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Lactic-co-glycolic acid-coated methylene blue
nanoparticles with enhanced antibacterial activity
for efficient wound healingf
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Effective wound healing has been demonstrated using lactic-co-glycolic acid (PLGA)-coated methylene
blue nanoparticles (MPNPs) as a novel susceptible agent for photodynamic antibacterial therapy.
Compared with methylene blue (MB) solution, MPNPs have a significantly improved antibacterial effect in
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generation in MPNPs compared to that of MB solution, as a result of the decreased aggregation-induced
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Bacterial infection is a worldwide public health challenge.
Photodynamic therapy (PDT) is a promising antimicrobial
therapy and has received increasing attention in recent years for
its clinical applications."™ During the process of developing
PDTs, various photosensitizers are used.>® Methylene blue (MB)
is a traditional photosensitizer, which absorbs energy in light to
reach an excited state, and then transfers the energy to a triplet
oxygen to induce a singlet state to play a bactericidal role.”®
Although MB has wide applications in dentistry and derma-
tology, the clinical application of MB is limited mainly because
of low singlet oxygen yield, toxicity, and low stability. On the
other hand, PDT is less likely to evoke drug resistance of the
treated bacteria due to its unique antibacterial mechanism.**
However, in order to achieve a satisfactory antibacterial effect,
higher laser power is generally required, which also limits the
clinical application of PDT." Therefore, it is important to
improve the antibacterial efficiency of MB, as well as increase
biocompatibility and decrease the laser power required.
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has good antibacterial effects and promotes wound healing.

Over the past several decades, the rapid development of
nanotechnology has shown great potential for the treatment of
bacterial infections.””** Given their small size, highly specific
surface area, and unique chemical and physical properties,
plenty of nanomaterials, such as metal nanoparticles (NPs),
metal oxide NPs, carbon nanomaterials and their composites,
have been explored as novel antibacterial agents. To date, many
nanomaterials have been used in PDT, including TiO, nano-
structures, ZnO nanocrystals and TAT-TMVCP nano-
structure.">?° These latest advanced technologies provide novel
ideas for the efficient use of MB in biomedical applications.

In the present study, lactic-co-glycolic acid (PLGA)-coated MB
nanoparticles (MPNPs) were prepared for the treatment of
Escherichia coli and methicillin-resistant Staphylococcus aureus
(MRSA) infections. The bacteriostatic effect of MBNPs was
evaluated in vitro using inhibition zone and minimal inhibitory
concentration (MIC) tests. In addition, the therapeutic efficacy
of MPNPs against skin infection caused by MRSA was evaluated
in mice. MPNPs were prepared using an ultrasonication-
assisted coating method described in the ESL

The morphology of the prepared MPNPs was characterized
by scanning electron microscopy (SEM) and Fourier-transform
infrared spectroscopy (FTIR). As shown in Fig. 1, the MPNPs
had a uniform morphology with sizes ranging from 100 to
200 nm (Fig. 1A). The dynamic light scattering (DLS) spectrum
showed that ultrafine MPNPs with an average hydrodynamic
diameter of 247.7 nm and polydispersity index (PDI) of 0.153
were formed (Fig. S1 and S21). Fig. S31 shows a zeta of
—0.319 mV which is characteristic of negatively charged MPNPs.
The TEM image of MPNPs clearly shows that the MPNP thick-
ness was roughly 200 nm, suggesting that the NPs existed
(Fig. S41). Compared with MB, new absorption bands appeared
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Fig.1 (A) MPNP SEM images. (B) FTIR spectra of methylene blue (MB)-,

lactic-co-glycolic acid (PLGA)-, and PLGA-coated MB nanoparticles
(MPNPs). (C) Standard curve line of MB (663.5 nm) (D) ultraviolet-
visible absorption spectra of MB.

at 2300, 1750, and 700 cm™ ' on the FTIR spectrum of MPNPs
(Fig. 1B). The absorption band at 2300 cm™ " originated from the
stretching mode of the CN chains. The absorption band at
1750 em ™" belonged to the bending vibration of the benzene
ring C-C skeleton of MB, and the absorption band at 700 cm ™"
belonged to the C1~* absorption peak. This result indicates that
MB was successfully coated with PLGA. The UV-Vis absorption
spectra of MPNPs shown in Fig. 1C and D indicates that the
MBNPs exhibited broad absorption from the UV to NIR region
at different concentrations (1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 pg
mL ). These results show a maximum absorbance at 663.5 nm
which is the characteristic wavelength for MB.

