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A B S T R A C T

Background: Antibacterial photodynamic therapy (aPDT) has been proposed as an alternative strategy to in-
activate bacteria. This study was designed to investigate the antibacterial effect of a novel photosensitizer S-
Porphin sodium (S-PS) on plankton and biofilm cultures of Staphylococcus aureus (S. aureus) and its multiple drug
resistance strain S. aureus (MDR S. aureus).
Methods: The plate counting method was used to evaluate the antimicrobial effect of S-PS-aPDT. The bacterial
viability was detected by SYTO9/PI. The intracellular reactive oxygen species (ROS) generation was estimated
by electron spin resonance spectroscopy and flow cytometry. The destruction of bacteria and biofilm was ob-
served by scanning electron microscope (SEM) and atomic force microscope (AFM), respectively.
Results: The aPDT induced antibacterial effect in S. aureus and MDR S. aureus was S-PS concentration- and light
dose-dependent. S. aureus exhibited much higher sensitivity to aPDT than MDR S. aureus, regarding to cell
killing, ROS level, as well as morphological damages under AFM observation. When pretreated with the efflux
pump inhibitors (EPIs), the intracellular uptake of S-PS in MDR S. aureus increased and the coupled aPDT
produced significantly enhanced antibacterial efficiency.
Conclusion: S-PS-aPDT exhibited excellent bactericidal activity in plankton and biofilms. S-PS might be a good
candidate for using in PDT anti-bacterial field. The introduction of EPIs could effectively improve the killing
effect of MDR S. aureus.

1. Introduction

Staphylococcus aureus (S. aureus) is a common bacterium that causes
a variety of life-threatening infections such as pneumonia, sepsis, ec-
thyma, impetigo, etc [1,2]. S. aureus has high toxicity and intrinsic
multi-drug resistance, which is refractory to medical therapy.

The “antibiotic era” starts with the discovery of penicillin, strepto-
mycin, chloramphenicol, and tetracycline [3], and all of them have
saved the lives of most patients. However, with the development of
modernization, the abuse of antibiotics increases the number of re-
sistant bacteria in worldwide. According to the Centers for Disease
Control and Prevention (CDC), there are at least two millions Americans
suffering severe antibiotic-resistant infections each year, which result in
23,000 deaths annually [4]. There are many mechanisms for explaining
bacteria resistance to antibiotics, the presence of efflux pumps and the
formation of bacterial biofilm are two important factors among them.
Efflux pumps belong to the transmembrane efflux systems, which serve
to pump noxious compounds from microbial cell [5,6]. At present, MFS

and MATE are two reported efflux pumps in MDR S.aureus, which de-
pend on the changes of ion potential energy to efflux harmful sub-
stances that absorbed by MDR S. aureus [6,7]. Bacterial biofilm (BF)
refers to the way in which bacteria adhere to the surface of non-living
or active tissues and is wrapped in a heterogeneous polymeric matrix
produced by themselves [8]. The main components of BF include
polysaccharide intercellular adhesin (PIA), extracellular DNA (eDNA)
and the like. Among them, eDNA supports the structure of biofilm, and
PIA plays an adhesion role in the BF [9]. BF builds a natural barrier
protecting bacteria from external stresses. So the occurrence of BF and
bacterial drug-resistance account for the unsatisfactory therapeutic ef-
ficacy of clinical infections. It is a top priority that exploring new ap-
proaches to combat bacteria without producing drug-resistance.

A number of new strategies have been developed to treat bacterial
infections, such as metal nanoparticles, cationic polymers, peptidogly-
cans, nanocarriers, photothermotherapy (PTT), and photodynamic
therapy (PDT) [10]. The eradication of bacteria by PDT, called anti-
microbial photodynamic therapy (aPDT), holds a special place among
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the alternatives to antibiotics [11]. aPDT is based on the excitation of
photosensitizer (PS) upon illumination and the formation of reactive
oxygen species (ROS) during the process. ROS attack the cellular mul-
tiple targets including membranes, lipids, proteins, and DNA, then
leading to cytoplasm leakage, degradation, and cell death [12]. The
non-specific targets of ROS contribute to the advantages of aPDT, which
initiate multiple death-signal pathways, producing killing effects in-
dependent of antibiotic resistance. Besides, the repetition of aPDT
therapy is highly spatial-controllable without cumulative toxicity [10].

