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Silver-decorated, light-activatable polymeric
antimicrobials for combined chemo-
photodynamic therapy of drug-resistant bacterial
infectiont

Xiaoxue Hou, Lijun Yang, 1 Jinjian Liu, @@ Yumin Zhang, Liping Chu, Chunyan Ren,
Fan Huang* and Jianfeng Liu (2 *

Drug-resistant bacterial infections have stolen the spotlight in recent years as stubborn diseases intimidat-
ing public health, thus urgently requiring the development of innovative treatment strategies with high
antibacterial efficiency and low bacterial resistance. Here, a polymeric antimicrobial with synergistic
chemo-photodynamic therapy function is fabricated to combat drug-resistant bacterial infections. In this
strategy, polymeric micelles based on amphiphilic poly(aspartic acid)-block-poly(e-caprolactone) (PAsp-
b-PCL) are used as nanocarriers to encapsulate a photosensitizer protoporphyrin IX (PplX) in the micellar
core, which then undergo silver nanoparticle decoration on the micellar shell through an in situ reduction
method. Compared with mono-therapy, the combination of silver nanoparticle decoration and light-acti-
vatable PplIX enables the resulting polymeric antimicrobial to exert chemo-photodynamic activity to kill
drug-resistant bacteria more potently in vitro. Furthermore, the prepared polymeric antimicrobials with
synergistic antibacterial activity show robust eradication efficacy against subcutaneous infections induced
by drug-resistant Staphylococcus aureus in a murine model. Therefore, our study provides a simple and
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Introduction

In recent years, bacterial infections have become a serious
threat to public health across the globe."” The rate of emer-
gence and transmission of antibiotic-resistant bacteria alar-
mingly increased apparently due to the abuse of antibiotics.**
Despite extensive efforts having been made for the develop-
ment of novel antibiotics, it still cannot catch up with the evol-
ution and spread rate of drug-resistant bacteria.>® Thus,
researchers in an increasing number have focused on explor-
ing alternative methods to combat drug-resistant bacterial
infections.””® Various antibacterial methods such as inhibition
of bacterial adhesion,'® photothermal bacteria killing,'""
photocatalytic ~ bacteria  killing,"*'*  synergistic ~bacteria
killing,"® etc. have emerged. Moreover, a multitude of research
has shown that photodynamic therapy (PDT) is a promising
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potent strategy to realize combination therapy for eradicating drug-resistant bacterial infections.

strategy to fight against bacterial infections because of its
lesser trauma, higher selectivity, smaller side effects and capa-
bility of avoiding the production of bacterial resistance.'®™"®
Typically, upon excitation at specific wavelengths, PDT could
convert molecular oxygen into reactive oxygen species (ROS)
through a light-activated photosensitizer (PS),"**! leading to
the destruction of bacteria by interacting with biological
macromolecules such as proteins, DNA and phospholipids.
Therefore, an effective PS producing a high concentration of
ROS plays an essential role in PDT with respect to bacterial
infections. Protoporphyrin IX (PpIX), a key precursor of bio-
molecules such as chlorophyll, heme and cytochrome, has
become a promising PS because of its excellent photophysical
properties.>>>* However, the ROS production efficiency of PpIX
dramatically decreases due to its low water solubility and
aggregation in the physiological environment, which directly
limits its application for PDT.>»** Hitherto, in order to
improve the PDT performance of PpIX, various nanoscale
materials including gold nanoparticles,>® silica nano-
particles,”” upconversion nanoparticles,®® and polymeric
structures***° have been widely studied to resist PpIX aggrega-
tion and optimize their ROS-producing efficiency. However, in
many cases, monotherapy could not completely eradicate bac-
terial infections, especially complicated drug-resistant bac-
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teria. Therefore, it is imperative to develop a facile combi-
nation therapy with high curative efficacy and low resistance
for combating drug-resistant bacterial infections.*"**

