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A B S T R A C T

The emergence of drug-resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), has
brought great difficulties to clinical treatment. Antibacterial photodynamic therapy (aPDT) is a new non-anti-
biotic treatment strategy for a variety of drug-resistant bacteria. However, there are few studies on the anti-
microbial mechanism of a PDT mediated by 5-aminolevulinic acid (ALA-PDT) for MRSA. In this study, we ob-
served the bactericidal effect of ALA-PDT on MRSA. We found that ALA-PDT had the strongest bactericidal effect
when ALA was at 0.05 mM, and the bactericidal activity of aPDT increased with the increase of light dose. MRSA
was almost completely eliminated at 0.05mM and 384 Jcm−2. In addition, the bactericidal morphology was also
observed under a fluorescence microscope using a LIVE/DEAD® BacLight™ Bacterial Viability Kit and an electron
microscope. It was also found that proteins and DNA were damaged by ALA-PDT. Finally, the transcription level
of the specific gene of MRSA, nuc, was decreased by 0.74-fold (P < 0.05) after ALA-PDT treatment by qRT-PCR
analysis. The findings suggest that ALA-PDT can effectively inhibit MRSA by damaging cell membrane, cyto-
plasm, proteins and nucleic acid.

1. Introduction

Staphylococcus aureus is widely distributed in nature. Most of the S.
aureus do not cause diseases, but a few can cause suppurative infections
of humans and animals, mainly including carbuncle, folliculitis, pneu-
monia, brain abscess, liver abscess, suppurative osteomyelitis and
wound infections [1–4]. It is a major cause of community acquired and
nosocomial pathogenic bacteria, which was associated with many se-
vere infections and high mortality rate [5]. Methicillin-resistant S.
aureus (MRSA), the resistant strain of S. aureus due to overuse of anti-
biotics and other reasons, has brought greater difficulties to treatment
[6]. Vancomycin is commonly used as a last resort to control MRSA
infections, however, worldwide reports indicate that the extensive use
of vancomycin has led to a growing trend of vancomycin resistance [6].
MRSA has heterogeneous and broad-spectrum drug resistance. Cur-
rently, there is no effective way to deal with MRSA infections clinically.
The mean length of hospital stay (3.95 v 2.36 days; P < 0.05) and
mortality (almost 50% higher) of patients infected with MRSA were

significantly increased, compared with that of other patients [7,8]. This
poses a serious challenge for clinicians to treat MRSA infections, and
new antimicrobial strategies are urgently needed to combat MRSA.

aPDT was regarded as an adjunctive therapy and novel non-anti-
biotic strategy for various antibiotic-resistant bacteria [5]. aPDT in-
volves the synergistic action of visible or near-infrared light with non-
toxic photosensitizers (PSs) and oxygen, thus forming cytotoxic reactive
oxygen species (ROS) to destroy target organisms (such as bacteria,
viruses, fungi, etc.) [9]. Compared with traditional antibiotic therapy,
aPDT has a wide range of functions, and is more toxic to bacteria than
mammalian cells, killing bacteria without interfering with host tissues
[10,11]. Unlike antibiotics, aPDT does not induce bacteria resistance,
and bacteria can be treated repeatedly [12,13]. In addition, aPDT
mainly targets the local illumination area of inflammation, which
causes less systemic response [14]. Recently, photodynamic inactiva-
tion (PDI) has drawn more attention due to its local antibacterial effect.
Several studies have reported the efficacy of PDI on gram-positive and
gram-negative planktonic and biofilm bacteria in vitro and in vivo
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[15–19]. Researchers conducted studies on the inhibitory effect of ALA-
PDT on Staphylococcus epidermidis in vitro, which confirmed that ALA-
PDT had a significant inhibitory effect on S. epidermidis [20].

