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Abstract
Microbial biofilm architecture contains numerous protective features including extracellular
polymeric material that render biofilms impermeable to conventional antimicrobial agents. This
study evaluated the efficacy of antimicrobial photodynamic inactivation (aPDI) of Enterococcus
faecalis biofilms. The ability of a cationic, phenothiazinium photosensitizer, methylene blue (MB)
and an anionic, xanthene photosensitizer, rose bengal (RB) to inactivate biofilms of E. faecalis
(OGIRF and FA 2-2) and disrupt the biofilm structure was evaluated. Bacterial cells were tested as
planktonic suspensions, intact biofilms and biofilm-derived suspensions obtained by the
mechanical disruption of biofilms. The role of a specific microbial efflux pump inhibitor (EPI),
verapamil hydrochloride in the MB-mediated aPDI of E. faecalis biofilms was also investigated.
The results showed that E. faecalis biofilms exhibited significantly higher resistance to aPDI when
compared to E. faecalis in suspension (P < 0.001). aPDI with cationic MB produced superior
inactivation of E. faecalis strains in a biofilm along with significant destruction of biofilm
structure when compared to anionic RB (P < 0.05). The ability to inactivate biofilm bacteria was
further enhanced when the EPI was used with M B (P < 0.001). These experiments demonstrated
the advantage of a cationic phenothiazinium photosensitizer combined with an EPI to inactivate
biofilm bacteria and disrupt biofilm structure.

INTRODUCTION
Photodynamic therapy (PDT) is based on the concept that a certain non-toxic
photoactivatable compound or photosensitizer (PS) can be preferentially localized in certain
tissues and subsequently activated by otherwise harmless light of the appropriate
wavelength. The absorbed photons excite the dye to its reactive triplet state that will then
generate reactive oxygen species (ROS), such as singlet oxygen and superoxide that are
toxic to cells (1). PDT has been used successfully in the treatment of certain tumors and in
ophthalmology for age-related macular degeneration (2,3). Other applications of PDT at a
less developed stage include treatments for psoriasis (4), arthritis (5), atherosclerosis (6) and
restenosis (7) in both veins and arteries. In recent years, antimicrobial photodynamic
inactivation (aPDI) has been proposed as an alternative treatment for localized infections in
response to the ever-growing problem of antibiotic resistance (8–10).

*Corresponding author: Michael R. Hamblin, hamblin@helix.mgh.harvard.edu, Phone: 617-726-6182. Fax: 617-726-8566.

NIH Public Access
Author Manuscript
Photochem Photobiol. Author manuscript; available in PMC 2011 November 1.

Published in final edited form as:
Photochem Photobiol. 2010 ; 86(6): 1343–1349. doi:10.1111/j.1751-1097.2010.00792.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A frequently employed class of antimicrobial PS are the blue dyes known as
phenothiazinium salts, such as methylene blue (MB) (11), toluidine blue O (TBO) (12), and
azure dyes (13). Phenothiazinium salts have phototoxic efficiency against a broad range of
microorganisms (14–16). Presently, the only PS used clinically for antimicrobial treatments
are phenothiazinium salts. The combination of MB or TBO together with red light is used to
disinfect blood products, sterilize dental cavities and root canals and treat periodontitis (17).
However, studies till date have not compared the role of cationic and anionic PS in the aPDI
of bacterial biofilms.

Microbial efflux pumps (MEPs) have become broadly recognized as major components of
microbial resistance to many classes of antibiotics (18). Some MEPs selectively extrude
specific antibiotics while others, referred to as multidrug resistance pumps (MDRs) expel a
variety of structurally diverse compounds with differing modes of action (19). Gram-
positive species mainly have major facilitator type MEPs typified by NorA in
Staphylococcus aureus. It has been suggested that amphipathic cations represent the existing
natural substrates of MEPs (20) and these molecules have been frequently used to study
MEP-mediated efflux. It has been established that disabling MEPs by employing either MEP
mutants or synthetic efflux pump-inhibitors (EPIs) leads to a striking increase in the activity
of a wide array of plant secondary metabolites including natural MEP substrates (21). We
recently showed that phenothiazinium salts, which are structurally characterized as
amphipathic cations, were substrates of MEPs in both gram-positive and gram-negative
species (22) and the use of specific inhibitors of MEP could be used to potentiate aPDI of
planktonic microbial cells (23).