The de novo designed antimicrobial agents such as copper-
based,**** xerogel materials,®® silica-based,*® silver nano-
particles,’” etc. have been extensively investigated to date.
Among them, silver nanoparticles as a kind of commercialized
nanomaterial used in the medical field and consumer pro-
ducts have been applied as an excellent antibacterial agent
due to their broad-spectrum antimicrobial activity, less bac-
terial resistance and slight toxicity.*®* Silver nanoparticles
can easily enter the cytoplasm of bacterial cells through
destroying the bacterial membrane. They can further interact
with intracellular proteins and DNA to cause bacterial apopto-
sis and exert their antibacterial activity by releasing silver
ions.*>*" Therefore, combining silver nanoparticles with PDT
would be an attractive strategy for bacterial inactivation with
enhanced efficiency.*>*® Nevertheless, silver nanoparticles
usually form agglomerates because of their small size, which
will result in a significant reduction of antibacterial
activity.*>*> For conquering this limitation, silver nano-
particles were frequently supported with other materials such
as regenerated cellulose membranes,*® gold nanoparticles,*”
hollow CeO, nanocontainers,’® graphene oxide,”® and poly-
meric structures.’® Among them, polymeric micelles have been
proved to be commendable templates for stabilizing silver
nanoparticles and preventing their unfavorable aggregation,
benefiting from their flexible compositions and easy prepa-
ration. Furthermore, polymeric micelles are capable of simul-
taneously delivering different drugs to exert multiple func-
tions. Thus, it is highly desirable to integrate silver nano-
particles and PDT within a simple polymeric micelle to make
full use of their synergistic antibacterial effect.

Herein, we developed a facile silver-decorated, light-activata-
ble polymeric antimicrobial for combined chemo-photo-
dynamic therapy of bacterial infections. In our approach
(Scheme 1), an amphiphilic diblock copolymer poly(aspartic
acid)-block-poly(e-caprolactone) (PAsp-b-PCL) and photosensiti-

PAsp-b-PCL
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zer PpIX can self-assemble into polymeric micelles in aqueous
solution, in which the shell consists of hydrophilic PAsp and
the core consists of hydrophobic PCL and PpIX. Due to the
abundant carboxyl groups and negative charges in the shell,
the as-prepared polymeric micelle (PM@PpIX) can offer large
available binding sites and electrostatic interactions for Ag"
ions, which are easily in situ reduced into silver nanoparticles
once a reductive agent is added and thus the novel combi-
nation strategy of concurrently decorating silver nanoparticles
and encapsulating PpIX (PM@PpIX@Ag) is achieved. After
having reached the infection sites, the resulting polymeric
antimicrobial can attach to the bacteria and damage the bac-
terial membrane to some extent through the silver nano-
particles modifying the micellar shell. Moreover, upon light
irradiation, the photosensitivity of PpIX in the micellar core
will be activated and it generates ROS in situ to further inacti-
vate bacteria, thus enhancing the eradication efficiency for per-
sistent bacterial infection. Furthermore, due to the strong
synergistic antibacterial effect, this polymeric antimicrobial
with combined chemo-photodynamic activity was also success-
fully applied for the treatment of drug-resistant bacterial sub-
cutaneous infections on a mouse model.

Materials and methods

Materials

e-Caprolactone (e-CL, 99%), stannous octoate (Sn(Oct),, 96%),
and trifluoromethanesulfonic acid (CF;SO;H, 98%) were pur-
chased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. B-Benzyl r-aspartate-N-carboxyanhydride (BLA-NCA), tri-
fluoroacetic acid (TFA, 98%), trifluoromethanesulfonic acid
(CF3SO3H, 98%), trimethylamine (TEA, 99%), and silver nitrate
(AgNO;, 99.9%) were obtained from Alfa Asear and used as
received. Protoporphyrin IX, sodium borohydride (NaBH,,
98%), and tBoc-aminoethyl alcohol (99%) were purchased
from Sigma-Aldrich Chemical Company. All the organic sol-
vents were redistilled prior to use. Ultrapure Milli-Q water (re-
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Scheme 1 Schematic illustration of the fabrication of the silver-decorated, light-activatable polymeric antimicrobials for the eradication of bacterial

infection.

This journal is © The Royal Society of Chemistry 2020

Biomater. Sci,, 2020, 8, 6350-6361 | 6351


https://doi.org/10.1039/d0bm01084g

Published on 15 2020. Downloaded on 2025/8/3 17:25:34.

Paper

sistance >18 MQ cm™') was used to make all aqueous
solutions.

Preparation of the block copolymers

The synthetic process of PAsp-b-PCL was consistent with pre-
vious reports.” First, the e-CL monomer in refluxed toluene
was used to prepare the PCL-NHBoc by ring-opening polymer-
ization (ROP) with an initiator -Boc-aminoethyl alcohol and a
catalyst Sn(Oct),. In a word, t-Boc-aminoethyl alcohol (0.32 g,
2 mmol), e-CL (20.0 g, 175.6 mmol) and a drop of Sn(Oct),
were successively added into a clean Schlenk flask with 20 mL
of anhydrous toluene. The reaction solution under a dry argon
atmosphere (after three successive cycles of freezing, pumping
and thawing) was stirred at 110 °C for 12 h. The reaction solu-
tion was then added to a micro amount of dichloromethane to
dilute and a precipitant was formed by the action of excess
diethyl ether. The intermediate PCL-NHBoc was successfully
prepared via filtering and drying the precipitate.