5-aminolevulinic acid (ALA), a natural photosensitizer (PSs) pro-
drug, is converted to protoporphyrin IX (PpIX) in target cells [21].
Compared with other PSs, ALA is a natural intermediate in the heme
biosynthesis pathway and can be rapidly removed from target cells
[22]. More importantly, it is small enough to penetrate the matrix and
accumulate in the target cells with lower toxicity [23]. However, there
are few studies on the antimicrobial mechanism of ALA-PDT on MRSA,
and the previous parameters are different. Therefore, it is an urgent
need to monitor the safe and effective germicidal parameters of ALA-
PDT and discuss its antimicrobial mechanism against MRSA. In this
work, we assessed the antibacterial effect of ALA-PDT on antibiotic-
resistant bacterial planktonic strain of MRSA in vitro and further
evaluated its bactericidal mechanism. Our findings may provide an
experimental basis for future clinical application of ALA-PDT on MRSA
infections.

2. Materials and methods

2.1. MRSA strain and culture conditions

The MRSA SA325 strain was kindly provided by PhD Mingquan Guo
at Shanghai Public Health Clinical Center. The culture of bacteria fol-
lowed the previous methods [17]. Briefly, the strain was grown in
Luria–Bertani (LB) medium including liquid medium, solid medium
(1.5% agar) at 37 °C. 50 μL of the culture was transferred into 5-mL
fresh LB and incubated at 37 °C to logarithmic phase, optical density
(OD) at 600 nm of 0.8 (corresponding to 5×108 colony forming units
(CFU) mL−1). The pellets were collected by centrifugation at 8000 rpm
for 5min using the centrifuge (Fresco21, USA) and washed three times
with sterilized phosphate-buffered saline (HyClone SH30256.01B). The
pellets were resuspended with PBS to the same concentration (OD
600 nm of 0.8) using a UV–vis spectrophotometer (G6860A, Malaysia)
prior to experiments. For preservation of bacteria, bacteria in LB culture
at logarithmic phase were stored with equal volume of glycerin (50%)
at −20 °C.

2.2. Photosensitizer and light source

ALA was purchased from Fudan Zhanjiang Bio-Pharm, Shanghai,
China. A 100mM stock solution was freshly prepared by dissolving in
PBS and adjusted to neutral pH 7.2 with NaOH. The stock solution was
filtered through a 0.22-μm filter disk (MILLEX GP SLGP033RB, USA)
and stored in the dark at 4°C. All the illuminations experiments were
performed with a light-emitting diode array (LED-IB, China) at a wa-
velength of 633 ± 10 nm as the light source in this study. The output
power capacity at the level of the samples was 406mW cm−2, as
measured with a power meter (SJG-2000mW, China). The central il-
lumination area (about 4.6 cm in diameter) was regarded as the ex-
perimental region.

2.3. Uptake of ALA in MRSA

Various concentrations of ALA solutions were prepared, added into
bacterial suspension to final varying concentrations (0–50mM), and
then incubated in the dark at 37℃ for 1～12 h (0mM as the negative
control). The cells were collected by centrifugation and rinsed three
times with PBS. Then, fluorescence in cells was measured with a mi-
croplate reader (SpectraMax M2, USA) at 1 h, 4 h, 12 h to show the
biological synthesis of porphyrins into the bacterial strain. The amounts
of ALA binding to bacterial cells were determined in cell suspensions
incubated with different concentrations of ALA. The excitation wave-
length was 410 nm and the emission spectra of the solutions were re-
corded at 630 nm.

2.4. Dark toxicity of ALA and phototoxicity of light on MRSA

Toxicity of ALA and phototoxicity of light were assayed according to
the previously described with some adjustments [24]. Briefly, bacterial
suspensions of MRSA at logarithmic phase were incubated with ALA at
various concentrations (0, 0.005, 0.05, 0.5, 5, 50 mM) in the dark for
1 h, 4 h and 12 h at 37 °C. To evaluate phototoxicity activity, irradiation
was applied using an LED emitting visible light with 633 ± 10 nm for 0
Jcm−2, 96 Jcm−2, 192 Jcm−2, 384 Jcm−2. Thereafter, bacterial sus-
pensions were serially diluted 10-fold with PBS, and 100 μL of diluent
was then collected and coated on a LB agar plate [17]. After incubation
overnight at 37 °C, the toxicity of ALA and phototoxicity of light were
calculated by counting CFUs. Log-transformation of CFU mL-1 was
performed before statistical analysis.

