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ABSTRACT: Bacterial biofilm infection threatens public health, and eflicient treatment
strategies are urgently required. Phototherapy is a potential candidate, but it is limited
because of the off-targeting property, vulnerable activity, and normal tissue damage.
Herein, cascade-responsive nanoparticles (NPs) with a synergistic effect of phototherapy : o
and chemotherapy are proposed for targeted elimination of biofilms. The NPs are ot 23 7 pse
fabricated by encapsulating IR780 in a polycarbonate-based polymer that contains Wl -~ ¢ N5
disulfide bonds in the main chain and a Schiff-base bond connecting vancomycin (Van) . P penetrtion
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pendants in the side chain (denoted as SP—Van@IR780 NPs). SP—Van@IR780 NPs \”, POTPTT
specifically target bacterial biofilms in vitro and in vivo by the mediation of Van pendants. Synargatc kiling Bl O,
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Thereafter, Van is then detached from the NPs because the Schiff base bonds are broken WRSA dead L omea

at low pH when SP@IR780 NPs penetrate into the interior of biofilm. The released Van
and IR780 exhibit a robust synergistic effect of chemotherapy and phototherapy, strongly eliminate the biofilm both in vitro and in
vivo. Therefore, these biocompatible SP—Van@IR780 NPs provide a new outlook for the therapy of bacterial biofilm infection.
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1. INTRODUCTION

Bacterial infection is a major medical problem that threatens
public health." Antibiotics are commonly used in the clinical
treatment of bacterial infections.”~* However, their widespread
use and misuse frequently facilitates bacterial drug resist-
ance.””” Moreover, the bacteria can further form biofilms.*™"°
The dense extracellular polymeric substances (EPS) in biofilms
exceedingly hinder the internalization of antibiotics, and
greatly weaken the antibacterial efficiency regardless of using
high doses of antibiotics.'"'* Additionally, the bacteria are
willing to accumulate numerous acidic metabolites because of
the hypoxia feature of biofilm.'*'* These metabolites give rise
to the formation of a specific inner microenvironment of
biofilm, in which there is a gradiently increased acid
concentration from the outside to the inside."”” The hypoxic
and slightly acidic environment, consequently, slows down
bacterial metabolism and, thus, exacerbates bacterial tolerance
to antibiotics.”'®'” Therefore, there is an urgent need to
develop an effective strategy to enhance the efficacy of
antibiotics to achieve efficient eradication of drug-resistant
bacteria and their biofilms at low doses.

Phototherapy, including photodynamic therapy (PDT) and
photothermal therapy (PTT), has been widely explored for the
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treatment of bacterial infections due to its advantages of
spatiotemporal selectivity, noninvasiveness, broad antibacterial
spectrum, and less potency to induce antibacterial resist-
ance.'®*™** However, phototherapy still has some limitations.
(i) The off-target of photosensitizer (PS);**** (ii) the short
diffusion distance and lifetime of produced reactive oxygen
species (ROS);* (iii) antioxidant enzymes and overexpressed
GSH in bacterial infection microenvironment neutralize the
destructive effect of PDT;**"* (iv) high temperature
generated by inaccurate PTT damages normal tissues.’’
Accordingly, the combination of phototherapy and antibiotics
is a promising strategy to overcome the limitations of
phototherapy, while enhancing the efficacy of antibiotics.”"
One of the most common approaches is using nanoparticles
(NPs) to precisely deliver PS and antibiotics to the site of
bacterial infection thereby achieving combination treatment
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Scheme 1. Schematic Illustration of the SP—Van@IR780 NPs for Killing MRSA and Its Biofilm™”

Van

Disulfide bond

JVVJW + v —

sP Van
'
L]
& SP-Van@IR780 NPs P
Qq,"‘ & injection ¥
L \ "y
e 4 S
‘\ < R
¥ "
K . e
s g5
3@
MRSA infection 3
model S .
S o,
Z
o
@

D-Ala

» D-Ala -
EPS  Live MRSA N
L
o e @ Y
o 2 ‘.'
Dead MRSA  Van Peptidoglycan ‘

SP-Van

Self-assem bly

\;J””

w,a‘“:.

o

bond

SP-Van P-Van@lmsn NPs

dms ’
v" v;

RSN o Ros 0s®

7.5»

Biofilm elimination

“Synthesis and preparation of SP—Van bSP—Van@IR780 NPs accumulating at the MRSA infection location to kill MRSA and its biofilms by

photoantibiotic synergistic therapy.

with phototherapy and antibiotics.”>™>° In this way, photo-
therapy reinforces the susceptibility to antibiotic killing by
interfering with bacterial metabolic activity or enhancing
biofilm penetration; and complementarily, antibiotics can also
boost phototherapy by promoting bacterial uptake of
PS.33%3¢ However, the synergistic effect of drug combination
is conservatism.”” The effect of synergism greatly depends on
the formula ratio of PS and antibiotics, which determines the
performances on killing drug-resistant bacteria and bio-
films.>®**° Moreover, the formula ratio could be altered due
to the complexity of the bacterial infection microenviron-
ment.*”*" This requires stable loading and on-demand release
of PS and antibiotics. Therefore, novel NPs that possess stable
PS and antibiotic loading in a formula ratio and precise drug
release performance can amplify synergistic effects of photo-
therapy/antibiotic treatment against stubborn bacteria and
their biofilms.