The PCL-NH, macroinitiator was prepared through remov-
ing the Boc group of PCL-NHBoc. Briefly, the PCL-NHBoc dis-
solved in trifluoroacetic acid/dichloromethane solution was
stirred for 12 h at 20 °C, and formed precipitates through
superfluous diethyl ether, which were separated via screening.
Then, the sediment was treated with dichloromethane/tri-
methylamine solution and the intermediate PCL-NH, was pre-
pared through repeating the above procedures.

For the synthesis of PCL-b-PAsp, the benzyl groups of poly
(e-caprolactone)-block-poly(f-benzyl-L-aspartate) (PCL-b-PBLA)
were removed by the ROP of p-benzyl-r-aspartate-N-carboxyan-
hydride (BLA-NCA) wunder the action of PCL-NH,.
Commercially available BLA-NCA (5.0 g, 20 mmol) and as-pre-
pared PCL-NH, (4.0 g, 0.4 mmol) were added in 30 mL of di-
chloromethane. The reaction solution was stirred for 24 h at
30 °C and precipitated into excessive diethyl ether. PCL-b-
PBLA was prepared through filtering and vacuum drying.
Furthermore, 2.0 g of PCL-b-PBLA was dissolved in trifluoro-
acetic acid/trifluoromethanesulfonic acid/anisole solution for
the removal of the benzyl group. The mixture was stirred for
2 h in an ice-water bath and added to a micro amount of di-
chloromethane to form the precipitant PCL-b-PAsp.

Synthesis of different polymeric antimicrobials

To synthesize the polymeric micelles (PM), PCL-b-PAsp solu-
tion (in anhydrous DMF) at 5.0 mg mL ™" was added drop by
drop into nine times the volume of phosphate buffer (1 mM,
pH 7.4) to form stable micelles after stirring for 4 h at room
temperature. The solutions were dialyzed against ultrapure
water using a dialysis bag to completely remove DMF.

For the preparation of protoporphyrin IX-loaded polymeric
micelles (PM@PpIX), 1.0 mg of protoporphyrin IX was dis-
solved in the polymer solution and the resulting mixture was
added drop by drop into nine times the volume of phosphate
buffer (1 mM, pH 7.4), following the same steps as described
in detail above.

Silver-decorated polymeric micelles (PM@Ag) were obtained
by the following method. 100 pL of AgNO; solution (5 mg
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mL ") was added dropwise in the PM solution under magnetic
stirring at 0 °C in the dark. 50 pL of freshly prepared NaBH,
solution (30 mg mL™") was then rapidly mixed and the appear-
ance of the brown solution turned yellow immediately. The
solution was then stirred for 4 h in the dark and was then dia-
lyzed against ultrapure water using a dialysis bag to prepare
PM@Ag.

As  for  protoporphyrin  IX-loaded Ag  micelles
(PM@PpIX@Ag), 100 pL of AgNO; solution (5 mg mL™") was
added to PM@PpIX solution under magnetic stirring for 4 h at
25 °C in the dark, following the same steps as described in
detail above. The final volume of these micelles was adjusted
to 10 mL.

Characterization studies

'H NMR spectra of the block copolymers were recorded using
a nuclear magnetic resonance spectrometer (Bruker ARX-300)
with CDCl; or DMSO-ds as the solvent at room temperature.
The prepared micelles were characterized by UV-vis absorption
using a UV-2550 UV-visible spectrophotometer (Shimadzu,
Japan) in the spectral range from 300 to 800 nm. Fluorescence
spectra were recorded on a Hitachi F-4600 fluorescence
spectrophotometer (Japan). Dynamic light scattering (DLS)
experiments were performed on a laser light scattering spectro-
meter (BI-200SM) equipped with a digital correlator
(BI-9000AT) at 636 nm. The zeta potentials of the aqueous
polymer micelles were recorded with a Brookhaven ZetaPALS
system (Brookhaven Instrument, USA). Transmission electron
microscopy (TEM) images were obtained using a commercial
Philips T20ST electron microscope at an acceleration voltage of
100 kv.