2.5. aPDT on bacteria and HaCat in vitro

Aliquots (100 μL) of the MRSA suspensions in a final concentration
of 5× 108 CFU mL−1 in PBS were inoculated into a 96-well plate
(Corning, USA), mixed with equal volumes ALA of different con-
centrations (0–50mM), and then incubated in the dark at 37 °C for
different time. The samples were divided into four groups: L− S−
(control), L+ S−, L− S+, L+ S+ (L: Light; S: Sensitizer). For the
ALA alone and control group, bacterial suspensions were mixed with
equal volumes of PBS. The laser groups were irradiated with a total
light energy of 96 Jcm-², 192 Jcm-², 384 Jcm-², respectively. In the
aPDT group, samples were incubated with the indicated concentrations
of ALA in the dark and then were illuminated as the laser group. To
avoid heating of the samples, the 96-well was placed on ice during il-
lumination. The light device was held in a fixed vertical position of
5mm above the top plate to maintain the light energy delivered to the
samples equal in all the experiments. Then, viable bacteria were
quantified by the colony counting method described as above. For the
aPDT phototoxicity to normal mammalian cells, same experiment was
performed on HaCat cell line, and then, survival fraction was detected
via cell counting kit 8 (CCK-8) assay (Beyotime Biotechnology,
Shanghai, China). In all the experiments, the room temperature was
kept at about 25℃.

2.6. Measurement of ROS

In order to verify whether ROS is produced in the process of bac-
tericidal effect by aPDT, intracellular ROS levels were monitored by a
microplate reader (SpectraMax M2, USA) according to the previous
study with some adjustments [25]. Briefly, the ROS generation were
probed with 2, 7-dichlorofluorescein diacetate (DCFH-DA). Treated
bacteria were incubated with 10 μMDCFH-DA in the dark at 37℃ for
30min. After the co-incubation, the cells were washed with PBS three
times, and the fluorescence intensity was immediately measured.

2.7. Bacteria-viability assay

Bacterial viability was analyzed by a fluorescence microscopy
(BX51TF, Olympus) with a LIVE/DEAD® BacLight™ Bacterial Viability
Kit (Invitrogen L13152). Briefly, MRSA cells were harvested and re-
suspended in PBS to 5×108 CFU mL−1. A mixture of dyes was added
to the samples and kept for 30min in dark. Stained bacterial cells were
visualized at excitation/emission wavelengths of about 485/500 nm for
SYTO 9 and 535/617 nm for propidium iodide (PI) under the fluores-
cence microscopy.

For the morphologic observation, transmission electron microscopy
(TEM) was employed to detect cytoplasmic decomposition. Bacterial
suspensions were pelleted by centrifuging at 4000 rpm for 10min and
the pellets were fixed in 2.5% glutaraldehyde (SCRC, China), washed
once in PBS, and post-fixed in 1% osmium tetroxide (Pelco, USA).
Afterwards, the pellets were dehydrated and embedded in Epon 812
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epoxy resin (SPI-Chem, USA). Finally, the samples were viewed and
digitally photographed using a TEM (Hitachi H-7650, Japan). Five
images of each MRSA strain were randomly chosen from different
perspective and blinded to observe.

2.8. DNA extraction and gel electrophoresis

The bacterial DNA from different groups was prepared and analyzed
by agarose gel electrophoresis to evaluate genomic DNA damage.
Bacterial DNA was harvested using a DNA extraction kit (QIAGEN,
Germany). Agarose (0.3 g) was suspended in 1×TAE (Tris/acetate/
EDTA) buffer (30mL) and heated to boiling point. The solution was
allowed to cool to 60℃ prior to the addition of 1 μL of Gelred (Biotium,
USA) and then mixed thoroughly. The DNA extraction products (5 μL)
mixed with 6×loading buffer (1 μL) was added into each well. The DNA
fragments from the untreated and treated with light and/or ALA can be
separated and visualized by agarose gel electrophoresis. Quantitation of
DNA band intensity was performed by the Image J software, which
transformed the band intensity into a form of area without unit. Area
values could be used to compare the relative differences of intensity
levels among groups [26].