Herein, GSH/pH cascade-responsive NPs with synergistic
effects of phototherapy and antibiotics were developed for the
targeted eradication of methicillin-resistant Staphylococcus
aureus (MRSA) and its biofilm (Scheme 1). First, a
polycarbonate-based polymer with disulfide bonds in the
main chain and pendant aldehyde groups in the side chain was
synthesized, named SP. Further, vancomycin (Van) is bonded

into SP through Schiff base bonds to form SP-Van. Finally,
SP—Van is used to wrap IR780 to get SP—Van@IR780 NPs.
Owing to bacterial peptidoglycan targeting ability of Van, SP—
Van@IR780 NPs can be actively enriched to bacterial infection
sites. The overexpressed GSH in the microenvironment of
bacterial infection triggers the rapid breaking of disulfide
bonds, resulting in the gradual disintegration of SP—Van@
IR780 NPs, which helps to achieve deep drug penetration.
Meanwhile, the consumption of GSH by disulfide bonds can
promote the accumulation of ROS in the infected micro-
environment and sensitize the PDT effect. The IR780 and Van
exhibited remarkable synergistic effects (0.28 of the fractional
inhibitory concentration indices (FICI)) and significantly
reduced the administered doses of IR780 and Van by 50%
and 83.3%, respectively. Compared with control groups, SP-
Van@IR780 NPs showed superior therapeutic effect on MRSA
biofilm and mouse subcutaneous abscess. Therefore, SP-Van@
IR780 NPs, utilizing a smart drug delivery system to synergize
phototherapy and antibiotics, is a promising strategy for
treating drug-resistant bacterial infections and their biofilms.

2. METHODS

2.1. Materials. 2,2'-dithioethanol and glutathione (GSH) were
purchased from Tokyo Chemical Industry (TCI). 1,6-Hexadiol and
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IR780 were purchased from Shanghai Macklin Biochemical Co., Ltd.
1,2,4,5-Cyclohexane tetracarboxylic anhydride and vancomycin (Van)
were purchased from Bide Pharmatech Co., Ltd. Methoxypoly-
ethylene glycol 5000 (mPEG;y0—OH), 4-(hydroxymethyl) benzalde-
hyde, and 1,2-benzenedicarboxaldehyde (OPA) were purchased from
Innochem (Beijing) Technology Co., Ltd. Dimethyl sulfoxide
(DMSO), triethylamine (Et;N), N,N-dimethylformamide (DMF),
ethanol (EtOH), and methanol (MeOH) were purchased from J&K
Scientific. Tryptone soybean broth (TSB) and tryptone soybean agar
(TSA) were purchased from Sinopharm Holdings Chemical Reagents
(China). Thiazolyl blue tetrazolium bromide (MTT), 1,3-diphenyli-
so-benzofuran (DPBF), acridineorange (AO), propidiumiodide (PI),
and triton X-100 were purchased from Solarbio Science &
Technology Co., Ltd. (China).

2.2. Synthesis and Characterization of Polymers and
Nanoparticles. 2.2.1. Synthesis of SP—COOH and CP—COOH. 2-
Hydroxyl-ethyl disulfide (933 mg, 6.058 mmol) and 1,2,4,5-
cyclohexane tetracarboxylic anhydride (1425 mg, 6.361 mmol) were
placed in a round-bottled flask, and ultradry DMF (S mL) was added
as the reaction solvent. After stirring at room temperature for 24 h,
mPEG;4—OH (3100 mg, 0.62 mmol) was added to the reaction
system. Then, the reaction was carried out for another 12 h at 65 °C.
At last, the mixture was purified by dialysis (Mw: 8000 Da) in
deionized water for 48 h. The SP—COOH polymer was obtained after
lyophilization. CP—COOH polymer can be obtained by replacing 2-
hydroxyethyl disulfide with 1,6-hexadiol and following the synthesis
route described above.

2.2.2. Synthesis of SP and CP. SP—COOH (500 mg, 0.03 mmol),
EDC (345.1 mg, 1.8 mmol), and DMAP (219.9 mg, 1.8 mmol) were
added to a round-bottled flask containing S mL of DMSO. The
mixture was stirred at 40 °C for 4 h to activate the carboxyl groups.
Then, 4-(hydroxymethyl) benzaldehyde (329.8 mg, 1.8 mmol) was
added, and the mixture was collected after continuous agitation for 12
h. After dialysis, the solution was lyophilized to obtain a white solid
product (SP). CP polymer was obtained by replacing SP—COOH
with CP—COOH and following the synthesis route described above.

2.2.3. Synthesis of SP—Van. SP polymer (50 mg, 0.003 mmol) and
vancomycin (50 mg, 0.03 mmol) were dissolved in DMSO (S mL),
and triethylamine (Et;N, 10 yL) was added as a catalyst. The mixture
was stirred at 40 °C for 24 h. After dialysis, the solution was
lyophilized to obtain the product (SP—Van).