ROS detection

9,10-Anthracenediyl-bis(methylene) dimalonic acid (ABDA) was
chosen as a probe to detect the generated singlet oxygen
because ABDA can react rapidly with the anthracene moiety to
effectively trap reactive oxygen species. PM, PM@Ag,
PM@PpIX, and PM@PpIX@Ag (0.4 mg mL™") were mixed with
ABDA (50 uM) dissolved in DMSO and activated by a 635 nm
laser (power density of 0.25 W cm™>) to monitor the ability of
ROS production by measuring the absorption decrease of
ABDA at 401 nm.

In vitro antibacterial activity

A single colony of bioluminescent S. aureus Xen36 cultured on
agar plates was added into 10 mL tryptone soy broth (TSB)
with 200 pg mL™" kanamycin and incubated at 37 °C for 24 h
during the preculture process. For the amplification culture of
bacteria, the bacterial suspension was added in nineteen
times the volume of TSB, followed by incubation for another
16 h. The final concentration of bacterial suspension was
adjusted to meet the experimental requirements.

In order to determine the synergistic killing effect of
micelles on bioluminescent S. aureus Xen36, 100 pL of PM,
PM@PpIX, PM@Ag, and PM@PpIX@Ag with different concen-
trations (0, 12, 24, 50, 100, 200, 300 and 400 pg mL™") was

This journal is © The Royal Society of Chemistry 2020
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respectively added into 100 pL bacterial suspension (ODggo = 1,
diluted with bacterial media), followed by incubation of
90 min at 37 °C. The treated solution was irradiated with a
635 nm laser for 10 min, using different micelles without light
as the control group. The bactericidal efficacy of micelles was
quantified by measuring the fluorescence intensity of suspen-
sions with a bio-optical imaging system (PerkinElmer, IVIS
Lumina II).

PM, PM@PpIX, PM@Ag, and PM@PpIX@Ag (400 pg mL_l,
500 pL) were respectively added into 500 pL of bioluminescent
S. aureus Xen36 suspension (ODgg, = 10, diluted with bacterial
media), followed by incubation for 90 min at 37 °C. The
mixture was irradiated with a 635 nm laser for 10 min, and
stained with calcein acetoxymethyl ester (Calcein-AM) (20 pM)
and propidium iodide (PI) (5 pM) for 0.5 h at 37 °C in the
dark. The fluorescence micrographs could be observed using a
fluorescence microscope (Leica, DMI 6000B). The bacteria
incubated with PBS, PM, PM@PpIX, PM@Ag, and
PM@PpIX@Ag in the absence of laser activation were used as
the control.

In vivo antibacterial study

According to the previous report of Shi,>** murine skin infec-
tion models were established. BALB/c nude mice were subcu-
taneously injected with 100 pL of bioluminescent S. aureus
Xen36 suspension (1 x 10° bacteria per mL) in the right side.
The S. aureus Xen36 bearing-mice were photographed through
a bio-optical imaging system (PerkinElmer, IVIS Lumina II) to
measure the bioluminescence intensity. The murine skin
infection model mice were randomly divided into 4 groups
(6 mice per group) and subcutaneous injections of saline,
PM@PpIX@Ag, PM@PpIX with laser activation and
PM@PpIX@Ag with laser activation were administered near
the infection sites every day (micelle concentration: 1 mg
mL ™). After five days of treatment, the skin tissues and the
main organs of mice in different groups were obtained to
conduct Gram staining assays and hematoxylin and eosin
(H&E) staining, respectively.

Bacterial membrane integrity evaluation

The bacterial membrane potential test against bioluminescent
S. aureus Xen36 was performed using a bacterial membrane
potential kit (Thermo Fisher Scientific, BacLight™) containing
the fluorescence dye 3,3’-diethyloxacarbocyanine iodide
(DiOC,(3)). DIOC,(3) at low concentrations could exhibit green
fluorescence in bacterial cells and the self-association of the
dye could cause the fluorescence emission to shift to red
because of bacterial uptake. First, 1 mL of diluted bacterial
suspension (ODgoo = 1) was incubated with different micelles
at the same concentration in 1.5 mL Eppendorf tubes at 37 °C
for 4 h. Then, DiOC,(3) was added into the resultant mixture
for another 15 min of incubation. Finally, the changes of rela-
tive fluorescence intensity were detected by flow cytometry
(BD, Accuri C6). The bacterial suspension added into PBS solu-
tion without any polymeric micelles was used as a negative
control, while bacterial suspension mixed with a membrane

This journal is © The Royal Society of Chemistry 2020
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destroying reagent carbonyl cyanide 3-chlorophenylhydrazone
(CCCP, 5 pM) was used as a positive control.