2.9. Proteins extraction and analysis

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electro-
phoresis) was employed to confirm whether ALA-PDT destroyed cell
proteins. Samples from different groups were washed three times in
PBS. The suspension of the collected pellets in 40 μL RIPA Buffer (pierce
89900) was sonicated in a 1.5mL Eppendorf tube and the protein was
quantified by BCA assay. 10 μL of 5× SDS gel-loading buffer was added
into each sample. After heating at 95°C for 10min, samples were cen-
trifuged at 12,000 rpm for 2min at 4°C and an aliquot (5 μL) of the
centrifugal supernatant was loaded on a 12.5% SDS polyacrylamide gel
made with a rapid preparation of PAGE gel kit (Epizyme, China). The
gel was run at 8 Vcm−1 and then dyed with Coomassie Blue Fast
Staining and No-decoloring Solution Kit (Epizyme, China). The analysis
of protein gray intensity was the same as that of DNA electrophoresis.

2.10. Evaluation of the expression of nuc gene following treatment by
relative quantitative real time PCR (qRT-PCR)

To determine changes of the specific gene (nuc) of ALA-PDT-treated
MRSA strains, nuc gene expression was quantitated with qRT-PCR ac-
cording to the previous study [27]. Briefly, after treatment, total RNA of
the MRSA suspension was extracted with RNA extraction kit (PureLink™
RNA Mini Kit, Invitrogen) as described by the manufacturer’s instruc-
tions. RNA quantity and quality were determined using NanoDrop™
2000 spectrophotometer (Thermo Scientific, USA) with an A260/A280
ratio. Afterwards, genomic DNA was removed by RNase-free DNase I
reagent. qRT-PCR was performed using a three-step reaction for the
quantification of nuc gene mRNA levels. RNA was converted to cDNA
using a Hifair®Ⅱ 1 st Strand cDNA Synthesis SuperMix for qPCR (gDNA
digester plus) Kit (Yeasen, China) as described by the manufacturer
instructions. Target gene primers and internal control sequences were
found from previous studies and synthesized by Shanghai Sunny Bio-
technology Co, Ltd. The nuc genes primers were F-forward 5´-CAAAG
CATCAAAAAGGTGTAGAGA-3´ and R-forward 5´-TTCAATTTTCTTTGC
ATTTTCTACCA-3´, and 16S rRNA primers : F-forward 5´-AGAGTTTG
ATCCTGGCTCAG-3´, R-forward 5´-ACGGCTACCTTGTTACGACTT-3´
[28,29]. qRT-PCR was carried out in a volume of 50 μL reaction mixture
with a Hieff qPCR SYBR® Green Master Mix (No Rox) Kit (Yeasen,
China) under thermal cycling conditions: an initial denaturation at 95℃
for 5min; 40 cycles of denaturation (95℃, 10 s), annealing (55–60°C,
20 s) and prolongation (72°C, 20 s), then 1 cycle of melting curve
analysis (95°C, 15 s; 60°C, 60 s; 95°C, 15 s). The fold changes of nuc
transcription levels were calculated by the 2−ΔΔCt method using the

QIAGEN 2009 Relative Expression Software Tool (REST).

2.11. Data analysis

Data were expressed as mean ± SEM. The normality distribution
and homogeneity of the data was confirmed by the Kolmogorov-
Smirnov test and Brown-Forsythe test, respectively. Statistical analyses
were evaluated using the one-way analysis of variance (ANOVA) fol-
lowed by Tukey post hoc test for pairwise comparisons. All analyses
were performed using GraphPad Prism 8.0.1. All the experiments above
were performed in triplicate, and P values< 0.05 were considered as
statistically significant. Significance in data with respect to their con-
trols were represented by asterisk sign (*) in the bar graphs.

3. Results

3.1. Uptake of PSs and ALA dark toxicity and phototoxicity

The uptake of ALA generally corresponds to the sensitivity of MRSA
strain SA325 to aPDT. The uptake experiment showed that except for
0mM, the fluorescence intensity of all other concentrations increased
with time and the accumulated amounts were comparable at the same
time. As shown in Fig. 1A, 0mM as control, fluorescence intensity in-
creased by 3.21–6.38 folds, 12.08–24.39 folds and 34.59–52.72 folds at
1, 4 and 12 h, respectively. Interestingly, fluorescence intensity did not
increase with the increase of ALA concentrations and reached the peak
at 0.05mM, while it was relatively weak at 0.005mM and 50mM.
Then, the dark toxicity of ALA and the phototoxicity of light alone to
MRSA was analyzed. Within 4 -h incubation, the number of colonies
incubated at all concentrations did not decrease (Fig. 1A). However,
toxicity was found after 12 -h incubation at or above 5mM, but not in
the groups less than 5mM (Fig. 1B). In addition, the phototoxicity of
MRSA SA325 to the direct exposure was also tested (Fig. 1C). Without
ALA, the phototoxic effects of different light doses on CFU of bacterial
SA325 showed little difference.