Eradication of microbial biofilms with conventional treatments has been a challenging task
due to the biological complexity of the biofilm structure and the variety of inanimate
surfaces that microbial cells colonize (24,25). There have been an increasing number of
investigations using aPDI to inactivate biofilms (26–29). Enterococcus faecalis, a gram-
positive bacterium, is a member of the commensal human flora and an opportunistic
pathogen implicated as one of the leading causes of nosocomial infections (30,31). E.
faecalis has a predominant role in biofilms formed on biomedical devices (urinary catheters,
central venous catheter, clogged biliary stents) (32) and is directly related to the emergence
of multi-drug resistance (33). The majority of clinical isolates of E. faecalis have the ability
to form mono-species biofilms in vitro (34,35). Although the genetic basis of biofilm
formation by E. faecalis is largely unknown, the enterococcal surface protein (Esp) (34,36),
the transcriptional regulator BopD, the quorum sensing locus fsr (37,38), and gelatinase
(GelE) have all been reported to be involved in promoting biofilm formation (35,39). E.
faecalis is frequently the only surviving bacteria in recurrent root canal infections (40–42).

This study aimed to evaluate the aPDI of two strains of E. faecalis biofilms (OG1RF and FA
2-2) using anionic RB and cationic MB (with and without EPI) and to assess their ability to
inactivate the resident biofilm bacteria and disrupt the biofilm structure. To understand the
response of biofilm bacteria to aPDI, E. faecalis was tested as planktonic/loose cells, as
intact four-day-old biofilms and as biofilm-derived/loose cells obtained by the mechanical
disruption of four-day old biofilms. Testing biofilm bacteria as intact biofilm and after
mechanically disrupting from biofilm structure may help in understanding the role of
biofilm matrix or extracellular polymeric substance (EPS) in aPDI. The role of a specific
microbial EPI, verapamil hydrochloride in the MB-mediated aPDI of E. faecalis biofilms
was also investigated in this study.

Kishen et al. Page 2

Photochem Photobiol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Photosensitizers and light source

All chemicals used in the study were of analytical grade and were purchased from Sigma
Aldrich (St. Louis, MO, USA) unless mentioned otherwise. Stock solutions of MB and RB
were prepared in sterile deionized (DI) water at a concentration of 1 mM and stored for a
maximum of two weeks at 4°C in the dark before use. From the stock solutions, 100 µM
solutions of MB and RB were prepared. The EPI used in this study was verapamil
hydrochloride which was used at a concentration of 100 µM (corresponding to 0.49 mg
mL−1). Verapamil was dissolved in 10 mL of 100 µM MB solution. All three working PS
solutions were stored at 4°C in the dark until further use. A non-coherent light source with
interchangeable fiber bundles (LC122M, CA, USA) was employed. Thirty-nm band pass
filters at ranges 540 ±15 nm for RB and 660 ±15 nm for MB were used. The total power
output provided out of the fiber bundle ranged from 300–600 mW. Power measurements
were quantified with a power meter (Newport, CA, USA).

Bacterial strains and culture conditions
E. faecalis strains OG1RF and FA 2-2 having different biofilm forming capacities were used
in the study (gifted by Dr. Mylonakis, Massachusetts General Hospital, MA, USA).
Bacterial cells were cultured in brain heart infusion (BHI) broth with aeration at 37°C under
shaking conditions in an orbital incubator (100 rpm). Cell growth was assessed with a
spectrophotometer (Shimadzu, Mini 1240, Japan) at 600 nm (OD600). Cells were used for
experiments in the logarithmic growth phase (OD600 ≈ 0.7 or 107 cells mL−1).