PS is an important part of aPDT. Previous studies have shown a
variety of PSs with high photo-toxicity and high yield of 1O2, such as 5-
ALA, HPPH, PpIX, etc. [13–15]. Although some of them exhibit obvious
antibacterial effects, there still exist many shortcomings, such as low
water solubility, serious side effects and so on [11]. A new photo-
sensitizer S-Porphin sodium (S-PS), was developed recently according
to the optimization of HPPH (an FDA-approved PS). S-PS overcomes the
poor solubility of HPPH in physiological environment and could be an
ideal PS with high water solubility and low dark-toxicity [16]. Im-
portantly, S-PS has the characteristics of high purity and easy extrac-
tion. We previously showed that S-PS exhibited significant antitumor
effect under photo-stimulation [16], showing high potential photo-
activity. Here, we aimed to explore the possible antibacterial effects and
mechanisms of S-PS mediated aPDT (S-PS-aPDT) in S. aureus as well as
in MDR S. aureus, hoping to provide evidence for using S-PS-aPDT as an
alternative strategy for combating antibiotic resistance in bacterial in-
fections (Fig. 1). Moreover, we also comparatively analyzed the pos-
sible reason for the different response efficiency between S. aureus and
MDR S. aureus after the same PDT treatment. Our findings suggest that
S-PS-aPDT produced significant killing effects on planktonic bacteria
and biofilms of S. aureus, and such antibacterial efficacy in MDR S.
aureus could be greatly enhanced by the presence of efflux pump in-
hibitors. We believe this work is of great importance to the indications
and potent clinical applications of S-PS phototherapy.

2. Materials and methods

2.1. Bacterial strain and culture condition

S. aureus (CMCC 260003) and MDR S. aureus (ATCC 29213) were

provided by the Shaanxi Provincial Institute of Microbiology (Xi’an,
China). Both of them were stored at -80 ℃ as glycerol stocks. During
resuscitation, the frozen strain was placed in water at 37 ℃ and then
inoculated on Trypticase Soy Agar (TSA, Aobox biotechnology, Beijing,
China). After incubation for 24 h at 37 ℃, a single colony on TSA
medium was picked and cultivated overnight in Tryptica Soy Broth
(TSB, Aobox biotechnology, Beijing, China). The bacterial suspension
was suspended in PBS to a concentration of 2×108 CFU/ml prior to
treatment.

2.2. Reagents

S-PS was kindly provided by Guilin Huiang Biochemical
Pharmaceutical Co., Ltd (Guilin, China). 2′,7′-
Dichlorodihydrofluorescein diacetate (H2-DCFH-DA) and SYTO 9
fluorescent dye were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Propidium iodide (PI) was obtained from the Sigma Aldrich
(St Louis, MO, USA). 2, 2, 6, 6-tetramethylpiperidine (TEMPO), 5, 5-
dimethyl-1-pyrroline-N-oxide (DMPO), reserpine, and carbonyl cyanide
3-chlorophenylhydrazine (CCCP) were purchased from Sigma Aldrich
(St Louis, MO, USA).