The antibacterial property of MPNPs in vitro against MRSA
and E. coli was evaluated by an agarose diffusion assay. Series
concentrations of MPNPs are set as 200, 100, 50, 25, 12.5 pg
mL~". Fig. 2A shows the satisfactory antibacterial effect of
MPNPs (100 pg mL ') against E. coli. Compared with that in
other groups, MPNPs with 660 nm laser irradiation for 5 min
(MPNPs + light) could inhibit the growth of E. coli in vitro at
a restrained growth rate of 99.99%. The same results were ob-
tained from evaluation of MPNPs against MRSA (Fig. 2B). Table
S11 shows the restrain rate of different groups against E. coli
and MRSA. Treatment of E. coli with MPNPs that received laser
irradiation for 5 min caused a 99.99% restrained growth rate,
which was significantly higher than treatment with MB + light,
MPNPs or laser irradiation (80%, 35% and 25%, respectively).
For MRSA, the growth restrain rate after treatment with MPNPs
plus laser was 99.97%, which was significantly higher than
those for the other treatment groups (MB 27%, MB + light 75%,
MPNPs 30%, laser 40%). The MIC test results showed that
MPNPs plus laser irradiation had a lower MIC than the MPNP
alone group (Fig. 2C and D). A summary of the MIC results is
listed in the ESL In brief, bacteria (100 pL) were treated with
different concentrations of MPNPs (3.125, 6.25, 12.5, 25, 50,
100, and 200 pg mL ™', 100 pL) with or without 660 nm laser
irradiation and incubated at 37 °C for 16 hours. Resazurin
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Fig. 2 Photographs of bacterial colonies formed on LB agar plates of
(A) E. coli and (B) S. aureus (PBS, PBS + light, MB, MB + light, MPNPs,
and MPNPs + light). (C) Image for MIC of MB with 660 nm laser against
E. coli and MRSA. (D) Image for MIC of MPNPs with 660 nm laser
against E. coli and MRSA. (E) SEM images of E. coli in PBS, (F) SEM
images of E. coli treated with MPNPs and laser, (G) SEM images of
MRSA in PBS, (H) SEM images of MRSA treated with MPNPs and laser.

solution was added to the plates, which were then incubated for
an additional 4 hours. The cells were then treated with laser
irradiation at a power density of 1.0 W cm 2 for 5 min. The
solution in the wells with values higher than the MIC remained
blue whereas those with values less than the MIC became red.
Fig. 2C shows that the MIC of MPNPs against E. coli (upper line)
and MRSA (lower line) was 100 ug mL™". The MIC of MPNPs +
light was 25 pg mL ™' against E. coli (upper line) and MRSA
(lower line) (Fig. 2D). These results indicate efficient antibac-
terial activity of MPNPs under 660 nm irradiation against clin-
ically common pathogenic bacteria in vitro.

Ultrastructural SEM observations of E. coli and MRSA that
received MPNP and 660 nm laser irradiation treatment provide
further support for the conclusion. Fig. 2E and G show SEM
images of E. coli and MRSA for the negative control group. In the
negative control group, E. coli appeared rod-shaped with
a smooth surface. Conversely, bacterial cells treated with
MPNPs and laser irradiation have significant surface wrinkling
indicating dramatic damage of the bacterial cell wall (Fig. 2F).
In the negative control group, MRSA appeared circular and the
cell surface was intact. MRSA cells treated with MPNPs plus
laser irradiation showed ultrastructural changes including
adherence to one another, various sizes, and an overflow of
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(A) Photographs of infected wounds in mice at different timepoints after various treatments: PBS, PBS + light, MB, MB + light, MPNPs, and

MPNPs + light. (B) Photographs of bacterial colonies formation on LB agar plates from the infected wounds after different treatments. (C)
Photomicrographs of tissue sections of MRSA infected wounds in mice treated with PBS, PBS + light, MB, MB + light, MPNPs, and MPNPs + light

after HEGE staining. The scale bar is 500 pm.

cellular contents (Fig. 2H). These results indicate that MPNPs
with laser irradiation induce damage of bacteria.