3.2. Optimal incubation time

We chose all tested concentrations of ALA with 1 and 4 h of in-
cubation, followed by the minimum illumination of 96 Jcm−2. As
shown in Fig. 2, when ALA concentration and the light dose were
constant, the bactericidal effect of aPDT was dependent on incubation
time (Fig. 2A). Compared with other concentrations, 0.05mM ALA
showed the most bactericidal effect with reduction of 3.3 log after 4 h of
incubation, while ALA showed no significant cytotoxic effect at any
concentration after 1 h incubation. Thus, according to the results of PDI
efficacy, 4 h of incubation time is ideal. So 4 h was adopted as the op-
timal incubation time in the further experiments.

3.3. aPDT on MRSA and HaCat

The fraction at 0.05mM showed the most reduced bacterial survival
among all tested concentrations at the same illumination energy. As
shown in Fig. 2, when the concentration ranged from 0mM to 0.05mM,
the bacterial survival rate decreased with the increase of concentration.
As the concentration increased further, the bacteriostatic activity be-
came weakened. For example, at 384 Jcm−2, the viable bacteria treated
by 0.005mM, 0.05mM, 0.5mM, 5mM and 50mM decreased by 0.65
log, 8.47 log, 3.44 log, 0.62 log and 0.40 log, respectively. Furthermore,
ALA decreased bacteria growth in a light dose-dependent manner.
0.05mM ALA at 384 Jcm-2 yielded complete elimination of bacteria,
indicating that all tested cells were inactivated (Fig. 2B). Under 96 Jcm-

2 and 192 Jcm-2, ALA-PDT inactivated 1.31% and 0.09% of MRSA re-
spectively, while HaCaT cells were safe. However, when the energy
increased to 384 Jcm-2, 100% of MRSA died and about 30.03% of HaCat
cells survived (Fig. 2C).
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3.4. Bacteria-viability analysis

The inflow of SYTO 9 and PI was observed to analyze the ability of
ALA-PDT to damage the cell membrane. Fig. 3A and B showed there
was a decline in the ratio of green/red fluorescence intensity in the
aPDT group compared with other groups. The results demonstrated that
the number of live cells (green) decreased and the number of dead cells
(red) increased in the aPDT group. Similar to the untreated group, the
majority of cells showed green fluorescence in the light illumination
alone and ALA alone groups.

As shown in the micrographs, in the control group, ALA alone and
light alone groups, MRSA cells were round-shaped and the cell envelope
was smooth and intact, the normally dividing bacterial cells were ob-
served with dense cytoplasm staining and a few particles, which were

evenly distributed. In contrast, in the aPDT group, the cell envelope was
irregular, thinning, discontinuous, and even less well-defined. In addi-
tion, the images also showed highly variable cells, low nucleic acid
content, partial devoid of intracellular contents, as well as leakage and
damage to the cytoplasm (Fig. 3C).

3.5. Measurement of intracellular ROS production, proteins degradation
and genomic DNA damage in MRSA following ALA-PDT

We found that exposure of MRSA to ALA-PDT significantly affects
intracellular ROS levels. The aPDT group showed considerably higher
ROS production than other three groups (P < 0.05). When compared
with the L− S−, L+ S−, L− S+ groups, the aPDT group showed
remarkably increased fluorescence intensity by 138.61% (P < 0.01),

Fig. 1. Uptake of PSs, dark toxicity of ALA and
light phototoxicity to planktonic MRSA were
analyzed. (A) At incubation time point of 1, 4,
12 h, the uptake of 0.005mM, 0.05mM,
0.5 mM and 5mM ALA in MRSA SA325 was
higher than that of 0mM ALA. (B) Dark toxi-
city was showed with statistic difference above
5mM ALA after 12 -h incubation. (C) No sig-
nificant phototoxicity of 0, 96, 192, 384 Jcm−2

fluence on planktonic MRSA was found. All
data were expressed as mean ± SEM (n=3).
*, P < 0.05 is significantly different from the
0mM groups.

