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Abstract: Streptococcus agalactiae is a relevant cause of neonatal mortality. It can be transferred to
infants via the vaginal tract and cause meningitis, pneumonia, arthritis, or sepsis, among other
diseases. The cause of therapy ineffectiveness and infection recurrence is the growth of bacteria
as biofilms. To date, several research teams have attempted to find a suitable medium for the
cultivation of S. agalactiae biofilms. Among others, simulated vaginal fluid has been used; however,
biofilm production in this medium has been found to be lower than that in tryptic soy broth. We
have previously shown that S. agalactiae can be successfully eradicated by photoinactivation in
planktonic culture, but there have been no studies on biofilms. The aim of this study was to optimize
S. agalactiae biofilm culture conditions to be used in photoinactivation studies. We compared biofilm
production by four strains representing the most common serotypes in four different broth media
with crystal violet staining. Then, we evaluated stationary biofilm culture in microtiter plates and
biofilm growth in a CDC Biofilm Reactor® (BioSurface Technologies, Bozeman, MT, USA) under
continuous flow conditions. Subsequently, we applied Rose Bengal-mediated photoinactivation to
both biofilm models. We have shown that photoinactivation is efficient in biofilm eradication and is
not cyto/phototoxic to human keratinocytes. We found conditions allowing for stable and repetitive
S. agalactiae biofilm growth in continuous flow conditions, which can be successfully utilized in
photoinactivation assays and potentially in all other antibacterial studies.

Keywords: S. agalactiae; Group B Streptococcus (GBS); biofilm; continuous flow; Center for Disease
Control and Prevention (CDC) Biofilm Reactor; photoinactivation; Rose Bengal

1. Introduction

Streptococcus agalactiae, the most common representative of Group B Streptococcus
(GBS), is a relevant cause of neonatal mortality. Approximately 10–30% of women carry
S. agalactiae in their vaginal tract, from which it can be transferred to infants during labor
and cause meningitis, pneumonia, arthritis, or sepsis, among other diseases. Prenatal
antibiotic prophylaxis has significantly decreased the incidence of newborn infections in
the Western Hemisphere, but there are still parts of the world where this procedure is not
routine [1]. Worrying issues are the increasing incidence of antibiotic resistance among
GBS, such as to penicillin G or macrolides, which are first-line therapies. In our study,
we chose the most frequently represented capsular serotypes in Poland, which are IA, III,
and V [2]. These serotypes are also the most common cause of urinary tract infections
among adults [3]. Apart from antibiotic resistance, a significant cause of persistence and
recurrence of infections such as bacterial vaginosis is biofilm production [4]. Additionally,
bacteria grown as biofilms are significantly less susceptible to antibiotics than bacteria
grown in planktonic culture. The minimum biofilm eradication concentration (MBEC)
of penicillin G against S. agalactiae is approximately 500 times higher than the minimum
inhibitory concentration (MIC) effective against planktonic culture [5]. As the physiological
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vaginal pH is below 4.5 and S. agalactiae serotypes III and V form strong biofilms under
acidic conditions, it is important to evaluate the effectiveness of the proposed therapies in
a biofilm model [6].

To date, several research groups have attempted to find a suitable medium for the
cultivation of Streptococcus biofilms. Among others, simulated vaginal fluid has been used.
However, in the case of S. agalactiae, biofilm production in simulated vaginal fluid has
been found to be lower than that in tryptic soy broth (TSB) [7]. Biofilm formation has also
been found to be greater in TSB than in Todd Hewitt broth (THB), Luria Bertani broth
(LB), or brain–heart infusion broth (BHI) [8]. For these reasons, we decided to evaluate S.
agalactiae biofilm formation in other broths used for the cultivation of vaginal physiological
flora or vaginal pathogens. New York City III (NYC) broth has been used in the culture
of Trichomonas vaginalis and biofilms of Gardnerella sp., Atopobium vaginae, Lactobacillus
iners, Mobiluncus curtisii, Peptostreptococcus anaerobius, and Prevotella bivia [9,10]. Schaedler
broth has been used in biofilm cultures of Gardnerella vaginalis [11]. De Mann, Rogosa, and
Sharpe broth (MRS) has been used in biofilm cultures of Lactobacillus plantarum, Lactobacillus
crispatus, G. vaginalis, and P. bivia [12–14].

With increasing antibiotic resistance, there is a tremendous demand for alternative
antibacterial therapy development. In our research, we propose antimicrobial photody-
namic inactivation (aPDI). aPDI requires the simultaneous presence of photosensitizing
molecules, light, and oxygen. During the aPDI process, reactive oxygen species (ROS) are
created inside or in close proximity to the bacterial cell. This phenomenon leads to damage
to proteins, nucleic acids, and lipids and ultimately to bacterial death [15]. Rose Bengal (RB)
is a photosensitizing dye efficient in inactivation of both planktonic and biofilm cultures of,
i.e., Staphylococcus aureus, Listeria innocua, Enterococcus hirae and Escherichia coli [16,17]. It is
characterized by the most efficient single oxygen generation of xanthene dyes and high
water solubility [18]. Moreover, it is considered a molecule with a low level of cytotoxicity
and high biocompatibility [19]. We have already shown that S. agalactiae can be successfully
eradicated with RB-mediated aPDI in planktonic culture, but there have been no studies
about the photoinactivation of S. agalactiae biofilms [20]. Therefore, the aim of this study
was to optimize S. agalactiae biofilm culture conditions so that an assay system can be used
in photoinactivation studies and potentially in all other antibacterial treatment tests.

