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A B S T R A C T

Combating bacterial biofilm poses a significant challenge because of the dense extracellular polymeric substance
(EPS) barrier and inherent drug tolerance. Herein, the designed core-shell nanoparticles (DA3-NPs) that eradicate
biofilm by precise in-situ phototherapy are reported. DA3-NPs are self-assembled using thermosensitive azo-
polymers (AP3) to encapsulate GSH-degradable phototherapeutic polymers (DBP) via charge interaction.
Notably, D-aminoalanine grafted onto the AP3 serves as a critical component, providing an electroneutral shell
and bacterial peptidoglycan targeting ability to the DA3-NPs. Consequently, DA3-NPs effectively penetrate EPS
up to a depth of 60 µm and precisely target the bacteria within the biofilms. Upon exposure to laser irradiation
and the GSH microenvironment, DA3-NPs undergo sequential responses involving shell detachment and core
disintegration. These processes facilitate point-to-point bacterial killing through the in-situ generations of ROS,
carbon radicals and heat damage to the internal bacteria. Compared to non-targeted nanoparticles, DA3-NPs
exhibit a 61-fold increase in biofilm removal efficiency. This study thus presents a precise in-situ phototherapy
strategy for nonantibiotic treatment of biofilm infections.

Introduction

Resistant bacteria and associated biofilm are the main cause of
implant failure and chronic infection, which seriously threaten public
health [1–3]. Biofilm possesses a dense extracellular polymeric sub-
stance (EPS) that greatly prevents immune cell killing and drug pene-
tration [4,5]. Moreover, high concentrations of glutathione (GSH) in
biofilm protect bacteria from oxidative stress, and the internal envi-
ronmental pressure of biofilm enforce the bacteria to be in a low
metabolic state [6,7]. These factors further attenuate the anti-bacterial
efficacy of drugs. Therefore, the stubborn bacteria in biofilm are diffi-
cult to eradicate [8–10]. An ideal treatment strategy for biofilm removal
requires effective biofilm penetration and internal bacteria killing.

Phototherapy, including photothermal therapy (PTT) and photody-
namic therapy (PDT), employs phototherapy agents (PAs) to generate
heat damage or reactive oxygen species (ROS) under light irradiation. It
is a robust strategy for killing planktonic bacteria without inducing drug
resistance [11–13]. However, phototherapy used for biofilm elimination

has been limited. i) The dense EPS interferes with the penetration of PAs;
ii) high-concentration GSH in biofilm consumes the ROS generated by
phototherapy; and iii) bacteria that settle in different cubicles of biofilms
can evade the killing of ROS and heat damage generated by the PAs
[14–16]. These obstacles greatly weaken the efficacy of phototherapy,
resulting in unsatisfactory anti-biofilm performances. Accordingly, tar-
geted phototherapy is proposed as a promising approach to fight against
these stubborn bacteria and the associated biofilm [17–19]. Particularly,
targeted delivery of PAs via stimuli response (e.g. charge, pH, GSH,
enzyme), in which tailored physicochemical techniques are used to
trigger the targeted release and enrichment of PAs in the infection site
depending on the unique microenvironment of biofilm, exhibits strong
impact on reinforcing the efficacy of phototherapy [20–23]. Despite the
very recent advances in designing targeted phototherapy, delivering PAs
by stimuli-response is susceptible to microenvironment changes,
resulting in off-target effects. As such, these delivery strategies are in
favor of biofilm targeting rather than biofilm inhabitants (namely in-
ternal bacteria) targeting. To date, practical methods for precise and
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accurate phototherapy targeting the biofilm inhabitants remain elusive.
To achieve precise in-situ phototherapy, effective EPS penetration of
PAs would be the crucial first step. It has been reported that magnetic
actuation, optical actuation, catalytic effects, microneedle delivery,
enzymatic degradation, and physicochemical modulation of nano-
particle structures are conducive to boosting EPS penetration [24–29].
Additionally, targeting biofilm inhabitants is enabled for the
point-to-point killing of the internal bacteria, while the relief of the
environmental pressure in the biofilm maximizes the efficacy of pho-
totherapy. Thus, such an approach could offer optimal phototherapy
efficacy against resistant bacteria and associated biofilm.

Here, a unique core-shell shaped nanoparticles (DA3-NPs) that
possessed a robust capacity of precise in-situ phototherapy for eradi-
cating Methicillin-resistant Staphylococcus aureus (MRSA) associated
biofilm was proposed (Scheme 1). First, a GSH degradable pseudo
semiconducting polymer (DBP), which generated ROS and heat damage
under laser irradiation, was synthesized. Then, DBP was encapsulated in
an amphiphilic thermosensitive polyester (AP3) shell by the perfectly
matched charge interaction to obtain DA3-NPs. In particular, D-amino-
alanine in AP3 was used as a critical molecule to provide DA3-NPs with
an electroneutral shell that functioned bacterial targeting ability. Once
coming into contact with a biofilm, the electroneutral DA3-NPs were
able to penetrate and diffuse within the biofilm matrix, rather than

interacting with the EPS substances. Subsequently, DA3-NPs targeted the
bacteria enclosed within the biofilm via specific peptidoglycan insertion
of the D-aminoalanine functional groups [30]. Under laser irradiation,
the azo bonds of the shell structure in DA3-NPs could be broken by the
generated heat, resulting in the detachment of the AP3 shell and expo-
sure of the DBP core. The disulfide bonds in the DBP core were then
broken when contacted with GSH, triggering the responses of core
disintegration in a sequential manner. As such, the DA3-NPs could
generate ROS, carbon radicals and heat damage precisely in the bacte-
rial residence and notably enhanced the anti-biofilm efficacy. Moreover,
carbon radicals production and GSH consumption in these processes
further augmented the performance of DA3-NPs, while these treatment
processes could activate the immune response for biofilm elimination by
polarizing macrophages into an M2 phenotype. Consequently, DA3-NPs
significantly performed 61 times superior efficiency of mature biofilm
removal compared with the non-targeted electronegative nanoparticles.
Therefore, this study provides a potential strategy of in-situ photo-
therapy for treating biofilm infections.

