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Abstract

Nowadays, multidrug-resistant (MDR) bacterial infectious diseases has become a thorny issue in the healthcare

field. Owning to its intrinsic merits, photodynamic therapy (PDT) shows tremendous strengths in fighting against
MDR bacterial infections. However, most photodynamic nanoplatforms exhibit unsatisfactory targeting efficiency
towards bacteria and infection site, which may compromise the bactericidal effect of PDT. Herein, we firstly reported
a bacteria-targeted collagen-based nanoparticle, named Ce6/Col/MM, for treating methicillin-resistant Staphylococ-
cus aureus (MRSA)-infected wound. Ce6/Col/MM was fabricated by wrapping chlorin e6 (Ce6)-loaded collagen-based
nanoparticles with macrophage membrane (MM), showing excellent photodynamic activity and good biocompat-
ibility. In vitro studies demonstrated that Ce6/Col/MM could target to bacteria and then exhibit prominent antibacte-
rial capacity against planktonic MRSA under light irradiation. Furthermore, the treatment of MRSA-infected wound

in mice with Ce6/Col/MM plus light illumination resulted in potent bacterial inactivation and accelerated wound
healing, accompanied by favorable histological compatibility. Collectively, Ce6/Col/MM with superior targeting ability
towards bacteria, effective photodynamic antibacterial potency and minimal safety concerns, might be a powerful
bactericidal nanoagent for treating infections caused by MDR bacteria.
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1 Introduction
Infectious diseases induced by multidrug-resistant bac-
teria, presenting a high rate of mortality and morbidity
globally, contribute to more than 700,000 deaths world-
wide every year and has become a severe threat to pub-
lic health [1-3]. Nowadays, a broad range of antibiotics
has been selected as first-in-class management to fight
against the thorny problem in clinic. Unfortunately, the
therapeutic effect of antibiotic therapy has been declin-
ing year by year, accompanied by rapid mutation of drug-
resistant pathogens and recurrence of infection [4, 5].
Under the shadow of post-antibiotic era, photodynamic
therapy (PDT) is a promising manner for treating MDR
bacterial infections, which has attracted tremendous
attention. Compared to antibiotic therapy, PDT exhibits
a multitude of notable superiorities like broad-spectrum
antibacterial activity, repeatable treatment, and negligible
development of resistance [6—8]. To date, various kinds
of photodynamic antibacterial nanosystems have been
explored for MDR bacterial infections treatment. How-
ever, most of these proposal naonosystems showed low
targeting efficiency to bacteria and poor accumulation
in infection site due to lacking of specific-binding ability,
resulting in discounted bactericidal effect and uncertain
systematic toxicity [9, 10]. Thus, it would be of signifi-
cance to construct bacteria-targeted photodynamic anti-
bacterial nanoplatforms to overcome above issues.
Collagen, a vital structural protein, constitutes approxi-
mate 25-35% of total protein in human body and abun-
dantly exists in fibrous tissue including bones, tendons,
muscles and skin [11-13]. With satisfactory character-
istic properties like good biodegradability, excellent bio-
compatibility and low immunogenicity, collagen often
serves as a versatile carrier to deliver various kinds of

drugs (gene, protein and growth factors) for diagnosis
and therapy of diseases [14—16]. For instance, Mu’s group
has constructed collagen-based nanocomposite encapsu-
lating silver nanoparticles (AgNP@collagen), exhibiting
good blood compatibility, cytocompatibility and potent
bacterial killing potency for treatment of Pseudomonas
aeruginosa-infected mice [15]. Further, Thapa and co-
workers demonstrated that collagen nanoplatform for
sustained release of vancomycin could inhibit bacteria
growth and accelerate recovery of MRSA-infected wound
in vivo with negligible safety concerns [16]. Therefore, it
is reasonable to speculate that collagen is an ideal cargo
with minimal toxicity for effective delivery of bactericidal
photosensitizers.

For pathogenic microorganism targeting, antibacterial
agents decorated with cationic groups, peptides, anti-
bodies and cell membranes has been explored [17-20].
In particular, macrophage, a laborious phagocytic cell, is
responsible for eliminating pathogen and fighting against
bacterial infections, which can recognize pathogen-asso-
ciated molecular patterns through pattern-recognition
receptors (PRR) to efficiently remove pathogens [21].
The membranes derived from macrophage are able to
inherit PRR (mannan receptor [22], Toll like receptor
[23], Scavenger receptor [24]) to recognize bacteria. For
instance, Li and co-workers reported that macrophage
membrane-coated antibacterial nanocomposite could
rapidly recognize and kill drug-resistant bacteria in vitro
[25]. Therefore, decorating of macrophage membrane on
the surface of collagen-based antibacterial nanoagents is
considered to be a promising strategy to provide potent
binding ability to pathogenic microorganisms.

