser radiation; 17—20 — irradiation of biofilm by
PILER; 21-24 — adding methylene blue; 25-28 — adding methylene
blue with subsequent irradiation by laser radiation; 29-32 —adding
methylene blue with subsequent irradiation by PILER

Table 2
Number of colonies of investigated microorganisms on solid nutrient media (x £ SD; n =5)
Group 2 Group 3 Group 5
Species Groun 1 Group2 A Group2 B Group3 A Group3B Group 4 Group5 A Group5B
of E: cteria (contr?)l) (irradiationof ~ (irradiation of  (irradiationof (irradiationof (methylene (methylene blue (methylene blue
inoculum with  inoculum with ~ biofilmwith  biofilm with blue) + irradiation + irradiation
laser) PILER) laser) PILER) with laser) with PILER)
S.aureus (clinical isolates) 442+94 544+84 554+10.0 402+87 420467 240+52** 48+37** 3.8+33*
S. aureus ATCC 25923 534+70 642+83 66.6 +9.0* 482+54 492+77 328+81** 44+30** 28+26*
C. albicans (clinical isolates) ~ 42.6+7.8 492+75 546+10.1 396+79 408+101 232+6.1** 42+26* 50+16**
C. albicans ATCC 10231 446+89 558+9.9 582 +8.8* 402+90 412473  260+59** 28+24** 24+21*
Note: the difference between control and experimental groups is significant: * — P < 0.05; **— P < 0.01.
3
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The results obtained with clinical strains of S. aureus indicate that
the addition of methylene blue to the biofilms of group 4 led to a re-
duction in the number of colonies after subculturing biofilm scrapings
onto Petri dishes by an average of 45.7% (P = 0.003). The combined
effect of methylene blue and low-intensity laser radiation resulted in a
reduction in microbial growth intensity by 89.0% (P < 0.0001). With
the combined application of the photosensitizer and PILER irradia-
tion, an average reduction in the number of colonies by 91.4% was
observed (P < 0.0001). At the same time, no statistically significant
differences in growth intensity were observed between the control
group and groups 1-3 (P > 0.05).

Similar patterns were observed for the collection test strain S. au-
reus ATCC 25923: the growth intensity of microorganisms in group
4 was on average 38.6% lower compared with the control (P =
0.0025). The number of colonies of microorganisms in groups 5A
and 5B after subculturing biofilm scrapings was on average 91.7%
and 94.7% lower, respectively, compared with the control group (P <
0.0001). Irradiation of the microbial inoculum with PILER radiation
resulted in a certain increase in the biofilm density of S. aureus ATCC
25923, which was manifested by an average increase in the growth
intensity of biofilm scrapings by 24.7% (P = 0.03). As in the case of
clinical isolates of S. aureus, no statistically significant differences
were observed between the control group and groups 2A, 3A, and 3B
(P>0.05).

In the case of clinical isolates of C. albicans, the growth intensity
of microorganisms in group 4 decreased on average by 45.5% com-
pared with the control. The combined effect of the photosensitizer and
low-intensity laser radiation led to a reduction in the number of colo-
nies of microorganisms in group 5A by 90.1% compared with the
control group. A similar effect of methylene blue combined with
PILER irradiation reduced the biofilm density of C. albicans in group
5B by an average of 88.2%.

Irradiation of the microbial inoculum of the collection test strain
C. albicans ATCC 10231 with red-spectrum PILER radiation resul-
ted in an average increase in the growth intensity of biofilm scrapings
by 30.5% compared with the control (P = 0.04). The growth intensity
of C. albicans ATCC 10231 in group 4 was 41.7% lower compared
with the control (P = 0.005). The number of colonies from biofilm
scrapings in groups 5A and 5B was on average 93.7% and 94.6%
lower, respectively, compared with group 1 (P < 0.0001). No statisti-
cally significant differences were detected between the control group
and groups 2A, 3A, and 3B.

Discussion

The obtained results indicate a significant antibiofilm effect of the
combined application of a photosensitizer —a 0.1% aqueous solution
of methylene blue — with both coherent and non-coherent radiation,
and are comparable with the results of our previous studies in which
LED radiation served as the source of low-intensity red-spectrum
radiation (Pantyo et al., 2020, Pantyo et al., 2025). Data from a num-
ber of authors (Souza et al., 2010; Soria-Lozano et al., 2015;
Mahmoudi et al., 2018; Songca & Adijei, 2022) indicate a high level
of antimicrobial activity of photodynamic therapy when using meth-
ylene blue as well as other photosensitizers against a wide range of
pathogenic and opportunistic microorganisms.