Scheme 1. Schematic representation of MRSA biofilm eradication by in-situ phototherapy of DA3-NPs. Chemical structures of DBP and AP3 and the assembled DA3-
NPs. Anti-biofilm mechanisms of DA3-NPs involved in: EPS penetration, internal MRSA targeting, in-situ phototherapy, immune response modulation, and biofilm
eradication.
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Methods

Materials

5,6-difluoro-4,7-bis (5-(trimethylstannyl) thiophen-2-yl) benzo [c]
[1,2,5] thiadiazole, 1,2,4,5-cyclo hexanetetracarboxylic dianhydride,
Polyethylene glycol-5 K (mPEG5K-OH), 1,2- Benzenedicarboxaldehyde
(OPA), glutathione (GSH), and 4,4′-Azobis(4-cyano-1-pentanol) were
purchased from InnoChem Science & Technology Co., Ltd (Beijing,
China). 2,2,6,6-tetramethylpiperidine (TEMP), 1,3-Diphenylisobenzo-
furan (DPBF), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), crystal violet (CV), fluorescein isothiocyanate (FITC), Nile Red,
dimethylaminoazobenzene oxide (DDAO), 4′,6-dia-
midino-2-phenylindole (DAPI), 2′,7′-dichlorodihydrofluorescein diac-
etate (DCFH-DA), and propidium iodide (PI) were purchased from
Solarbio (Beijing, China). Bacterial viability kit (Invitrogen LIVE/DEAD
BacLight, L13152), bacterial membrane permeability, protein leakage,
and ATPase activity ELISA kit was purchased from Thermo Fisher
(Beijing, China). F4/80 antibody, CD80 antibody, and CD206 antibody
were purchased from Biolegend (U.S.A.). All reagents purchased from
Aladdin (Shanghai, China).

Synthesis of S1 monomer

According to literature reports, the S1 precursor compound was
synthesized [31]. 1H NMR (400 MHz, DMSO-d6) δ 8.09 (dd, 4 H), 7.20
(s, 1 H), 7.09 (d, 2 H), 6.82 (d, 2 H), 3.87 (s, 3 H), 3.48 (q, 4 H), 1.18 (t,
6 H). The S1 precursor compound (2 mmol, 1338.7 mg) and N-Bromo-
succinimide (NBS, 5 mmol, 899.9 mg) were added to 20 mL dichloro-
methane (DCM). After reaction 12 h at room temperature, the mixture
was obtained after rotary evaporation. The S1 was separated by column
chromatography (DCM/petroleum ether (PE)=1/5). 1H NMR (400 MHz,
DMSO-d6) δ 7.94 (d, 2 H), 7.60 (d, 2 H), 7.05 (d, 2 H), 6.87 (d, 2 H), 4.12
(m, 3 H), 3.83 (s, 4 H), 1.16 (t, 6 H).

Synthesis of S3 monomer

The 5-bromothiophene-2-carboxylic acid (33.30 mmol, 6.85 g), 1,4-
butanediol (11.10 mmol, 1.00 g), 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC, 33.30 mmol, 6.38 g) and 4-Dimethy-
laminopyridine (DMAP, 33.30 mmol, 4.06 g) were added to 50 mL N, N-
Dimethylformamide (DMF). The mixed solution was allowed to react for
2 h under N2 protection. Then, the mixed solution was quenched with
deionized water and further extracted with ethyl acetate (EA). The S3
was separated by column chromatography (DCM/EA = 5/1). 1H NMR
(400 MHz, DMSO-d6) δ ppm 7.65 (d, 1 H), 7.38 (d, 1 H), 4.50 (t, 2 H),
3.11 (t, 2 H).

Synthesis of DBP

S1 (0.85 mmol, 726 mg), S2 (1.00 mmol, 663 mg), S3 (0.15 mmol,
79 mg), tri (o-tolyl) phosphine (P(o-tol)3, 0.78 mmol, 24 mg), tris
(dibenzylideneacetone) dipalladium (DBa3Pd2, 0.019 mmol, 18 mg)
were added to 50 mL toluene. The mixed solution was then reacted for
5 h at 50 ◦C under N2 protection. After the reaction, the mixture was
allowed to cool naturally. The reaction mixture was subsequently
dropped into 500 mL of anhydrous methanol (MeOH). After filtration, a
blue-green precipitate with metallic luster (DBP) was obtained. The
degree of polymerization was analyzed by 1H NMR. The molecular
weight of the polymer was characterized by GPC.

Synthesis of APs

The heat sensitive linker 4,4′-Azobis(4-cyano-1-pentanol)
(2.00 mmol, 504 mg), and 1,2,4,5-Cyclohexanetetracarboxylic acid
dianhydride (2.11 mmol, 472 mg) were added to 5 mL anhydrous DMF.

After 12 h, mPEG5000-OH (2 mmol, 1000 mg) was introduced into the
reaction system. Following 24 h of reaction time, the reaction mixture
was added into 15 mL of deionized water under sonication, and subse-
quently dialyzed in a dialysis bag (MWCO: 8k Da) for 2 day. The
resulting reaction mixture was freeze-dried under reduced pressure to
obtained a light white polymer, designtated as AP0.

AP0 (1000 mg), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC, 4 mmol, 620 mg), N-Hydroxy succinimide (NHS,
4 mmol, 460 mg) and 3-({[(2-methyl-2-propanyl)oxy]carbonyl}amino)-
D-alanine (Boc-D-aminoalanine) were added to 10 mL anhydrous DMF.
The reaction system was divided into three groups, each receiving
different amounts of Boc-D-aminoalanine:10 mmol (204 mg), 20 mmol
(408 mg), and 30 mmol (612 mmg). After 12 h of reaction, the mixture
was dialyzed in a dialysis bag (MWCO: 8k Da) for 2 days. The resulting
solution was then freeze-dried under reduced pressure to obtained light
white polymer, designtated as Boc-AP1-AP3.

Boc-AP1-AP3 (1000 mg) was dissolved in a mixed solution of 10 mL
DMF/trifluoroacetic acid (TFA, v/v, 2/1), After 2 h of reaction, the
mixture was dialyzed in a dialysis bag (MWCO: 8k Da) for 2 day. The
resulting solution was then freeze-dried under reduced pressure to ob-
tained light white polymer, designtated as AP1-AP3. The degree of
polymerization was analyzed by 1H NMR. The molecular weight of the
polymer was characterized by GPC.

Preparation of nanoparticle

APs (AP3 or AP1, 5 mg) and DBP (1 mg) were dissolved in 1 mL DMF.
With rapid stirring, 5 mL of water was added to the mixture to fabricate
nanoparticles (NPs or DA3-NPs). The resulting nanoparticles were pu-
rified by dialysis against water for 24 h. The size and zeta potential data
of the nanoparticle were obtained through dynamic light scattering
(DLS, Malvern Zetasizer NanoZS90). The morphology of the nano-
particles was observed through TEM testing.

Bacterial strains

The methicillin-resistant Staphylococcus aureus isolate strain (MRSA-
1857) used in this study was isolated from the Affiliated Hospital,
Academy of Military Medical Sciences (China). The MRSA cells were
cultured and proliferated in a TSB medium at 37◦C with a shaking speed
of 180 rpm. After culturing, they were preserved by storing them on TSA
plates at 4◦C.