In this study, a photosensitizer, chlorin e6 (Ce6),
was loaded into collagen-based nanoparticle (Col) via
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Scheme 1 Schematic illustration of a bacteria-targeted collagen-based nanoparticle, Ce6/Col/MM, for effective bacteria binding, enhanced
bacteria killing and accelerated wound healing under light illumination

glutaraldehyde cross-linking, followed by wrapping with
macrophage membrane (MM), which can enhance the
biocompatibility of Ce6, as well as endow specific bind-
ing ability toward MDR bacteria. The resulting bacteria-
targeted collagen-based nanoparticles, named Ce6/Col/
MM, were expected to fight against MDR bacterial infec-
tion. We anticipate that the proposed nanoagents could
specifically associate with bacteria by PRR, effectively kill
bacteria under light irradiation via PDT and speed up the
recovery of the MDR bacteria-infected wound in vivo
(Scheme 1).

2 Experimental section

2.1 Materials

Ce6 was obtained from Frontier Scientific Inc. (West
Logan, UT, USA). Col and 1,3-diphenylisobenzofuran
(DPBF) were supplied by Sigma-Aldrich (St. Louis, USA).
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT) and bicinchoninic acid (BCA) test

kit were purchased from Beyotime Biotechnology Ltd.
(Shanghai, China). Cyclophosphamide was purchased
from Yuanye Biotechnology (Shanghai, China). Dul-
becco’s modified eagle medium (DMEM), Minimum
essential medium (MEM), fetal bovine serum (FBS), pro-
tease inhibitor and 96-well plates were purchased from
Thermo & Fisher Scientific Co. Ltd. (CA, USA). Distilled
water (DW) with a resistivity higher than 18 MQ cm™
used in the experiments was made using Milli-Q Direct
16 Water Purification System (Millipore Corporation,
Bedford, MA, United States). Other chemicals were sup-
plied by Sinopharm Chemical Reagent Co., Ltd., China,
and used as received.

Methicillin-resistant Staphylococcus aureus (MRSA)
was kindly supplied by Dr. Yishan Zheng at The Second
Hospital of Nanjing. Mouse macrophage (Raw 264.7) and
fibroblasts (L929) cells were purchased from the Insti-
tute of Biochemistry and Cell Biology (Chinese Academy
of Sciences, Shanghai, China). Raw264.7 and 1929 cells
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were cultured in DMEM and MEM medium, respec-
tively, and maintained at 37 °C in a humidified atmos-
phere containing 5% CO,. All media were supplemented
with FBS (10%, v/v), penicillin (100 U mL™) and strepto-
mycin (100 ug mL™), respectively.

2.2 Isolation of MM

MM were isolated using a hypotonic lysis approach
with slight modifications [24]. In brief, Raw 264.7 cells
were harvested using a cell scraper and resuspended in
phosphate-buffered saline (PBS, pH 7.4) containing pro-
tease inhibitor (2 mM). The cell resuspension was soni-
cated with a tip for 3 x 60 s in ice and then centrifuged
at 2000 x g at 4 °C for 30 min. The precipitated MM was
collected and washed with cold PBS and stored at —80 °C
for further use. The proteins of MM were determined by
SDS-PAGE and quantified using the BCA kit.

2.3 Preparation of Ce6/Col/MM
Ce6/Col was prepared by glutaraldehyde cross-linking of
collagen [26]. In brief, Ce6 (10 mg mL™! in DMSO) was
added into collagen aqueous solution (100 mg mL™!) and
stirred in dark for 2 h, and then ethanol was dropwise
added to form Ce6/Col nanoparticle. For cross-linking,
4% glutaraldehyde (30 puL) was added into the above sus-
pension and stirred for another 2 h at room tempera-
ture. The ethanol, glutaraldehyde and excess of free Ce6
were removed by dialysis to obtain the purified Ce6/Col
nanosuspension.