2. Results
2.1. Microtiter Plate Biofilm Culture and Crystal Violet Staining Revealed Differences in Biofilm
Production among the Studied Strains

The first stage of biofilm culture optimization was to screen for strong biofilm produc-
ers among the studied S. agalactiae strains using the most commonly applied microtiter
plate method and crystal violet (CV) staining. A comparison of biofilm growth in four
chosen broths was performed. For each broth, the biofilm was cultured in 96-well plates
with full-strength or 2-fold diluted broth. After 24 h of growth, CV staining was performed.
In all investigated broths, serotype V (s. V) strain produced a weak biofilm. Strains express-
ing serotypes IA and III (s. IA, s. III) as well as strain ATCC 27956 were characterized as
moderate and strong biofilm producers according to particular broths. For both TSB and
MRS broths, biofilm growth was stronger in diluted broth than in full-strength broth. A
similar effect was also observed for the s. IA strain in NYC broth, and in Schaedler broth,
growth intensity did not depend on broth concentration. For the s. III and ATCC 27956
strains, biofilm growth was strong at both concentrations of the NYC and Schaedler broths
(Table 1). Therefore, these two strains, i.e., s. III and ATCC 27956, were used for further
investigation.
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Table 1. Results of S. agalactiae biofilm production assessed with crystal violet staining.

Medium Type

S. agalactiae strain
TSB MRS NYC Schaedler

0.5× 1× 0.5× 1× 0.5× 1× 0.5× 1×
ATCC 27956 ++ + ++ + ++ ++ ++ ++

s. IA ++ + ++ + ++ + + +
s. III +/− +/− ++ + ++ ++ ++ ++
s. V +/− +/− +/− +/− − +/− +/− +/−

Legend: (−) nonadherent; (+/−) weakly adherent; (+) moderately adherent; (++) strongly adherent.

To investigate biofilm production in a more detailed manner, enumeration of bacterial
burden within the biofilms was performed. For all four full-strength broths, biofilm cultures
in 96-well plates were prepared. After 24 h of incubation, wells were washed with PBS,
and biofilms were dispersed for CFU enumeration. For both strains, the biofilm growth
estimated on the basis of bacterial cell count was the lowest in MRS broth, medium in TSB
and the highest in NYC (ATCC 27956) or Schaedler broth (s. III) (Figure 1). Thus, these two
broths, i.e., NYC and Schaedler broth, were chosen for further investigation focusing on
the clinical strain of S. agalactiae (s. III).
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Figure 1. Growth of S. agalactiae biofilm cultures on microtiter plates. Overnight cultures were diluted in appropriate
medium and incubated for 4 h. Then, the broth was changed, and incubation continued for 20 h. Dispersed biofilms were
plated, and colonies were enumerated. The detection limit was 1 log10 CFU/well. The values are the means of three separate
experiments. Error bars represent the standard errors. All differences were significant vs. control broth (TSB) (p < 0.05).

2.2. CDC Biofilm Reactor System Biofilm Culture

Further optimization of GBS biofilm culture required in vitro studies utilizing mi-
crotiter plates to be translated into continuous flow system culturing to mimic physiolog-
ical conditions. The first step of optimization of biofilm culture under continuous flow
conditions was to detect the best coupon material used as a surface for biofilm formation.
Four different adherent materials were investigated, i.e., glass, polypropylene, polycar-
bonate, and porous polycarbonate coupons. In accordance with the results obtained for
microtiter plate biofilm culture, in continuous flow biofilm culture, biofilm growth was
higher in Schaedler than in NYC broth (Figure 2). In both broths, biofilm growth was
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the highest on polypropylene coupons. In Schaedler broth, biofilm growth was similar
on polypropylene and glass coupons, lower on porous polycarbonate, and the lowest on
polycarbonate coupons. In NYC broth, the highest biofilm growth was on polypropy-
lene coupons, then lower on glass and polycarbonate coupons and the lowest on porous
polycarbonate coupons.
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Figure 2. Growth of S. agalactiae s. III biofilm culture on coupons made from different materials in the CDC Biofilm Reactor
System. The reactor with full-strength broth was inoculated with overnight culture. After 24 h of incubation with mixing, a
flow of 5x-diluted broth was started and continued for 24 h. Coupons were removed and sonicated. Bacteria were plated,
and colonies were enumerated. The detection limit was 2.59 log10 CFU/cm2. The values are the means of three separate
experiments. Error bars represent the standard errors.

2.3. Biofilm Visualization

To decide which coupons should be used for further investigation, visualization
of biofilm structures using confocal microscopy was performed. Biofilm growth was
visualized with SYBR Green staining. This stain intercalates into double-stranded DNA
both inside and outside of the bacterial cell. For all four coupon materials, we observed
mushroom-shaped microcolonies, which indicates maturity of the biofilm (Figure 3). The
size and arrangement of biofilm structures are similar on all coupon materials, so this
technique did not help us choose the best material; nevertheless, it was supportive to
confirm mature biofilm culturing. Finally, polypropylene coupons were chosen to be the
best adherent surface for use for GBS biofilm culture.
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Figure 3. Growth of S. agalactiae s. III biofilm culture on coupons made from different materials in the CDC Biofilm
Reactor System visualized with SYBR Green staining using confocal microscopy: (a) glass coupon; (b) polypropylene
coupon; (c) polycarbonate coupon; (d) porous polycarbonate coupon. The reactor with full-strength broth was inoculated
with overnight culture. After 24 h of incubation with mixing, a flow of 5×-diluted broth was started and continued for
24 h. Coupons were transferred to a glass-bottom plate, stained with SYBR Green, and viewed under a confocal laser
scanning microscope.

2.4. Evaluation of Optimized GBS Biofilm Culture with Antibacterial Treatment, i.e., aPDI
2.4.1. Photodynamic Inactivation of Planktonic Cultures and Keratinocyte Safety Assays
Indicate Control Conditions

S. agalactiae grown in a planktonic culture is highly susceptible to RB-mediated aPDI.
The concentration of 0.3 µM RB with 6 min of illumination causes ca. 6 log10 unit reduction
in bacterial viability. Since 2 log10 unit CFU/mL is our limit of detection, this treatment
exhibits complete eradication of all 3 clinical strains and almost complete eradication of
the ATCC 27956 strain (Figure 4). Moreover, the bactericidal effectiveness was exclusively
connected with the aPDI process: treatment with light only or RB in the dark did not cause
a relevant reduction in bacterial viability.
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Figure 4. The antimicrobial effectiveness of aPDI with Rose Bengal on planktonic culture of S. agalactiae. An overnight
culture was diluted in fresh TSB and incubated with the appropriate concentration of RB. Then, the bacteria were washed,
suspended in PBS, and illuminated with a 522 nm LED lamp. After that, the bacteria were plated, and colonies were
enumerated. The detection limit was 2 log10 CFU/mL. The values are the means of three separate experiments. Error bars
represent the standard errors.