Although antimicrobial photodynamic therapy relies on light to
activate a photosensitizer and induce the generation of reactive oxy-
gen species (ROS), the role of light — a key factor in ROS produc-
tion — has often been overlooked (Piksa et al., 2023). When compar-
ing the effects of coherent (low-intensity laser) and non-coherent
(PILER) radiation on biofilm formation (groups 2A and 2B), on es-
tablished 5-day-old biofilms (groups 3A and 3B), and when used in
combination with methylene blue (groups 5A and 5B), their similarity
and the absence of statistically significant differences between them
were noted (P > 0.05). The above-mentioned findings allow us to sug-
gest that the principal parameters of low-intensity radiation when used
for antimicrobial photodynamic therapy are wavelength and power
density. This assumption is based, in particular, on the fact that the in-
vestigated types of low-intensity radiation had identical power densi-
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ties (40 mW/cmg) and similar wavelengths. At the same time, param-
eters such as coherence and polarization do not appear to have a de-
termining influence on the biological effects of low-intensity radia-
tion. This is supported by similar results in antibiofilm activity ob-
served with the combined use of methylene blue and red-spectrum
LED radiation (Pantyo et al., 2025).

The absence of a statistically significant effect of 20-minute ex-
posure to low-intensity laser radiation and PILER on the biofilm den-
sity of the studied strains may be explained by the markedly greater
resistance of biofilms to physical and chemical factors compared with
planktonic forms. In most cases, 10-minute irradiation of the microbi-
al inoculum did not affect the biofilm density of microorganisms in
groups 2A and 2B compared with the control groups, as confirmed
both by measurements of biofilm optical density and by the growth
intensity of biofilm scrapings on solid nutrient media. Exceptions
were observed for the reference test strains exposed to PILER radia-
tion, which resulted in an average increase in biofilm density of 24.7-
30.5% compared with the control.

When comparing the effects of radiation on biofilm formation
(groups 2A and 2B) and on established biofilms (groups 3A and 3B),
a statistically significant difference in biofilm density between these
groups was observed for the majority of the studied strains. This fin-
ding indicates a stimulatory effect of short-term exposures to low-in-
tensity radiation on planktonic forms of microorganisms, as well as a
certain degree of reduction in biofilm density with longer radiation
exposures, which in turn confirms a dose-dependent effect of the bio-
logical action of radiation. An exception was observed for clinical
isolates of C. albicans, for which the differences in the growth intensity
of biofilm scrapings between groups 2A and 3A (P =0.08), 2A and 3B
(P=0.19), and 2B and 3B (P = 0.07) were not statistically significant.

Due to a number of advantages, including a broad spectrum of
activity against bacteria, viruses, fungi, and protozoa, low invasive-
ness, and the absence of a risk of resistance development in microor-
ganisms (Cieplik et al., 2018; Mahmoudi et al., 2018), antimicrobial
photodynamic therapy is considered as an adjunct to, and in some ca-
ses even an alternative to, conventional antibiotic therapy. This meth-
od is used in clinical practice for the treatment of pathological condi-
tions associated with the development of dental biofilms, inflammatory
processes of the oral mucosa, wound infections, ventilator associated
pneumonia, rhinosinusitis, and related conditions (Hu et al., 2018;
Mahmoudi et al., 2018; Youf et al., 2021). A better understanding of the
significance of low-intensity radiation parameters for photosensitizer
activation and the subsequent induction of photochemical reactions will
make antimicrobial photodynamic therapy more versatile and, as a
result, promote its wider implementation in clinical practice.

Conclusions

The obtained results indicate the absence of a statistically signifi-
cant effect of irradiation of the microbial inoculum with either PILER
or red-spectrum low-intensity laser radiation on biofilm formation by
the studied microbial strains. Likewise, 20-minute irradiation of alrea-
dy formed biofilms with both coherent and incoherent low-intensity
radiation did not produce a pronounced effect on their density. A 20-
minute exposure to a 0.1% aqueous solution of the photosensitizer
methylene blue resulted in a reduction in the growth intensity of sub-
cultured biofilms by 38.6-45.7% compared to the control groups.
The most pronounced antibiofilm effect was observed when meth-
ylene blue was used in combination with subsequent irradiation of the
biofilm, which resulted in an average reduction in the growth intensity
of biofilm scrapings by 88.2-94.7%. When comparing the antibiofilm
efficacy of antimicrobial photodynamic therapy using low-intensity
laser radiation and red-spectrum PILER light, their effects were found
to be comparable, with no statistically significant differences between
them.
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