Colocalization between planktonic bacteria and nanoparticle

MRSA cells were incubated with FITC (1.0 μL, 1.0 mg/mL) for 3 h,
after which they were centrifuged at 3500 rpm and washed 3 times.
Following this, NPs/DA3-NPs loaded Nile red (1.0 μL 1.0 mg/mL) were
introduced into the MRSA suspension and incubated for 6 h at 37◦C with
a shaking speed of 180 rpm. The targeting effect of NPs/DA3-NPs on
MRSA was determined using flow cytometry and LSCM.

The MRSA suspension was diluted to a specific concentration of 5 ×

105 CFU/mL in PBS. After that, the MRSA suspension (5× 105 CFU/mL)
was added to each well of a 96-well plate (100 µL per well) and then
placed in a 37◦C incubator. Following a 24 h incubation period, the TSB
culture medium was replaced. After another 24 h incubation period, the
TSB culture mediumwas removed to obtain a mature MRSA biofilm. The
mature MRSA biofilms were treated with PBS, NPs, and DA3-NPs for 6 h.
At the end of the co-incubation of the material with the biofilm, the
biofilm was washed three times with PBS. The concentration of NPs and
DA3-NPs was set at 32.5 μg/mL. Additionally, the groups of PBS+L,
NPs+L, and DA3-NPs+L were subjected to irradiated with an 808 nm
laser at 0.33 W/cm2 for 10 min, respectively. Subsequently, a crystal
violet (CV) solution (1.0 mg/mL) was added to each well of a 96-well
plate (200 µL per well). The plate was incubated for 30 min to allow
staining, after which the CV solution was removed. Once completely
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dry, 95 % ethanol was used for dissolution, and then 100 μL of ethanol
was transferred to measure the optical density (OD) value at 595 nm.

The biofilms permeation of the nanoparticles

The MRSA biofilm was cultivated in a transwell chamber (pore size:
0.22 µm). Once the biofilm matured, NPs/DA3-NPs solution (1.0 mL,
1.0 mg/mL, PBS buffer) was added above the transwell chamber. The
concentration of NPs/DA3-NPs in the receiver plate was measured using
UV absorption at different times (3 h, 6 h, and 12 h).

Colocalization between bacteria within biofilm and the nanoparticles

The NPs/DA3-NPs (1.0 mg/mL, prepared in PBS buffer) loaded with
FITC were added to the confocal culture dish. After 6 h, the NPs/DA3-
NPs were removed, and then the DDAO and DAPI (1.0 µL, 1.0 mg/mL)
were added to a confocal culture dish with mature MRSA biofilm,
staining for 30 min. The treated biofilm was washed three times with
PBS. Subsequently, the treated biofilm was observed using CLSM. Sub-
sequently, the targeting effect of the NPs/DA3-NPs on bacteria within
the biofilm was determined by flow cytometry analysis. The mature
MRSA biofilm was cultivated in 48 wells. The NPs/DA3-NPs (loaded
with Nile, 1.0 mL, 1.0 mg/mL, prepared in PBS buffer) and FITC (1.0 µL,
1.0 mg/mL) were added to the 48 wells. After 6 h, the 48 wells con-
taining mature MRSA biofilm were washed thrice with PBS. Finally,
MRSA suspensions were collected in 48-well plates by adding PBS
(1 mL) and subjected to ultrasonic treatment for 1 h.

Establishment of animal models

In vivo biofilm-infection wound model: Balb/c female mice were first
anesthetized. Subsequently, a wound with a size of 1.0 cm2 was created
on the back of each mouse and secured with sterile patches. On day 1,
post-wounding, the shape of the wound was fixed and no longer
changed. Then, a bacterial suspension of MRSA (200 μL, 1 × 109 CFU/
mL) was injected onto the wound’s surface. On day 2, the TSB culture
medium (200 μL) was replenished on the wound’s surface. On day 3, a
white mucous membrane (MRSA biofilm) was observed on the wound’s
surface, confirming the successful establishment of the in vivo biofilm-
infection wound model.

In vivo catheter biofilm model: the catheter (10 mm) was co-cultured
with MRSA suspension (5 × 105 CFU/mL) in 48-well plate to allow the
formation of the mature biofilm. Once theMRSA biofilm hadmatured on
the catheter, the catheter containing the MRSA biofilm was implanted
into the back of Balb/c female mice to establish the catheter biofilm
model.

Mice treatment

All treatment groups were established, including PBS+L, NPs,
NPs+L, DA3-NPs, and DA3-NPs+L groups. For each group, three mice
were used as parallel controls. The laser power and irradiation time were
standardized at 0.33 W/cm2 and 10 min for all experimental conditions.

In vivo biofilm-infection wound model: the time of successful animal
model establishment was marked as day 0. On days 1–3, DA3-NPs and
NPs were intravenously injected 3 times (3 mg/kg per time). On day 4
and 5, laser irradiation was applied to mice in the PBS+L, NPs+L and
DA3-NPs+L groups.On days 6–11, continuous observations and
photography were conducted to monitor changes in the infected wound
site and the body weight of mice. On day 11, mice were euthanized
under anesthesia at the end of the treatment period. Tissue samples from
the infection site were surgically excised from the mice and fixed in a
4 % fixative solution. Subsequently, the infected tissues were stained
with Gram stain and H&E stain, followed by then examination using a
digital microscope.

In vivo catheter biofilm model: the time of successful animal model

establishment was designated as day 0. On days 1 and 2, DA3-NPs and
NPs were locally administered twice (3 mg/kg per time). On Day 3, laser
irradiation was applied to mice in the PBS+L, NPs+L, and DA3-NPs+L
groups. On days 4–7, continuous observations and photography were
conducted to monitor changes in the body weight of mice. On Day 7, the
implanted catheter was removed and stained to observe the biofilm and
surrounding tissue. Subsequently, the remaining steps were the same as
described above.

Statistical analysis

The data was expressed as mean ± standard deviation (s.d.). The
student’s T-test was performed to determine the statistical difference
between groups. n≥ 3, ns p> 0.05, * p< 0.05, ** p< 0.01, *** p< 0.001
and **** p < 0.0001.

Results and discussions

Preparation and characterization of DA3-NPs

A phototherapeutic polymer (namely DBP) consisting of 3 parts was
designed (Scheme S1). The key component was 4,4′-(5,5-difluoro-2,8-
diiodo-3,7-bis(4-methoxyphenyl)-5H-4λ4,5λ4-dipyrrolo [1,2-c:2′,1′-f]
[1–3,5] triazaborinine-1,9-diyl) bis(N,N-diethylaniline) (defined as S1)
that possessed strong fluorescence and PDT/PTT effect. The second part
was 5,6-difluoro-4,7-bis (5-(trimethylstannyl) thiophen-2-yl) benzo [c]
[1,2,5] thiadiazole (defined as S2). The thiophene structure in S2 acted
as an electron donor and an π bridge for electron transfer either, which
narrowed the bandgap via strong electron absorption ability and resul-
ted in redshift of wavelength absorption and increased ROS yield of
photodynamic [32]. Additionally, a GSH-sensitive monomer (S3) was
introduced into DBP. This endowed DBP with biodegradability within
the biofilmmicroenvironment (Fig. 1a). DBP structure was confirmed by
1H NMR and GPC spectrometry (Scheme S1 & Figs. S1–5).