2.2.4. Preparation of NPs. SP—Van (10 mg) and IR780 (2 mg)
were dissolved in a container with DMSO (1 mL). The mixed
solution was stirred for 3—5 min, and then 3 mL of deionized water
was slowly dripped into the mixture. After stirring was continued for
10 min, the nanoparticles were obtained. Then, the solution was
placed into a dialysis bag (Mw: 3500 Da) and dialyzed with deionized
water to remove DMSO and unencapsulated IR780. After 48 h of
dialysis, SP—Van@IR780 NPs were obtained. Similarly, SP—Van NPs,
SP@IR780 NPs, and CP@IR780 NPs were prepared according to the
above method.

2.2.5. Van Release Kinetics. The prepared SP—Van NPs were
divided into three equal parts and placed in dialysis bags. Then, the
dialysis bags were placed into containers containing different buffer
solutions including PBS, PBS (pH = 5.0), and GSH (10 mM + pH
5.0). The dialysis systems were placed in a shaker at 37 °C, and the
dialysate was collected at specific time points. After 72 h, all samples
were detected by high-performance liquid chromatography (HPLC).

2.3. In Vitro Antibacterial Activity against MRSA. 2.3.1. Mini-
mum  Inhibitory Concentration (MIC). The minimum inhibitory
concentration (MIC) values of Van and SP@IR780 NPs were tested.
Briefly, TSB media (100 L) containing drugs was dropped into a 96-
well plate by 2-fold serial dilutions. MRSA (1 X 10° CFU/mL, 100
uL) was added to the plate. After incubation for 24 h, the OD 600 nm
of the cultures was measured with a microplate reader. Fractional
inhibitory concentration index (FICI) value was calculated using the
following formula:

MIC(AB)
MIC(A)

MIC(AB)
MIC(B)

FICI =

MIC(AB) is the MIC of each antibacterial agent in combination
(in a single well), and MIC(A) and MIC(B) are the MIC values of
each antibacterial agent individually.

2.3.2. Colony Forming Units (CFU) Assay. MRSA in stationary
phase was collected and diluted into 1 X 10° CFU/mL in TSB.
Different formulations, including PBS, Van, SP—Van NPs, CP@IR780
NPs, SP@IR780 NPs, and SP—Van@IR780 NPs, were added. The
concentrations of Van and IR780 were S and 5 pg/mL, respectively.
After incubating at 37 °C for 4 h, CP@IR780 NPs + L, SP@IR780
NPs + L, and SP—Van@IR780 NPs + L groups were irradiated under
808 nm laser at 0.5 W cm™ for 5 min. After being incubated at 37 °C
for another 4 h, MRSA was collected and cultured on TSA.

2.3.3. CLSM of MRSA. MRSA in stationary phase was collected and
diluted into 1 X 10° CFU/mL in PBS. Different formulations were
prepared. After incubating at 37 °C for 8 h, MRSA was collected and
stained by AO/PI for 20 min. Then, the red/green fluorescence of
MRSA was recorded in each group by CLSM.

2.3.4. Protein Quantitation. The protein leakage of MRSA was
determined by a bicinchoninic acid (BCA) assay. MRSA in stationary
phase was collected, and diluted into 1 X 10° CFU/mL. Then, MRSA
was treated with different formulations. After incubation at 37 °C for
8 h, 20 uL of BCA working solution was added to each well. At last,
the OD540 nm of each well was recorded by a microplate reader. The
amount of protein leakage from each group could be calculated from
the BCA standard curve, and Ripa lysate was used as a positive
control.

2.4. In Vitro Biofilm Ablation. 2.4.1. Permeability Evaluation.
MRSA in the stationary phase (1% 10° CFU/mL, 1 mL) was added
into a 48-well plate. After incubating at 37 °C for 24 h, the
supernatant was replaced by 1 mL of fresh TSB medium. The mature
biofilm was obtained after being incubated for another 24 h. The
mature biofilm was treated with SP—Van@NR NPs for 0, 1, and 4 h.
After coincubation, the medium was removed and the biofilm was
washed with PBS three times. AO dye was added to each well to label
the live bacteria. The final concentration of AO was S pg/mL. At last,
the red/green fluorescence of the biofilm was recorded by CLSM.

2.4.2. Crystal Violet Staining. Crystal violet staining method was
used to evaluate the ablation effect of SP—Van@IR780 NPs on
biofilms in vitro. In brief, mature biofilm was treated by PBS, Van,
SP—Van NPs, CP@IR780 NPs, SP@IR780 NPs, and SP-Van@IR780
NPs. After incubating at 37 °C for 4 h, CP@IR780 NPs + L, SP@
IR780 NPs + L, and SP-Van@IR780 NPs + L groups were irradiated
under 808 nm laser at 0.5 W cm™ for S min. After being incubated at
37 °C for another 4 h, the biofilm in each group was stained with 100
uL 1% (w/v) crystal violet for 1S min. After being washed with PBS
three times, the biofilm was ablated with 100 uL 30% (v/v) acetic
acid solution. At last, the OD570 nm values of the solutions in all
group were measured by a microplate reader.

2.4.3. CLSM of MRSA Biofilm. Mature biofilm was incubated with
different formulas. After treatment, AO and PI were added to the
wells to stain the live and dead bacteria, respectively. Finally, the red/
green fluorescence of the biofilm was recorded by CLSM. Software
Comstat2 and Image] (www.comstat.dk) were used for image
analysis.*>*

2.5. In Vivo Antibacterial Evaluation. 2.5.1. Mice Treatment.
Balb/c female mice (5—6 weeks old) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. All animals were
treated and cared for in accordance with the National Research
Council’s guidelines for the care and use of laboratory animals and
under the supervision and assessment by the SPF Animal Department
of Clinical Institute in China—Japan Friendship Hospital (Approval
No. zryhyy 12—20—08—3).

