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ARTICLE INFO ABSTRACT
Keywords: Antimicrobial photoinactivation (API) has shown some promise in potentially treating different
staphylococci nosocomial bacterial infections, however, its application on staphylococci, especially other than

bacterial biofilms
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Staphylococcus aureus or methicillin-resistant S. aureus (MRSA) species is still limited. Although
S. aureus is a well-known and important nosocomial pathogen, several other species of the genus,
particularly coagulase-negative Staphylococcus (CNS) species such as Staphylococcus epidermidis
and Staphylococcus saprophyticus, can also cause healthcare-associated infections and foodborne
intoxications. CNS are often involved in resilient biofilm formation on medical devices and can
cause infections in patients with compromised immune systems or those undergoing invasive
procedures. In this study, the effects of chlorophyllin and riboflavin-mediated API on
S. epidermidis and S. saprophyticus planktonic cells and biofilm are demonstrated for the first time.
Based on the residual growth determination and metabolic reduction ability changes, higher
inactivating efficiency of chlorophyllin-mediated API was determined against the planktonic cells
of both tested species of bacteria and against S. saprophyticus biofilm. Some insights on whether
aqueous solutions of riboflavin and chlorophyllin, when illuminated with optimal exciting
wavelength (440 nm and 402 nm, respectively) generate O3 °, are also provided in this work.

1. Introduction

Hospital-acquired infections (HAI) are considered a major issue globally, with various types of bacteria exerting the highest impact
on the occurrence of these infections. Different Staphylococcus spp., which form a part of human natural skin microbiota, have been
very often isolated from diverse clinical sources and form a clinically significant group of bacteria causing nosocomial infections [
[1-4]1]. Among all the staphylococci (staph) group, Staphylococcus aureus is the most renowned pathogen, contributing to dangerous
human and animal infections, including bloodstream infections and foodborne intoxications (FI). MRSA is the most significant concern
in HAI [ [5,6]1, nevertheless, several other staph species can also cause nosocomial infections, as well as FI, although they may not be
as common or well-known and investigated as S. aureus [ [7,8]]. Some of these species include CNS, such as Staphylococcus epidermidis

* Corresponding author.
E-mail address: alisa.gricajeva@gmc.vu.lt (A. Gricajeva).

https://doi.org/10.1016/j.heliyon.2024.e28811
Received 8 November 2023; Received in revised form 21 March 2024; Accepted 25 March 2024

Available online 30 March 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:alisa.gricajeva@gmc.vu.lt
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e28811
https://doi.org/10.1016/j.heliyon.2024.e28811
https://doi.org/10.1016/j.heliyon.2024.e28811
http://creativecommons.org/licenses/by-nc/4.0/

A. Gricajeva et al. Heliyon 10 (2024) e28811

and Staphylococcus saprophyticus [ [9,10]]. S. epidermidis - one of the most abundant commensal bacteria of human skin and mucosae, is
also a common cause of healthcare-associated severe infections in immunocompromised patients, especially associated with the use of
indwelling medical devices (central venous catheters, urinary catheters, prosthetic joints), that frequently serve as a scaffold for the
formation of biofilms [ [11,12]]. While S. saprophyticus is primarily known as a cause of urinary tract infections (UTIs) in women, it can
also be implicated in healthcare associated UTIs and FI. Furthermore, S. saprophyticus is also capable of forming biofilms, which can
contribute to the persistence and recurrence of infections, especially in the context of medical devices. Managing and treating
biofilm-associated infections is a complex challenge due to their antibiotic-resistance and the protective nature of the biofilm matrix [
[13-15]]. Therefore, ongoing research and advancements in infection control and treatment strategies are critical in addressing these
infections effectively and safely [ [14,16]].

Antimicrobial photodynamic inactivation (API) shows promise as a treatment of localized infections caused by different types of
bacteria and fungi [17]. API involves using a harmless (non-toxic), light-absorbing compound known as photosensitizer (PS), mo-
lecular oxygen, and visible light. This approach seems to have great potential for reducing the need for antibiotics and minimizing the
risk of antibiotic resistance. Usually, when the PS absorbs light, it enters a triplet state and then interacts with molecular oxygen. This
interaction can produce reactive oxygen species (ROS), causing oxidative stress and cellular damage that destroys bacterial cells.
Several different ROS types can form, such as singlet oxygen (102) belonging to the type Il pathway, superoxide anion (O3 *), hydrogen
peroxide (H205), and hydroxyl radical (|OH) characteristic to the type I pathway [18]. Each ROS type plays a different role in the API
process and can have other effects on bacterial cells. The Oz ® is a primary oxygen radical generated in bacterial cells when O3 molecule
acquires an electron. Following this, the O2° can activate formation of a ROS cascade such as free *OH, the most dangerous ROS
interacting with virtually any organic substance in the cell [ [19-22]].