The integrity of bacterial membranes was evaluated by
investigating the changes of bacterial morphologies before
and after different treatments, using scanning electron
microscopy (SEM). The samples for SEM analysis were pre-
pared as follows. PM, PM@PpIX, PM@Ag, and PM@PpIX@Ag
(400 pg mL™, 500 pL) were respectively added into 500 pL bac-
terial suspension (ODgoo = 10), followed by incubation for
90 min at 37 °C. The mixture was irradiated with a 635 nm
laser for 10 min. The bacteria mixed with PBS were used as a
control. After centrifugation (5000 rpm, 5 min) and washing,
the bacteria were tiled on the glass slides, fixed with 4% para-
formaldehyde solution, dehydrated with a series of aqueous
ethanol solutions (30%, 50%, 70%, 90%, and 100%), and
dried at 25 °C. The SEM samples were required to be sprayed
with gold before collecting SEM images.

Cell toxicity assay

For the MTT assay, NIH 3T3 cells were plated in 96-well plates
at a density of 8 x 10> cells per well. After incubation of 24 h in
a 5% CO, environment, cells were cultured in fresh medium
containing with a graded concentration series of micelle solu-
tions. Cells cultured in fresh medium without micelles were
used as the control. Following a total of 24 h incubation at
37 °C, 20 uL of MTT solution (5 mg mL™") was added into each
well. After incubation for another 4 h, the medium was
removed and 150 pL of DMSO was added to dissolve the
purple formazan. The optical absorption at 490 nm was
immediately evaluated with a Varioskan Flash instrument
(Thermo Scientific Company, USA). The cytotoxicity experi-
ment was performed three times.

Hemolysis assay

For hemolysis assay, fresh rat blood cells were washed three
times with sterile PBS buffer and harvested by centrifugation at
3000 rpm for 5 min. Then, 0.4 mL of diluted rat red blood cell
suspension was incubated with 400 pL of different micelles at a
predetermined concentration in 1.5 mL Eppendorf tubes at
37 °C for 4 h. The final solutions were centrifuged (3000 rpm,
5 min) and the ultraviolet absorptive value (570 nm) of the
resultant supernatant (100 pL) was measured with a microplate
reader. Rat red blood cell suspension mixed with PBS buffer
without any polymeric micelles was used as a negative control,
while rat red blood cell suspension mixed with Triton X-100
(0.1%) solution was used as a positive control. The hemolysis
ratio (%) = (absorbance of experimental sample — absorbance
of negative control sample)/(absorbance of positive control
sample — absorbance of negative control sample) x 100.

Results and discussion
Preparation and characterization of polymeric antimicrobials

In this study, we first synthesized block copolymers PAsp-b-
PCL via sequential ring-opening polymerization (ROP) of e-CL
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and BLA-NCA and facile removal of benzyl groups on the side
chains; the chemical structure was confirmed with "H NMR as
shown in Fig. S1IA-C.t Then, after self-assembly in water, the
PpIX-loaded polymeric micelles were fabricated from amphi-
philic PAsp-h-PCL and hydrophobic PpIX and denoted as
PM@PpIX. Finally, the silver nanoparticles were readily deco-
rated on the surface of PM@PpIX through electrostatic adsorp-
tion of negatively charged PAsp shells for Ag" ions and the
in situ reduction method; they were named PM@PpIX@AgZ.
Meanwhile, polymeric micelles based on only PAsp-b-PCL (PM)
and micelles only modifying silver nanoparticles (PM@Ag)
acted as the other controls except for PM@PpIX.

As seen in Fig. 1A, in comparison with the colorless PM,
PM@PpIX displayed purplish-brown colour without any aggre-
gates, suggesting that PpIX was successfully encapsulated into
the PM and well dispersed in the aqueous solution. In con-
trast, the colors of PM@Ag and PM@PpIX@Ag were both dark
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brown and also no precipitation occurred, demonstrating the
decoration of silver nanoparticles. The micelle sizes were
measured by dynamic light scattering (DLS) and the result is
presented in Fig. 1B. It was found that the average hydrodyn-
amic diameter (Dy,) of these micelles were all approximately
100-110 nm, in which PpIX encapsulation and silver decora-
tion could give rise to a slight increase in size. The images of
transmission electron microscopy (TEM) (Fig. 1C) showed that
these micelles were all spherical in shape with diameters
slightly smaller than that of DLS results, because of the dry
state in TEM samples. The zeta potential (Fig. 1D) of PM was
determined to be —55 + 0.84 mV due to the carboxyl groups of
the PAsp chains. Upon loading PpIX or decorating with silver
nanoparticles, the zeta potentials of PM@PpIX and PM@Ag
remarkably declined to —27 + 0.98 mV and —31 + 0.83 mV,
respectively. By contrast, PM@PpIX@Ag exhibited the highest
zeta potential with —17 + 0.38 mV, indicating that the micelle
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Fig. 1 (A) Photographs, (B) DLS measurement, (C) TEM images, (D) ¢-potentials, (E) UV—-vis absorption spectra, and (F) fluorescence spectrum of
different micelles (PM, PM@PplIX, PM@Ag and PM@PplIX@Ag). (G) UV-vis absorption spectra of ABDA detected the ROS production from
PM@PplX@Ag under laser activation for different times. (H) Relative absorption intensities of ABDA and four kinds of micelles with or without laser