2.5.2. In Vivo Therapy. MRSA (5 x 10° CUF) was injected into
the subcutaneous tissue of the right leg of mice. The white abscess
was observed after 1 day, and the 1S mice were equally divided into
five groups with three mice in each group. Different drugs, including
Van, SP—Van NPs, SP@IR780 NPs, and SP—Van@IR780 NPs, were
administered to the model mice by intravenous injection, and PBS
was used as a control group. The concentrations of Van and IR780
were S mg/kg each . At 24 and 48 h after drug injection, the wound of
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Figure 1. Characterization of SP—Van@IR780 NPs. (A) TEM image, (B) particle size distribution, and (C) particle size stability (n = 3) of SP—
Van@IR780 NPs. (D) Thermal imaging of SP—Van@IR780 NPs irradiated by 808 nm laser at 0.5 W-cm™ for 5 min. (E) Electron spin resonance
(ESR) spectra of SP—Van@IR780 NPs irradiated by 808 nm laser at 0.5 W-cm™ for 5 min. (F) Time-dependent absorbance spectrum of DPBF in
SP—Van@IR780 NPs irradiated by 808 nm laser at 0.5 W-cm™2. (G) GSH residual rates at different times of incubation with SP@IR780 NPs by
the OPA method. (H) 'H NMR spectra of SP, SP—Van, and SP—Van in an acid environment (DMSO-dg, 400 Hz). (I) Van release profiles from

SP—Van NPs in different media.

mice in SP@IR780 NPs + L and SP—Van@IR780 NPs + L groups
was irradiated with 808 nm laser at 0.5 W cm™ for 5 min. During the
treatment, the wound area and body weight of the mice were
recorded.

2.6. Biosafety Evaluation. 2.6.7. Hemolytic Test. Fresh mouse
eyeball blood was washed three times with PBS to obtain red blood
cells, which were prepared into a 2% (v/v) suspension in PBS. SP—
Van NPs were added in the concentrations of 0.125, 0.25, 0.5, 1, 2,
and 4 mg/mL. The equal volumes of 10% (v/v) Triton solution and
PBS were used as control groups. After incubating for 3 h at room
temperature, the solutions were centrifuged at 15 000 rpm for 10 min.
Finally, OD 560 nm of the supernatant was recorded by a microplate
reader.

2.6.2. MTT Assay. The biocompatibility of SP—Van was evaluated
using mouse fibroblast (L929 cell). L929 cell suspension was added to
a 96-well plate (8000 cell/well). After incubation overnight, SP—Van
NPs were added at concentrations of 7.8125, 15,625, 31.25, 62.5, 125,
250, and 500 pg/mL. After treatment for 24 h, the MTT assay was
performed to examine the cell viability.

2.6.3. In Vivo Biosafety. Healthy Balb/c female mice (5—6 weeks)
were divided into five groups. Different formulations, including PBS,
Van, SP—Van NPs, SP@IR780 NPs, and SP-Van@IR780 NPs, were
administered by intravenous injection. The concentrations of Van and
IR780 were S mg/kg each. At day 7 of treatment, the major organs of
mice were collected for hematoxylin—eosin (H&E) staining,

3. STATISTICAL ANALYSIS

The statistical method used to analyze the results was the
Student’s t test, and the results were expressed as mean +
standard deviation.

4. RESULTS AND DISCUSSIONS

4.1. Characterization of Polymers and Nanoparticles.
The synthesis route of SP is shown in Scheme SI. First, a
polymer, poly(CHTA-co-HD)-PEG (named as SP—COOH),
which has disulfide bonds and paired carboxyl pendants, was
synthesized according to our previous studies.”"* According
to the '"H NMR, the molecular weight (Mw) of SP—COOH
was ~18 000 g mol™" (Figure S1). The carboxyl groups of the
SP—COOH side chain pendants were derivatized to aldehyde
groups by esterification with p-hydroxybenzaldehyde, resulting
in a polymer denoted as SP. 'H NMR confirmed that the
number of p-hydroxybenzaldehyde unit was ~15 (Figure S2).
Further, Van was grafted to the SP side chain (denoted as SP—
Van) by the Schiff base reaction, which was confirmed by 'H
NMR that a new peak belonging to the Schiff base bond
appeared at 8.47 ppm (Figure S3).

Subsequently, SP—Van@IR780 NPs was prepared by self-
assembling of SP—Van in a solvent system of DMSO/water
containing IR780. Van and IR780 were detected in SP—Van@
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Figure 2. In vitro antibacterial activity of SP—Van@IR780 NPs against MRSA. (A) The synergistic antibacterial activity of Van and IR780
determining by checkerboard method, the FICI value was confirmed to be 0.28. (B) Colony-forming units (CFUs) and (C) photos of MRSA
treated with various formulas for 8 h in TSB medium. (D) Confocal images of AO/PI-labeled MRSA after incubation with different drugs for 8 h.
(E) SEM images of MRSA treated with various groups for 8 h, the white arrows represent sites of bacterial damage. (F) The protein leakage rate
from MRSA with various treatments. (G) Confocal images of ROS in MRSA after different treatments detected by DCFH-DA probes. # means the
contrasts between experimental groups and PBS. ##/*p < 0.05, /% p < 0.01, ] s p < 0.001, ¥***p < 0.0001, and ns p > 0.05, respectively.