2.3. Uptake of S-PS in S. aureus /MDR S. aureus

At first, the optimal drug uptake in bacteria was determined by
alkaline lysis method according to the fluorescence intensity of S-PS.
The alkaline lysis is a method for rapidly detecting drug enrichment in
bacteria [17]. In brief, bacteria and S-PS (2 μg/ml) were incubated in
the dark, and 1ml sample was taken every 20min. All samples were
washed twice with PBS, centrifuged to remove the supernatant, then
added buffer I (50mM Glucose, 25mM Tris-Hcl, 10mM EDTA) and
mixed for 2min. After lysis Buffer II (0.2M NaOH, 1% SDS) was added
and fully mixed, samples were centrifuged for 5min. The supernatant of
each sample was added to the 96-well plate and the fluorescence was
recorded by using a spectrophotometer with the excitation wavelength
at 400 nm. The relative fluorescence intensity was represented as Ft
(after adding S-PS at time t) minus F0 (before adding S-PS). Next, we
also visibly observed the accumulation of S-PS in S. aureus/MDR S.
aureus by fluorescence microscope. Briefly, bacterial suspensions were
incubated with S-PS in dark for 40min, and washed twice with PBS,
then visualized under fluorescence microscopy (Axio Imager M2; Carl
Zeiss Meditec, Jena, Germany).

2.4. Photodynamic treatment

S. aureus/MDR S. aureus were suspended in PBS to a concentration
of 2× 108 CFU/ml, then incubated with S-PS (0.5, 1 and 2 μg/ml) at 37
℃ in the dark. After incubated for 40min, samples were irradiated with
different doses of light (5, 10, 15 J/cm2) with an excitation of 650 nm
(NingJu photoelectric technology limited company, Xi’an, China). 1 h
later, sample was diluted by gradient, and 100 μl of each was smeared
on the solid agar plate and incubated for 24 h at 37 ℃. After that, the
CFU (colony forming unit) was counted with at least three repeats. The
S-PS alone without light exposure was used for reference.

2.5. Bacterial viability assay

In this study, the viability of S. aureus/MDR S. aureus was assessed
by SYTO 9/PI double staining. SYTO 9 produces a strong green fluor-
escence when bound to DNA and a low intrinsic fluorescent signal when
unbound [18]. PI is usually to identify dead cells with disrupted
membrane. When both dyes are present, PI exhibits a stronger affinity
for nucleic acids than SYTO 9, and hence, SYTO 9 is displaced by PI
[19]. Therefore, the double staining of SYTO 9/PI has been used to
quantify the viable and dead cells in photodynmaic antibacterial re-
search. The bacteria were divided into six groups, including control, S-

Fig. 1. Schematic diagram of S-PS combined with photodynamic therapy for
killing S. aureus/MDR S. aureus.
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PS alone, light alone and S-PS-aPDT group (1 μg/ml S-PS; 5, 10, 15 J/
cm2 light). After different treatment, SYTO 9/PI were added in se-
quence and the mixture was evenly mixed at 37 ℃ in the dark and
incubated for 15min. Samples were then detected by flow cytometry
and fluorescence microscopy.

2.6. Inhibition of the bacterial efflux pumps

Efflux pump inhibitors (EPIs) have been used to increase the accu-
mulation of antimicrobial agents in bacteria [20]. This study used two
EPIs (reserpine and CCCP) to decrease the efflux of S-PS in MDR S.
aureus. In order to explore the uptake of S-PS in MDR S. aureus with or
without EPIs pre-incubation (20 μg/ml reserpine and 0.1mmol/ml
CCCP), alkaline lysis was performed at different time points (0, 20, 40,
60, 80, 100min) after S-PS addition. Samples were detected as afore-
mentioned spectrophotometry. Next, the viability of MDR S. aureus and
S. aureus with or without EPIs pretreatment before aPDT was also
measured by plate count assay.

2.7. Intracellular ROS level

H2-DCFH-DA can freely traverse through the cell membrane after
being incubated with bacteria. After entering the cell, H2-DCFH-DA can
be hydrolyzed into DCFH by the esterase and remained in the cell.
DCFH can be oxidized to a green fluorescent substance DCF, upon ex-
cessive ROS and the fluorescence intensity of DCF is proportional to
ROS production [21]. In general, S. aureus/ MDR S. aureus were in-
cubated with 1 μg/ml S-PS for 40min, then treated with different light
doses of PDT (4, 6, 8 J/cm2). After that, 10mM of H2-DCFH-DA was
added to each group and incubated for 30min. Then, samples were
washed and immediately detected by flow cytometry (Novo Cyte; ACEA
Biosciences, San Diego, CA, USA).