As shown in Fig. 1b, the UV absorption of DBP appeared at 599 nm,
601 nm, and 889 nm, while its fluorescence emission appeared at
1121 nm, indicating the near-infrared II (NIR-II) fluorescence properties
of DBP. Under laser irradiation (808 nm, 0.33 W/cm2), DBP possessed a
discernible photothermal effect, and the photothermal effect exhibited a
concentration-dependent pattern (Fig. 1c). To assess the photothermal
stability of DBP, high concentrations of DBPwere exposed intermittently
to laser irradiation. DBP exhibited good thermal stability within 5 cycles
of irradiations (Fig. S6). Additionally, DBP played an important role in
PDT. DBP could be excited to a singlet state (S1) under laser irradiation.
After intersystem crossing to generate a triplet excited state (T1), the
energy was transferred to the surrounding O2 to form ROS [33]. Thus,
electron paramagnetic resonance (EPR) was used to detect free radicals
generated by DBP, in which DBP generated a classic peak shape of
singlet oxygen (1O2) under laser irradiation (Fig. 1d) [34]. Thereafter, a
quantitative analysis of the generation rate of 1O2 by DBPwas conducted
using the classical probe 1,3-diphenylisobenzofuran (DPBF) [35]. After
coincubation with DBP under laser irradiation (denoted as DBP+L),
DPBF exhibited a rapid decrease in UV absorption (425 nm) (Fig. S7),
indicating the generation of 1O2 by DBP+L. After calculation, the DPBF
decomposition rate in the DBP solution exhibited a linear relationship
with laser irradiation time (Fig. 1e). The DPBF decomposition rate
constant in samples of DBP+L and DBP were 1.02× 10− 3 s− 1 and 5.98×
10− 5 s− 1. This indicated that DBP+L has a good ROS yield, which could
be used as an adjuvant for PDT. These results implied that DBP possessed
promising potential as a NIR-II PAs.

To enable DBP use for biofilm elimination in vivo, an amphiphilic
thermosensitive azo polymer (denoted as APs) was synthesized and
applied to encapsulate DBP. The successful synthesis of a series of APs
was demonstrated by 1H NMR and GPC spectra (Scheme S2 & Fig. S8-
13). In particlular, the D-aminoalanine group was used to endow APs
with bacterial targeting ability and adjustable electrical properties [36].

F. Bu et al.
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By regulating the reaction formulas, the grafting ratios of D-amino-
alanine in AP0, AP1, AP2 and AP3 were 0.0, 23.1, 38.5 and 76.9 %,
respectively (Table S1). Their zeta potential could be changed from
–25.6 mV (AP0) to –12.8 mV (AP3) (Fig. 1f). Subsequently, APs were
co-assembled with DBP to form stable nanoparticles. Because DBP
possessed a positive charge of 11.3 mV, while AP3 possessed an opposite
charge of − 12.3 mV, the obtained DA3-NPs, therefore, exhibited a
neutral charge of − 0.61 mV, which is critical for their penetration of
biofilm. The size of DA3-NPs was ~149 nm with a polydispersity index
(PDI) of 0.111 (Fig. 1g). Similarly, when AP0 without D-aminoalanine

groups was used as an alternative of AP3 to co-assemble DBP (denoted as
NPs), the obtained NPs was ~153 nm with an obvious negative charge
of − 11 mV. The stability assay demonstrated that both DA3-NPs and NPs
were stable in PBS and FBS and did not show obvious changes within 7
days (Fig. S14). In the UV-absorption spectra (Fig. 1h & Fig. S15), a
slight blue-shift absorption of DA3-NPs could be observed compared
with that of NPs, which was potentially attributed to the introduction of
D-aminoalanine groups leading to H-aggregation of DBP [37]. This
further indicated that the assembly of DA3-NPs might be driven by the
charge interactions between DBP and AP3. Interestingly, an obvious

Fig. 1. Characterization of DBP, AP3 and DA3-NPs. (a) Schematic illustration of the assembly and degradation behaviors of DA3-NPs. (b) The excitation-emission
spectrum of DBP. (c) The corresponding heating curve of DBP under 808 nm laser irradiation (0.33 W/cm2, 5 min). (d) EPR spectrum of DBP and DBP+L
(808 nm, 0.33 W/cm2, 10 min). (e) Normalized time-dependent UV–vis absorbance at 415 nm of DPBF in the presence of DBP and DBP+L (808 nm, 0.33 W/cm2,
10 min). (f) Zeta potential of DBP, APs and particles in PBS. (g) Particle size distribution of DA3-NPs. (h) UV–vis absorption spectra of DBP, NPs and DA3-NPs. (i) TEM
image of DA3-NPs. Scale bar: 100 nm. (j) TEM images of DA3-NPs+GSH, DA3-NPs+L and DA3-NPs+GSH+L (GSH concentration = 10 mM, irradiation conditions:
808 nm, 0.33 W/cm2, 10 min). Scale bar = 50 nm.
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core-shell morphology of DA3-NPs could be observed in the TEM image,
in which the core was dense while the shell was loose (Fig. 1i). This was
in agreement with the UV–vis results that the core might be formed by
the aggregated DBP, and the shell might be formed by the AP3.

Accordingly, the specific core-shell structure of DA3-NPs could be
further illustrated because of the GSH- and thermal-responses of DBP
and AP3, respectively. Firstly, GPC was employed to monitor the mo-
lecular weight changes of DBP and AP3. As shown in Fig. S16, the elution
time of the DBP (treated wiht 10 mMGSH) and the AP3 (treated by 50 ◦C
heating) gradually increased [38], indicating the decrease in their

molecular weights. DBP was degraded because its − S− S− structure was
broken by GSH, and over 80 % of GSH could be consumed by DBP
(10 mg/mL) within 12 h (Fig. S17). This capacity was in favor of
enhancing the photodynamic effect of DBP. The azo structure in AP3 was
thermal-responsive. Its thermal degradation could generate substantial
carbon free radicals (Fig. S18). Thereby, the generation of carbon-free
radicals could be detected by using the testing reagent 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) [39]. When AP3 was
heated at 50 ◦C, carbon-free radicals were rapidly generated, and the
produced ABTS+• displayed an increased UV–vis absorption in a short