To indicate whether the treatment conditions could exert bactericidal effects with
limited harmful activity toward human keratinocytes, the cytotoxicity and phototoxicity
of the treatment conditions were assayed using the MTT test. Rose Bengal manifested no
cytotoxic activity against HaCaT cells at concentrations up to 10 µM (Figure 5). Moreover,
aPDI under the evaluated illumination conditions was safe for HaCaT cells across the
whole analyzed RB concentration spectrum.
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Figure 5. Viability of human keratinocytes (HaCaT cells) subjected to incubation with RB in the dark (cytotoxicity) or
subjected to RB-mediated aPDI (phototoxicity). HaCaT cells were seeded into a 96-well plate. The next day, the cells were
incubated in dark with RB or incubated in dark with RB and then illuminated. The following day, the cells were incubated
with MTT compound and lysed with DMSO for absorbance measurement. The values are the means of three separate
experiments. Error bars represent the standard deviations.
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2.4.2. Photodynamic Inactivation of Microtiter Plate Biofilm Cultures

It is commonly known that microorganisms living in biofilms are more tolerant to
various antibacterial treatments. The same could be observed for aPDI treatment. There-
fore, to detect the most effective aPDI conditions, we screened multiple photosensitizer
concentrations starting with the highest concentration used for planktonic studies. For
NYC broth, a reduction in bacterial viability reaching the limit of detection was observed
when RB was administered at a concentration of 1.2 µM (Figure 6). In the case of Schaedler
broth, a similar effect was reached by employing RB at a concentration 10 times higher
than that for planktonic culture (3 µM). Since the total initial number of bacteria in biofilms
was much lower than that for planktonic culture, the viability decrease was 4.5 and 5 log10
units CFU/well for NYC and Schaedler broths, respectively. Similar to planktonic culture,
light-only treatment did not cause any decrease in bacterial viability, and RB in the dark
treatment exhibited limited toxicity in the dark (only in the case of biofilms formed in
Schaedler broth), leading to a reduction in bacterial viability by ca. 1 log10 unit CFU/well.
The obtained data also indicate that the biofilm grown in Schaedler broth is much more
tolerant to aPDI than that grown in NYC medium.
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Figure 6. The antimicrobial effectiveness of aPDI with Rose Bengal on biofilm culture of S. agalactiae s. III grown on
microtiter plates. An overnight culture was diluted in appropriate medium and incubated for 4 h. Then, the broth was
changed, and incubation continued for 20 h. The biofilm was incubated with an appropriate concentration of RB. Then,
the biofilm was washed, suspended in PBS, and illuminated with a 522 nm LED lamp. Dispersed biofilms were plated,
and colonies were enumerated. The detection limit was 1 log10 CFU/well. The values are the means of three separate
experiments. Error bars represent the standard errors.

2.4.3. Photodynamic Inactivation of CDC Biofilm Reactor System Biofilm Culture

For biofilms grown in a continuous flow system, the three most effective RB con-
centrations were used. Since the coupon surface is 2.53 cm2, the limit of detection
was 2.59 log10 CFU/cm2. aPDI with 3 µM RB caused a bacterial viability reduction of
3.6 log10 unit CFU/cm2 (Figure 7), reaching the limit of detection. Similar to biofilm cul-
ture on microtiter plates, light-only treatment did not cause a decrease in bacterial viability,
and RB treatment in the dark caused a toxicity effect reaching a viability reduction of
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1.8 log10 unit CFU/cm2. This is the first time that toxicity of RB in the dark has been
observed, and its explanation requires further investigation.
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Figure 7. The antimicrobial effectiveness of aPDI with Rose Bengal on biofilm culture of S. agalactiae s. III grown in Schaedler
medium on polypropylene coupons in the CDC Biofilm Reactor System. The reactor with full-strength broth was inoculated
with overnight culture. After 24 h of incubation with mixing, a flow of 5× diluted broth was started and continued for 24 h.
Coupons were removed and incubated with an appropriate concentration of RB. Then, the biofilm was washed, suspended
in PBS, and illuminated with a 522 nm LED lamp. Coupons were then sonicated. Bacteria were plated, and colonies were
enumerated. The detection limit was 2.59 log10 CFU/cm2. The values are the means of three separate experiments. Error
bars represent the standard errors.

3. Discussion

There is no single recommended method for S. agalactiae biofilm growth experiments.
S. agalactiae biofilms are usually grown on polystyrene 96-well plates in TSB [21–24] or
THB [6,25–30]. Some deviations have been reported, such as THB supplemented with
yeast extract [31], TSB supplemented with bovine serum [5], TSB supplemented with 3%
BSA [32], RPMI [27], cation adjusted—Mueller Hinton broth (CA-MHB) [33] or CA-MHB
supplemented with lysed horse broth [34]. Erika C. R. Bonsaglia et al. compared biofilm
growth in four different broths, i.e., TSB, THB, LB, and BHI, among which growth in TSB
was the greatest [8]. There has also been an attempt to culture S. agalactiae biofilms in
simulated vaginal fluid, but biofilm growth was still better in TSB [7]. Therefore, our
observation that S. agalactiae biofilm formation in NYC or Schaedler broth is greater than
that in TSB should be beneficial for further model unification.