2.8. ESR detection

Free radicals have been characterized by electron spin resonance
(ESR) spectroscopy coupled with spin trapping. The free radical traps
commonly used in ESR are TEMPO, DMPO and so on. TEMPO mainly
captures singlet oxygen [22], while DMPO can capture superoxide and
hydroxyl radicals [23]. In this study, we used TEMPO and DMPO as free
radical traps and performed ESR characterization on a Bruker EMX
electron paramagnetic resonance spectrometer immediately post aPDT
(2 μg/ml S-PS, 15 J/cm2). As controls, the TEMPO and DMPO without
light were tested for comparison.

2.9. AFM monitoring bacterial morphology

In the preparation of AFM (atomic force microscope) samples, we

centrifuged the bacterial of control group and S-PS-aPDT group (2 μg/
ml S-PS; 15 J/cm2) at 9000 rpm for 5min, then discarded the super-
natant and resuspended residual bacterial in 50 μl PBS and coated them
on new mica plates. The plates were fixed with 1.5% glutaraldehyde for
5min, then washed with ultrapure water and air dried. We used tapping
mode in AFM (Dimension ICON, Bruker AXS, USA) to obtain high re-
solution images of individual bacterial morphology before and after S-
PS-aPDT. The statistic data of vertical height based on AFM analysis
software (NanoScope Analysis 1.5) were also obtained as reported [24].

2.10. Photodynamic inactivation of S. aureus/MDR S.aureus biofilms

Scanning electron microscope (SEM) was used to observe the da-
mage of S. aureus/MDR S. aureus biofilms after S-PS-aPDT. We estab-
lished an in vitro biofilm model according to previously published
methods [25,26]. Simply, S. aureus and MDR S. aureus were grown
overnight on LB agar and resuspended in TSB with overnight culture.
After that, 2 ml of bacteria suspension was added in the 24-well plate at
a density of 2×108 CFU/ml in TSB, allowing bacteria further grew in
the stationary plate overnight at 37 °C. After biofilm formation, we
performed aPDT treatment which divided into the control group, S-PS
alone, light alone and aPDT group (10 μg/ml S-PS; 5, 10, 15 J/cm2

light). After different treatment, the bacteria biofilm was washed with
PBS and fixed with 2.5% glutaraldehyde in PBS (pH 7.2) at 4℃ for 4 h,
then dehydrated with gradient ethanol (30%, 50%, 70%, 80%, 95%,
100%) for 10min each time. Ethanol was then replaced by isoamyl
acetate in different proportions. Finally, the samples were dried at the
critical point, gold evaporated, and observed under a SEM (S-3400N,
Hitachi, Japan).

2.11. Statistical analysis

All experiments were performed at least three times and all data are
expressed as the mean ± standard deviation (SD). A value of p <
0.05 was considered to be significant.

3. Results

3.1. Uptake of S-PS in S. aureus / MDR S. aureus

To confirm the role of S-PS in the treatment of S. aureus/MDR S.
aureus, we examined the uptake of S-PS in bacteria by fluorescence
microscopy and alkaline lysis. Fig. 2A shows that under the same
conditions, S-PS red fluorescence could be seen in S. aureus and MDR S.
aureus after incubation for 40min, and the former was much brighter
than the later. Fig. 2B shows the fluorescence intensity of S-PS in S.
aureus increased with incubation time and reached maximum at ap-
proximately 40min. Similar uptake of S-PS was also found in MDR S.

Fig. 2. Uptake of S-PS by S. aureus/ MDR S.aureus. (A) Uptake of S-PS in S. aureus/MDR S.aureus at 40min by microscope.(B) The fluorescence intensity of S-PS in S.
aureus and MDR S.aureus. Data shown are mean ± SD of three independent experiments.
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aureus, and the uptake of S-PS in MDR S. aureus was 2.67-fold lower
than that in S. aureus at 40min.