Fig. 2. Antibacterial activity of DA3-NPs and NPs against planktonic MRSA. (a) MBC of different treatment groups. (b) Confocal images of SYTO9/PI-labeled MRSA
after incubation with the treatments for 8 h. Scale bar = 10 μm. (c) SEM images of MRSA treated with different groups for 8 h, the white arrows represent sites of
bacterial damage. Scale bar = 500 nm. (d) Membrane permeability, (e) protein leakage, and (f) ATPase activity of MRSA treated with different groups. Data are
expressed as the mean ± SD, Student’s t-test, n = 3, ns p>0.05, * p<0.05, ** p<0.01, and *** p<0.001.
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time (Fig. S19). Additionally, the azo structure acting as a pusher elec-
tron group exhibited a p-π conjugation effect. Upon degradation, the
electron-pushing effect disappeared, but the strong
electron-withdrawing cyanide group would still exist, leading to a
notable chemical shift that could be captured on the 1H NMR spectrum.
Therefore, this structural change of AP3 was illustrated by using an AP3
derivative. As shown in Fig. S20, the proton H1 of the AP3 derivative
underwent a significant chemical shift when increasing temperature,
while alkanes generated by carbon-free radicals could be gradually
detected, further confirming the thermal response of AP3. Predictably,
these robust properties of DBP and AP3 would endow DA3-NPs with the
capacity of GSH- and thermal-responsive. Accordingly, the morpholog-
ical changes of DA3-NPs upon GSH or thermal stimulation were
observed. TEM images (Fig. 1j) clearly showed that the external shell
structure disappeared completely after heating, while upon the intensive
treatment of high-does GSH (10 mM, 12 h), the internal dense core

structure disintegrated into fragments, but the outer shell structure
remained. After the treatment of laser irradiation and GSH incubation,
DA3-NPs disassembled and showed a disintegrating spherical
morphology, confirming the specific core-shell structure of DA3-NPs,
and their feasible stimuli-responsive properties.

In vitro antibacterial properties and mechanism

Subsequently, the antibacterial efficacy of DA3-NPs was compre-
hensively assessed, and NPs were used as the control group. As shown in
Fig. 2a, DA3-NPs and NPs alone could not kill planktonic MRSA (MRSA-
1857) regardless of their concentration. Under laser irradiation
(808 nm, 0.33 W/cm2, 10 min), NPs (denoted as NPs+L) performed
phototherapeutic capacity and resulted in a dose-dependent bactericidal
effect. Its minimum bactericidal concentration (MBC) was determined to
be 150 μg/mL. Notably, DA3-NPs with laser irradiation (denoted as DA3-

Fig. 3. Antibacterial mechanism of DA3-NPs against planktonic MRSA. (a) Confocal images of FITC-labeled MRSA after incubation with Nile red-labeled DA3-NPs.
Scale bar = 5 μm. (b) Flow cytometry assay of the FITC-labeled MRSA after incubation with Nile red-labeled DA3-NPs and NPs. Confocal images of the stained MRSA
after incubation with (c) DA3-NPs and (d) NPs under 808 nm laser irradiation (0.33 W/cm2, 10 min). Scale bar = 500 nm. The curves on the right side were the time-
dependent fluorescence distribution profiled in the groups of DA3-NPs+L and NPs. The concentration of DA3-NPs and NPs was 2 × MIC.
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NPs+L) displayed remarkable bactericidal performance and completely
killed MRSA at 16.25 μg/mL (Fig. S21), which was 9.23 times lower
than NPs+L. Bacterial live/dead detection (Fig. 2b & Fig. S22)
confirmed that MRSA was active and accompanied by strong green
fluorescence after the treatment of PBS+L, NPs, and DA3-NPs; while
NPs+L showed enhanced bactericidal ability, resulting in increased red
fluorescence of the treated MRSA. In contrast, the MRSA treated by DA3-
NPs+L was completely killed and showed strong red fluorescence. SEM
images showed that the cell walls of the MRSA exhibited remarkable
collapse and rupture (Fig. 2c). The investigation of bactericidal mech-
anism revealed that the treatments of DA3-NPs+L (20 µg/mL) could
significantly increase the bacterial membrane permeability, cause pro-
tein leakage and decrease ATPase activity of the treated MRSA (Fig. 2d
& f). Comparatively, NPs+L (20 µg/mL) exhibited a similar but signifi-
cantly lower antibacterial effect than DA3-NPs+L. This implied that the
targeting ability might enable DA3-NPs to anchor on the bacterial sur-
face, and subsequently generated ROS, carbon radicals and heat damage
under laser irradiation to kill MRSA effectively and precisely.

In-situ antibacterial mechanism

Accordingly, the antibacterial mechanisms of DA3-NPs and NPs were
comprehensively studied by using a classic ROS probe. The LSCM results
demonstrated DA3-NPs in red fluorescence (Nile red was loaded in DA3-
NPs) overlapped well with the MRSA in green fluorescence (MRSA was
stained with FITC) and exhibited a high co-localization (Fig. 3a &
Fig. S23). Flow cytometry assay revealed that the targeting efficiency of
DA3-NPs for MRSA was as high as 89.0 %, which was approximately
2.88 times higher than that of NPs (30.8 %, Fig. 3b). Subsequently, the
real-time antibacterial performance of DA3-NPs was monitored. The
classic ROS probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA), and propidium iodide (PI) were used to treat planktonic MRSA [40,
41]. Then, the MRSA was co-incubated with the particles and irradiated
by laser for 10 min. After that, the treated MRSA was monitored using
LSCM time-lapse photography. As Fig. 3c shown, the planktonic MRSA
with green fluorescence could be detected at 69 s upon DA3-NPs+L
treatment, and the fluorescence intensity gradually increased with time,
suggesting ROS accumulation in the MRSA. At 186 s, the MRSA was
killed accompanied by red fluorescence detection at this time. For
NPs+L groups (Fig. 3d), ROS accumulation in the MRSA could be
observed at 182 s, and the MRSA died at 437 s. The fluorescence in-
tensity profiles (Fig. 3c & d) clearly illustrated that bacterial killing in
DA3-NPs+L treatment were much faster than those in NPs+L treatment.
Furthermore, the accumulation of ROS on bacterial cells in the
DA3-NPs+L group was much higher than that in the NPs+L group within
~180 seconds (Fig. S24). This fully demonstrated that the targeting
property of DA3-NPs+L accelerated the accumulation of ROS as well as
the generation of carbon radicals and heat damage on the surface of the
bacterial surface, resulting in the enhancement of the bactericidal
efficacy.