Fig. 2. (A) Under 96 Jcm−2 irradiation, viable
MRSA colonies began to decrease significantly
after incubation for 4 h at 0.05mM. (B)
Bacteria were completely inactivated at 384
Jcm-2 irradiation and 0.05mM ALA after 4 h.
(C) Under 96 Jcm-2 and 192 Jcm-2, most MRSA
cells were inactivated, while HaCat cells were
not affected. All data were expressed as
mean ± SEM (n=3). * P < 0.05 means sig-
nificantly different. from the controls (0 mM in
A, 0 Jcm−2 in B, respectively).
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105.39% (P < 0.01) and 97.31% (P < 0.01), respectively (Fig. 3D). It
was observed that cells irradiated without ALA also generated ROS as
little as the untreated and the ALA alone group. SDS-PAGE was also
performed to confirm whether ALA-PDT had significant degradation
effects on cell proteins. The results of SDS-PAGE analysis showed that
after ALA-PDT, the protein bands almost all disappeared (Fig. 4A). We
selected a representative group of bands, which were well recognized at
the position of 70 KDa, for gray intensity analysis. The intensity of
L+ S+ group was significantly reduced (P < 0.01), compared with
that of L− S− (15,908.67 ± 1885.46), L+ S−
(12,303.33 ± 3145.65) and L− S+ (12,996.67 ± 1223.54) groups,
without significant difference among the latter three groups

(P > 0.05). Meanwhile, the detection results of bacterial genome da-
mage showed that the L− S−, L+ S− and L− S+ groups had higher
molecular weight (17,672.19 ± 1842.76, 14,549.58 ± 788.25,
13,719.28 ± 1064.03, respectively, P > 0.05) than the aPDT treated
group (4884.86 ± 438.82, P < 0.01), making the genome DNA band
on the agarose gel very weak (Fig. 4B).

3.6. Analysis of nuc gene transcription level following ALA-PDT

Compared to the other three groups, the transcription level of nuc
gene was altered by ALA-PDT, and REST software displayed a 0.74-fold
decrease in the nuc mRNA transcription at a sub-lethal dose of aPDT-

Fig. 3. Bacteria was incubated in presence of
0.5 mM ALA (S+) or PBS (S-), and then irra-
diated by 384 Jcm−2 (L+) or not (L−). (A, B)
Coexistence of light and ALA showed most in-
hibition on bacteria, bar: 20 μm in A. Data
were expressed as mean ± SEM (n=5). (C)
TEM images exhibited irregular cell envelope,
low nucleic acid content and leakage to the
cytoplasm, bar: 500 nm. Data were expressed
as mean ± SEM (n=5). (D) Combination of
light and ALA produced largest amount of ROS.
Data were expressed as mean ± SEM (n=3).
* P < 0.05 means significantly different from
the controls (L−S−).

Fig. 4. (A) SDS-PAGE displayed the majority of
proteins in bacteria were degraded after ALA-
PDT (lane M, marker; lane 1, L–S–; lane 2,
L+ S−; lane 3, L− S+; lane 4, L+ S+). (B)
Agarose gel electrophoresis indicated obvious
damage to genomic DNA in ALA-PDT group
(lane M, DNA marker; lane 1, L-S-; lane 2,
L+ S-; lane 3, L-S+; lane 4, L+ S+).
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treated MRSA (Fig. 5). The nuc gene transcription was relatively high
without significant difference among the other three groups in control,
ALA alone and light alone groups.