3.2. The toxicity of S-PS-aPDT in bacteria

The dark toxicity of S-PS in S. aureus/MDR S. aureus was examined
by colony counting method. It can be seen from Fig. 3A that there was
no obvious damage of S. aureus/MDR S. aureus with S-PS concentrations
ranging from 0.5 μg/ml to 50 μg/ml. While, the bacterial growth den-
sity gradually decreased as light dose increased, with the presence of
2 μg/ml S-PS (Fig. 3B). S. aureus decreased by 4.7-log under 15 J/cm2

light compared with the initial bacterial concentration, and MDR S.
aureus decreased by 2-log under 15 J/cm2 light. We also studied the
dose-dependence of S-PS on aPDT efficiency, which showed a positive
correlation between them. In the presence of 2 μg/ml S-PS, 3.01-log of
S. aureus viability was reduced after aPDT (10 J/cm2), while MDRS.
aureus decreased by 1.65-log (Fig. 3C). In a word, S-PS-aPDT has a
significant antibacterial activity in S. aureus and MDR S. aureus.

3.3. Bacterial viability using SYTO 9/PI

The viability of S. aureus and MDR S. aureus after S-PS-aPDT were
evaluated by SYTO 9/PI double staining. Under the fluorescence mi-
croscope, S. aureus in control group showed viable cells with green
fluorescence and almost no red fluorescence. Compared with control, S-
PS alone and light alone showed no difference, while the green fluor-
escence in the aPDT treated group was significantly decreased in a light
dose-dependent manner. When bacteria were treated with 15 J/cm2

light plus 1 μg/ml S-PS, almost all the cells were stained with PI with
barely stained with SYTO 9. Similar phenomenon was also found in
MDR S.aureus. Compared with S.aureus, it was found that the green
fluorescence of MDR S.aureus was much more than that of S.aureus
under the same treatment conditions (Fig. 4A). Meanwhile, the data
from flow cytometry show that the red fluorescence in the treated S.
aureus/MDR S. aureus increased gradually while the green fluorescence
decreased gradually (Fig. 4B). The results indicate that S-PS-aPDT could
damage bacteria, and the higher the irradiation dose, the more serious
damage of bacteria.

3.4. Inhibition of bacterial efflux pumps in S-PS-aPDT

In order to investigate the difference between S. aureus and MDR S.
aureus after S-PS-aPDT treatment, we used efflux pump inhibitors (EPIs)
to suppress the efflux of S-PS in MDR S. aureus. It was found that the
uptake of S-PS in MDR S. aureus was significantly increased after the
addition of EPIs, which was about 1.3-folds higher than without EPIs
(Fig. 5A). Moreover, the S-PS-aPDT induced antibacterial effect was
obviously enhanced with the presence of EPIs in MDR S.aureus
(Fig. 5B). However, there is no significant change in the CFU of S-PS-
aPDT-treated S. aureus before and after adding EPIs (Fig. 5C).

3.5. Intracellular ROS generation and ESR detection

The intracellular ROS production of S. aureus/MDR S. aureus treated
with aPDT was measured by flow cytometry. Fig. 6A shows the in-
tracellular ROS levels in S. aureus after aPDT were significantly in-
creased by 43.74% (p < 0.05), 67.04% (p < 0.05) and 71.11% (p <
0.01) when the light dose was 4, 6, and 8 J/cm2, respectively. Similarly,
the intracellular ROS production in MDR S. aureus after aPDT were
increased by 9.23% (p < 0.05), 19.86% (p < 0.05) and 34.03%
(p < 0.01) when the light was 4, 6, and 8 J/cm2 (Fig. 6B). The ROS
production of S. aureus under the same PDT conditions was significantly
higher than that of MDR S.aureus(p<0.01) (Fig. 6C).