For the preparation of Ce6/Col/MM, MM isolated from
a total of 2 x 107 cells was mixed with Ce6/Col and soni-
cated with bath sonicator at a power of 100 W for 30 min.
The surface-coated nanoparticles were centrifugated at
10,000 x g for 30 min and washed with cold DW. And the
purified Ce6/Col/MM were re-suspended in DW at the
desired concentration and then stored at 4 °C.

2.4 Characterizations

The visible spectra of Ce6, Ce6/Col and Ce6/Col/MM
(8 ug mL™! of Ce6 equally) were recorded via microplate
spectrophotometer (Multiskan™ GO, Thermo Fisher Sci-
entific, United States). A fluorescence spectrophotom-
eter (F-4500, HITACHI, Japan) was used to measure the
fluorescence spectra. The emission spectra of nanopar-
ticles were acquired from 450 to 850 nm when excited
by 400 nm. Morphologies of Ce6/Col and Ce6/Col/MM
were observed using transmission electron microscope
(TEM, JEM-2100F, JELO, Japan). The immunogold labe-
ling was introduced to verify the presence of MM in Ce6/
Col/MM based on their surface protein CD14. Hydro-
dynamic diameters were determined by dynamic light
scattering with a 10 mW He—Ne laser at 25 °C, and zeta
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potential values were determined by laser doppler micro-
electrophoresis at an angle of 22° using a Nano ZS90
Zetasizer (Malvern Instruments, the United Kingdom).
The content of Ce6 in Ce6/Col/MM was calculated by
absorbance at 650 nm based on the established calibra-
tion curve.

2.5 Light-triggered singlet oxygen generation
1,3-diphenylisobenzofuran (DPBF) was employed as 'O,
trapping agent to assess light-trigger singlet oxygen (*O,)
generation of Ce6/Col/MM [8]. In short, Ce6, Ce6/Col
and Ce6/Col/MM (1.5 pug mL~}, in term of Ce6) were
irradiated using 660 nm laser (0.1 W cm™2, 3 min) and
the generated 'O, was captured by DPBF, leading to its
absorption reduction at 410 nm. The absorption spectra
of samples during irradiation were acquired at predeter-
mined time points using microplate spectrophotometer.
DMEF containing DPBF alone were used as control.

2.6 Hemolysis assay

The hemolytic behavior of the Ce6/Col/MM was
explored using mouse blood cells (RBCs) according to a
standard protocol [27]. RBCs were isolated, purified and
collected from the whole blood by centrifugation and
washed with cold PBS. The 2% diluted RBCs suspension
was mixed with serial concentrations of Ce6/Col/MM
and incubated at 37 °C for 1 h. Then all samples were
centrifuged (100 x g, 15 min) and the absorbance of the
supernatant at 541 nm was detected by microplate spec-
trophotometer. Saline and DW were used as negative and
positive control, respectively.

2.7 Cytotoxicity study

The cytotoxicity of Ce6/Col/MM towards Raw 264.7 and
L1929 was evaluated by MTT assay [28]. Briefly, cells were
seeded into 96-well plates at a density of 1 x 10* cells per
well. In the following day, cells were treated with Ce6/
Col/MM at various concentrations for 12 h in dark, and
10 pL of MTT (5 mg mL™") was added and incubated for
another 4 h. After that, the medium was replaced with
150 pL dimethyl sulfoxide to dissolve formazan and the
absorbance of each sample was recorded at 570 nm. The
data were expressed as a percentage of the cell viability
measure in the PBS groups. All groups were assessed at
least in sextuplicate.

2.8 Targeting ability evaluation

The targeting ability of Ce6/Col/MM towards bacte-
ria was assessed by flow cytometry. In short, 900 pL of
MRSA suspension (1x10® CFU mL™') was incubated
with free Ce6, Ce6/Col or Ce6/Col/MM at 37 °C for 1 h
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in dark. After that, bacteria were collected by centrifuga-
tion and analyzed using a NovoCyte 2060R flow cytome-
ter and ACEA NovoExpress software (ACEA Biosciences
Inc., San Diego, CA).

2.9 Photodynamic antibacterial activity in vitro

The bactericidal activity of Ce6/Col/MM against MRSA
was quantitatively assessed by the standard plate count-
ing method [29]. In detail, 900 uL of bacteria suspension
(1 x 108 CFU mL™') was mixed with free Ce6, Ce6/Col,
MM or Ce6/Col/MM in dark, respectively. After incu-
bated at 37 °C for 30 min, all samples were exposed to
660 nm light at an intensity of 100 mW cm ™2 for 3 min or
in dark. The colony-forming units (CFU) were counted
by inoculating 100 pL of bacteria suspension onto LB
agar plate and growing at 37 °C for 24 h.