As the vaginal environment is affected by the frequent flow of fluids, we concluded
that a biofilm model grown in continuous flow conditions, as in the CDC reactor, would
better imitate the natural situation. Additionally, Buckingham–Meyer, Goeres, and Hamil-
ton demonstrated that Pseudomonas aeruginosa and Staphylococcus aureus biofilms grown in
a CDC reactor were more resistant to commonly used disinfectants than biofilms grown in
static conditions [35]. They recommended this method as a model for the measurement
of disinfectant efficacy. To date, S. agalactiae biofilms have been cultured only under static
conditions on polystyrene plates or in a Calgary Biofilm Device [5], in which pegs are
submerged in 96-well plates containing broth and can be exposed to shaking. In this
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work, we undertook the first attempt to culture S. agalactiae biofilms under continuous
flow conditions. Previously, biofilms of Streptococcus pneumoniae [36] and Streptococcus
mutans [37] have been grown in a CDC reactor. S. pneumoniae biofilms have been grown
on polycarbonate coupons in BHI broth supplemented with casein and yeast extract. The
batch phase was set for 12 h, while the flow phase with 10% BHI broth with supplements
was set for 24 h. For S. mutans biofilm culture, hydroxyapatite coupons were used, and
1% TSB was used in both phases. Both phases were also set for 24 h. In our protocol for
S. agalactiae biofilm culture, we concluded that the use of polypropylene coupons and
Schaedler broth leads to the growth of the highest number of bacteria. Both phases were set
for 24 h, and in the flow phase, we used 20% Schaedler broth. Apart from the high number
of bacterial cells, we also observed that in our model biofilms grew as mushroom-shaped
microcolonies, which we previously described as indicative of biofilm maturity [38]. It
was important for us to evaluate biofilm growth on different coupon materials because
previous studies have shown that some surfaces allow for a better biofilm growth support
i.e., Teflon for Candida albicans [39], zinc-galvanized steel for Mycobacterium sp. [40], or
stainless steel for Flavobacterium psychrophilum [41]. Moreover, Dustin L. Williams et al.
showed that change of coupon material from polycarbonate to collagen influences biofilm
susceptibility to antibiotics, which can be an interesting direction for future biofilm model
improvements [42]. Schaedler broth has a much richer composition than TSB. Schaedler
has all the ingredients of TSB, but with a higher concentration of glucose (0.5% vs. 0.25%)
which promotes biofilm growth of, i.e., Staphylococcus aureus and Straphylococcus epider-
midis [43]; addition of animal tissue peptone which increases the content of available amino
acids; addition of yeast extract which is necessary for biofilm growth of some bacteria,
i.e., Actinobacillus succinogenes [44], but is also an additional source of vitamins; addition
of cysteine, which is important for biofilm growth of i.e., Streptococcus mutans [45] and
addition of haemin which is an iron source favoring more complex biofilm growth of i.e.,
Actinobacillus actinomycetemcomitans [46]. NYC is not as rich as Schaedler but has a richer
composition than TSB. NYC, in comparison to TSB, has animal tissue peptone instead of
tryptone (derived from casein) and soytone (derived from soya) but has additional yeast
extract and the same glucose concentration as Schaedler broth. MRS also has a richer
composition than TSB. A much higher concentration of glucose in MRS in comparison to
TSB (2% vs 0.25%) may be the reason why biofilm growth is lower in MRS than in TSB. It
was previously observed that high glucose concentration inhibits biofilm formation of, i.e.,
Aeromonas hydrophila [47].

Because of the high antibiotic resistance of biofilm-embedded cells, there is a tremen-
dous demand for the evaluation of alternative approaches [5,31]. Against S. agalactiae
biofilms, therapies based on human milk oligosaccharides [25,26], tea saponin [21], ben-
zalkonium chloride [24], staphylococcal bacteriophage lysin CHAPk [32], or synthetic
ellagic acid glycosides [29] have been proposed. Therapies based on the synergistic effect
of antibiotics [34], synergistic effect of silver nanoparticles with eugenol [23], or silver
nanoparticles with cinnamon oil [22] have also been proposed. We have previously sum-
marized the use of photoinactivation against biofilms of ESKAPE pathogens [48], which
cause numerous clinical infections. There have been few attempts of photoinactivation use
against S. agalactiae planktonic culture [49–53]; however, there have been no reports of the
use of photoinactivation against S. agalactiae biofilms. We are happy to report that Rose
Bengal-mediated photoinactivation can be successfully used against S. agalactiae biofilms
in both static and continuous flow models. As we expected, eradication of biofilm cultures
requires the use of much higher concentrations of RB than planktonic culture. Additionally,
biofilms grown in a continuous flow system require the use of higher RB concentrations
than biofilms grown in static conditions, which confirms the success of biofilm culture opti-
mization and new model introduction. The necessity of more rigorous photoinactivation
conditions application for eradication of biofilm grown in Schaedler broth in comparison
to NYC broth may result from the presence of L-cystine in Schaedler broth. L-cysteine is a
reducing agent and plays role in the detoxification of hydrogen peroxide [54]. Nevertheless,
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in our opinion presence of L-cysteine mimics a better vaginal environment, because it is
present in healthy women’s vaginas and is crucial for the growth of physiological flora,
i.e., Lactobacillus iners [55]. Since RB-mediated aPDI is safe for human keratinocytes, it is a
promising therapeutic approach against S. agalactiae biofilms, which should be investigated
in-depth in the future.

4. Materials and Methods
4.1. Bacterial Strains and Culture Media

In this study, 4 strains of Streptococcus agalactiae were used (ATCC 27956 and 3 clinical
strains: 1030/06, 2306/06, and 2974/07, representing serotypes IA, III, and V, respectively).
The clinical strains were kindly provided by Izabela Sitkiewicz, National Medicines Insti-
tute, Warsaw, Poland). Columbia blood agar plates (Biomerieux, Craponne, France) were
used for colony-forming unit (CFU) determination. Tryptic soy broth (TSB) (Biomerieux,
Craponne, France) was used for overnight planktonic culture, and TSB, De Man, Ro-
gosa and Sharpe (MRS) broth (BTL, Lodz, Poland), New York City III broth (NYC), and
Schaedler (Oxoid, Basingstoke, UK) broth were used for biofilm culture. NYC broth was
prepared on-site, containing HEPES (Sigma Aldrich, Saint Louis, MO, USA), proteose pep-
tone (Sigma Aldrich, USA), yeast extract (Pol-Aura, Roznowo, Poland), sodium chloride
(Stanlab, Lublin, Poland), and anhydrous glucose (Chempur, Piekary Slaskie, Poland).