Biofilm quantification assay
The biofilm quantification assay was conducted based on a protocol by Mohamed et al. with
modifications (43). E. faecalis (OG1RF and FA 2-2) that had been grown overnight were
diluted 1:100 in trypticase soy broth (TSB) medium and 200 µL of each cell suspension was
dispensed into sterile flat-bottomed 96-well polystyrene plates (Thermo Fisher Scientific,
Denmark). After stationary aerobic incubation at 37°C for 24 hrs, the broth was carefully
aspirated, wells were washed three times with 200 µL phosphate buffered saline (PBS) and
air dried for 30 min at room temperature. The biofilms were then stained with 200 µL of 1%
crystal violet for 30 min, washed again with PBS and the bound crystal violet solubilized in
200 µL of ethanol-acetone (80:20, vol/vol). Thereafter, the optical density (OD) was
measured at 570 nm (OD570) by using a microtiter plate reader (Bio-Tek ELx800, VT,
USA). Each assay was performed in quadruplicate on three occasions for a total of 12
readings for each strain. Wells containing uninoculated medium served as negative controls
to determine the background OD. After subtraction of the mean background OD570 readings,
the 12 readings per strain were averaged to obtain the mean OD570 reading for either strain.

aPDI of biofilms
Four-day old biofilms of E. faecalis were developed in sterile flat-bottomed 24-well
polystyrene plates (Thermo Fisher Scientific, Denmark) using BHI broth as the growth
medium. The biofilms were kept constantly hydrated with the medium changed once in 48
hrs. The growth medium was aspirated from the wells prior to the experiment. Visual
examination revealed biofilm growth on the walls of the wells. The biofilms were then
incubated with either 1 mL of MB, MB + EPI or RB at a concentration of 100 µM at 37°C
in the dark for 15 min. The excess PS was removed using a micropipette. Wells were
irradiated with the non-coherent light source to deliver a fluence range of 10 J/cm2 to 40 J/
cm2 on the surface of the biofilm. During irradiation, the tip of the optical fiber was placed
at the level of the outer edge of the well. Controls included biofilms incubated with PBS
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without calcium and magnesium chloride in the dark (untreated), biofilms incubated with PS
or PS with EPI in the dark (dark toxicity) and biofilms subjected to illumination in the
absence of PS (light alone).

After aPDI treatment, fresh BHI medium was added to the wells and vigorously shaken. The
medium was flushed using a micropipette for mechanically disrupting the biofilms on the
walls of the wells. The multi-well plates were incubated at 37°C for 15 min to allow for the
enrichment of the biofilm bacteria. Samples were serially diluted 10-fold in PBS to give
dilutions of 10−1 to 10−6 times the original concentrations and were streaked horizontally on
square BHI agar plates as described by Jett et al. (44). This allowed a maximum of 7 logs of
killing to be measured. Plates were incubated at 37°C overnight to enumerate the colony
forming units (CFU) mL−1. Survival fractions were expressed as ratios of CFU of bacteria
treated with light and PS to CFU of bacteria treated with neither light or PS (untreated
controls).

aPDI of bacterial suspensions
Towards comparison, experiments were also conducted on planktonic and biofilm-derived
cells of E. faecalis (OG1RF and FA 2-2). For planktonic experiments, 500 µL of bacterial
suspensions were taken in sterile eppendorf tubes, the cells were harvested by centrifugation
for 4 min at 4600 g at 4°C and washed twice in sterile PBS. The cell pellet was harvested by
centrifugation and according to the experimental group, 500 µL of MB or RB (100 µM
concentration) or PBS was added to the samples and incubated at 37°C in the dark for 15
min. The samples were centrifuged again, the supernatant aspirated and the cell pellet was
irradiated at fluence ranging from 2 to 15 J/cm2. Control conditions included incubation
with PBS in the dark, incubation with PS in the dark and illumination in the absence of PS.
Following irradiation, serial dilutions and streaking of aliquots on agar plates was carried
out as described earlier.