Because of its multitarget action, one of the significant benefits of API is low likelihood of bacteria to develop resistance, rendering
it safe for use in various settings such as hospitals, food environments, etc. [ [23-27]]. For the inactivation of both free-floating
(planktonic) and sessile forms (biofilms) of bacteria that can be human-associated, natural, non-toxic, and easy-to-produce PSs are
preferred. Currently, curcumin, riboflavin (RF), perylenequinones, psoralens [28], and, most recently, studies have shown that
chlorophyll derivatives like chlorophyllins (Chl), are effective natural PSs that can be used for API [ [29-32]]. One of the safest and
most harmless to human natural PSs are RF and Chl [29]. Both RF (natural water-soluble compound, vitamin B2) and Chl (water--
soluble, can be extracted from plants, E 140 (ii)) are light-sensitive (photoactive) compounds mainly used as food dyes [ [33,34]].
Nevertheless, studies and applications of the RF- and Chl-mediated APIs (RF-API and Chl-API, respectively) to control S. epidermidis
and S. saprophyticus, their planktonic cells, and biofilms remain scarce. There are some previous studies that have shown RF- (using
UV-A and blue light irradiation) and Chl-API have antibacterial effects on S. aureus and MRSA planktonic cells and biofilms [ [35,36]].
The high efficiency of RF-API was also shown by Thakuri et al. (2011), who used circularly organized 65-blue LED array designed as
the light source [37]. Most recently, photo-illuminated (at 450 nm - blue light) RF was shown to have biofilm-disrupting activity
against both mono and mix S. aureus and E. coli biofilms [38]. Chl-mediated API was reported to be effective against S. aureus for food
preservation and decontamination [ [39,40]]. Several other studies have also indicated an effective inactivation of planktonic S. aureus
cells by photosensitized chlorophyllin copper sodium salt [41], or chlorophyllin sodium magnesium salt, which has a superior anti-
microbial activity to the former under irradiation of blue light [42]. Hasenleitner and Plaetzer (2019) and Caires et al. (2020)
demonstrated the inactivation of planktonic S. aureus and MRSA cells, respectively, by a combination of red-light with chlorophyllin
sodium magnesium salt [ [43,44]]. However, some most popular PSs for API of S. aureus as well as S. epidermidis and S. saprophyticus
planktonic cells and biofilms are reported to be methylene blue, toluidine blue, rose bengal, porphyrins and some natural pigments [
[45-56]]. Therefore, the aim of this study was to investigate the effect of RF- and Chl-mediated APIs on S. epidermidis (planktonic cells)
and S. saprophyticus (planktonic cells and biofilms). Residual viability determination involving CFU count and alamarBlue™ reduction
methods showed that Chl-mediated API was more efficient on all tested model bacterial strains and tested cell forms (planktonic cells
and biofilms). Furthermore, although it is known that during the photoactivation of Chl various types of ROS (predominantly 10,) are
formed, no research has been performed on the ability of Chl to generate O3° after irradiation. Since the role of O3° is no less
important, some insights into whether it forms during the light activation (photoactivation) of RF and Chl by 440 nm and 402 nm
(visible light), respectively, are also provided in this work.

2. Methods
2.1. Photosensitizers (PS)

Non-copperized chlorophyllin magnesium sodium salt (Chl) and RF were purchased from Carl Roth (Germany) and Sigma-Aldrich
(USA), respectively. For Chl- and RF-APIs, 0.15 mM Chl (pH 6.8) and 0.11 mM RF (pH 6.2) aqueous stock solution were used [24]. All
working PS solutions were freshly prepared by diluting them with 0.01 M PBS buffer (pH 7.4) (Carl Roth, Germany) just before the
experiments. Since PSs are photosensitive compounds, dark conditions were maintained during their handling before photo-
inactivation experiments.

2.2. Light source
For the API experiments a LED-based light source with the emission maxima at 440 nm and 402 nm corresponding to the RF and Chl

absorption maxima, respectively, was used [32]. The light irradiance at the samples’ surfaces (at a 7 cm distance) was 5 (for planktonic
cells), 20, and 25 mW/cm? (used for biofilms with RF and Chl). Irradiation doses (J/cm?) were calculated as the product of the
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intensity (mW/cmz) and the irradiation time (seconds). The calculations of the irradiation doses for the experiments are shown in
Table 1.

2.3. Detection of superoxide anion (02°) in solution

The nitroblue tetrazolium (NBT) reduction assay is a commonly used method to detect and quantify the production of superoxide
anion (03°*) in biological samples [ [21,22]]. NBT reduction was accomplished according to Cheng’s and Liang’s method [ [57,5811,
with minor modifications. According to this method, NBT reduction occurs during its irradiation in a solution with a PS. During the
reduction, generated O3 ° and NBT form a blue formazan in the solution, the absorption of which is observed at 560 nm.

All solutions were prepared in 50 mM PBS (pH 7.4) buffer. 3 mL of the reactant contained 0.011 mM RF or Chl, 10 mM r-methionine
(electron donor) (Carl Roth, Germany), and 0.16 mM NBT 161 (Carl Roth, Germany). According to Cheng’s and Liang’s methodology [
[57-59]1, 0.0024 mM concentration of PSs was also analyzed. The prepared solutions were illuminated with a source of visible light
(Section 2.2.) by adjusting the wavelength optimally exciting PSs (RF - 440 nm, Chl - 402 nm). In the controls, the reactant was stored
in the dark.

Also, the inhibition of NBT reduction was performed after using O3 * binding agent gallic acid (Carl Roth, Germany) [57]. 100 mM
of gallic acid was added to the 20 ml NBT reduction solutions prepared. The combined solutions underwent irradiation with visible
light at the suitable wavelength, at an intensity of 5 mW/cm? and the absorption spectra of all samples were measured using a
UV-VIS-NIR spectrophotometer (LAMBDA 950, PerkinElmer, USA). Measurements were conducted in polymethyl methacrylate cu-
vettes with a path length of 1 cm.

2.4. Microorganisms used in this work

For the evaluation of Chl- and RF-mediated API Gram-positive bacteria were chosen as model microorganisms for the study. Names
of the species and some of their important properties are presented in Table 2.

2.5. Cultivation conditions and preparation of planktonic cells and biofilms for API

For the achievement of the planktonic cell suspensions of S. epidermidis ATCC 12228 and S. saprophyticus AG1, bacteria were
cultivated in Luria Bertani (LB) (Carl Roth, Germany) liquid media at 37 °C with 180-200 rpm agitation in thermal shaker (IKA,
Germany) overnight. The overnight inoculums of the bacteria were then added to a fresh LB media and cultivated in identical con-
ditions as mentioned until the optical density at 600 nm (ODggo) corresponding to 108~ CFU/mL was achieved. Then bacterial pellet
was collected via centrifugation (3 min at 9000xg), resuspended in 0.01 M PBS (pH 7.4) and used for the API experiments instantly
(Section 2.5.1).