4.2. Photosensitizing Agents

4,5,6,7-Tetrachloro-2′,4′,5′,7′-tetraiodofluorescein disodium salt (Rose Bengal, RB)
powder was purchased from Sigma (Sigma-Aldrich, Saint Louis, MO, USA). A stock
solution (10 mM) was prepared in Millipore distilled water and kept in the dark at 4 ◦C.

4.3. Light Source

A custom constructed LED-based light source was used, which emitted λmax 522 nm
light with a radiosity of 10.6 mW/cm2 (FWDH (full width half maximum): 34 nm) (Cezos,
Gdynia, Poland).

4.4. Microtiter Plate Biofilm Culture

Biofilms were cultured on 96-well flat-bottom microtiter plates (Nest Biotechnology,
Wuxi, Jiangsu, China). Four different broths (TSB, MRS, NYC, and Schaedler) were used
in complete formula or diluted two times in double-distilled water. An overnight S.
agalactiae culture was diluted 20 times in the appropriate broth (initial bacterial inoculum
107 CFU/mL), and 200 µL aliquots were transferred into plates in three technical repetitions.
The negative control was broth without bacteria. The plate was covered with sealing tape
and incubated at 37 ◦C for 4 h. Then, the medium was removed, replaced with 200 µL of
fresh appropriate broth, and incubated at 37 ◦C for 20 h. The experiment was conducted in
three replicates.

4.5. Crystal Violet Staining

Biofilm cultures were washed three times with phosphate-buffered saline (PBS) (Sigma-
Aldrich, Saint Louis, MO, USA) and fixed with 2% sodium acetate for 15 min. Then, the
cells were stained with 0.1% crystal violet for 20 min and washed three times with distilled
water. After drying, the precipitate was resolved in freshly prepared 33% acetic acid, and
the absorbance at 570 nm was measured using an EnVision plate reader (Perkin Elmer,
Waltham, MA, USA). The optical density of the samples (OD), which corresponds to the
adhesion ability of the biofilm, was compared with the optical density of the negative
control (ODc). The ODc was calculated as the mean of the negative control absorbance
with the addition of three times the SD value. The following classification was used
for the determination of biofilm production: nonadherent (OD ≤ ODc), weakly adherent
(ODc < OD ≤ 2 ODc), moderately adherent (2 ODc < OD ≤ 4 ODc), and strongly adherent
(4 ODc < OD).
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4.6. CDC Biofilm Reactor System Biofilm Culture

For biofilm culture, a CDC biofilm reactor model (BioSurface Technologies, Bozeman,
MT, USA) was used. Coupons made of glass, polypropylene, polycarbonate, and porous
polycarbonate were used. Before each culture, a whole setup was prepared as previously
described [56]. Sterile broth (NYC or Schaedler) in the reactor was inoculated with 1 mL of
2.4 McFarland units (Densi-La-Meter II, ERBA Lachema, Brno, Czech Republic) adjusted
overnight culture of S. agalactiae. The reactor was placed onto a magnetic stirrer with
a heater set at 80 rpm and 37 ◦C for 24 h, which was the batch phase. Before starting
the flow phase, 1 L of 4× concentrated sterile broth (NYC or Schaedler) was added to
a 20 L carboy containing 19 L of distilled water autoclaved for 2 h at 14.7 psi. The final
concentration of broth was five times lower than that recommended by the manufacturer.
The carboy was connected to the reactor by silicone tubing and connected to a peristaltic
pump (Watson–Marlow Fluid Technology Group, Falmouth, UK). The flow rate was set to
10.8 mL/min, and the reactor volume was 335 mL, which resulted in a residence time of
31 min, which was shorter than the S. agalactiae generation time. The time of the flow phase
was set for 24 h. For CFU determination, the coupons were transferred to 15 mL Falcon
tubes containing 10 mL of PBS. The coupons were sonicated for 1 min (Ulsonix, Proclean
3.0 DSP, Expando, Berlin, Germany), vortexed for 1 min and incubated on ice for 1 min.
The whole procedure was repeated three times. Then, bacteria dispersed from the coupons
were serially diluted in PBS and transferred onto Columbia blood agar plates. After 18 h
of incubation at 37 ◦C, colonies were enumerated, and CFU/mL values were determined.
The experiment was conducted in three replicates.

4.7. Biofilm Visualization

Biofilm growth on coupons was visualized using confocal microscopy. Visualization
of biofilms was performed with SYBR Green staining. Coupons were washed in PBS and
transferred to a 12-well glass-bottom plate containing 500 µL of PBS and incubated in the
presence of 2 µL of 100× concentrated SYBR Green for 15 min in the dark at RT. Specimens
were imaged using a confocal laser scanning microscope (Leica SP8X) with a 10× lens
(Leica Biosystems, Nussloch, Germany). During observation, the excitation wavelength
was 488 nm, and the emission wavelength range used for detecting SYBR Green was
501–548 nm. Photographs were obtained and then analyzed with Leica LAS X software.

4.8. Photodynamic Inactivation of Planktonic Cultures

An overnight culture (1 colony transferred into 5 mL of TSB and incubated for 18 h at
37 ◦C with shaking at 150 rpm) of S. agalactiae was adjusted to 2.4 McFarland units in PBS,
which corresponds to a cell density of approx. 108 CFU/mL. Working solutions of RB were
prepared in Millipore distilled water. A total of 180 µL of bacterial suspension and 20 µL
of photosensitizer solution were mixed in Eppendorf tubes and incubated in the dark at
37 ◦C for 15 min. Then, the samples were washed twice, centrifuged (10,000× g, 3 min),
and resuspended in PBS. Aliquots of 100 µL of each sample were transferred into a 96-well
plate (Nest Biotechnology, Wuxi, Jiangsu, China) and illuminated with a 522 nm LED lamp
for 6 min (3.8 J/cm2). Afterward, samples were serially diluted in PBS and transferred onto
Columbia blood agar plates. After 18 h of incubation at 37 ◦C, the colonies were counted,
and CFU/mL values were determined. The experiment was conducted in three replicates.