For experiments on biofilm-derived cells, four-day old biofilms of each of the two strains
were grown as described previously. The growth medium was aspirated and the wells
containing biofilms were gently washed twice with PBS to remove the planktonic cells.
Sterile PBS was added and the biofilm was disrupted by mechanical flushing. The OD of the
suspension was adjusted to 0.7 at 600 nm that corresponded to 107 cells mL−1. The bacterial
suspensions were taken in sterile eppendorf tubes and the aPDI experiments using MB and
MB + EPI as the PS were conducted in a method similar to the planktonic experiments.

Laser Confocal Scanning Microscopy (LCSM) of biofilms subjected to aPDI
LCSM (Leica Microscopy, Wetzlar, Germany) was used to examine the structure of the E.
faecalis strain OG1RF biofilm before and after aPDI. For better appreciation of the three-
dimensional structure of the biofilm, two-week old biofilms grown on a glass coverslip that
was fixed covering a groove (6 mm diameter) at the bottom of a petri dish using BHI
medium were used. The two-week old biofilms were produced in a similar manner to the
four-day old biofilms used in the earlier experiments with medium changed every 48 hrs for
up to two weeks. Biofilms were incubated with MB or RB at a concentration of 100 µM at
37°C in the dark for 15 min and then illuminated with a non-coherent light source (fluence
of 40 J/cm2) as described previously. Following irradiation, the specimens were gently
rinsed once in sterile PBS. The LIVE/DEAD BacLight Viability kit L-7007 (Molecular
probes, Eugene, OR, USA) contains separate vials of two fluorescent nucleic acid stains -
SYTO 9 and propidium iodide. The dyes were mixed (3 µL) each in 1 mL of DI water
according to the manufacturer’s instructions. LCSM images of the biofilms were obtained
using a Kr/Ar laser as the source of illumination (488 nm excitation wavelength) fitted with
a long-pass 500–523 nm and 622–722 nm emission filter settings for green and red signals,
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respectively. Eight randomly chosen areas from each of the three samples per group were
imaged using 60× water-immersion lenses. The optical sections of the biofilm structure were
recorded and analyzed by using IMARIS 6.3 software (Bitplane Scientific, Zurich,
Switzerland). The three-dimensional images and cross sections through the biofilm were
generated by the software. The software package allowed visualization, segmentation and
interpretation of three-dimensional microscopy datasets. Measurement of the biofilm
thickness and distribution of live (green) and dead (red) cells were assessed by the frame and
new spots option respectively of the IMARIS software package.

Statistical analyses
The aPDI experiments on bacterial suspensions and biofilms were performed in triplicate.
Data points are given as mean ± standard error of the mean (SEM). Statistical tests were
performed using SPSS software (Version 9.0; SPSS Inc., IL, USA). Data were analyzed
using Kruskal-Wallis one-way analysis of variance and Mann-Whitney U-tests. The level of
statistical significance was set at P < 0.05.

RESULTS
Biofilm quantification assay

The results of the biofilm quantification assay using crystal violet are shown in Figure 1.
Both strains of E. faecalis (OG1RF and FA 2-2) had the ability to form biofilm under the
experimental conditions. The two E. faecalis stains were categorized based on the approach
of others (34) as ‘medium biofilm former’ (OD570 1 – 2; OG1RF) and ‘weak biofilm
former’ (OD570 greater than 0.5 but less than 1; FA 2-2). It was observed that between the
two tested strains of E. faecalis, the strain OG1RF formed approximately twice as much
biofilm compared to FA 2-2.