IR780 NPs with a stable dual-drug ratio of 1:1, and the drug
loading ratio was 11.1% (Figure S4). The TEM image
exhibited uniform spherical SP—Van@IR780 NPs with an
average size of about 199 nm (Figure 1A). The DLS test
results showed that the hydrodynamic diameter and zeta
potential of the SP—Van@IR780 NPs were ~230 and 15.77
mV, respectively (Figures 1B, S5). Due to the shrinkage of the
nanoparticles in the dry state during TEM sample preparation,
the average size from TEM image was smaller than the
hydrodynamic diameters measured by DLS.**~* The size
stability of SP—Van@IR780 NPs in a normal physiological
environment was evaluated. As shown in Figure 1C, there was
no obvious change in the particle size within 10 days,

indicating that the SP—Van@IR780 NPs would have good
stability in the in vivo circulation.

Under laser irradiation, IR780 molecules have dual functions
of PTT and PDT.* Therefore, the temperature variation and
generated ROS of SP—Van@IR780 NPs under laser irradiation
were explored. After being irradiated with 808 nm laser at 0.5
W-cm™ for § min, the temperature of SP—Van@IR780 NPs
(50 pg/mL) rose to 45.3 °C (At= 12.5 °C, Figure 1D). This
implied low-temperature photothermal performance of SP—
Van@IR780 NPs, which could not cause damage to normal
tissue.”’ Electron spin resonance (ESR) testing results
confirmed that SP—=Van@IR78 NPs produced a strong singlet
oxygen ('O,) signal peak (Figure 1E). 1,3-Diphenylisobenzo-
furan (DPBF) was subsequently used to quantify the process
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Figure 3. In vitro elimination activity of SP—Van@IR780 NPs on MRSA biofilms. (A) Confocal images of SP—Van@NR NPs permeation in
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of 'O, generated by SP—Van@IR78 NPs. As shown in Figure
1F, with the prolongation of the laser irradiation time, the
absorption peak of DPBF at 410 nm decreased rapidly within 1
min, indicating that SP—Van@IR780 NPs had excellent
photodynamic performance.

SP polymer contains disulfide bonds, which can consume
overexpressed GSH in the microenvironment of bacterial
infection, thereby enhancing the effect of PDT.*"** To confirm
this hypothesis, the o-phthalaldehyde (OPA) derivative
method was used to detect the consumption of GSH by the
SP polymer. As shown in Figure 1G, the concentration of GSH
rapidly decreased when GSH was coincubated with SP over

time. This implied that disulfide bonds in SP could effectively
consume GSH. Conversely, as a control, CP polymer that
contained “carbon—carbon” bonds instead of disulfide bonds
failed to consume GSH (Scheme S2, Figures S6 and S7). The
concentration of GSH did not change over time in the
presence of CP polymer.>® Thereby, a DPBF probe was used
to test the ROS yields of SP@IR780 NPs and CP@IR780 NPs.
The results showed that SP@IR780 NPs produced more ROS
than CP@IR780 NPs under laser irradiation (Figure S8),
further confirming that SP could consume GSH and amplify
oxidative stress to sensitized PDT.
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Van was coupled with the side chain of SP via Schiff base
bonds to achieve responsive detachment under acidic
conditions. "H NMR spectroscopy was used to verify the
cleavage behavior of SP—Van Schiff base under acidic
conditions. It showed that the characteristic peak of Schiff
base around 8.4—8.5 ppm disappeared under acidic conditions
(Figure 1H). The size changes of SP—Van@IR780 NPs after
incubation in GSH and acidic conditions were evaluated. TEM
images and DLS results showed that SP—Van@IR780 NPs
could decompose into small particles of ~21.6 nm in size
(Figure S9), which was attributed to the responsiveness of NPs
to GSH and low pH. SP—Van could self-assemble into
nanoparticles in the DMSO/water system. Then, the release
rates of Van from SP—Van NPs in various media were then
measured. As shown in Figure 11, the cumulative release of Van
was only about 20% in the pH 7.4 group at 72 h, while the
release of Van in the pH 5.0 group and 10 mM GSH + pH 5.0
group exceeded 40% and 80%, respectively. Meanwhile, the
release of IR780 from SP—Van@IR780 NPs was also recorded
(Figure S10). IR780 showed a slow release in PBS, while it
exhibited a quick release in the groups of pH 5.0 and10 mM
GSH + pH 5.0. At 72 h, the cumulative release rates of IR780
in the PBS, pH 5.0, and GSH + pH 5.0 groups were 21%, 49%,
and 89%, respectively. These results suggested that SP—Van
NPs could avoid the leakage of Van when it is in a normal
biological environment, while the Van would realize responsive
release once SP—Van NPs reached the acidic and high GSH
environment of the bacterial infection site.