For the formation of monocultural S. saprophyticus AG1 biofilms, 108 CFU/mL bacterial suspensions were used: 100 pL of the
bacterial suspension was dispensed into flat-bottom radiation-sterilized 96-well polystyrene microtiter plate (MtP) wells. Further, for
the formation of the biofilms MtP were incubated in static conditions at 37 °C for 22 h. To remove the planktonic cells which can affect
the results, formed S. saprophyticus AG1 biofilms were washed three times with 0.01 M PBS (pH 7.4). Further, washed biofilms were
utilized for the RF- and API experiments (Section 2.5.2). The formation of S. saprophyticus AG1 biofilms was confirmed following
staining with a 0.1% crystal violet solution [ [62,63]].

Table 1
Irradiation doses used in this work.
Time (min) Irradiation dose (J/cm?)
402 nm/440 nm 402 nm 440 nm
Irradiance 5 mW/cm? Irradiance 20 mW/cm? Irradiance 25 mW/cm?

1 0.3 n/u n/u

2 0.6 n/u n/u

5 1.5 n/u n/u

10 3 n/u n/u

20 6 n/u n/u

30 9 36 45

45 13.5 n/u n/u

60 18 72 90

75 22.5 n/u n/u

90 n/u 108 135
120 36 144 180
150 45 n/u n/u
200 60 n/u n/u
240 72 n/u n/u
300 920 n/u n/u

*n/u — not used.
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Table 2
Microorganisms used in this work.
Species name Source and short description Biofilm formation
ability
Staphylococcus epidermidis American Type Culture Collection (ATCC) reference strain deposited by FDA. The culture has applications  no [60]
ATCC 12228 in bioinformatics, food testing, media testing, and quality control, and it is a microbiome standard
component [Staphylococcus epidermidis (Winslow and Winslow) Evans (ATCC 12228)]
Staphylococcus saprophyticus Strain previously isolated, characterized [61] and deposited at a Department of Microbiology and yes
AG1 Biotechnology (Vilnius University) microorganism collection (Genome accession nr. at NCBI:

PRJNA513961). Species is known to cause uncomplicated urinary tract infections (UTI) with
biofilm-formation ability being critical for these pathogens to cause UTI [14].

2.5.1. Photoinactivation of planktonic cells

For the RF- and Chl-mediated photoinactivation of the planktonic cells of S. epidermidis ATCC 12228 and S. saprophyticus AG1, their
cells were resuspended in 0.011 mM RF (pH 7.4) or 0.015 mM Chl (pH 7.4) to a 107 CFU/mL concentration. As a control, bacteria
resuspended in 0.01 M PBS (pH 7.4) were used. All prepared mixtures in quantities of 200 pL were pipetted into MtP (as described in
2.5) and irradiated reaching doses described in Table 1. At each irradiation step sampled bacterial suspensions were diluted, spread on
LB agar plates, and incubated at 37 °C for 16-36 h. The numbers of surviving (residual) bacteria (CFU/mL) were transformed to log;o
scale. CFU/mL counts of the bacterial cells that were kept in the dark (dark controls) with or without RF, Chl or PBS were also
determined.

2.5.2. Photoinactivation of biofilms

The MtPs with pre-formed (as it was described in Section 2.5) S. saprophyticus AG1 biofilms were filled with 200 pL of 0.011 mM RF
(pH 7.4), 0.015 mM Chl (pH 7.4) or 0.01 M PBS (pH 7.4). After that biofilms were immediately irradiated with A = 440 nm at 25 mW/
em? or A = 402 nm at 20 mW/cm? for the RF- and Chl-based API, respectively. Biofilms were subjected to various levels of illumination
exposure (refer to Table 1). During each sampling step, bacterial biofilms were detached from the walls of the MtP, vigorously vor-
texed, and then diluted. Subsequently, the viability of the bacteria was determined by counting CFU on LB agar plates in conditions
described in Section 2.5.1. The surviving bacterial counts (CFU/mL) were converted to a log;¢ scale. Additionally, CFU counts of
biofilm-forming cells that were kept in the dark with or without RF, Chl or PBS were also determined.

2.6. Viability assay of photoinactivated bacteria using alamarBlue™

Viability of the investigated staphylococcal planktonic cells and biofilms after APIs was also evaluated by their ability to reduce
alamarBlue™ (resazurin-based compound) (Invitrogen, USA). Planktonic S. epidermidis ATCC 12228 and S. saprophyticus AG1 cells and
S. saprophyticus AG1 biofilm were photoinactivated as described in Sections 2.5.1 and 2.5.2. Biofilms, before adding to alamarBlue™,
were mechanically detached using sterile micropipette tip from the walls of MtP’s and vigorously vortexed. The proportions of the
volume of alamarBlue™ and bacteria (planktonic cells or mechanically detached biofilms), sampled at the appropriate time points was
1:10. Combined dye and bacteria samples were incubated 3 h at 37 °C and the alterations in their fluorescence were quantified by a TFS
Verioscan Flash (USA) plate reader. Fluorescence was assessed by exciting the samples at 560 nm and detecting emission at 590 nm.
The measurements were carried out in flat-bottomed 96-well polystyrene MtPs (Fisher Brand, USA). The percentage reduction of
alamarBlue™ by fluorescence, which indicates cell viability across all tested groups which underwent RF-mediated and Chl-mediated
API was determined as described previously [24].

2.7. Scanning electron microscopy (SEM) of S. saprophyticus AG1 biofilm

The influence of used APIs on the morphology of S. saprophyticus AG1 biofilms grown in MtP (as described in Section 2.5) was
investigated by SEM (CamScan Apollo 300, Cambridge, UK). Biofilms with a 3 log1o decrease in cell viability after exposure to 25 mW/
cm? for 93 min (RF-API) and 20 mW/cm? for 60 min (Chl-API) were selected for SEM. The irradiated biofilms and untreated control
biofilms were carefully mechanically separated from the walls of the MtPs, and 10 pl of each sample was dropped onto the tip of the
SEM stub covered with copper foil tape. The samples were then dried at ambient temperature and coated with gold (50 nm) using a
Q150T ES sputter coater (Quorum Technologies, Lewes, England). The scanning was carried out using an electron beam with 20 kV
accelerating voltage.