4.9. Photo- and Cytotoxicity Assays Based on MTT

Photo- and cytotoxicity assays were previously described [57]. Briefly, HaCaT cells
(CLS 300493) were seeded the day before treatment in three biological replicates for each
condition in two 96-well plates (for light and dark conditions). The cells were grown in a
humidified incubator at 37 ◦C and in a 5% CO2 atmosphere in supplemented high-glucose
DMEM (Life Technologies/Thermo Fisher Scientific, Waltham, MA, USA). RB was added
directly to the medium and incubated for 15 min at 37 ◦C. Then, the cells were washed
twice with PBS, and 100 µL of fresh medium was added. Next, the cells were illuminated
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with a 522 nm LED lamp for 6 min (3.8 J/cm2). Cell survival was measured after 24 h
of incubation at 37 ◦C by an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay. Briefly, 10 µL of an MTT solution (12 mM) was applied to each well and
incubated for 4 h at 37 ◦C. The cells were then lysed in DMSO (Sigma-Aldrich, Saint Louis,
MO, USA), and the absorbance of the formazan was measured at 550 nm using an EnVision
plate reader (Perkin Elmer, Waltham, MA, USA).

4.10. Photodynamic Inactivation of Microtiter Plate Biofilm Cultures

Biofilms cultured in NYC or Schaedler broth were washed with PBS and then incu-
bated with different RB concentrations in PBS in the dark at 37 ◦C for 15 min. Then, the
biofilms were washed twice with PBS and illuminated for 6 min. After illumination, the
biofilms were dispersed by scraping with a pipette tip and thorough pipetting. Afterward,
samples were serially diluted in PBS and transferred onto Columbia blood agar plates.
After 18 h of incubation at 37 ◦C, the colonies were counted, and CFU/mL values were
determined. The experiment was conducted in three replicates.

4.11. Photodynamic Inactivation of CDC Biofilm Reactor System Biofilm Culture

Coupons were washed in PBS and transferred to a 12-well plate containing 1.5 mL of
PBS with/without RB and incubated in the dark for 15 min at 37 ◦C. Then, the coupons
were transferred to another 12-well plate containing 1.5 mL of PBS and illuminated on
both sides for 6 min on each side. Then, the coupons were transferred to 15 mL Falcon
tubes containing 10 mL of PBS. The coupons were sonicated for 1 min, vortexed for 1 min,
and incubated on ice for 1 min. The whole procedure was repeated three times. Then,
bacteria dispersed from the coupons were serially diluted in PBS and transferred onto
Columbia blood agar plates. After 18 h of incubation at 37 ◦C, colonies were enumerated,
and CFU/mL values were determined. The experiment was conducted in three replicates.

4.12. Statistical Analysis

The statistical analyses were performed using Excel. The quantitative variables were
characterized by the arithmetic mean of standard deviation. Statistical significance of
differences between two groups was processed with the Student’s t-test. In all calculations,
a statistical significance level of p < 0.05 was used.

5. Conclusions

Streptococcus agalactiae biofilm formation depends on the used medium and surface
material. We believe that a continuous flow biofilm model is a better representation of the
vaginal environment than a static biofilm model and we recommend the application of this
model in future antibacterial studies. This model was successfully applied in photoinac-
tivation studies and allowed to show its effectiveness. RB-mediated photoinactivation is
effective in the eradication of both planktonic and biofilm cultures of S. agalactiae. It is also
safe for human keratinocytes which makes it a promising antimicrobial therapy.
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15. Rapacka-Zdończyk, A.; Woźniak, A.; Michalska, K.; Pierański, M.; Ogonowska, P.; Grinholc, M.; Nakonieczna, J. Factors
Determining the Susceptibility of Bacteria to Antibacterial Photodynamic Inactivation. Front. Med. 2021, 8, 617. [CrossRef]

16. Pérez-Laguna, V.; García-Luque, I.; Ballesta, S.; Pérez-Artiaga, L.; Lampaya-Pérez, V.; Samper, S.; Soria-Lozano, P.; Rezusta, A.;
Gilaberte, Y. Antimicrobial photodynamic activity of Rose Bengal, alone or in combination with Gentamicin, against planktonic
and biofilm Staphylococcus aureus. Photodiagn. Photodyn. Ther. 2018, 21, 211–216. [CrossRef] [PubMed]

17. Silva, A.F.; Borges, A.; Freitas, C.F.; Hioka, N.; Mikcha, J.M.G.; Simões, M. Antimicrobial Photodynamic Inactivation Mediated by
Rose Bengal and Erythrosine Is Effective in the Control of Food-Related Bacteria in Planktonic and Biofilm States. Molecules 2018,
23, 2288. [CrossRef]

18. Neckers, D.C. Rose Bengal. J. Photochem. Photobiol. A Chem. 1989, 47, 1–29. [CrossRef]
19. Dubey, T.; Gorantla, N.V.; Chandrashekara, K.T.; Chinnathambi, S. Photodynamic exposure of Rose-Bengal inhibits Tau aggrega-

tion and modulates cytoskeletal network in neuronal cells. Sci. Rep. 2020, 10, 1–16. [CrossRef]
20. Pieranski, M.; Sitkiewicz, I.; Grinholc, M. Increased photoinactivation stress tolerance of Streptococcus agalactiae upon consecutive

sublethal phototreatments. Free Radic. Biol. Med. 2020, 160, 657–669. [CrossRef]
21. Shang, F.; Wang, H.; Xue, T. Anti-biofilm effect of tea saponin on a Streptococcus agalactiae strain isolated from bovine mastitis.