4.2. In Vitro Antibacterial Activity of SP—Van@IR780
NPs against MRSA. In vitro antibacterial activity of SP—
Van@IR780 NPs against MRSA was then investigated. First,
the dosage ratio between Van and IR780 in SP@IR780 NPs
was confirmed by check-box experiments (Figure 2A). Under
mild irradiation (0.5 W-cm™2, 808 nm laser irradiation for §
min), IR780 showed a minimal inhibitory concentration
(MIC) at 625 pg/mL. When IR780 (0.195—3.125 yug/mL)
was used together with Van, even though the concentration of
IR780 was below the MIC, its phototherapy effects could
significantly reinforce the antibacterial performance of Van.
The FICI value between Van and IR780 was 0.28—0.5 (FICI <
0.5 indicates synergy, 0.5 < FICI < 4.0 indicates indifference
and FICI > 4.0 indicates antagonism).”* Specially, when IR780
was set as 0.195 pg/mL and Van was 0.25 pg/mL, the FICI
was 0.28 (Figures 2A, S11), fully indicating the strong
synergistic antibacterial effect of low-dose phototherapy and
Van.

Accordingly, SP—Van@IR780 NPs were fabricated with Van
and IR780 in a synergistic dose ratio (Cy,,) = S ug/mL,
Crrsoy = S pg/mL). Bactericidal assay revealed that the
obtained SP—Van@IR780 NPs under laser irradiation (808
nm, 0.5 W-cm™2, § min; denoted as SP—Van@IR780 NPs + L)
could exceedingly killed 99.99999% (**** p = 0.000001)
planktonic MRSA (Figure 2B—D), which was in agreement
with the checkboard experiments. Conversely, antibiotic
therapy (Van and SP—Van NPs) and phototherapy (CP@
IR780 NPs + L and SP@IR780 NPs + L) failed to eliminate
MRSA at the same dose. Only when the concentrations of Van
and SP@IR780 NPs were up to 60 and 20 pug/mlL,
respectively, could they achieve a comparable bactericidal
effect as SP-Van@IR780 NPs (Figure S12). That is, SP—Van@
IR780 NPs significantly reduced the required dosage of Van
and SP@IR780 NPs by 83.33% and 50.00%, respectively.
Interestingly, SP@IR780 NPs + L exhibited better bactericidal

efficacy than CP@IR780 NPs + L (##, p < 0.01). This was
mainly due to disulfide bonds in SP@IR780 NPs depleting
GSH and increased accumulation of ROS (Figure S8). This
accumulated ROS could alter bacterial electronic respiration,
amplify the oxidative stress, and, consequently, sensitize the
bactericidal effect.>

SEM observation of bacterial morphology exhibited varying
degrees of visible damage (white arrows in Figure 2E) of the
bacteria in the groups of antibiotic therapy (Van and SP—Van
NPs) and phototherapy (CP@IR780 NPs + L and SP@IR780
NPs + L). Comparatively, almost all bacteria within the field of
view showed extreme deformation in the SP—Van@IR780 NPs
+ L group. Further, the BCA assay confirmed that the relative
protein leakage rate of the bacteria in SP—Van@IR780 NPs +
L group was nearly four times higher than that of the PBS
group (**** p < 0.0001, Figure 2F) and showed significant
differences compared to the groups of SP@IR780 NPs + L
(##, p = 0.0037) and Van (##, p = 0.0011). This stark
damaging effect on MRSA would be caused by the synergistic
effects of antibiotic therapy and phototherapy. Thereafter, a
specific fluorescent probe (2',7’-dichlorofluorescein diacetate,
DCFH-DA) was used for detecting bacterial ROS. Compared
with untreated MRSA, the MRSA treated by SP—Van@IR780
NPs + L produced high doses of fatal ROS (Figure 2G). Taken
together, these experimental results supported striking
antibacterial performance of SP—Van@IR780 NPs, which
involves synergistic enhancements of PDT/PTT and antibiotic
therapy.

4.3. In Vitro Antibiofilm Activity of SP-Van@IR780
NPs. Penetration restriction is the primary challenge for the
antibiotic treatment of biofilms. To explore the permeability of
NPs in biofilms, we recorded the penetration of SP—Van@NR
NPs (red fluorescence) into AO-labeled biofilms (green
fluorescence) using CLSM without adjunct phototherapy.
After coincubating SP—Van@NR NPs separately with biofilms
for 0, 1, and 4 h, a gradual penetration of the NPs into the
interior of the biofilms was observed (Figure 3A). Quantitative
analysis using software Image] further demonstrated that the
red fluorescence (the NPs) in the cross-sections of biofilms
sharply increased over time, suggesting that the NPs could
successfully penetrate into biofilms (Figure 3B).