2.8. Statistical analysis

All experiments included at least three independent biological and technical replicates and were given providing mean + SD.
Students t-test and one-way ANOVA were applied as statistical tests. Statistically significant differences between tested groups were
considered when p < 0.05. Graphs were constructed using Origin Pro 8.1 (OriginLab Corporation, USA) and GraphPad Prism V. 6
(GraphPad Software, USA) software. Statistical analysis was carried out using GraphPad Prism V. 7.
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3. Results and discussion
3.1. Detection of superoxide anion

Various ROS generated during API may have different phototoxic effects on the same strain of bacteria, depending on the type of PS
used and the medium conditions [19]. When the PS is exposed to specific wavelengths of light, it becomes excited and transfers its
energy to molecular oxygen, generating ROS. Superoxide anions (Oz*) are among the ROS produced in this process. Oz° is a highly
reactive and short-lived free radical important in various biochemical and physiological processes. It can cause damage to different
cellular components, including lipid membranes, proteins, and DNA. Detecting O3 * in solution typically requires specialized methods
and reagents due to its reactivity. We determined the formation of Oz * by optical spectroscopy by analyzing the degree of reduction of
NBT, which readily reacts with Oz°® [21]. It is generally known that RF can generate O3* when exposed to visible or UV light in the
presence of Oy [ [57,64]]. This phenomenon occurs due to the photoexcitation of RF molecules, forming excited states that can react
with oxygen to produce superoxide radicals. However, there is no research regarding the ability of non-copperized magnesium sodium
chlorophyllin (Chl) to generate O3 * after irradiation. Fig. 1 displays the impact of irradiating visible light at wavelengths of 440 nm and
402 nm on the reduction of NBT during the photochemical reaction of RF and Chl, respectively. First, we determined and compared the
formation of O3 * after irradiation of 0.0024 mM RF and Chl (Fig. 1, A).

As shown in Fig. 1 (A), the amount of reduced NBT at 560 nm increased after exposure to RF with 440 nm light (5 mW/cm?
irradiance). This means that the amount of 03~ produced increases accordingly. After 0.6 J/cm? light exposure (irradiation for 2 min),
the absorbance at 560 nm increased to 0.55, which means that type I ROS O3~ was formed. Cheng et al. (2015), applying the same
irradiation dose of 0.6 J/cm?> a mW/cm? irradiance), obtained 0.7 value absorption at 560 nm [57]. This absorption value differs from
our work by 1.3 times. This can be explained by the fact that the irradiation dose was the same, but the irradiation time was longer and
reached 10 min. When the irradiation dose was increased to 9 J/cm?, the optical density at 560 nm reached 1.75, indicating the
increase of the amount of O3".

Compared with the RF, following exposure to irradiation of 0.0024 mM Chl with 402 nm light, up to 7 times lower level of NBT
reduction was obtained. After exposure to 9 J/ cm? irradiation 5 mW/cm? irradiance), the absorbance value at 560 nm increased only
to 0.25, indicating reduction of NBT and formation of O5™ (Fig. 1, A). There is data in the literature that both types of photochemical
reactions occur during Chl-API, but type II reactions, during which 10, is formed, predominate [ [29,30,65]]. Although a small
generation of O3~ was obtained in the work, it shows that during the photoactivation of Chl by 402 nm light, the Chl radical transfers
the newly acquired electron to oxygen as a result superoxide radicals are forming.

Also, the 0.011 mM concentration of both PSs was analyzed. The irradiation of 0.011 mM RF with blue light at 440 nm produced a
high amount of O3, while in the case of 0.011 mM Chl, the amount of O3~ did not reach the same level even after a 6-fold increase in
the irradiation dose with near UV 402 nm at light (Fig. 1, B).

When a O3 * binding agent, such as gallic acid, is added to the solution, a decrease in NBT reduction can be detected, indicating the
inhibition of this reduction process [58]. Gallic acid is a polyphenol compound that can act as an antioxidant by donating electrons to
neutralize free radicals. It can scavenge O3~ by reducing them to less harmful substances. Fig. 1 show the scavenging activity of O3~
using 100 mM concentration of gallic acid. When gallic acid was introduced into the NBT/PS (RF or Chl) solutions, no absorption at
560 nm occurred after all light exposures were applied. This means that after using gallic acid, the reduction of NBT was inhibited; that
is, the binding of superoxide anions formed after irradiation occurred.

In summary, obtained results suggest that irradiating RF with 440 nm blue light produces more O3" than irradiating Chl with 402
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Fig. 1. Effects of visible light irradiation at 5 mW/cm? on NBT reduction by PSs photochemical treatment and O3~ scavenging activity of 100 mM
gallic acid: (A) dependence on irradiation dose (440 nm blue light for 0.0024 mM RF and 402 nm near UV light for 0.0024 mM Chl); (B) spectra of
PSs upon irradiation of 0.011 mM RF by 9 J/cm? irradiation dose at 440 nm blue light and of 0.011 mM Chl by 36 J/cm? irradiation dose at near UV
light. RF-riboflavin; Chl-chlorophyllin; NBT-nitro blue tetrazolium; GA-gallic acid; L-light. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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nm near-UV light. This suggests that during Chl-API at lower irradiation doses, the formation of 10y is likely to dominate initially.
However, after applying higher irradiation doses, when Chl has already been photodegraded [ [24,31]], and the amount of molecular
oxygen in the solutions has decreased, more O3~ began to form. All this can influence the antibacterial effect of the APL
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Fig. 2. (A) RF-API and (B) Chl-API of the planktonic cells of S. epidermidis ATCC 12228; (C) RF-API and (D) Chl-API of the planktonic cells of
S. saprophyticus AG1. A horizontal dashed line in the graphs denotes minimal 3 log;( reduction (indicating bactericidal effect). Black circles on the x
axis indicate the minimal illumination doses required for the bactericidal effect. ns — non-significant; + - the points are below the detection limit. (E)
CFU counts of dark controls (reported in log;, scale) of the planktonic cells of S. epidermidis ATCC 12228 and S. saprophyticus AG1.* - dark control
with RF or Chl, respectively; ** - dark control without RF or Chl, respectively; n — was not evaluated; +RF+440 nm vs -+ RF-440 nm and -RF-440 nm

or + Chl+402 nm vs + Chl-40

2 nm and —Chl-402 nm p value < 0.05.
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3.2. Results of bacteria photoinactivation

3.2.1. Inactivation of planktonic cells

For the investigation of the impact of the RF- and Chl-API on S. epidermidis ATCC 12228 and S. saprophyticus AG1 planktonic cells,
irradiation doses were varied from 0.3 J/m? to 180 J/m? at 440 nm (for the RF-mediated API) and 402 nm (for the Chl-mediated API),
respectively, depending on the response of the bacteria.