Animals 2020, 10, 1713. [CrossRef] [PubMed]
22. Abd El-Aziz, N.K.; Ammar, A.M.; El-Naenaeey, E.; Sayed, Y.M.; El Damaty, H.M.; Elazazy, A.A.; Hefny, A.A.; Shaker, A.;

Eldesoukey, I.E. Antimicrobial and antibiofilm potentials of cinnamon oil and silver nanoparticles against Streptococcus agalactiae
isolated from bovine mastitis: New avenues for countering resistance. BMC Vet. Res. 2021, 17, 1–14. [CrossRef]

http://doi.org/10.3390/pathogens9070526
http://www.ncbi.nlm.nih.gov/pubmed/32610654
http://doi.org/10.1128/JCM.00154-09
http://doi.org/10.1093/cid/civ353
http://www.ncbi.nlm.nih.gov/pubmed/11989739
http://doi.org/10.1128/AEM.03627-13
http://www.ncbi.nlm.nih.gov/pubmed/24487536
http://doi.org/10.1007/s10482-011-9666-y
http://doi.org/10.1007/s00203-019-01727-8
http://doi.org/10.1016/j.micpath.2019.103820
http://doi.org/10.7717/peerj.9917
http://doi.org/10.2436/20.1501.01.268
http://www.ncbi.nlm.nih.gov/pubmed/27845497
http://doi.org/10.1186/s12866-020-01753-3
http://www.ncbi.nlm.nih.gov/pubmed/32209050
http://doi.org/10.1038/s41598-021-86628-x
http://doi.org/10.3390/ijms140612004
http://doi.org/10.3389/fmed.2021.642609
http://doi.org/10.1016/j.pdpdt.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29196246
http://doi.org/10.3390/molecules23092288
http://doi.org/10.1016/1010-6030(89)85002-6
http://doi.org/10.1038/s41598-020-69403-2
http://doi.org/10.1016/j.freeradbiomed.2020.09.003
http://doi.org/10.3390/ani10091713
http://www.ncbi.nlm.nih.gov/pubmed/32971787
http://doi.org/10.1186/s12917-021-02842-9


Pathogens 2021, 10, 1212 14 of 15

23. Perugini Biasi-Garbin, R.; Saori Otaguiri, E.; Morey, A.T.; Fernandes Da Silva, M.; Belotto Morguette, A.E.; Armando Contreras
Lancheros, C.; Kian, D.; Perugini, M.R.E.; Nakazato, G.; Durán, N.; et al. Effect of eugenol against streptococcus agalactiae and
synergistic interaction with biologically produced silver nanoparticles. Evid.-Based Complement. Altern. Med. 2015, 2015, 861497.
[CrossRef] [PubMed]

24. Ebrahimi, A.; Hemati, M.; Shabanpour, Z.; Habibian Dehkordi, S.; Bahadoran, S.; Lotalian, S.; Khoibani, S. Effects of Benzalkonium
Chloride on Planktonic Growth and Biofilm Formation by Animal Bacterial Pathogens. Jundishapur J. Microbiol. 2015, 8, e16058.
[CrossRef] [PubMed]

25. Craft, K.M.; Townsend, S.D. 1-Amino-2′-fucosyllactose inhibits biofilm formation by Streptococcus agalactiae. J. Antibiot. (Tokyo)
2019, 72, 507–512. [CrossRef] [PubMed]

26. Ackerman, D.L.; Craft, K.M.; Doster, R.S.; Weitkamp, J.H.; Aronoff, D.M.; Gaddy, J.A.; Townsend, S.D. Antimicrobial and
Antibiofilm Activity of Human Milk Oligosaccharides against Streptococcus agalactiae, Staphylococcus aureus, and Acinetobacter
baumannii. ACS Infect. Dis. 2018, 4, 315–324. [CrossRef]

27. Silvestre, I.; Borrego, M.J.; Jordão, L. Biofilm formation by ST17 and ST19 strains of Streptococcus agalactiae. Res. Microbiol. 2020,
171, 311–318. [CrossRef]

28. Miranda, P.S.D.; Lannes-Costa, P.S.; Pimentel, B.A.S.; Silva, L.G.; Ferreira-Carvalho, B.T.; Menezes, G.C.; Mattos-Guaraldi, A.L.;
Hirata, R.; Mota, R.A.; Nagao, P.E. Biofilm formation on different pH conditions by Streptococcus agalactiae isolated from bovine
mastitic milk. Lett. Appl. Microbiol. 2018, 67, 235–243. [CrossRef] [PubMed]

29. Chambers, S.A.; Gaddy, J.A.; Townsend, S.D. Synthetic Ellagic Acid Glycosides Inhibit Early Stage Adhesion of Streptococcus
agalactiae Biofilms as Observed by Scanning Electron Microscopy. Chem.-A Eur. J. 2020, 26, 9923–9928. [CrossRef]

30. Yang, Q.; Porter, A.J.; Zhang, M.; Harrington, D.J.; Black, G.W.; Sutcliffe, I.C. The impact of pH and nutrient stress on the growth
and survival of streptococcus agalactiae. Antonie Van Leeuwenhoek. 2012, 102, 277–287. [CrossRef]

31. Boonyayatra, S.; Pata, P. Antimicrobial Resistance of Biofilm-Forming Streptococcus agalactiae Isolated from Bovine Mastitis. J. Vet.
Sci. Technol. 2016, 7, 374. [CrossRef]

32. Shan, Y.; Yang, N.; Teng, D.; Wang, X.; Mao, R.; Hao, Y.; Ma, X.; Fan, H.; Wang, J. Recombinant of the staphylococcal bacteriophage
lysin CHAPk and its elimination against streptococcus agalactiae biofilms. Microorganisms 2020, 8, 216. [CrossRef]

33. Butini, M.E.; Cabric, S.; Trampuz, A.; Di Luca, M. In vitro anti-biofilm activity of a biphasic gentamicin-loaded calcium sul-
fate/hydroxyapatite bone graft substitute. Colloids Surf. B Biointerfaces 2018, 161, 252–260. [CrossRef] [PubMed]

34. Moreno, M.G.; Trampuz, A.; Di Luca, M. Synergistic antibiotic activity against planktonic and biofilmembedded Streptococcus
agalactiae, Streptococcus pyogenes and Streptococcus oralis. J. Antimicrob. Chemother. 2017, 72, 3085–3092. [CrossRef] [PubMed]

35. Buckingham-Meyer, K.; Goeres, D.M.; Hamilton, M.A. Comparative evaluation of biofilm disinfectant efficacy tests. J. Microbiol.
Methods 2007, 70, 236–244. [CrossRef]