aPDI of biofilms
Figure 2 (A & B) shows surviving bacteria following aPDI of E. faecalis FA 2-2 and E.
faecalis OG1RF biofilms respectively, using MB, MB + EPI and RB as the PS. The survival
fraction at 0 J/cm2 represents the dark toxicity. The dark toxicity of RB was observed to be
higher when compared to MB. There was no significant reduction in the bacterial viability
after exposure to light alone even up to a fluence of 40 J/cm2 (data not shown). All three PS
when combined with light irradiation produced a dose-dependent significant killing of E.
faecalis FA 2-2 and E. faecalis OG1RF biofilms relative to the untreated controls (P < 0.05).
Figure 2(A) shows that aPDI with MB produced roughly 5 logs reduction of E. faecalis FA
2-2 biofilm at 30 J/cm2. aPDI with MB + EPI produced the same degree of bacterial killing
at 20 J/cm2 while aPDI with RB required 35 J/cm2 to produce the same result. Figure 2(B)
shows that aPDI with MB produced over 5 logs reduction of E. faecalis OG1RF biofilm at
30 J/cm2 while aPDI with MB + EPI produced the same degree of bacterial killing at 10 J/
cm2. There was no conspicuous difference in the aPDI of E. faecalis OG1RF biofilm
between RB and MB. Addition of an EPI with MB significantly increased the aPDI of
OG1RF biofilms compared with the use of MB alone (P < 0.001). Overall, among the three
PS groups tested, aPDI using MB + EPI produced the maximum bacterial reduction in four-
day old E. faecalis biofilms.

aPDI of bacterial suspensions
The results of aPDI experiments comparing MB and RB on E. faecalis OG1RF and E.
faecalis FA 2-2 planktonic cells are shown in Figure 3. MB was found to be very effective
in inactivating planktonic cells with 100% killing seen at the lowest tested fluence of 2 J/
cm2 relative to the untreated controls (P < 0.001). RB on the other hand, required a fluence
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of 15 J/cm2 for complete killing. The effect of light alone on bacterial viability was found to
be insignificant.

The results of the aPDI experiments on biofilm-derived cells comparing MB and a
combination of MB + EPI are shown in Figure 4. It was seen that the dark toxicity of MB
whether or not combined with EPI was high on these biofilm-derived cells (survival fraction
at 0 J/cm2). Four logs of dark toxicity were seen for E. faecalis OG1RF biofilm-derived cells
and three logs of dark toxicity for E. faecalis FA 2-2 biofilm-derived cells.
Photosensitization with MB + EPI produced about 3 logs further reduction of OG1RF cells
at a fluence of 5 J/cm2, while MB alone produced around 2 logs further reduction in OG1RF
cells at the same fluence. Photosensitization with MB + EPI resulted in approximately 2 logs
further reduction of FA 2-2 cells at 5 J/cm2, while the same fluence produced only around 1
log further reduction in FA 2-2 cells with MB. As seen with planktonic cells, the effect of
light alone on bacterial viability was found to be insignificant. Interestingly, the light-
mediated killing in the presence of the PS was intermediate between that seen for planktonic
cells and intact biofilms. There was potentiation of bacterial killing in the presence of the
EPI and it appeared that this potentiation was somewhat greater for the strain OG1RF than it
was for the strain FA 2-2.

LCSM of biofilms subjected to aPDI
The crystal violet based quantitative assay was used to re-confirm the biofilm forming
capacity of E. faecalis strains OG1RF and FA 2-2. It was evident from this assay that E.
faecalis strain OG1RF formed greater amount of biofilm when compared to E. faecalis
strain FA 2-2 (Figure 1). Hence, in order to observe the effect of aPDI on the biofilm
structure, experiments were conducted on the strain OG1RF. The multilayered E. faecalis
biofilm structure formed by OGR1F strains on the petri dishes is shown in Figure 5 A. The
viable cells are indicated by green, the dead cells by red and the intermediate areas by
yellow. There were both viable and dead cells distributed within the biofilm structure, with
generally more viable cells on the outer surface of the biofilm, and more dead cells in the
inner aspects of the biofilm. The average thickness of the control (untreated) biofilm was 22
µm. PS alone and light irradiation alone did not bring about significant inactivation of the
resident bacteria or disruption of the biofilm structure (not shown). aPDI with RB as the PS
did not produce substantial destruction of the biofilm structure (average thickness 15 µm),
nor did it result in a considerable reduction in the number of viable cells in the biofilm
(Figure 5 B). On the other hand, aPDI with MB as the PS produced a greater destruction of
the biofilm structure (average thickness of 11 µm) along with increased killing of resident
bacterial cells (Figure 5 C). The viable to dead cell ratio of bacteria determined from the
LCSM images showed significant differences between the control group and aPDI with MB
group (P < 0.001). There was also a significant difference between the aPDI with RB group
and aPDI with MB group (P < 0.05). The control group showed the greatest number of
viable cells while aPDI with MB resulted in the least number of viable cells along with a
maximum increase in dead cells.