Subsequently, their ability to eliminate MRSA biofilms was
characterized through a crystal violet staining assay (Figure
3C,D). Compared with the naked Van, SP—Van did show
reinforced elimination capacity because of its incremental
penetration of biofilm; however the capacity of SP—Van was
limited. This could be attributed to the fact that dormant or
semidormant bacteria in biofilms can withstand high-dose
antibiotics. In this regard, PDT/PTT could be a potential
mean to exert redox activity to fight against these opportunistic
bacteria. As shown in Figure 3D, SP@IR780 NPs + L had a
higher biofilm elimination rate than Van and SP—Van.
Consistent with the trend of in vitro anti-MRSA experiment
results, the SP@IR780 NPs + L group had a higher biofilm
elimination rate (56.90%) than the CP@IR780 NPs + L group
(35.59%) because of the increased consumption of GSH by
disulfide bonds and increased accumulation of ROS.
Importantly, the SP-Van@IR780 NPs + L group, which
combined phototherapy and antibiotic therapy, could achieve
the highest biofilm elimination rate, which was up to 92.43%
(% p = 0.000017). To visualize the ability of NPs to
eliminate biofilms, the live/dead (AO/PI) staining assay of
bacterial biofilms treated with different drugs was carried out
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Figure 4. (A) Images of fluorescence distribution in mice after intravenous injection of SP—Van@IR780 NPs. (B) Variation of fluorescence
intensity at the site of subcutaneous abscesses in mice over time. (C) Fluorescence images of isolated organs and wound tissue from mice at 72 h
after SP—Van@IR780 NPs injection (i. v.) and (D) the corresponding analysis of fluorescence intensity of the tissues.

(Figure 3E,;F). Quantitative analysis showed that the red
fluorescence of SP—Van@IR780 NPs + L group was 98.8% of
the total area, which was better than those of SP@IR780
(62.5%), CP@IR780 (50.0%), SP—Van (30.6%), and Van
(15.0%) groups. Meanwhile, the thickness of the biofilm in
PBS group was calculated to be 24 ym. When the biofilm was
treated with Van and SP—Van NPs, the thickness of the
biofilm slightly decreased to 18 and 15 um, respectively.
Phototherapy showed better biofilm-elimination efficacy than
antibiotics, in which CP@IR780 NPs + L and SP@IR780 NPs
+ L treatments decreased the thickness of the biofilm to be 10
and 9 um, respectively. In contrast, SP—Van@IR780 NPs + L
exhibited the best performance, and only 0.3 pm-thick biofilm
remained. These results fully indicated that mild phototherapy
effectively sensitized antibiotics to improve their ability to
eliminate biofilms. In this case, the structure of SP-Van@IR780
NPs is critical for exerting its synergistic effect. There was high
GSH in biofilm infection environment, and pH values
gradually decreased from the exterior to the interior of biofilm.
Under these conditions, the disulfide bonds in SP-Van@IR780
NPs could first break because of the high concentration of
GSH. The NPs were then reduced in size and disintegrated to
achieve deep biofilm penetration. Meanwhile, IR780 released
from NPs upon disintegration produced heat and ROS under
NIR irradiation to destroy EPS and resuscitated the bacteria
that reside inside the biofilm and possess low metabolic
activity. After penetrating into the interior of biofilm, the Schiff
bases bonds in SP-Van@IR780 NPs broke at low pH. Van was
then detached from the NPs to kill the inner bacteria and
eliminate the biofilm. Therefore, SP-Van@IR780 NPs could
effectively exert the synergistic effect of low-dose phototherapy
and Van via the introduction of disulfide bonds and Schiff
bases bonds.

4.4. In Vivo Distribution of SP—Van@IR780 NPs. After
confirming the ability of SP—Van@IR780 NPs to eradicate
MRSA and biofilms in vitro, the in vivo antimicrobial efficacy of
SP—Van@IR780 NPs was aimed to evaluate utilizing a mouse
subcutaneous abscess model.*® Following intravenous injection
of SP—Van@IR780 NPs into the tail vein, an IVIS spectral in
vivo imaging system was performed to track the distribution of

SP—Van@IR780 NPs in the mice. As shown in Figure 4A, SP—
Van@IR780 NPs could be clearly detected at the infection site
6 h after drug administration. It was gradually accumulated as
observation time was extended and finally reached maximum
accumulation at 72 h; the accumulation of SP—Van@IR780
NPs at the infection site was still at a high level at 96 h post i.v.
injection; only 9% fluorescence attenuation compared with
that at post-72 h (Figure 4B). Further, the major organs and
wound tissue of mice were isolated and observed by IVIS at 72
h after SP—Van@IR780 NPs injection. The ex vivo
biodistribution data indicated that SP—Van@IR780 NPs
were mainly distributed in the infection site, and followed by
the lungs, which was likely due to a mild lung infection caused
by the subcutaneous abscess model (Figure 4C,D). These
results indicated that SP—Van@IR780 NPs possessed excellent
targeting ability of bacterial infection because of the
introduction of Van; SP—Van@IR780 NPs could significantly
reduce the number of administrations, and thus, reduce the
dose of antibiotics, which is critical for long-term bactericidal
performance.