In vitro anti-biofilm properties and mechanism

The antibacterial and targeting performances toward planktonic
MRSA greatly inspired us to utilize DA3-NPs for the study of anti-
biofilms. The effective biofilm penetration and internal MRSA target-
ing were crucial for eradicating biofilms by in-situ phototherapy [42,43].
Therefore, the biofilm penetration of DA3-NPs was first assessed. As
shown in Fig. 4a, a transwell model was used to quantify the biofilm
penetration efficiency of DA3-NPs and NPs. The results indicated that
only a few NPs could penetrate the biofilm regardless of increasing
concentration and treatment time, whereas DA3-NPs could effectively
penetrate the biofilm within 3 h, and the penetration effect of DA3-NPs
was positively correlated with treatment time and the concentration of
DA3-NPs (Fig. 4b). This implied that DA3-NPs exhibited a strong ca-
pacity for biofilm penetration, which might be attributed to their

properties of small particle size, neutral charge and bacterial targeting.
Firstly, DA3-NPs possessed small particle sizes (~ 149 nm, Fig. 1g),
facilitating their passage through the polysaccharides and lipids of EPS
[44,45]. Secondly, the neutral or positive charge of nanoparticles en-
hances biofilm penetration because the EPS of biofilms is negatively
charged [46,47]. The grafting ratios of D-aminoalanine in APs were
regulated to obtain the electroneutral DA3-NPs (–0.61 mV). Compared
to NPs (–11 mV), DA3-NPs could penetrate biofilms more easily without
electric charge repulsion. Thirdly, the bacterial targeting capacity of
DA3-NPs promoted the biofilm penetration [30]. Bacterial targeting
within the biofilm would provide a strong impetus to accelerate
DA3-NPs into the interior of the biofilm. Accordingly, the targeting effect
of DA3-NPs toward MRSA within biofilm was assessed by LSCM [48].
EPS of the biofilm was stained by dimethylaminoazobenzene oxide
(DDAO) with a red fluorescence, and the MRSA within the biofilm was
stained by DAPI with a blue fluorescence [49]. After treatment by
DA3-NPs@FITC (FITC was loaded into DA3-NPs) with green fluores-
cence, a 3-dimensional (3D) confocal image of a 60 µm-thick biofilm
could be reshaped. As shown in Fig. 4c, DA3-NPs@FITC effectively
penetrated the EPS and exhibited perfect fluorescence overlap with the
MRSA in the biofilm. In contrast, when the biofilm was treated with
NPs@FITC, the weak green fluorescence of NPs@FITC was mainly
confined to the surface of the biofilm, while minimal and negligible red
fluorescence was detected within the biofilm. In particlular, the coloc-
alization between the nanoparticles and MRSA within the biofilm was
comprehensively assessed (Fig. 4d & e). The stereo space vision of 3D
confocal images showed that the green fluorescence signals of
DA3-NPs@FITC matched well with the blue fluorescence of MRSA in the
entire dense biofilm (Fig. 4f). The Pearson’s correlation coefficient
(PCC) reached up to 0.93 within biofilm (Fig. 4g). In comparison, the
NPs@FITC was stuck on the surface of the biofilm, and was independent
with the location of the MRSA (Fig. 4e & g). The flow cytometry assay
results further revealed that the targeting efficiency of DA3-NPs towards
the internal MRSA was as high as 70.6 %, while that of NPs was only
8.3 %, which was 8.51 times lower than that of DA3-NPs (Fig. 4h). These
results strongly suggested that the proposed DA3-NPs has an excellent
targeting activity toward MRSA within the biofilm.

Bacterial targeting was critical for the in-situ phototherapy of DA3-
NPs, which would allow the accumulation of ROS, carbon radicals and
heat damage focusing on the internal bacteria [50]. Considering that the
commonly used methods for thermal monitoring, such as infrared
thermal imaging and thermal sensors, are difficult to observe at the
micron level, the distribution of ROS within the biofilm, therefore, was
studied by using a fluorescent probe. After 6 h of co-incubation, the
particles were washed away, and the treated biofilms were irradiated by
an 808 nm laser (0.33 W/cm2) for 10 min. Subsequently, the generated
ROS in the biofilm was observed by LSCM. In the DA3-NPs+L group, the
generated ROS with green fluorescence distributed uniformly in the
whole biofilm and overlapped well with the bacterial residence in blue
fluorescence (Fig. 5a). Quantitative analysis showed that the accumu-
lation of the ROS was positively correlated with the bacterial count,
suggesting the ROS could be fully utilized to kill bacteria and thus
remarkably reinforced the anti-biofilm efficacy of DA3-NPs+L.
Conversely, the ROS generated by NPs+L was mainly trapped on the
surface of the biofilm and showed no overlap with the internal bacteria
(Fig. 5b). To further illustrate the efficacy of in-situ phototherapy, a
comparative experiment on the elimination effects of NPs+L and
DA3-NPs+L against mature MRSA biofilms was conducted. As shown in
Fig. 5c, the biofilm-elimination performance of DA3-NPs+L was posi-
tively correlated with the dosage and the laser irradiation time. When
the dosage of DA3-NPs was 2 × MIC (32.5 µg/mL), 9 min laser irradia-
tion could eliminate 97.1 % of the mature MRSA biofilm; while its
dosage was 20 × MIC (325 µg/mL), the laser irradiation time could be
shortened by 5 min to reach similar biofilm-elimination efficiency
(97.9 %). However, NPs+L failed to eliminate the MRSA biofilm. Even
though its dosage was up to 20 × MIC (3000 µg/mL) and the laser
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Fig. 4. In-situ targeting mechanism of DA3-NPs towards MRSA within the biofilm. (a) Permeation effects of DA3-NPs and NPs in biofilm. Scale bar = 50 μm. (b)
Concentration statistics of DA3-NPs and NPs in transwell receiver chambers. (c) 3D confocal images of the strained biofilm after incubation with FITC-labeled
particles (red, blue and green fluorescences represented EPS, MRSA, and the particle, respectively). Scale bar = 50 μm. Confocal images of biofilm treated with
(d) DA3-NPs and (e) NPs. Scale bar = 50 μm. (f) Relative green fluorescence intensity of DA3-NPs and NPs within the biofilm. (g) PCC value between the particles and
the internal MRSA. (h) Flow cytometry assay of the FITC-labeled MRSA with the biofilm after incubation with the Nile red-labeled particles. Data are expressed as the
mean ± SD, Student’s t-test, n = 3, * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001.
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irradiation time was extended for 10 min, its biofilm-elimination effi-
ciency was ~50 %. Comparatively, when the treatment condition was
restricted to 2 × MIC dosage and 9 min of laser irradiation, the
biofilm-elimination efficiency of DA3-NPs was at least 61 times higher
than that of NPs, strongly suggesting the effectiveness of the in-situ
phototherapy strategy in eliminating internal bacteria and eradicating
biofilms.