2.10 In vivo antibacterial effect study

To evaluate the antibacterial efficacy in vivo, the MRSA-
infected wound model was established. In detail, cyclo-
phosphamide (150 mg kg™!) was intraperitoneally
injected to the mice for 4 days to create a temporary state
of neutropenia. Afterward, mice were slashed into a cir-
cular wound of 5 mm diameter and injected with 50 pL
of MRSA (107 CFU mL™}) to construct the infected
wound model. Mice with wound were randomly grouped
(a) PBS+Light, (b) Ce6/Col/MM, (c) free Ce6+ Light,
(d) Ce6/Col+Light and (e) Ce6/Col/MM + Light
(0.4 mg kg™! of Ce6) (n=6). The mice were exposed to
660 nm laser (1.2 W cm ™) for 10 min at 4 h post-admin-
istration or in dark. At day 2 after treatment, aliquots
of diluted exudate from wound were spread on LB agar,
where the grown colonies were counted for analysis.
Moreover, the skin tissue of the infected wound region
of mice was collected and ground. Then the collagenase
level generated by MRSA of each sample was determined
by ELISA kit at day 2 and 7 after various treatments. The
area of wound was measured and photographed every
two days. For histological analysis, the wound tissues of
mice were collected and stored in 4% paraformaldehyde
for further Masson staining at day 14 post-treatment.

To evaluate the safety profile in vivo, the body weight
of mice subjected to various treatments was recorded
throughout the experimental period and the major
organs (heart, liver, spleen, lung and kidney) of mice were
collected and sectioned for hematoxylin and eosin (H&E)
staining.

2.11 Statistics

All statistical analyses were performed using GraphPad
Prism (version 8.0, GraphPad Ltd., China). ANOVA was
used to analyze all data with a Student—-Newman-Keuls
test for post-hoc pairwise comparisons.
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3 Results and discussion

3.1 Preparation and characterizations

Ce6/Col/MM was fabricated by loading of Ce6 into col-
lagen nanoparticle and then wrapping with MM. As
depicted in Fig. 1a, no obvious absorption of MM was
observed at visible range. In contrast, Ce6/Col/MM had
two characteristic bands at 400 and 660 nm, originat-
ing from Ce6 chromophore, demonstrating the success-
ful encapsulation of Ce6. The average drug loading and
encapsulation efficiency of Ce6 were 1.5% and 83.3%,
respectively. Compared to free Ce6, Ce6/Col/MM
exhibited an intense and narrow fluorescence emission
at 660 nm, mainly attributing to stabilizing ability of
nanoparticles toward photosensitizer in aqueous condi-
tions (Fig. 1b). Immunoelectron microscopy following
anti-CD14 gold staining proved the successful decorat-
ing with MM on the surface of Ce6/Col/MM (Additional
file 1: Fig. S1). SDS-PAGE analysis (Fig. 1c) showed that
the composition of membrane proteins of MM in Ce6/
Col/MM was well preserved during the preparation.
The average hydrodynamic size of MM and Ce6/Col was
156.4+6.5 and 128.3+£6.5 nm, respectively (Fig. 1d).
After decorated with MM, the size of Ce6/Col/MM was
increased to 141.6+7.1 nm, implying that the thick-
ness of MM was around 6 nm, which was well consist-
ent with previous reports [30, 31]. TEM image (Fig. le
& Additional file 1: Fig. S2) showed that Ce6/Col/MM
was spherical with the core—shell structure compared to
spherical Ce6/Col, and their size were relatively smaller
than that from DLS measurement due to shrinking of
nanoparticles in vacuum. In addition, the wrapping of
MM resulted in a decrease in the zeta potential of Ce6/
Col from —10.9 to —25.6 mV, which is similar to that
of MM (Fig. 1f). Collectively, macrophage membrane-
coated collagen-based nanoparticles, Ce6/Col/MM, were
successfully constructed.