DISCUSSION
Present-day treatments of bacterial infections are based on compounds that aim to kill or
inhibit the growth of bacteria. Two problems are recognized to be intrinsically associated
with this approach: (A) the frequently observed development of resistance to antimicrobial
compounds and (B) the fact that all therapeutics are considerably less effective on bacteria
growing as biofilm structures when compared with free-floating planktonic cells. The use of
planktonic cultures for antimicrobial testing usually gives highly effective kills that do not
correlate with clinical findings (45). Compared to bacteria in suspension, the behavior of
bacteria in biofilms is notably different and should be accounted for in laboratory tests (46).
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Bacteria in biofilms are also reported to respond differently depending on their growth
phase, the concentration and the frequency of exposure to the antimicrobial agent (47),
which may be more clinically relevant. This is of particular importance as evidence has
accumulated over the past few years that most chronic and recalcitrant bacterial infections in
endodontic infections involve biofilms. Earlier studies have highlighted the inability of
antibiotic combinations at larger than minimal inhibitory concentration (MIC) or minimum
bactericidal concentration (MBC) for extended period did not eradicate biofilm structure
(48). Inability to completely eradicate biofilm structures in proximity to host immune cells
will result in persistent infection and/or subsequent re-establishment of infection, with
probably more treatment-resistant resident bacteria.

aPDI relies on the formation of ROS, mostly singlet oxygen, to kill bacteria. However, the
ability of ROS generated during aPDI to disrupt biofilm structures has not been studied in
detail. The process of disrupting biofilm structure by aPDI can be expected to depend upon
the interaction of PS with the resident bacteria and biofilm structure. This is generally
influenced by the physico-chemical characteristics of the biofilm structure, resident bacteria
and PS. Consequently, experiments in this study were conducted not only to evaluate the
ability of a cationic phenothiazinium dye MB (with and without the EPI) and an anionic
xanthene dye RB to kill biofilm bacteria but also to disrupt biofilm structure. The
comparative experiments on planktonic and biofilm-derived cells showed that the order of
susceptibility to aPDI was of the order: planktonic cells > biofilm-derived cells > biofilm. It
was observed from this study that aPDI with MB as the PS produced superior ability to
inactivate E. faecalis strains in a biofilm state than RB.

Further, we observed that the ability to inactivate biofilm bacteria was significantly
enhanced when an EPI was used along with MB. Kvist et al. reported that efflux pumps are
highly active in bacterial biofilms, thus making efflux pumps attractive targets for anti-
biofilm measures (49). Zhang and Mah also reported that efflux pumps are more highly
expressed in biofilm cells than their planktonic counterparts (50). We have previously
reported that phenothiazinium PS such as MB are substrates of efflux pumps in gram-
positive species such as S. aureus, as well as gram-negative species such as Escherichia coli
and Pseudomonas aeruginosa (22). Studies have shown that S. aureus principally expresses
major facilitator type efflux pumps such as NorA and QacA (51). More recently, we have
also shown that aPDI of S. aureus with MB could be potentiated by combination with
known inhibitors of NorA such as the diphenyl urea IN271, reserpine and
5’methoxyhydnocarpin (23). E. faecalis however has been reported to express efflux pumps
of the ATP-binding cassette (ABC) class rather than major facilitator class efflux pumps
(52). Verapamil is a calcium channel blocker, which has been shown to also act as an
inhibitor of P-glycoprotein and related multi-drug efflux pumps in cancer cells. Cancer
associated efflux pumps are members of the ABC class, and verapamil has been reported to
inhibit ABC efflux pumps in several species of bacteria (53).