36. Trappetti, C.; Gualdi, L.; Di Meola, L.; Jain, P.; Korir, C.C.; Edmonds, P.; Iannelli, F.; Ricci, S.; Pozzi, G.; Oggioni, M.R. The impact
of the competence quorum sensing system on Streptococcus pneumoniae biofilms varies depending on the experimental model.
BMC Microbiol. 2011, 11, 236–244. [CrossRef] [PubMed]

37. Pérez-Díaz, M.A.; Boegli, L.; James, G.; Velasquillo, C.; Sánchez-Sánchez, R.; Martínez-Martínez, R.E.; Martínez-Castañón, G.A.;
Martinez-Gutierrez, F. Silver nanoparticles with antimicrobial activities against Streptococcus mutans and their cytotoxic effect.
Mater. Sci. Eng. C 2015, 55, 360–366. [CrossRef]

38. Taraszkiewicz, A.; Fila, G.; Grinholc, M.; Nakonieczna, J. Innovative strategies to overcome biofilm resistance. Biomed. Res. Int.
2013, 2013, 150653. [CrossRef]

39. Frade, J.P.; Arthington-Skaggs, B.A. Effect of serum and surface characteristics on Candida albicans biofilm formation. Mycoses
2011, 54, e154–e162. [CrossRef] [PubMed]

40. Mullis, S.N.; Falkinham, J.O. Adherence and biofilm formation of Mycobacterium avium, Mycobacterium intracellulare and
Mycobacterium abscessus to household plumbing materials. J. Appl. Microbiol. 2013, 115, 908–914. [CrossRef]

41. Vidal, J.M.; Miranda, C.D.; De la Fuente, M.; Alarcón, M.; Aroca, G.; Sossa, K.; Ruiz, P.; Urrutia, H. Formation of biofilms of
the salmon pathogen Flavobacterium psychrophilum in differents surfaces using the CDC biofilm reactor. Aquaculture 2020,
514, 734459. [CrossRef]

42. Williams, D.L.; Smith, S.R.; Peterson, B.R.; Allyn, G.; Cadenas, L.; Epperson, R.T.; Looper, R.E. Growth substrate may influence
biofilm susceptibility to antibiotics. PLoS ONE 2019, 14, e0206774. [CrossRef]

43. Waldrop, R.; McLaren, A.; Calara, F.; McLemore, R. Biofilm Growth Has a Threshold Response to Glucose In Vitro. Clin. Orthop.
Relat. Res. 2014, 472, 3305–3310. [CrossRef] [PubMed]

44. Urbance, S.E.; Pometto, A.L., III; DiSpirito, A.A.; Demirci, A. Medium Evaluation and Plastic Composite Support Ingredient
Selection for Biofilm Formation and Succinic Acid Production by Actinobacillus succinogenes. Food Biotechnol. 2003, 17, 53–65.
[CrossRef]

45. Kim, J.; Senadheera, D.B.; Lévesque, C.M.; Cvitkovitch, D.G. TcyR regulates l-cystine uptake via the TcyABC transporter in
Streptococcus mutans. FEMS Microbiol. Lett. 2012, 328, 114–121. [CrossRef]

46. Rhodes, E.R.; Shoemaker, C.J.; Menke, S.M.; Edelmann, R.E.; Actis, L.A. Evaluation of different iron sources and their influence in
biofilm formation by the dental pathogen Actinobacillus actinomycetemcomitans. J. Med. Microbiol. 2007, 56, 119–128. [CrossRef]
[PubMed]

http://doi.org/10.1155/2015/861497
http://www.ncbi.nlm.nih.gov/pubmed/25945115
http://doi.org/10.5812/jjm.16058
http://www.ncbi.nlm.nih.gov/pubmed/25793094
http://doi.org/10.1038/s41429-019-0151-6
http://www.ncbi.nlm.nih.gov/pubmed/30796331
http://doi.org/10.1021/acsinfecdis.7b00183
http://doi.org/10.1016/j.resmic.2020.08.001
http://doi.org/10.1111/lam.13015
http://www.ncbi.nlm.nih.gov/pubmed/29856469
http://doi.org/10.1002/chem.202000354
http://doi.org/10.1007/s10482-012-9736-9
http://doi.org/10.4172/2157-7579.1000374
http://doi.org/10.3390/microorganisms8020216
http://doi.org/10.1016/j.colsurfb.2017.10.050
http://www.ncbi.nlm.nih.gov/pubmed/29096369
http://doi.org/10.1093/jac/dkx265
http://www.ncbi.nlm.nih.gov/pubmed/28961884
http://doi.org/10.1016/j.mimet.2007.04.010
http://doi.org/10.1186/1471-2180-11-75
http://www.ncbi.nlm.nih.gov/pubmed/21492426
http://doi.org/10.1016/j.msec.2015.05.036
http://doi.org/10.1155/2013/150653
http://doi.org/10.1111/j.1439-0507.2010.01862.x
http://www.ncbi.nlm.nih.gov/pubmed/20337936
http://doi.org/10.1111/jam.12272
http://doi.org/10.1016/j.aquaculture.2019.734459
http://doi.org/10.1371/journal.pone.0206774
http://doi.org/10.1007/s11999-014-3538-5
http://www.ncbi.nlm.nih.gov/pubmed/24599648
http://doi.org/10.1081/FBT-120019984
http://doi.org/10.1111/j.1574-6968.2011.02492.x
http://doi.org/10.1099/jmm.0.46844-0
http://www.ncbi.nlm.nih.gov/pubmed/17172526


Pathogens 2021, 10, 1212 15 of 15

47. Jahid, I.K.; Lee, N.-Y.; Kim, A.; Ha, S.-D. Influence of Glucose Concentrations on Biofilm Formation, Motility, Exoprotease
Production, and Quorum Sensing in Aeromonas hydrophila. J. Food Prot. 2013, 76, 239–247. [CrossRef] [PubMed]

48. Nakonieczna, J.; Wozniak, A.; Pieranski, M.; Rapacka-Zdonczyk, A.; Ogonowska, P.; Grinholc, M. Photoinactivation of ESKAPE
pathogens: Overview of novel therapeutic strategy. Future Med. Chem. 2019, 11, 443–461. [CrossRef] [PubMed]
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