Mice with MRSA skin infection were used for in vivo experi-
mentation. The mice were divided into six groups: PBS, PBS +
light, MB, MB + light, MPNPs, and MPNPs + light. For the light-
treatment groups, the infected mice were irradiated with
a 660 nm laser at a power density of 1 W cm™? for 5 min. As
shown in Fig. 3A, the images of the wound skin on different
days after various treatments indicated that MPNPs + light
promote wound healing to a greater extent than the other
treatments. At 4 days post-treatment, the wound on the back
skin of mice in the MPNPs + light group began to close. Wounds
of mice in the other treatment groups were black and began to
form scars. At 7 days post-treatment, the wounds of mice in the
MPNPs + light group had healed completely. The wound areas
of mice in the other groups were smaller at day 4, but the black
scars remained.

At days 1, 4, and 7 post-treatment, MRSA cell counting was
performed for all groups. Fig. 3B shows the colony forming unit
(CFU) results of different groups at these three time points. At
day 4 and 7 post-treatment, the CFUs of the PBS + light or MB
groups were similar to that of the PBS group, while the CFUs of
live bacteria in wounds treated with MB + light and MPNPs were
reduced. In contrast, treatment with MPNPs with laser irradia-
tion can inhibit the growth of the bacteria significantly, espe-
cially at day 7 post-treatment indicated by the absence of
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bacteria present in the wound site (Fig. S5T). The relative wound
area in MPNPs + Light group decreased to 36.93% and 0% on
day 4 and day 7 (Fig. S71).

Further histological examination was performed of the
wound after different treatments. In Fig. 3C, hematoxylin-eosin
(H&E) staining images show that the skin remained an intact
with no apparent cell infiltration in the MPNPs plus laser group.
In the other groups, these mice showed an incomplete
epidermal structure, severe tissue edema, as well as massive
leukocytes infiltration into the wound and surrounding tissue
(Fig. 3C). Moreover, the presence of hair follicles also indicates
better healing of the wounds in the MPNPs plus laser group.
These results suggest enhanced recovery of mice that received
MPNPs and laser treatment compared to that of mice in the
other treatment groups. In order to evaluate the biocompatible
of MPNPs, the cytotoxicity of the prepared NPs were examined
using MTT methods. After 24 hours of incubation with MPNPs,
there was no observable change to the relative viability of 4T1
cells even at a concentration of up to 200 pug mL ™", indicating
low cytotoxicity of the tested NPs (Fig. S67). Actually, mice of all
groups were measure for pathological studies in vivo. No
obvious change were observed in the major organs of all groups
shown in (Fig. S87).

In the present study, compared with MB plus laser irradia-
tion treatment, MPNPs plus laser exhibited excellent antibac-
terial effects against E. coli and MRSA. The hypothetical
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Fig. 4 (A) Schematic of singlet oxygen aggregation-caused quench-
ing (ACQ) effect of MB. (B) PLGA reduces the ACQ effect of MPNPs. (C)
ABDA absorption curve of MB and MPNPs in water. (D) EPR spectrum
of MB and MPNPs.

mechanism is that more "0, is generated by MPNPs than MB
under 660 nm irradiation as a result of the reduced stacking
effect of singlet oxygen produced by MPNPs. As shown in
Fig. 4A, singlet oxygen produced by MB will be quenched due to
the aggregation-caused quenching (ACQ) effect. The singlet
oxygen produced by MPNPs will exist longer because the PLGA
molecule affect the aggregation state of MB reducing the ACQ
effect (Fig. 4B). The significant decline of ABDA absorptions
demonstrated the good 'O, generation abilities of MPNPs in
water (Fig. 4C). Electron paramagnetic resonance (EPR) analysis
results also show an increase of 'O, generation of MPNPs
compared to MB under 660 nm laser irradiation (Fig. 4D). These
results support the hypothetical mechanism of MPNPs.

In summary, MPNPs have a remarkable antibacterial effect
compared to MB against E. coli and MRSA in vitro and in vivo. In
order to explore the mechanism of action of MPNPs, the
condition of cell membranes and singlet oxygen release were
tested. We propose that reduction in the ACG effect of MB is
caused by the PLGA molecule. Instead of free MB, MPNPs
enhanced the lifespan of singlet oxygen produced by MB and
the chance of them contacting the cell membranes. Using this
strategy, other agents may be coated with PLGA to enhance their
antimicrobial effects in future clinical applications.
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