3.2 Photodynamic activity of Ce6/Col/MM

We then assessed the photodynamic ability of Ce6/Col/
MM in response to light irradiation using DPBF as a
molecule probe. As shown in Fig. 2a—c, the absorbance
of DPBF in free Ce6, Ce6/Col and Ce6/Col/MM groups
sharply was decayed and the DPBF-consuming rate of
Ce6/Col and Ce6/Col/MM resembled to that of free Ce6
under irradiation, implying their similar 'O, generation
capacity. Upon irradiation for 90 and 150 s, the percent-
age of 0, in Ce6/Col/MM group reached by 45.2% and
90.3%, respectively, versus 43.1% and 90.6% in case of free
Ce6, respectively (Fig. 2d). These results suggested that
the loading of Ce6 into MM-coated collagen nanoparti-
cles could scarcely affect the photosensitizing potential of
Ceb.
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3.3 Light-induced antibacterial activity in vitro

We first investigated the targeting ability of Ce6/Col/MM
towards bacteria via flow cytometer. Compared with PBS,
Ce6 and Ce6/Col were moderately absorbed by MRSA,
and there was no obvious difference between them. How-
ever, Ce6/Col/MM showed enhanced association efficacy
toward bacteria under identical experimental conditions
(Fig. 3a). The fluorescence intensity of Ce6/Col/MM-
treated bacteria was 5.7 and 4.9 folds higher than those
treated with Ce6 and Ce6/Col, respectively (Fig. 3b). The
superior association potency of Ce6/Col/MM with bac-
teria was favorable for improved photodynamic bacte-
ricidal effect in response to light irradiation. In absence
of illumination, the survival rate of MRSA in all group
remained nearly 100%, even the concentration was up to
2.0 uyg mL~! (in terms of Ce6), suggesting no antibacterial
effect of collagen-based nanoparticles in dark. We also
found that MM exhibited negligible bactericidal activ-
ity towards MRSA under illumination (Additional file 1:
Fig. S3). When MRSA was treated with free Ce6, Ce6/
Col or Ce6/Col/MM and exposed to light irradiation,

their viability was gradually decreased and inversely pro-
portional to the concentration of Ce6 (Fig. 3a—c). The
reduction of log unit in Ce6/Col group + light was aver-
agely 2.0 and 3.7 at 1.0 and 2.0 pug mL™! of Ce6, respec-
tively, ascribing to the photodynamic bacterial killing
ability of Ce6-based antimicrobial agents. By contrast,
Ce6/Col/MM exhibited conspicuous bactericidal effect
in response to illumination. The log units dropped to 1.8
at 2.0 ug mL~! of Ce6, which was much lower than that
of free Ce6 or Ce6/Col. This phenomenon could be par-
tially explained by Ce6/Col/MM might efficiently anchor
to bacteria and trigger potent photodynamic bactericidal
performance as irradiation proceeded [25]. These results
justified the excellent bacteria inactivation effect of Ce6/
Col/MM against MRSA via photodynamic bactericidal
therapy.

3.4 In vitro biocompatibility assay

Good biocompatibility is the premise for exploring the
nanoparticles as a light-triggered bactericidal agent. We
next assessed the cytotoxicity of Ce6/Col/MM against
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Raw 264.7 and 1929 cells, representing immune and tis-
sue cells, respectively, via MTT assay. After treatment
for 24 h in dark, negligible toxicity of Ce6/Col/MM
was observed in both cell lines. When its concentration
reached to 50 ug mL™! (in terms of Ce6), over 90% of
viability was remained regardless of cell type, suggest-
ing the satisfactory cytocompatibility of Ce6/Col/MM
(Fig. 4a, b). Meanwhile, nanoparticles should be accepted
by the host tissue without prompting any undesirable
effect, such as lysing of erythrocytes [32]. The hemoly-
sis study revealed that Ce6/Col/MM led to inappreciable
hemolysis rate to rabbit blood cells (lower than 5%) even
at the concentration up to 40 pug mL™! (Fig. 4c). Collec-
tively, these results demonstrated that Ce6/Col/MM have
favorable safety profiles in vitro, broadening the possibili-
ties for their further biomedical applications.