4. Discussion

The emergence of MRSA as a problematic hospital pathogen has
aroused clinical concern. MRSA has become one of the important pa-
thogens of hospital and community infection since its discovery
[30,31]. When MRSA is isolated in clinic, vancomycin is the preferred
drug. Unfortunately, the widespread use of vancomycin has also led to a
worrying trend of increasing vancomycin resistance [6]. In recent years,
the lack of an effective drug to eradicate MRSA infection has led the
scientific community to use aPDT as an adjuvant treatment. Unlike
conventional therapies, aPDT represents a multi-target damaging pro-
cess, resulting in inactivation without the risk of the resistance devel-
opment in PDI-induced oxidative stress [32]. Giuliani et al. [33] de-
tected that no occurrence of drug resistance was found after 20
consecutive aPDT treatments. Based on its many advantages, aPDT was
a promising method and widely used to treat various infections [34,35].
In this study, we mainly investigated the antimicrobial action and
mechanism of ALA-PDT on MRSA.

The incubation time of PSs was a critical parameter for aPDT effect
[36]. The optimal incubation time of ALA for aPDT was different in
previous studies [19,24,37]. We found ALA could produce a large
amount of PpIX after 4 h' incubation in the dark, which was consistent
with Nitzan's research [38]. The fluorescence intensity of PpIX in-
creased significantly after the concentrations of 0.005mM–50mM in
the dark even for 1 h at 37℃, and the fluorescence became stronger
with the prolongation of incubation time, which indicated ALA binding
to bacterial cells increased with time. Interestingly, the maximal level
of porphyrins was not found at the highest ALA concentration (50mM),
but peaked at the moderate ALA concentration (0.05mM). This phe-
nomenon generally corresponded well with a previous study, which
found ALA maintained a plateau after reaching their maximal level of
porphyrin [39]. The accumulation in cells became lower at high con-
centrations may be ascribed to the cell permeability change driven by
high concentrations of ALA, causing higher release of PpIX [39]. In
addition, the enzymes involved in the heme biosynthesis was generally
inhibited by porphyrins to avoid the accumulation of large amounts of
PpIX, and this negative feedback can result in a PpIX plateau as ALA
concentration increases [40]. Our results also demonstrated that ALA
itself seemed to inhibit porphyrin formation at higher concentrations,

so that toxic drug concentrations could be avoided. Although there is a
positive correlation between fluorescence production and aPDT effi-
ciency, the optimum incubation time should not be too long [41].

To evaluate the dark toxicity, we found the survival of MRSA was
not affected by ALA at all concentrations within 4 h, indicating ALA did
not induce dark toxicity in MRSA cells. However, the number of viable
colonies were partially inhibited by higher concentrations of ALA
(5mM and 50mM) at 12 h. Although previous studies have found that
the incubation of ALA at 5mM or 10mM in the dark for 1 h has a partial
inhibitory effect, we consider that increasing acidification of the culture
at high concentrations was reported to exhibit antibacterial activity as
indicated in their discussion [24].

Through bactericidal experiments, we found that 4 h incubation
time could produce significant sterilization effect at the lowest dose of
96 Jcm−2. Therefore, 4 h was adopted as the optimal time, which is
consistent with previous clinical studies [42]. Based on our preliminary
experiments (data not shown), we found that if we adopted 1 h in-
cubation time, we needed stronger energy than 96 Jcm-2 to achieve the
corresponding bactericidal effect, which will inevitably prolong the
irradiation time, leading to prolonged treatment time and increased
pain in clinic.

Our study showed the antibacterial activity was more susceptible to
ALA-PDT at the moderate concentrations, but the inactivation of bac-
terial cells at high concentrations of ALA was attenuated. MRSA was
almost completely inactivated at the moderate concentration of ALA
(0.05 mM) after irradiation of 384 Jcm−2. This result was in agreement
with previous studies and could be explained by our PSs uptake ex-
periment [39,40].

What’s more, the CFU analysis also displayed light-dose dependence
and bacterial survival reduced with increasing the energy of radiation,
which were consistent with the previous research [19,24,40]. When the
energy of radiation changed from 96 Jcm−2 to 384 Jcm−2, the anti-
microbial effect was enhanced. Therefore, ALA-PDT exhibited excellent
disinfection effect and is a useful approach that can eradicate the
bacterial infections. Comparing the results of single light treatment
group and L+ S+ group (0.05 mM at 384 Jcm-2), ALA can completely
eliminate bacteria.