Then, the eradication efficacy of mature biofilms by DA3-NPs+L was
studied. In crystal violet (CV) stain assay (Fig. 5d), dense biofilms in
dark purple were observed in the group of PBS+L, while the biofilms in
the group of NPs+L were partially removed and showed a faded purple
color. Comparatively, DA3-NPs+L effectively eliminated the mature

biofilms, in which the residual biofilms displayed a weak purple color.
Thereafter, the stained dead/live MRSA in biofilms was visualized by
LSCM. The biofilms treated with PBS+L showed strong green fluores-
cence, indicating the internal bacteria still survived. The biofilms in the
NPs+L group displayed bright yellow fluorescence, signifying substan-
tial live bacteria within the biofilm. Differently, most of the bacteria
within the biofilm were killed in the DA3-NPs+L group and exhibited
sparse red fluorescence. Statistical analysis of biofilm mass and bacteria
count (Fig. 5e & f) further demonstrated the biofilm was exceedingly
eradicated by DA3-NPs+L, which significantly outperformed NPs+L.

Fig. 5. In vitro biofilm elimination of DA3-NPs and NPs. Confocal images of MRSA and ROS generated by (a) DA3-NPs+L and (b) NPs+L. Scale bar = 50 μm. Blue
fluorescence represented MRSA, and green fluorescence represented ROS. Laser irradiation conditions: 808 nm, 0.33 W/cm2, 10 min. (c) The anti-biofilm activity of
DA3-NPs and NPs. (d) Optical and confocal images, (e) biofilm mass, and (f) bacterial counts of the biofilm treated by different groups. The concentration of DA3-NPs
and NPs was 2 × MIC. Scale bar = 50 μm. Data are expressed as the mean ± SD, Student’s t-test, n = 6, ns p>0.05, * p<0.05, ** p<0.01, and **** p<0.0001.
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In vivo biofilm-infection wound model

Two in vivo biofilm models (biofilm-infection wound model and
catheter biofilm infection model) were used to assess the therapeutic
effects of DA3-NPs [51–53]. Based on clinical guidance for treating
biofilm infections, two distinct in vivo biofilm infection models were
established, employing varied administration methods to further vali-
date the in vivo anti-biofilm activity of DA3-NPs and NPs [47,54]. For the
therapy of biofilm-infection wound, the model was first established by
inoculating culture medium-grown MRSA (109 CFU/mL, 150 µL) in the
wound of the mice. After 1 day, a distinct white mucous membrane
would cover the wound, suggesting the successful modeling of the in vivo
MRSA biofilm [55]. The infected mice were divided randomly into five
groups (PBS+L, NPs, NPs+L, DA3-NPS, DA3-NPs+L), and the time was
marked as day 0. Intravenous drug-administration (3 mg/kg per time)
was conducted thrice on days 1–3, and then laser irradiation (808 nm,
0.33 W/cm2, 10 min per time) was conducted twice on days 4 and 5
(Fig. 6a). During the treatment process, thermal imaging was collected
to investigated temperature changes at biofilm infection site under laser
irradiation (Fig. 6b). In the DA3-NPs+L group, the temperature at the
wound infection site rose to ~47◦C upon laser irradiation, which was
~1.8 and ~8.6 times higher than those in the groups of NPs+L and
PBS+L, respectively (Fig. 6c). This indicated that DA3-NPs could effec-
tively target and accumulate in the biofilm infection site. After the
treatment of DA3-NPs+L, the mice exhibited the fastest recovery
(Fig. 6d). Their wound healing rate was much faster than those in the
other treatment groups. The wounds were completely healed on day 11
without apparent bacteria and biofilm remained (Fig. 6e& f), suggesting
the biofilm had been eliminated by DA3-NPs+L. In contrast, there was
no obvious difference in wound healing in the groups of PBS+L, NPs and
DA3-NPs. On day 11, the wound had not fully healed, and clear wound
infections could be observed (Fig. 6f). The same phenomenon was
observed in the mice treated with NPs+L. Although the NPs+L slightly
reduced bacteria count, its anti-biofilm performance in vivo was limited
(Fig. 6g). The weight change further supports the above results
(Fig. S25).

Furthermore, Gram staining of the wound infection tissue was per-
formed to further confirm the residual biofilm in the wound site
(Fig. 6h). The results showed that a large number of tissue with dark
purple color (blue arrows) appeared in the groups of PBS+L, NPs, DA3-
NPs, and NPs+L. The presence of purple tissue indicates an infection
caused by Gram-positive bacteria (MRSA) [56]. Comparatively, only
limited tiny purple tissue appeared in the DA3-NPs+L group. This meant
that the DA3-NPs+L group could eliminate most MRSA biofilm in vivo.
Finally, hematoxylin and eosin (H&E) staining was used to observe the
inflammatory cells and healing at the infection site [57]. The results
indicated that many inflammatory cells (green arrows) were observed in
the groups of PBS+L, NPs, and DA3-NPs. In the NPs+L group, the in-
flammatory cells did not completely disappear, but a healed skin tissue
layer was observable. In the DA3-NPs+L group, the tissue had returned
to normal with negligible inflammatory cell infiltrations, suggesting
DA3-NPs+L were highly effective in eradicating the biofilm in vivo.

In vivo catheter biofilm model

Additionally, an in vivo catheter biofilm infection model was used to
further assess the therapeutic effects of DA3-NPs [58]. As illustrated in
Fig. 7a, catheters covered with MRSA-induced biofilm were implanted
into the back of mice. The mice were divided randomly into five groups
(PBS+L, NPs, NPs+L, DA3-NPS, DA3-NPs+L), and the time was marked
as day 0. Topical drug administration was conducted twice (3 mg/kg per
time) on days 1–2. Phototherapy (808 nm, 0.33 W/cm2, 10 min) was
performed once on day 3, and the catheter was taken out on day 7
(Fig. 7b). The collected catheters were stained by CV dye. Compared
with those in the other treatment groups, only the catheter in the
DA3-NPs+L group was clean, and no biofilms could be found on its

surface (Fig. 7c). Statistical analysis displayed that biofilm mass in the
DA3-NPs+L group significantly decreased to 4 %, while that in the
suboptimal group of NPs+L was as high as 72 % (Fig. 7d). CFU counting
further demonstrated the bactericidal efficiency of the DA3-NPs+L
group was as high as 99.99 % (Fig. 7e). Additionally, after the treatment
of DA3-NPs, the mice rapidly recovered with notable weight increase,
while those in the groups of PBS+L, NPs, DA3-NPs and NPs+L groups
showed a sustained weight loss (Fig. 7f). This implied that DA3-NPs+L
possessed excellent performance for eliminating implant biofilm in vivo.