The reduction of >3 logyo (by 99,9%) of bacteria is recognized as a bactericidal effect [NCCLS, M26-A Standard] [ [66,671].
Therefore, the minimal doses of exposure to irradiation at 440 nm causing >3 log;o reduction using RF-API against the planktonic cells
of the selected model bacteria were determined to be 60 J/cm? for the S. epidermidis ATCC 12228 and ~81 J/cm? for S. saprophyticus
AG1 (Fig. 2, A and C, respectively). Chl-API bactericidal effect on S. saprophyticus AG1 required an irradiation dose of ~3.7 J/cm? at
402 nm and less than 0.4 J/cm? for the S. epidermidis ATCC 12228 planktonic cells (Fig. 2, D and B, respectively), showing that both
studied staphylococci planktonic cells are more susceptible to the Chl-API. It can be explained by the fact that during RF-API, I reaction
type ROS (e.g. O3") prevails, while Chl-APIs are more characterized by 10, production [29]. Such conclusions can be supported by the
results demonstrated in the previous graphs (Fig. 1, A and B). In the latter it is shown that RF irradiation produced a large amount of 0%
when irradiated by the blue 440 nm light, while in the case of Chl, near UV 402 nm light did not reach the same level even with a 6-fold
dose increase. Thus, it can be assumed that when the bacteria were exposed to low doses of Chl-API, the main damage was initially
caused by 10, generated outside the cells. The higher levels of O3~ generated inside the cells when they were exposed to the same dose
of RF-API did not have this effect, as these ROS were handled by intracellular enzymes fighting oxidative stress (such as superoxide
dismutases). However, these claims require further studies of ROS in bacterial cell suspensions and an additional assay for the
detection of 10, (e.g. UV-Vis spectroscopy and anthracene or benzofuran).

Samples from corresponding dark controls were gathered and assessed by CFU determination as well. The dark controls, whether
with or without investigated PSs, remained relatively stable and exhibited minor fluctuations within acceptable limits during their
incubation period parallel to the illumination experiments (Fig. 2, E).

3.2.2. Inactivation of monocultural S. saprophyticus AG1 biofilm

During API studies of S. saprophyticus AG1 sessile form, the irradiation doses were varied from 0 to 200 J/cm? for both, RF- and Chl-
mediated APIs, depending on the biofilm response. Doses of irradiation resulting in a bactericidal effect (reduction of >3 log;o) against
S. saprophyticus AG1 monocultural biofilm was determined to be ~140 J/em? (440 nm) and ~75 J/cm? (402 nm) when applying RF-
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Fig. 3. RF-API (A) and Chl-API (B) of S. saprophyticus AG1 biofilm. A horizontal dashed line in the graphs denotes minimal 3 log;o reduction
(indicating bactericidal effect). Black circles on the x axis indicate the minimal illumination doses required for the minimal 3 log bactericidal effect
of the tested bacterial biofilms. ns — non-significant. (C) CFU counts of dark controls (reported in logo scale) of the studied S. saprophyticus AG1
biofilms. * - dark control with RF or Chl, respectively; ** - dark control without RF or Chl, respectively; n — was not evaluated; +RF+440 nm vs + RF-
440 nm and -RF-440 nm or + Chl4+402 nm vs + Chl-402 nm and -Chl-402 nm p value < 0.05.
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and Chl-API, respectively (Fig. 3, A and B).

Chl-API study had also revealed that irradiation at 402 nm had a bactericidal effect on S. saprophyticus AG1 biofilm at ~132 J/cm?
even without Chl. Therefore, the use of PSs, in this case, can be considered redundant to achieve desired antimicrobial effect (Fig. 3, B),
however, the effect is observed only when significantly higher doses are used compared to planktonic cells inactivation studies where
the light only does not have such effect (Fig. 2). These results clearly show that the efficacy of RF- and Chl-API against the bacteria
tested depends on their sensitivity to light itself. This can be attributed to the fact that biofilm cells receive a double hit of ROS when
exposed to higher doses of irradiation. This effect is particularly evident with 402 nm light, where the efficiency of Chl-API increases
equally with increasing light exposure alone (Fig. 3, B). The susceptibility of biofilms and/or bacterial planktonic cells to the light
employed alone (without PS) can be elucidated by the presence of the endogenous photoactivable or light-absorbing porphyrins within
bacteria. These porphyrins can lead to generation of ROS upon excitation, subsequently causing damage to a variety of essential
cellular macromolecules. Additionally, light can trigger the activation of prophages, resulting in bacterial cell lysis, leading to cell
death [68]. It can also be inferred that the cause of the determined susceptibility of the biofilms to the light is somehow associated with
their special structural feature - extracellular polymeric matrix (EPM) made of a layer of the exopolysaccharides and other macro-
molecules (proteins, DNA, lipids etc.) [69]. Moreover, the susceptibility of bacterial biofilm or planktonic cells to API may vary and
depend on their metabolic states and the growth phase [70].

Corresponding samples from dark controls were collected and subjected to CFU analysis as well. Dark controls, both with and
without PSs, remained relatively stable and exhibited minor fluctuations within acceptable limits during their incubation period,
running parallel to the illumination (API) experiments. (Fig. 3, C).