Admittedly, higher energy is not always suitable in clinical practice,
as it sterilizes better but may affect normal cells. We found that ALA-
PDT is very safe under certain conditions, which is consistent with a
previous study that aPDT did not destroy 3T3 cells [19]. 192 Jcm−2 is
an ideal parameter with significant bactericidal effect and no damage to
normal cells. 384 Jcm−2 may also be considered in the treatment of
some particularly severe infections, as it affects only a subset of host
cells.

Our study also concentrated on the mechanism of action of ALA-
PDT. DCFH-DA, a nonfluorescent cell-permeant compound, is hydro-
lyzed by intracellular endogenous esterase, and the de-esterification
product can be converted into fluorescent compound DCF upon oxi-
dation by ROS [17]. The bactericidal effect of PDI is mainly ascribed to
the ROS, which can attack and break down the integrity of membranes,
and kill organisms, causing irreversible alterations to cytoplasmic
membranes, respiratory chains, as well as nucleic acid [25,43,44]. Our
result showed that ALA-PDT treatment significantly elevate in-
tracellular ROS levels. The results correlated with the CFU assay, sug-
gesting that cells destruction induced by aPDT was intimately asso-
ciated with intracellular ROS production [45].

It was suggested that aPDT treatment can change the internal and
external structural integrity of cells and lead to cell death [46]. As
membrane integrity is considered to be one criterion for distinguishing
between living and dead bacterial strains. We used fluorescent nucleic
acid stain and TEM to identify the morphological changes of MRSA
following treatment of ALA-PDT. SYTO 9 (green) can enter all cells,
while PI (red) can only penetrate compromised cell membranes [47].
The observation results were basically consistent with the panel
method, and similar patterns have been reported with other PSs-

Fig. 5. qRT-PCR suggested that ALA-PDT could remarkably reduce nuc gene
expression. Data were expressed as mean ± SEM (n=3). *, P < 0.05 is sig-
nificantly different from the control (strain grown without treatment).
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mediated aPDT [17]. TEM found that cell wall thickening, and nucleic
acid was damaged, which might contribute to the cell inactivation. It
can be concluded that the cytoplasmic content was affected in the
presence of ALA following irradiation. The morphology suggested that
the mechanism by which ALA-PDT inactivated bacteria was mainly
cytoplasmic decomposition. Similar results were also reported in other
studies [46,48].

SDS-PAGE and agarose gel electrophoresis assay showed that both
proteins and genomic structure were changed, indicating that proteins
and genomic DNA degradation in cells treated by aPDT. However,
neither ALA nor the light irradiation alone affected the proteins and
DNA of MRSA. These findings concurred with previous research, which
also concluded that aPDT could degrade proteins and DNA [46,49].
MRSA strains produce extracellular thermally stable nuclease encoded
by the nuc gene, which has been well used in many laboratories to
identify S. aureus [50]. In our study, the expression of the nuc gene was
downregulated, suggesting that process of PDI actually interfered with
the gene expression. Other studies related to genes expression after PDI
have been found in the literature, such as the downregulation expres-
sion of EFG1, CPH1, BCR1, TEC1, HWP1, and ALS3 [51]. Similarly,
another study found that the expression of rcpA gene in Aggregatibacter
actinomycetemcomitans was affected by aPDT using qRT-PCR assay [27].

In this study, we selected a clinical representative strain MRSA325,
which did not involve other strains of MRSA. However, the MRSA
strains infected in clinical practice are more complex, and further in-
vestigation is needed to expand the types of MRSA strains to make a
comprehensive discussion. In the electrophoresis section, we did not
specify specific proteins and genes, but only studied the total proteins
and genomes damaged by aPDT. The mechanism remains to be un-
covered in future studies. In addition, our study is limited to steriliza-
tion in vitro. Due to immune mechanism, the internal environment is
more complicated, and the obtained parameters can be used as pre-
liminary reference. Further animal investigations are needed to verify
the safety and efficacy of ALA-PDT.

5. Conclusions

In summary, we demonstrated the ALA-PDT was efficacious in
controlling planktonic MRSA SA325, confirming that ALA-PDT may be
a promising therapy against antibiotic-resistant bacteria infection.
Within the limited scope of this study, further experiments are needed
to elucidate the mechanisms involved in bacterial damage by ALA-PDT,
and in vivo studies are necessary to confirm the effect of ALA-PDT to
meet all the requirements of clinical practice.
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