4.5. In Vivo Treatment of Subcutaneous Abscesses. In
vivo antibacterial performance of SP—Van@IR780 NPs was
assessed using a subcutaneous abscess model. As illustrated in
Figure SA, § X 10° CFU of the MRSA suspension was injected
into the skin tissue of the right hind leg of mice. On the second
day, the mice were randomly divided into five groups (PBS,
Van, SP—Van NPs, SP@IR780 NPs + L, SP—Van@IR780 NPs
+ L (n = 3). The corresponding drugs were intravenously
injected via the vein tail and only administered once
throughout the treatment. The infective sites of mice in SP@
IR780 NPs + L group and SP-Van@IR780 NPs + L group
were irradiated with 808 nm laser at 0.5 W-cm™ for 5 min on
the second and fourth day, respectively. Photographs of the
infective sites in different treatment groups were taken on days
1,2,3,5,7 and 10 (Figure SB). It could be clearly seen that
the wounds of the mice in each group were gradually healed
with the prolongation of the treatment time. Apparently,
wounds in the SP—Van@IR780 NPs + L group healed first on
day 10 compared to those in the remaining groups. Simulation
analysis of wound healing processes in mice also visually
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Figure 5. (A) Schematic diagram of subcutaneous abscess model construction and in vivo treatment studies. (B) Photographs of MRSA-infected
skin of mice in each treatment group. (C) Schematic diagram that simulated the infected skin wound of mice in all groups. (D) The curves of (E)
wound area and body weight of mice in each treatment group, n = 3. (F) Photographs of bacterial colony plates and (G) CFUs of infected skin at
day 10 of treatment. (H) H&E-stained images of skin tissue from all groups at day 10 of treatment. * means the contrasts between experimental

groups and PBS. **/#y < 0,01, #*¥p < 0.001, respectively.

illustrated the above results (Figure SC). The curves of wound
area over time for each group of mice were plotted, as shown
in Figure SD. At day 10, the wound area of SP—Van@IR780
NPs was only 0.3 mm® which was significantly reduced
compared with the control groups (**, p = 0.006 for SP@
IR780 NPs + L group: 20.3 mm?; ***, p = 0.0002 for SP—Van
NPs group: 47.4 mm?; *¥¥% p = 0.0003 for Van group: 69.0
mm? and ***% p = 0.003 for PBS group: 91.3 mm?). At the
same time, the body weight of all groups during the treatment
period was continuously monitored (Figure SE). It was worth
noting that the weight gain rate of the mice in the PBS, Van,
and SP—Van groups was smaller than those in the SP@IR780
NPs + L and SP—Van@IR780 NPs + L groups, indicating that
the faster the wound recovery, the more beneficial it is for the
normal growth of mice. Bacterial colony of the infection sites
showed that there were almost no residual bacteria in the SP—

Van@IR780 NPs + L group (Figure SF). As shown in Figure
5G, the CFUs in SP—Van@IR780 NPs + L group were
significantly lower than those in PBS, Van, SP—Van NPs, and
SP@IR780 NPs + L groups (##, p = 0.001 for SP—Van@
IR780 NPs + L group; ##, p = 0.006 for SP—Van NPs group;
##, p = 0.003 for Van group; and ***, p = 0.0002 for PBS
group). The recovery of infected skin tissue was further
assessed by hematoxylin and eosin (H&E) staining experi-
ments (Figure SH). The inflammatory cell infiltration was
reduced in the drug-treated groups compared to the PBS
group. The images of the SP—Van@IR780 NPs + L group
showed the least infiltration of inflammatory cells, indicating
the best tissue healing.””*® These results indicated that the
cascade-responsive SP—Van@IR780 NPs efficiently eliminated
MRSA infection in vivo by amplified phototherapy and Van
synergistic treatment.
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Figure 6. (A) Hemolysis of red blood cells (RBCs) by different concentrations of SP—Van. (B) The relative cell viability of L929 cells after treated
with different concentrations of SP—Van for 24 h. (C) H&E staining images of major organs from healthy mice after different treatments including

heart, liver, spleen, lung and kidney.

4.6. Biosafety Evaluation. The biosafety of SP—Van@
IR780 NPs was eventually evaluated. Hemolysis test and MTT
assay were used to examine the toxicity of SP—Van against
mammalian cells. As shown in Figure 6A, the hemolysis rate of
SP—Van was lower than 5% even at the concentration of 4000
pug/mL; the cell viability of L929 cells was still over 90% when
the concentration of SP—Van was up to S00 pg/mL (Figure
6B), indicating the good biocompatibility of SP—Van in vitro.
Subsequently, healthy BALB/C mice were administered with
PBS, Van, SP—Van, SP@IR780 NPs, and SP—Van@IR780
NPs by intravenous injection (i.v.). The hematoxylin and eosin
(H&E) stainings of the major organs (including heart, liver,
spleen, lung, kidney) from mice were performed and no
obvious histological, morphological, or pathological abnormal-
ities were observed in all treatment groups (Figure 6C).
Therefore, SP—Van@IR780 NPs had excellent biosafety in
vitro and in vivo.

5. CONCLUSION

In summary, robust SP—Van@IR780 NPs were proposed to
achieve effective eradication of planktonic MRSA and biofilms.
The introduction of disulfide bonds and Schiff base bonds
endowed SP—Van@IR780 NPs with astonishing ability of
biofilm penetration, ROS accumulation, and targeted Van
delivery, which fully exerted the multifunctional advantages of
SP—Van@IR780 NPs. The NPs exhibited distinctive syner-
gistic effects of mild phototherapy and antibacterial therapy
(FICI = 0.28). Under NIR irradiation, the phototherapy
produced extra ROS to destroy EPS and rouse bacteria, while

the antibiotic Van was delivered to target the infection and kill
the resuscitated bacteria. Both in vitro and in vivo results
demonstrated that SP—=Van@IR780 NPs possessed appealing
antibacterial performances for biofilm infection elimination.
Considering the excellent biocompatibility, this study provides
a reliable and effective nanoplatform for the clinical elimination
of biofilm-associated infectious diseases.
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