3.5 Light-triggered antibacterial activity and wound
healing in vivo

We further established a MRSA-infected wound model
in mice to evaluate the photodynamic antibacterial per-
formance and wound healing effect of Ce6/Col/MM.
The experimental procedure was shown in Fig. 5a.
For exploration of bactericidal ability, the wound exu-
date was collected and the CFU of MRSA was quanti-
fied on day 2 post-treatment. As depicted in Fig. 5b, c,
the number of bacteria in Ce6 and Ce6/Col group was
partially decreased compared to PBS group under light
illumination and the survival percentage of bacteria was
67.4+6.1% and 59.8+9.7%, respectively. These obser-
vations implied that neither Ce6 nor Ce6/Col plus light
possessed satisfied antibacterial efficacy. Strikingly, the
bacterial viability in Ce6/Col/MM +light group was
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reduced to 6.7+0.6%, much lower than those in other
groups, exhibiting most potent bacteria inactivation
effect of Ce6/Col/MM with light irradiation. At day 2
post-treatment, we found that the bacterial collagenase

level in Ce6/Col/MM, Ce6/Col+light and Ce6/Col/
MM +light group was signifcantly lower than that in
PBS+light group, which can be ascribed to the neu-
tralization potency of collagen-based nanoparticles.
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Moreover, the bacterial collagenase content of infected
tissue further remained unchanged at day 7 in Ce6/Col/
MM +light group, in contrast to the highly elevated
level of other groups (~30 ng/mg tissue (Additional
file 1: Fig. S4). Furthermore, Masson’s trichrome staining
revealed that the skin tissue in infected wound in Ce6/
Col/MM + light group displayed a darker blue than other
groups at day 14 after corresponding treatment (Fig. 5d).
These results suggested that Ce6/Col/MM not only dis-
played strongly bactericidal potential but also consumed
collagenase produced by pathogenic microorganism in
the infected sites, which could promote collagen fiber
deposition over treatment course [33, 34].

As depicted in Fig. 6a, the wound healing process
was monitored photographically throughout treatment
period. Except Ce6/Col/MM with illumination group,
the infected wound of mice received various treatments
exhibited severe abscess, again proving efficient bacteri-
cidal ability of Ce6/Col/MM in infected mice. Further-
more, the treatment of Ce6/Col/MM + light facilitated a
faster wound closure compared to those in other groups.
The area of Ce6/Col/MM-treated wound had recovered
by 90.6% and the wound was healed with new epider-
mal tissue after 14 days. While 62.1%, 65.7% and 56.9%
of wound were observed in Ce6/Col/MM, Ce6+ light
and Ce6/Col +light group, respectively (Fig. 6b). These
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results demonstrated that Ce6/Col/MM could accelerate
regeneration of skin tissue and wound healing. In addi-
tion, the weight of mice in all groups had been negligibly
affected throughout treatment period (Fig. 6¢); compare
to normal group, histological analysis of major organs

revealed no obvious inflammation or damage (Fig. 6d),
confirming the biocompatibility of collagen-based nano-
particle. Thus, Ce6/Col/MM could be a safe antibacterial
agent for combating infection caused by drug-resistant
bacteria and promoting wound healing.
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4 Conclusion

In summary, we have firstly fabricated bacteria-targeting
collagen-based nanoparticles, Ce6/Col/MM, in fight
against MDR bacteria-infected wound via photodynamic
antibacterial therapy. It exhibited negligible cytotoxic-
ity, favorable optical properties and efficient singlet oxy-
gen generation capacity. With the aid of MM, Ce6/Col/
MM could easily associate with pathogenic microorgan-
ism, leading to effective delivery of photosensitizer and
enhanced photodynamic bactericidal efficacy against
antibiotic-resistant bacteria, MRSA. In vivo experiment
demonstrated that Ce6/Col/MM combining light irra-
diation showed notable bacterial inactivation ability,
promoting collagen fiber deposition and wound healing
in MRSA-infected mice. Additionally, minimal safety
concern of Ce6/Col/MM was verified by histological
analysis of major organs. Therefore, bacteria-targeting
collagen-based nanoparticles exhibited acceptable bio-
compatibility, notable bactericidal ability, as well as
accelerated wound healing, providing a promising anti-
bacterial nanoagent for treating MDR bacterial infection.
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Additional file 1: Fig. S1. Immunoelectron microscopy image of Ce6/
Col/MM following anti-CD14 gold staining. Fig. S2. TEM image of Ce6/Col.
Fig. S3. Log value of survived MRSA treated with MM at serial concentra-
tions in dark or with irradiation (660 nm, 100 mW cm~2, 3 min). Fig. S4.
Quantitative analysis of bacterial collagenase level of the infected region
of mice at day 2 and day 7 after various treatments. Data are shown as
means £ S.D. (n > 3). *p < 0.005 compared to PBS plus light group.
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