Analysis of bacterial biofilms by LCSM yielded stacks of digital images that can be
combined to give a three-dimensional view of the biofilm. The LSCM analysis showed the
presence of multilayered mono-species biofilms formed by E. faecalis prior to and following
aPDI with MB and RB. There was a conspicuous difference in the bacterial viability
following aPDI with MB and RB compared to the untreated biofilm. It was found that aPDI
with RB did not produce a substantial destruction of biofilm structure, while aPDI with MB
was able to damage the biofilm structure to a greater extent. It should be noted that the CFU
based aPDI experiments that were conducted on four-day old biofilms, demonstrated a
significant bacterial killing with RB. However, it is important to realize that though RB can
produce significant killing of E. faecalis in planktonic suspensions and four-day old
biofilms, the ability to kill E. faecalis in two-week old biofilms was noticeably lesser than
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that of MB. The reason for this could be directly related to the EPS associated with biofilms.
The basis for this explanation is a study by Gad et al. who reported that the characteristics of
extracellular slime plays a significant role in determining the binding and intracellular
penetration of PS that vary in charge (11). They showed that the uptake of an anionic PS
was higher in slime producing strains of gram-positive bacteria than the mutants while the
killing was much less. It has been suggested that the EPS associated with the biofilm could
increase the binding of cationic or anionic PS molecules but at the same time could hinder
their penetration to more sensitive intracellular locations. The inferior performance of
anionic RB during aPDI of E. faecalis biofilms may be explained by the EPS trapping the
PS on the outside of the cell due to ionic or hydrophobic interactions. In addition to this, the
teichoic acids give the gram-positive cell wall an overall negative charge due to the presence
of phosphodiester bonds between teichoic acid monomers and this could promote
electrostatic repulsion with the negatively charged RB. Both these factors could thereby
reduce the amount of PS penetrating to the plasma membrane which is known to be a major
site for the damage attributed to aPDI. Therefore, although anionic RB may accumulate well
within the biofilm structure, it lacks the positive charge needed to gain deeper penetration in
order to produce a high magnitude bacterial killing and structural damage to the biofilm.
Another reason could be that the PS trapped within the EPS could act as an optical shield by
absorbing the photons and generating harmless ROS outside the cell while reducing the
photons reaching the PS within the cell (11).

The present findings showed that E. faecalis biofilms exhibited significantly higher
resistance to aPDI when compared to E. faecalis in suspension. The biofilms of the E.
faecalis strains subjected to aPDI with cationic MB as the PS produced superior inactivation
of bacteria along with significant destruction of biofilm structure when compared to anionic
RB. Furthermore, the addition of EPI to MB enhanced the MB uptake by the bacterial cells,
which further enhanced the efficacy of aPDI with MB to eliminate E. faecalis biofilms.
These experiments highlighted the advantage of cationic phenothiazinium PS with EPI to
inactivate biofilm bacteria and disrupt biofilm structure.
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Figure 1.
Average absorbance values obtained with the crystal violet biofilm quantification assay of
two strains of E. faecalis biofilms. Data represent mean ± SD of twelve readings.
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Figure 2.
aPDI of biofilms of E. faecalis. (A) Strain FA 2-2 (B) Strain OG1RF. Biofilms were
incubated with 100 µM concentration of the PS for 15 min followed by light irradiation. The
survival fraction at 0 J/cm2 indicates the dark toxicity.
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Figure 3.
aPDI of planktonic suspensions of E. faecalis strains OG1RF and FA 2-2. Cells were
incubated with 100 µM concentration of the PS for 15 min followed by light irradiation. The
survival fraction at 0 J/cm2 indicates the dark toxicity.
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Figure 4.
aPDI of biofilm-derived cells of E. faecalis strains OG1RF and FA 2-2. Cells were
incubated with 100 µM concentration of the PS for 15 min followed by light irradiation. The
survival fraction at 0 J/cm2 indicates the dark toxicity.
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Figure 5.
The three-dimensional LCSM reconstruction of E. faecalis biofilms subjected to aPDI (inset
shows the sagittal section). (A) The untreated biofilm (B) The biofilm incubated with 100
µM RB followed by irradiation at 40 J/cm2 (C) The biofilm incubated with 100 µM MB
followed by irradiation at 40 J/cm2. (The colors represent: green = viable, red = dead, yellow
= intermediate).
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