irradiation for various times. L means light activation.

6354 | Biomater. Sci, 2020, 8, 6350-6361

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0bm01084g

Published on 15 2020. Downloaded on 2025/8/3 17:25:34.

Biomaterials Science

was modified with silver nanoparticles and loaded PpIX con-
currently. The UV-visible absorbance spectra of these micelles
are displayed in Fig. 1E. PM displayed no obvious absorption
peak, whereas PM@Ag and PM@PpIX exhibited characteristic
peaks of nanosilver (around 400 nm) and protoporphyrin IX
(Soret band and Q band®“®?), which suggested that the
micelles were successfully decorated with the silver nano-
particle and encased protoporphyrin IX, respectively. As for
PM@PpIX@Ag, the absorption spectrum simultaneously dis-
played characteristic peaks of silver nanoparticles and PpIX,
further confirming the successful integration of nanosilver
and PpIX into a single entity by polymeric micelles. Fig. 1F
shows the fluorescence spectra of these micelles. It was
observed that PM@PpIX exhibited an emission peak at about
639 nm with a broad peak range from 658 nm to 750 nm
under the excitation wavelength of 405 nm, while the fluo-
rescence peak of PM@PpIX@Ag significantly declined com-
pared with that of PM@PpIX, which was ascribed to strong res-
onant energy transfer from PpIX to the silver nanoparticles.’?
To evaluate ROS generation capability of the fabricated
micelles upon light activation, commercially available 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA) was used
as a probe for singlet oxygen ('0,). Upon exposure to laser
irradiation, there was a substantial reduction of ABDA absorp-
tion at 401 nm in the presence of PM@PpIX@Ag, demonstrat-
ing that PM@PpIX@Ag could effectively produce 'O, content
with a prolonged irradiation time (Fig. 1G). Moreover, the ROS
generation efficiencies of PM@PpIX and PM@PpIX@Ag
showed nearly no differences, suggesting that the decoration
of silver nanoparticles would not discount the ROS-producing
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effect of PM@PpIX (Fig. 1H). In contrast, no obvious absorp-
tion decrease of ABDA was determined for the micelles
without PpIX and groups in the absence of light irradiation.
Meanwhile, the ROS response with lower concentrations of
micelles is shown in Fig. S3.7 The ROS generation ability of
PM@PpIX@Ag and PM@PpIX gradually reduced with decreas-
ing concentration, indicating that these two micelles produced
'0, in a concentration-dependent manner when the
irradiation time was fixed. We then evaluated the ROS
response in bacteria after incubation with different micelles
and light exposure, utilizing DCFH-DA as a ROS probe. As pre-
sented in Fig. S4,1 there was only weak green fluorescence in
the fluorescence images of bacteria after treatment of PBS,
PM, and PM@Ag under both dark and light conditions. In
contrast, the PM@PpIX@Ag + L group and PM@PpIX + L
group exhibited strong green fluorescence, further suggesting
the ROS generation ability of PpIX-loaded micelles under light
activation.

Chemo-photodynamic antibacterial effect of polymeric
antimicrobials in vitro

To investigate the antibacterial activity of polymeric antimicro-
bials, S. aureus Xen36, a multi-drug-resistant bacterial strain
with bioluminescence property,’”>* was used as model bac-
teria. S. aureus Xen36 were incubated with different micelles
and treated with or without irradiation, and the bio-
luminescence images were taken in which intensity was nega-
tively correlated with antibacterial efficiency. As demonstrated
in Fig. 2A and B, PM did not affect bacterial viability even
under irradiation, while PM@Ag showed weak antibacterial