Additionally, in order to investigate the types of ROS produced by
the photo-excited S-PS, ESR spectrum was scanned in S-PS solution with
or without light exposure. We used TEMPO and DMPO as traps and
results indicate the 1O2 signal acquisition by TEMPO was very high and
obvious, while the DMPO signal was relatively lower, suggesting 1O2

yields during S-PS-aPDT (Fig. 7).

3.6. AFM observation of bacteria after S-PS-aPDT

To confirm the cell killing effect of S-PS-aPDT, we used AFM to
observe the morphological changes of bacteria. As shown in Fig. 8, the
untreated S. aureus and MDR S. aureus showed typically near-spherical
structures. While, both S. aureus and MDR S. aureus after aPDT showed
a clear hollow in the bacterial surface. From the processing of AFM
analysis software, the surface average roughness (Ra) was significantly
increased (Table 1). The above results indicate the cell wall damage and
intracellular contents release after S-PS-aPDT. In addition, from the
analysis of height changes, it can be seen that the damage of S. aureus
was more serious than that of MDR S.aureus, the collapse depth in the
former was higher than in the latter (188.936 nm vs 146.029 nm,
Fig. 8).

3.7. Photodynamic inactivation of bacterial biofilms

In order to estimate the effect of S-PS-aPDT on the structure of
bacterial biofilm, SEM was used to observe the morphological changes
of bacterial biofilms. As shown in Fig. 9, the bacterial biofilm of the
control group exhibited a dense structure in which the aggregation was
stacked. The biofilm of MDR S. aureus showed much more dense
structure than that of S. aureus (Fig. 9B). Nevertheless, with the increase
of light dose, the structure of MDR S. aureus/S. aureus biofilm became
gradually loose. Under a 15 J/cm2 light with 10 μg/ml S-PS, MDR S.
aureus/S. aureus had no typical biofilm structure and presented sepa-
rately (Fig. 9). The results suggest that S-PS combined with PDT could
destroy the adhesion between bacteria and had an obvious killing effect
on MDR S. aureus/S. aureus biofilms.

Fig. 3. The toxicity of S-PS-aPDT in bacteria.
(A) Dark toxicity of S-PS on S. aureus/MDR S.
aureus. The S. aureus/MDR S. aureus were in-
cubated with different concentrations of S-PS
in the dark for 6 h. (B) S. aureus and MDR S.
aureus were incubated with 2 μg/ml S-PS for
40min and exposed to different dose of light.
(C) S. aureus/MDR S. aureuswere incubated
with different dose of S-PS and irradiated by
10 J/cm2. Data are expressed as mean ± SD of
three independent experiments. **p < 0.01 vs
Control. #p < 0.05, between groups.
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4. Discussion

S.aureus has strong pathogenicity and is easily to develop drug re-
sistance, which weaken antibiotic treatment and restrict the applica-
tions and outcomes of antibiotics [27,28]. aPDT is a promising anti-
bacterial strategy by combination with a photosensitizer and an ap-
propriate light exposure [29]. PS is the key factor of aPDT [30]. S-PS
used in this study has been proved to be a good PS in PDT antitumor
therapy [16]. However, S-PS has not been reported for bacterial in-
fections. Therefore, the present study aimed to explore the antibacterial
effects of S-PS-aPDT on S. aureus and MDR S. aureus. We demonstrated
that S. aureus/MDR S.aureus could be inactivated effectively by S-PS-
aPDT. S-PS had no dark toxicity and the threshold concentration of S-PS

required for achieving a significant reduction in bacterial survival at
light doses of 5–15 J/cm2 was 2 μg/ml.