Both RF- and Chl-API were confirmed to have bacteria-killing effects on the free-floating cells of S. epidermidis ATCC 12228 and
S. saprophyticus AG1. However, the doses needed to achieve the effect differed significantly. In general, it was determined that Chl-API
was more efficient against tested staphylococci. During Chl-API approximately 150 times lower irradiation doses were required to
achieve a 3 logj¢ CFU reduction of planktonic S. epidermidis ATCC 12228 cells and around 22 times lower doses for S. saprophyticus AG1
cells. In the case of S. saprophytocus AG1 biofilms, the dose to achieve inactivation using Chl-API was ~2 times lower compared to that
needed using RF-APL
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Fig. 4. Ability of the planktonic cells of S. epidermidis ATCC 12228 to reduce alamarBlue™ after Chl-API (402 nm at 5 mW/m? using appropriate
doses) and RF-API (440 nm at 5 mW/m? using appropriate doses). Designations: +Chl+402 nm (A)/-Chl+402 nm (B) - cells irradiated by 402 nm
with/without 0.015 mM Chl, respectively; +RF+440 nm (C)/-RF+440 nm (D) - cells irradiated by 440 nm with/without 0.011 mM RF, respec-
tively. Green (A), orange (C) and black (B, D) dashed lines show the changes in the counts of CFU during irradiation with (A, C) and without (B, D)
Chl/RF, respectively. +Chl 4402 nm vs dark control groups (+-Chl —402 nm; -Chl —402 nm): p < 0.05. +RF+440 nm vs control groups (+RF-440
nm; -RF-440 nm): p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)



A. Gricajeva et al. Heliyon 10 (2024) e28811

3.3. alamarBlue™ viability test

Following the RF-mediated and Chl-mediated APIs of the tested staphylococcal free-floating cells and biofilms (the latter was
studied in case of S. saprophyticus AG1 only) their viability was as well indirectly assessed by analyzing their capacity to reduce the
resazurin-based dye alamarBlue™. Indirect measurements of cell viability used so far usually include determination of intracellular
ATP, NADH, LDH and proteases. Compared to these metabolic biomarkers or other cytotoxicity assays, alamarBlue™ reagent has the
advantage of the capturing reducing environment of living cells only [71]. Inside the cells, the main component of the reagent —
resazurin - acts as an indicator to determine whether the samples are growing continuously, where a reducing environment prevails in
the cells, or growth is inhibited, where, in such case, an oxidizing environment dominates [72]. Under reducing conditions typical of
viable cells, the reagent undergoes modification, rendering it detectable through spectrophotometric or fluorometric measurements
due to subsequent color alteration and/or heightened fluorescence. Conversely, non-viable cells do not induce a change in the color of
alamarBlue™ [ [24,71]].

3.3.1. Differences in the reducing capacity of S. epidermidis ATCC 12228 planktonic cells after Chl- and RF-API

The obtained very low percentage reduction of alamarBlue™ by S. epidermidis ATCC 12228 planktonic cells (Fig. 4, A) corre-
sponded to the results obtained by CFU count experiments (Section 3.2.1) and confirmed the results of previous experiments that Chl-
API provides a more efficient photodestructive effect on cells. After an irradiation dose of ~0.6 J/cm?, which corresponded to more
than 4 log;o inactivation, the percentage reduction of alamarBlue™ reached only 5.51%. As the irradiation dose increased, cell
viability was minimal, with an estimated reduction of less than 1%, which represents greater than 99% inhibition of cell growth (Fig. 4,
A and B).

S. epidermidis ATCC 12228 planktonic cells which were exposed only to 402 nm wavelength without using PS Chl, showed greater
than 95% alamarBlue™ reduction ability, indicating relatively stable maintenance of viability throughout the experiment (Fig. 4, B).
Dark controls were also studied and the reduction ability of these cells after appropriate times of sampling during dark incubation did
not change. The data is not shown.

The CFU count and alamarBlue™ reduction ability by the planktonic S. epidermidis ATCC 12228 cells which survived after the
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Fig. 5. Ability of the planktonic cells of the S. saprophyticus AG1 to reduce alamarBlue™ after Chl- (402 nm at 5 mW,/m? using appropriate doses)
and RF-API (440 nm at 5 mW/m? using appropriate doses). Designations: +Chl +402 nm (A)/-Chl +402 nm (B)/+RF +440 nm (C)/-RF +440 nm
(D) - cells irradiated by 402 nm/440 nm with/without 0.015 mM Chl/0.011 mM RF, respectively. Green (A), orange (C) and black (B, D) dashed
lines show the changes in the counts of CFU during irradiation with and without Chl (A, B) or RF (C, D), respectively. +RF +440 nm/+Chl +402 nm
vs dark control groups (+Chl — 402 nm/+RF-440 nm; -Chl —402 nm/-RF-440 nm): p < 0.05. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)



A. Gricajeva et al. Heliyon 10 (2024) e28811
exposure to RF-API have also shown correlation (Fig., 4, C). At an irradiation dose of 60 J. /em?, corresponding to 3 log;( inactivation,
alamarBlue™ reduction by remaining metabolically active cells was only 29.46%. From 60 J/cm? to 90 J/cm? a further decrease in
cell viability was recorded. At 90 J/cm? irradiation dose CFU were not detected, meanwhile alamarBlue™ reduction activity by the
cells was 16.37% indicating that metabolically active cells remained.

Decreasing metabolic activity of S. epidermidis ATCC 12228 planktonic cells was also detected when the cells were exposed to
increasing irradiation dose by 440 nm wavelength light only (without RF, at 20 J/cm?) (Fig. 4, D). A trending decrease was recorded
from 15 J/cm? and up to the 90 J/cm? dose, at which alamarBlue™ percentage reduction amounted to 41.36 %.

3.3.2. Differences in the reducing capacity of S. saprophyticus AG1 planktonic cells and biofilm after Chl- and RF-API

In the case of the study of S. saprophyticus AG1 planktonic cells reducing metabolic activity as a viability indicator after the Chl- and
RF-API, it was shown that during Chl-API, with the increase of the irradiation dose, cells significantly lose their ability to reduce
alamarBlue™ (Fig. 5, A). The result as well strongly correlates with CFU count studied as the primary selection standard viability test
used to determine the effect of the API, including Chl-API (in this case) on S. saprophyticus AG1 floating cells. Like the determined
reduction capacity of S. epidermidis ATCC 12228 the higher efficiency of Chl-API was confirmed. At the start of the measurements of the
reducing activity (at irradiation dose of 0.6 J/cm?) reducing ability of the cells was ~42%, at 3 log; ¢ causing irradiation dose ability to
reduce the dye fell to >20 %, further irradiation caused further decrease in ability to reduce alamarBlue™ up to less than 10% residual
reduction activity (Fig. 5, A).