Subsequently, the tissues around the implant infection were
collected for staining analysis. Gram stain of the tissues showed that
numerous bacteria with dark purple color (red arrows) appeared in the
tissues of PBS+L, NPs, and DA3-NPs groups (Fig. 7g). The NPs+L group
also showed residual bacteria, but the number notably decreased. This
implied that biofilm-based implant infection could allow bacteria to
invade surrounding tissues. In contrast, no bacteria was observed in the
tissue after the treatment of DA3-NPs+L, suggesting DA3-NPs+L could
effectively kill bacteria within the biofilm, thereby inhibiting their
diffusion. Consistently, the H&E stains results showed numerous in-
flammatory cell infiltrations (green arrows) in the groups of PBS+L,
NPs, DA3-NPs, and NPs+L, whereas the phenomenon was notably
reduced in the DA3-NPs+L group, suggesting DA3-NPs+L could effec-
tively relieve inflammation.

Immune regulation

It was reported that PDT or PTT could effectively activate immunity
[59]. M1 macrophage is able to secret pro-inflammatory cytokines, such
as tumor necrosis factor-α (TNF-α) and interleukin 6 (IL-6), to continu-
ously induce inflammatory response [60]. However, biofilm infections
inhibit the release of anti-inflammatory factors such as interleukin 10
(IL-10) and transforming growth factor-β (TGF-β) [61]. The homoge-
neous tissues around the implants were collected and analyzed by
ELISA. The results showed that the expressions of the pro-inflammatory
factors IL-6 and TNF-α were high, while the expressions of
anti-inflammatory factors IL-10 and TGF-β were low in PBS+L, NPs, and
DA3-NPs groups (Fig. 8a). This was due to the presence of biofilms,
which continuously induced M1 phenotype macrophages to release in-
flammatory factors. In contrast, the expression of anti-inflammatory
factors were significantly elevated after NPs+L treatment. In the case
of DA3-NPs+L, the expression of IL-10 and TGF-β expression were
significantly pronounced, indicating that PDT could effectively suppress
the inflammatory response.

Additionally, macrophages in the surrounding tissues of the implant
were investigated using immunofluorescence staining (Fig. 8b). The
results showed that inflammatory cells infiltrating around biofilm im-
plants could be labeled with F4/80 (a macrophage marker in yellow
fluorescence), indicating that most inflammatory cells were macro-
phages. CD80 (an M1 marker in red fluorescence) and CD206 (an M2
marker in green fluorescence), as classical biomarkers of the pro-
inflammatory M1 and anti-inflammatory M2 phenotypes of macro-
phages, were stained in the surrounding tissue of the implant [62]. For
PBS+L, NPs, and DA3-NPs groups, many M1 phenotype giant macro-
phages were observed, suggesting biofilms could promote the polari-
zation of macrophage-like pro-inflammatory M1 phenotype, thereby
inhibiting macrophage killing of bacteria and allowing bacteria within
the biofilm to achieve immune escape. Comparatively, an increased
proportion of M2 macrophages was observed in the NPs+L group. For
the DA3-NPs+L group, it was showed that the proportion of M2 mac-
rophages notably increased. The fluorescence ratios of CD80 to CD206
indicated that the M2/M1 ratios in the groups of PBS+L, NPs, DA3-NPs
and NPs+L were 0.05, 0.11, 0.07, and 0.66, respectively (Fig. 8c). In
contrast, that in the DA3-NPs+L group exhibited a significantly higher
ratio, which was up to 2.78, suggesting that DA3-NPs+L could promote
macrophage differentiation towards the M2 phenotype and suppressed
inflammatory response, which was in favor of restoring the bactericidal
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Fig. 6. In vivo biofilm elimination of DA3-NPs and NPs in the biofilm-infection wound model. (a) Schematic illustration of the biofilm-infection wound infection
model. (b) Thermographic images and (c) temperature changes in different treatment groups. (d) Photographs of the MRSA biofilm-infected wounds. Scale bar =
3 mm. (e) Photographs of bacterial colony plates after treatments. (f) Normalized wound area. (g) CFU counting of the infected wound on day 11. (h) Gram and H&E
staining of the infected wounds. Scale bar = 200 μm. Laser irradiation conditions: 808 nm, 0.33 W/cm2, 10 min. Data are expressed as the mean ± SD, Student’s t-
test, n = 3, ns p>0.05, * p<0.05, ** p<0.01, and **** p<0.0001.
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effect of macrophages.

Biosafety of DA3-NPs

Finally, the biological safety of NPs and DA3-NPs was evaluated.
MTT assay showed that the nanoparticles (NPs& DA3-NPs) were cellular
compatible at wide-range dosages of < 100 µg/mL (Fig. S26A). Besides,
in vivo safety evaluation showed that the mice after intravenous injec-
tion of the nanoparticles (5 mg/kg per time, injections every 2 days)
exhibited continuous weight increase within 14 days (Fig. S26B). The
blood biochemical indicators of the mice were similar to those of the
untreated group, indicating that the drug administration did not affect
the physiological health of the mice (Fig. S27). Additionally, H&E
staining further confirmed that the primary organs (heart, liver, spleen,
lung, and kidney) treated with the NPs and DA3-NPs exhibited normal
histomorphology without obvious pathological abnormalities (Fig. S28).
The above results indicated that NPs and DA3-NPs have the potential for

clinical transformation.

Conclusions

We have developed a well-defined core-shell-shaped DA3-NP via
perfectly matched charge interaction. DA3-NPs functioned robust abili-
ties of EPS penetration and internal MRSA targeting because of the
neutral potential and peptidoglycan anchor properties. Consequently,
DA3-NPs exerted precise in-situ phototherapy activity with appealing in
vitro and in vivo eradication performances against MRSA-associated
biofilm, which 61 times outperformed the non-targeting electronega-
tive NPs. The DA3-NPs had superior advantages: i) effective EPS pene-
tration and precise internal MRSA targeting; ii) killing the MRSA within
the biofilm by in-situ ROS release, carbon radicals and heat damage; iii)
multiple stimuli responses, triggering shell-detachment and core-
disintegration in a sequent manner, which was in favor of reinforcing
anti-biofilm performance. iv) excellent biofilm eradication in the in vivo

Fig. 7. In vivo biofilm elimination of DA3-NPs and NPs in the catheter biofilm infection model. (a) Schematic illustration of the in vivo catheter biofilm infection
model. (b) Timeline of the treatment process. (c) CV images of the implanted catheters. Scale bar = 1 mm. (d) Biofilm mass and (e) CFU counting of the implanted
catheters at day 7. (f) Body weight changes. (g) Gram and H&E staining of peri-implant tissues at day 7. Scale bar = 200 μm. Data are expressed as the mean ± SD,
Student’s t-test, n = 3, ns p>0.05, ** p<0.01, *** p<0.001, and **** p<0.0001.
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models of biofilm-infection wound and catheter biofilm infection. v)
immune response remodel of the suppressed macrophages. Therefore,
this study offers a precise in-situ phototherapy strategy for the nonan-
tibiotic treatment of mature biofilm.
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