B 1204
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Fig. 2 Bioluminescence images (A) and relative bioluminescence intensities (B) of S. aureus Xen36 after being treated with PM, PM@PpIX, PM@Ag
and PM@PplX@Ag with different concentrations in both light and dark cases. (C) Fluorescence micrograph of S. aureus Xen36 after 1.5 h incubation
with PBS, PM, PM@PplIX, PM@Ag and PM@PpIX@Ag in both the light and dark cases.
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activity when its concentration reached 200 pg mL ™" regardless
of irradiation, suggesting that decoration of silver nano-
particles could damage bacteria to some extent. However, the
bioluminescence signal of the PM@PpIX group significantly
decreased upon light activation, which indicated that
PM@PpIX could Kkill S. aureus Xen36 through ROS generation.
More importantly, PM@PpIX@Ag displayed improved antibac-
terial activity compared with PM@PpIX and PM@Ag, and the
antibacterial effect could be observed at even lower concen-
trations, revealing that PM@PpIX@Ag could achieve a synergic
effect in killing bacteria through PDT and silver nanoparticles.

To further confirm the synergistic antibacterial activity of
the polymeric antimicrobials, we used a commercial LIVE/
DEAD assay kit to detect the viability of bacteria after different
treatments. The live bacteria could be stained by the dye
Calcein-AM emitting green fluorescence while the dead bac-
teria were labeled with the red fluorescent dye PI. As shown in
Fig. 2C, there was no notable red fluorescence in the fluo-
rescence images of bacteria after treatment of PBS and PM
under both dark and light conditions, signifying their negli-
gible antibacterial activity. For PM@Ag, only sporadic red fluo-
rescence could be observed regardless of light irradiation,
which demonstrated that PM@Ag showed general toxicity
towards bacteria and irradiation would not affect their antibac-
terial activity. However, the PM@PpIX group showed an
increased red fluorescence upon irradiation, indicating their
PDT antibacterial effect. Furthermore, the bacteria treated with
the PM@PpIX@Ag + L group exhibited the strongest red fluo-
rescence and no detectable green fluorescence was presented
in the fluorescence image, suggesting that almost all the bac-
teria were killed and the PM@PpIX@Ag + L possessed the best
antibacterial performance due to the excellent synergic chemo-
photodynamic antibacterial effect.

Antibacterial activity of polymeric antimicrobials in vivo

Encouraged by the above results, we then assessed the bacteri-
cidal effect of the polymeric antimicrobials in vivo using the
bioluminescent S. aureus Xen36-infected mouse model. The
mice were divided into different four groups (PBS, PM@PpIX +
L, PM@PpIX@Ag and PM@PpIX@Ag + L) and treated with the
respective agents (Fig. 3A). The bioluminescence signal of the
infection site was monitored for five consecutive days (Fig. 3B)
and quantitative analysis of bioluminescence intensity and
infected area are presented in Fig. 3C and D. The PBS group
showed the slowest decrease of bioluminescent intensity and
area and there was over 50% of infection at day 5 post-treat-
ment. Compared with the PBS group, the mice treated with
PM@PpIX + L and PM@PpIX@Ag showed faster reduction of
bacterial bioluminescence but we could still observe approxi-
mately 20% of infection after 5 days of treatment. In contrast,
PM@PpIX@Ag + L exhibited the strongest eradication effect
on S. aureus Xen36 with almost no detectable bioluminescent
intensity and area of infection. Subsequently, we photo-
graphed the infection site of mice on day 5 after treatment and
performed Gram-staining to further evaluate the antibacterial
efficacy. As shown in Fig. 3E, PM@PpIX@Ag + L showed the
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best healing property of the infection sites compared with
those of the PBS group and other treatment groups. Moreover,
almost no bacteria were observed in Gram-stained skin tissues
for the PM@PpIX@Ag + L group and the histological struc-
tures were similar to that of healthy control. However, though
there were fewer staphylococci compared to the PBS group, the
PM@PpIX + L group and PM@PpIX@Ag group still appeared
to have quiet a little of bacteria in the skin tissues. Therefore,
these results revealed that the application of PM@PpIX@Ag +
L exhibited the best bacteria-eradicating effect and infection-
healing capability among those tested.