During RF-API, with the increase of the irradiation dose, the ability of the S. saprophyticus AG1 planktonic cells to reduce ala-
marBlue™ decreased (as in the case of S. epidermidis ATCC 12228 planktonic cells study (Fig. 5, C). Viability testing by the evaluation
of reducing activity correlated with the CFU count results of the cells that survived after the treatment. It was determined that the
irradiation dose of 81 J/cm? which caused 3 log;o CFU count reduction indicating bactericidal effect, have also caused a sharp drop in
metabolic process which at the mentioned dose reached only ~20 % reduction activity of alamarBlue™. Further irradiation dose
increase caused further drop of reducing activity down to only 9% at 120 J/cm? (Fig. 5, C).

Percentage alamarBlue™ reduction activity of S. saprophyticus AG1 planktonic cells which were treated only by 402 or 440 nm light
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Fig. 6. Ability of S. saprophyticus AG1 biofilms to reduce alamarBlue™ after Chl- (402 nm at 5 mW/m? using appropriate doses) and RF-API (440
nm at 5 mW/m? using appropriate doses). Designations: +Chl +402 nm (A)/-Chl +402 nm (B)/+RF +440 nm (C)/-RF +440 nm (D) - biofilms
irradiated by 402 nm/440 nm with/without 0.015 mM Chl/0.011 mM RF, respectively. Green (A), orange (C) and black (B, D) dashed lines show
the changes in the counts of CFU during irradiation with and without Chl (A, B) or RF (C, D), respectively. +RF +440 nm/+Chl +402 nm vs control
groups (+Chl — 402 nm/+RF-440 nm; -Chl —402 nm/-RF-440 nm): p < 0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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without Chl or RF, respectively, remained more than ~80-90% at almost all tested irradiation doses (Fig. 5, B-D), indicating that the
light alone does not alter metabolic activity of the cells therefore its viability. Results also correlate with those obtained by counting
residual CFU number of the cells.

Assessing the viability of photoinactivated S. saprophyticus AG1 biofilm through metabolic reduction activity testing revealed that
both Chl-API (with an irradiation dose of approximately 75 J/cm?) and RF-API (with a dose of around 140 J/cm?), causing a 3 logig
CFU count reduction, resulted in cellular changes leading to the retention of only about 30% residual alamarBlue™ reduction activity
(Fig. 6, A-C). These findings corroborate previously obtained results that S. saprophyticus AG1 biofilm after the Chl- and RF-API un-
dergoes significant CFU count or viability loss. Increasing Chl- and RF-API irradiation dose up to 180 J/cm? and 225 J/cm? only 5.26%
reduction activity retained (Fig. 6, A-C).

The biofilm of S. saprophyticus AG1, which was exposed solely to 402 nm and 440 nm wavelengths without the use of Chl and RF,
respectively, exhibited a gradual decrease in alamarBlue™ reduction ability as the irradiation doses increased (Fig. 6, C and D). This
corresponded to a decrease in CFU count under the same conditions.

Study of the dark controls after incubation of planktonic cells and biofilm for appropriate times of incubation with and without PSs
(Chl and RF) did not reveal significant alamarBlue™ reduction activity loss and remained at about 90% in all tested samples (data not
shown).

After cell inactivation, at some dose points where CFU count was below detection limit (Figs. 2 and 3), metabolic activity of the cells
or - alamarBlue™ reduction — was determined (Figs. 4-6). Such results demonstrate the sensitivity of the method, which enables to
detect as little as 20 cells per well of a microplate using alamarBlue™ reagent. Also, according to the literature, under specific
environmental conditions (usually severe stressors such as starvation, oxidative stress, extreme temperature, irradiation), Staphylo-
coccus can switch to viable but non-culturable (VBNC) state. After enabling such an adaptive survival strategy, bacteria in the VBNC
state can maintain genetic information, metabolic activity, but cannot divide and form colonies [ [73,74]]. Therefore, in any studies
where there is a possibility for the cells to switch to the VBNC state, it is suggested to add viability evaluation experiments that would
not depend on CFU [75] and therefore, would allow correct interpretation of the results.

(A) Detached biofilmfroma (B) Untreated (control)
greater distance bioﬂlm(—PS—hV)
% 58 ﬁ;‘ 'z, ,\ Y

(C) Biofilmafter +Chl+402 nm

Fig. 7. SEM images of S. saprophyticus AG1 biofilm: (A) mechanically detached biofilms from a greater distance; (B) untreated (control)
biofilm (-PS-hV) - no PSs (RF nor Chl) in dark conditions) - incubated for an amount of minutes corresponding to 140 J/cm?; (C) biofilm after +
Ch1+4-402 nm (treated with 0.015 mM Chl and irradiated by 402 nm up to 75 J/cm? — Chl-API dose at which bactericidal effect was determined); (D)
biofilm after -Ch14+-402 nm (not treated with 0.015 mM Chl prior to irradiation, cells were covered with 0.1 M phosphate buffer (pH 7.4) instead
and irradiated by 402 nm up to 75 J/cm?); (E) biofilm after + RF+440 nm (treated with 0.011 mM RF and irradiated by 440 nm up to 140 J/cm? -
RF-API dose at which bactericidal effect was determined); (F) biofilm after -RF+440 nm (not treated with 0.011 mM RF prior to irradiation, cells
were covered with 0.1 M phosphate buffer (pH 7.4) and irradiated by 440 nm up to 140 J/cm?). Yellow arrows indicate lysed and sloughed, dead
staphylococcal biofilm-forming cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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It should be also noted that compared to CFU count method, alamarBlue™ dye is added directly to the working buffer solution with
photoinactivated cells, without giving them the opportunity to divide and grow on the nutrient medium with the necessary growth
factors, excluding possible cell repair mechanisms. In the nutrient media conditions can be favorable for excision repair (dark repair),
to occur and many different types of DNA damage can be repaired [76] leading to colony forming even after (sublethal) photo-
inactivation. Therefore, results obtained after the alamarBlue™ reduction activity measurements can provide a more realistic picture
of bacterial cell survival in conditions, where nutrients are absent.