Meanwhile, it was found that the two strains exhibited distinct re-
sponse to S-PS-aPDT treatment. The results suggest the cellular uptake
of S-PS in MDR S. aureus was obviously lower than that in S. aureus
(Fig. 2), which may cause the inferior PDT efficacy. Our results are
consistent with others’ study. It was reported that the uptake of me-
thylene blue in multidrug resistant bacteria was lower than that in
common bacteria, thus resulted in inefficient killing of resistant bac-
teria [31,32]. The possible explanations could be due to the high
abundance of efflux pumps on the surface of MDR strains which pump
toxic substances from microbial cells [33]. In order to confirm the
above proposal, we added two commonly used efflux pump inhibitors

Fig. 4. Bacterial viability using SYTO 9/PI staining. (A) Fluorescence microscopy illustrated bacterial viability after different treatment. (B) Flow cytometry detected
bacterial viability after different treatment. (aPDT:1 μg/ml S-PS; 5 J/cm2, 10 J/cm2, 15 J/cm2 light, respectively).

Fig. 5. Inhibition of bacterial efflux pumps in
S-PS-aPDT. (A) The uptake of S-PS in MDR S.
aureus with or without the addition of EPIs
(20 μg/ml reserpine and 0.1 mmol/ml CCCP).
(B) The phototoxicity of MDR S. aureus with or
without EPIs pretreatment. MDR S. aureus were
preincubated with EPIs and then exposed to S-
PS-aPDT (2 μg/ml S-PS). (C) The phototoxicity
of S. aureus with or without EPIs pretreatment.
S. aureus were preincubated with EPIs, and
then exposed to S-PS-aPDT (2 μg/ml S-PS).
Data are expressed as mean ± SD of three
independent experiments. **p < 0.01 vs
Control. #p < 0.05, ##p < 0.01 between
groups.
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(reserpine+CCCP) to MDR S.aureus before the treatment of S-PS-
aPDT. The result showed that after the addition of EPIs, the uptake of S-
PS by MDR S. aureus had a modest increase and the antibacterial effect
was also significantly improved. While, the same experiment in S.
aureus did not show any antibacterial improvement with the presence of
EPIs, which may be due to the relatively low level of efflux pumps on
surface of S. aureus. In addition, it has been reported that the drug re-
sistance would cause the cell wall thickening, which may also hinder
the penetration of S-PS in MDR S. aureus. Cui et al. explored the cell
wall changes using transmission electron microscopy and high perfor-
mance liquid chromatography, suggesting the cell wall of vancomycin-
resistant S. aureus was significantly thicker than that of non-resistant
strains [33]. Therefore, the transmembrane transportation of S-PS could
be influenced by multiple factors, such as the efflux pumps, the cell wall
thickness, the cell wall structures, and so on.

In order to explore the antibacterial mechanism of S-PS-aPDT, we
conducted a primary evaluation on the changes of ROS level and the
type of ROS. It is well known that photodynamic antibacterial therapy
relies on the generation of ROS by photo-excited photosensitizes [34].

The ROS generally includes superoxide anion radicals, hydroperoxides,
hydrogen peroxide, hydroxyl groups, and singlet oxygen. In this study,
we first examined the intracellular ROS production in S. aureus/MDR S.

Fig. 6. Intracellular ROS generation.ROS pro-
duction in S. aureus (A) and MDR S. aureus (B)
was measured by flow cytometry after S-PS-
PDT treatment. Bacteria were pre-incubated
with H2-DCFH-DA (10mM) followed by illu-
mination at different light doses in the pre-
sence of S-PS (1 μg/ml). (C) Distribution of the
intensity of DCF+ bacteria indifferent groups.
Data are expressed as mean ± SD of three in-
dependent experiments.**p<0.01 versus
Control. #p < 0.05, between groups.

Fig. 7. ESR detection. (A) EPR spectra of TEMPO with or without 15 J/cm2

light exposure, in the presence of 2 μg/ml S-PS (PBS as solvent, nitrogen satu-
rated). (B) EPR spectra of DMPO with or without 15 J/cm2 light exposure, in
the presence of 2 μg/ml S-PS (PBS as solvent, nitrogen saturated).