Antibacterial mechanism of polymeric antimicrobials

As demonstrated above, PM@PpIX@Ag showed excellent
synergic chemo-photodynamic antibacterial effect in in vitro
and in vivo testing. It has been widely established that the dis-
ruption of the bacterial membrane serves as a critical induce-
ment of silver nanoparticles and PDT for bacterial death. We
speculated that PM@PpIX@Ag could exert antibacterial effect
by the destruction of the bacterial membrane, which follows
a series of domino effects to cause bacterial death. To
confirm the antibacterial mechanism of PM@PpIX@Ag, we
detected the bacterial membrane potentials of S. aureus
Xen36 after different treatments. As shown in Fig. 4A, the
PM®@PpIX@Ag + L group showed remarkably reduced red/
green fluorescence ratios (0.21) compared with that of
PM@PpIX@Ag (0.45) and PM@PpIX + L groups (0.35), indi-
cating that the synergic chemo-photodynamic antibacterial
effect could better disrupt the bacterial membrane integrity.
We further probed the antibacterial mechanism of micelles
by investigating the changes of bacterial morphologies before
and after different treatments, using a scanning electron
microscope. As shown in Fig. 4B, PBS-treated bacteria
remained in their original morphology with intact round-
shaped cell walls. In contrast, bacteria treated with different
micelles displayed varying degrees of membrane lysis.
Therein, bacteria in the PM@PpIX@Ag + L group exhibited
severe damage where disrupted membranes fused together to
produce the cell debris group. Collectively, the aforemen-
tioned results indicated that the synergic chemo-photo-
dynamic effect of PM@PpIX@Ag obviously increased the
capability of eliminating bacteria.

Biocompatibility assessment of polymeric antimicrobials

To evaluate the biocompatibility of our designed polymeric
antimicrobials, the cytotoxicity of different micelles towards
NIH3T3 cells was assessed by the MTT assay. As demonstrated
in Fig. 5A, the cell viability of NIH3T3 cells treated with
different micelles at predetermined concentrations was over
80%, indicating that these micelles exhibit excellent cytocom-
patibility for mammalian normal cells. Furthermore, we inves-
tigated the toxicity of these micelles to red blood cells through
the hemolysis assay. As shown in Fig. 5B, there was no obvious
hemolysis for all concentrations of these micelles and the
hemolysis percentages of these micelles were within the scope
of acceptable value even at a high concentration of 200 pg
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of S. aureus Xen36-infected mice with different treatments. (E) Micrographs of the wound and Gram staining of skin tissues of infected mice with
different treatments. The healthy mice were used as control.

0.6
0.4

0.2

Fluorescence Ratio (red/green)

0.0-
™

& & &
e &
Qﬁ & p e@g

Fig. 4 (A) Membrane potential evaluation of S. aureus Xen36 after being treated with PBS, PM@PpIX@Ag, PM@PpIX + L, PM@PpIX@Ag + L and
CCCP (positive control) by flow cytometry. (B) Morphology of S. aureus Xen36 after being treated with PBS, PM@PpIX@Ag, PM@PpIX + L,
PM@PpIX@Ag + L using a scanning electron microscope.
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mL™". In addition, the result of in vivo H&E analysis is shown
in Fig. 5C. It was observed that the mice of all groups showed
no signs of pathological changes in main organs. Moreover,
we have compared the amount of Ag NPs available in the
wound after 5 days and 10 days of treatment with
PM@PpIX@Ag + Laser by ICP-MS analysis. As demonstrated in
Table S3,7 there were 6.36 pg Ag NPs in the wound after 5 days
of treatment with PM@PpIX@Ag + Laser, and the Ag content
decreased dramatically to 0.64 pg in the wound after 10 days of
treatment with PM@PpIX@Ag + Laser, suggesting that the
silver nanoparticles could be easily metabolized. Therefore,
our polymeric antimicrobials had good potential to safely era-
dicate bacterial infections.

Conclusion

In summary, a silver-decorated, light-activatable polymeric
antimicrobial with a strong synergistic effect was fabricated by
us through a facile self-assembly strategy. Amphiphilic PAsp-b-
PCL polymer micelles with negatively charged shells provide
abundant binding sites for Ag ions which could be in situ
reduced into silver nanoparticles, and the photosensitizer
PpIX could be entrapped into the micellar core by hydrophobic
interaction that could generate ROS upon light irradiation.
The in vitro and in vivo experiments all proved that the anti-
microbial performance of our combination system was
superior to that of the other mono-therapy group, which bene-
fited from the synergy of silver nanoparticle decoration and
photodynamic eradication. The results of biosafety evaluation
experiments confirmed that the obtained polymeric anti-
microbial possessed negligible cytotoxicity to normal cells and
long-term toxicity for the organism. Therefore, our work pro-
vides a feasible strategy to realize combined chemo-photo-

6358 | Biomater. Sci., 2020, 8, 6350-6361

dynamic therapy with enhanced potency for the treatment of
bacterial infections.
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