Previous publications investigating the susceptibility of bacterial biofilms, e.g. S. aureus [77] or S. epidermidis [78] to different
antimicrobial methods with alamarBlue™ also confirm the reliability and advantages of the latter, compared to the method of counting
CFU. This method, which characterizes metabolic activity, is appreciated for its cost-effectiveness, faster results, and the possibility of
continuous monitoring of kinetic in vitro studies of biofilms. All this can facilitate the search for and application of specific antimi-
crobial agents and methods.

In conclusion, the presented results with alamarBlue™ reduction confirmed the effectiveness of API for the tested Staphylococcus
strains.

3.4. SEM of photoinactivated biofilms

SEM uncovered that Chl- and RF-mediated API treated biofilms that received an irradiation doses causing 3 log;o CFU count
reduction (75 and 140 J/cm? using Chl- and RF-API, respectively) and a strong decrease in reductive metabolic activity (described in
Section 3.1.1) have also had morphological changes induced by the APIs compared to untreated biofilm (Fig. 7).

Following both Chl-API and RF-API treatment, mechanically detached biofilm-forming cells exhibited disrupted, flattened, visibly
damaged cell walls, with some showing signs of lysis (Fig. 7, C-E). SEM analysis also revealed some morphological changes after
irradiation with 440 nm without the use of RF (Fig. 7, F). Post-irradiation CFU count has demonstrated that 440 nm light in absence of
RF can also exert a diminishing effect on viability: at 140 J/cm? a drop of more than 1 log;o in CFU count was determined (Fig. 3, A).
This effect can be attributed to the mentioned fact that at high irradiation doses at 440 nm as were used during RF-API, intrinsic ROS
species that are also damaging to the cells can be formed. While irradiation with 402 nm light in the absence of Chl also led to a
reduction in CFU count (refer to Fig. 3, B), no morphological changes were observed. Additionally, the cells in the dark controls did not
exhibit any noticeable damage to the cell walls.

4. Conclusions

Most of the staphylococcal (staph) infections are caused by MRSA and other strains of S. areus, however, CNS prevalence and
association with HAI is also worrying. In this work we have shown that visible light combined with safe and natural PSs such as Chl and
RF (Chl- and RF-mediated API) can inactivate (reaching bactericidal effect) such CNS bacteria as S. epidermidis (planktonic cells) and
S. saprophyticus (planktonic cells and biofilm) with Chl-mediated API being the most efficient in all cases. The residual viability after
Chl- and RF-API was determined using classical CFU count method and metabolic function analysis method (alamarBlue™ reduction
evaluation method). The results of the reduction capacity of alamarBlue™ obtained during experiments correlated with the CFU count
method and confirmed that the determination of viability, which proves the metabolic activity, can be a sensitive substitution for the
methods relying on the CFU counts for the evaluation of the activity of antimicrobials and/or even an informative supplement allowing
to determine transition of the bacteria to VBNC state. However, to definitively confirm the transition of Staphylococcus sp. to VBNC
(which is generally a less common phenomenon among Gram-positive bacteria compared to Gram-negative) [79] after the API, such
methods as direct microscopic examination (using, e.g., Live/Dead BacLight staining technique), RNA-based methods, such as RT-PCR
targeting housekeeping genes and other could be additionally used [80].

The efficacy of API against bacteria hinges on the capacity of the PS and light to generate sufficient ROS, surpassing bacterial
defense mechanisms and trigger oxidative stress severe enough to eradicate bacteria. Oz is one of the ROS responsible for inducing
oxidative stress in bacteria after API. Detecting Oz * in solution typically requires specialized methods and reagents due to its reactivity.
In this study it was determined whether aqueous solutions of used PSs (RF and Chl), when exposed to illumination with optimal
exciting light, generate O3 °. After analyzing the reduction of NBT, it was found that after irradiation of both studied PSs, O3 *of type I
ROS reactions are formed. The absorbance value of reduced NBT at 560 nm increased with increasing irradiation dose. This means that
more O3 * are formed in the solution. However, their quantity depends on the irradiation dose used and the type of PS that initiates ROS
formation reactions upon exposure.

Performed experiments have also shown that when RF was exposed to irradiation with a blue light of 440 nm wavelength, more 03 *
were generated than when Chl was irradiated with near-UV wavelength of 402 nm. Although it increased after applying a 6-fold higher
irradiation dose, the amount of Oz* during irradiation with Chl does not reach the same level as when irradiating with RF. This
discussion suggests that the prominent initial antibacterial effect of Chl-API at lower doses might be due to the predomination of 'O, or
other radicals than O3 °. Furthermore, after applying higher doses of light, more O3 * are observed when Chl is already photodegraded.

Although free radicals such as O3* contribute to photodestruction, 'Oy is considered to be the main ROS contributing to cell death
in API. Higher doses of irradiation without PS against bacteria can induce a bactericidal effect, but its effectiveness is highly dependent
on various intracellular mechanisms of resistance to oxidative stress, such as superoxide dismutases, which are able to combat O3 °*. Chl
is mentioned as an example of a PS that is particularly effective at generating 10, upon excitation [29]. Combining a PS like Chl with
irradiation allows for effective bacterial inactivation at lower doses of light. This is beneficial as it minimizes potential damage to
surrounding healthy tissues in therapeutic contexts.
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Therefore, RF- and Chl-based API can be considered as a very potent and safe antibacterial technology that could prevent CNS-
caused nosocomial infections and could be used to protect food systems from spreading foodborne intoxications that are caused not
only by S. aureus but also S. saprophyticus strains.
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