Fig. 8. AFM images of aPDT-treated S. aureus/MDR S. aureus biofilms. (A) and
(B) indicate S. aureus and MDR S. aureus, respectively. Control: without any
treatment; S-PS-aPDT: 2 μg/ml S-PS combined with 15 J/cm2 light. Height
changes of S. aureus and MDR S. aureus after S-PS-aPDT treatment.
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aureus after photo-excitation. Our results indicate that the antibacterial
effect of S-PS-aPDT was related to the production of ROS, which dis-
played S-PS- and light dose-dependence. These also agree well with the
above cell uptake and viability assays. We next examined the ROS type
through ESR after photo-excitation and found that the photo-excited S-
PS yielded abundance of singlet oxygen and a small amount of super-
oxide anions. The majority singlet oxygen would be the main reason for
S-PS-aPDT triggered oxidative stress in S. aureus/MDR S. aureus.

The cell wall as the first barrier for external stimuli, could be one of
the targets of S-PS-aPDT. SYTO 9/PI staining suggest the integrity of
bacterial membrane was disrupted after S-PS-aPDT treatment, and the
severity was more prominent in S. aureus than that in MDR S. aureus.
The surface morphological changes were further confirmed by AFM
observation. It can be seen that the bacterial structures of S. aureus and
MDR S. aureus were collapsed after S-PS-aPDT treatment, and the
bacteria surface became rougher and the height was significantly re-
duced. The similar phenomenon has been reported by others, using
AFM to evaluate the structural changes of Enterococcus faecalis biofilm
after TBO/MB-aPDT [35]. Our results indicate that the ROS production
by S-PS-aPDT can attack biomacromolecules on the cell membranes or
cell walls, causing bacterial structure to collapse and cellular contents
leakage as well as cell death.

Biofilms are produced in the process of bacterial culture. When the
planktonic bacteria accumulate in the injured area to a certain con-
centration, the bacteria itself will secrete some proteins and poly-
saccharides to form an extracellular matrix with adhesion and

protection, that is, a bacterial biofilm [36]. The dense structure of
biofilm and its strong adhesion make it resistant to the invasion of
foreign drugs. It usually requires 100–1000 times more antibiotics than
the elimination of planktonic bacteria to damage it [37]. In recent
years, it has been reported that PDT has certain inhibition on the pro-
duction of bacterial biofilm [38]. In this study, we also found biofilm
formation during the cultivation of bacteria, and explored the damage
effect of S-PS-aPDT. Our results showed that after aPDT treatment, the
adhesion between cells was reduced, and the structure of biofilm was
gradually loosen and damaged. However, compared with planktonic
bacteria, the bacteria survived in biofilms after S-PS-PDT were sig-
nificantly higher. It is suggested that aPDT can indeed cause certain
damage on bacterial biofilm, but the satisfactory killing effect cannot be
achieved [39]. Dai et al. found that only 20% of the bacterial biofilm
was removed after photodynamic treatment at 100 μg/ml GO [40]. The
bacterial biofilm is more difficult to penetrate due to the presence of
extracellular secretions, and thus cannot achieve the same effect as the
killing of planktonic bacteria. Therefore, the elimination of bacterial
biofilm and subsequent therapies are still worth exploring.

In general, our results demonstrate that S-PS-aPDT triggered ob-
vious destruction on the cell wall/membrane of bacteria via ROS, sig-
nificantly inhibited the proliferation of S. aureus and MDR S. aureus, in
which S. aureus showed higher sensitivity because of the higher cellular
uptake of S-PS. Besides, the antibacterial efficiency of S-PS-aPDT in
MDR S. aureus was significantly improved after the addition of efflux
pump inhibitors. Although S-PS-aPDT almost completely killed the
planktonic bacteria, it couldn’t eradicate the bacterial biofilm with the
same dosage. Further investigations are needed to explore the increased
S-PS uptake and enhanced aPDT strategies to combat biofilms, espe-
cially the MDR bacteria biofilm, to promote the application of aPDT in
clinical infections.
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