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A B S T R A C T

Bacterial infection of cutaneous wounds can easily lead to occurrence of chronic wounds and even more serious
diseases. Therefore, multifunctional, biodegradable, and reusable wound dressings that can quickly manage
wound infection and promote wound healing are urgently desired. Herein, inspired by the “capturing and killing”
action of Drosera peltata Thunb., a biomimetic cellulose film was constructed to capture the bacteria (via the
rough structure of the film) and kill them (via the combination of photodynamic therapy and chemotherapy) to
promote wound tissue remodeling. The film (termed OBC-PR) was simply prepared by chemically crosslinking
the oxidized bacterial cellulose (OBC) with polyhexamethylene guanidine hydrochloride (PHGH) and rose bengal
(RB). Notably, it could effectively capture Escherichia coli and Staphylococcus aureus bacterial cells with capture
efficiencies of ~99 % and ~96 %, respectively, within 10 min. Furthermore, the in vivo experiments showed that
OBC-PR could effectively promote the macrophage polarization toward the M2 phenotype and adequately induce
the reconstruction of blood vessels and nerves, thus promoting wound healing. This study provides a potential
direction for designing multifunctional wound dressings for managing infected skin wounds in the future.

1. Introduction

Skin is the first defense line of human body against the external
environments, and plays an important role in resisting the invasion of
foreign pathogens [1]. Every year, many people suffer severe skin injury
infections globally [2]. Bacterial infection brings great difficulties to
wound healing and skin regeneration, and may lead to long-term
chronic inflammation and cause serious diseases due to the excessive
inflammatory responses, making it a serious global threat to human
health and life [3,4]. Even worse, with the rapid increase of
drug-resistant bacteria, especially the emergence of multidrug resistant
bacteria, the development speed of new antibiotics is far behind [5–7],
making the infected wound healing process more troublesome.

Currently, various efficient approaches, including supramolecular arti-
ficial receptor-modified macrophage (SAR-Macrophage) [8], chemo-
dynamic therapy (CDT) [9–11], photothermal therapy [12,13],
sonodynamic therapy [14], metal ion therapy [15], and photodynamic
therapy (PDT) [16–18] or their combinations [19–21], have been
applied for antiinfection purposes. However, these methods often do not
have the function of wound healing promotion. Nature has greatly
inspired us to develop new materials. In nature, Drosera peltata Thunb.
can secrete glue to capture insects and kill them by secreting digestive
fluid [22]. Two steps are involved in this process, including capturing
and killing. Such a bioinspired action can provide new material design
possibilities for developing new antibacterial materials to replace con-
ventional antibiotics, which are prone to cause the occurrence of
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drug-resistant bacteria. Designing such a bactericidal system, three
conditions need to be considered. First, modules that can enhance the
interaction of the fabricated material with bacteria must be integrated to
allow the produced material to stick to the bacterial cells, and a large
number of porous structures may be fabricated to increase the contact
area of the material with bacteria, thus enabling the capture of more
bacterial cells by the material. Second, an efficient and robust bacteri-
cidal system should be chosen to efficiently and quickly kill bacteria
without using any antibiotics. Third, in consideration of sustainable
development and ecological protection, the selectedmaterials need to be
safe, degradable, and reusable.

For skin repair and tissue regeneration, wound dressing represents
an effective strategy [23]. Traditional wound dressings (gauze, cotton
materials, etc.) only perform the simple functions of hemostasis and
exudate absorption, and the traditional ones like cotton gauze bandages
are easy to adhere to the wound, causing secondary damage [24]. More
seriously, such dressings are prone to cause bacterial infection due to the
absorption of wound extrudates in the mesh of the dressings [25]. To
overcome these obstacles, a variety of materials have been developed as
wound dressings, such as modified gauze [25], sponges [26,27], foams
[28], and hydrogels [29]. Among these materials, hydrogels show
unique application potential due to their three-dimensional (3D)
network structure [30]. However, the stability and mechanical proper-
ties of traditional hydrogel materials are poor. In addition, traditional
hydrogels often do not have the antibacterial properties, limiting their
use in wound healing. Although many types of wound dressings have
been developed, researchers and manufacturers mainly focus on the
therapeutic effect of the wound dressings, but not on the biodegrad-
ability of wound dressings and their renewability after accomplishing
certain tasks, causing widespread of the waste dressings in the envi-
ronment and hence environmental burdens. Nowadays, developing new,
environmentally friendly, and reusable wound dressing materials that
can minimize the flow of hazardous waste into the environment while
ensuring the product’s functionality has become a critical issue. Besides,
some additional requirements should be considered, such as the prod-
ucts after degradation should be non-toxic, and the degradation cycle
should be controllable to meet different requirements. Therefore, it is
crucial to develop an environmentally friendly and multifunctional
dressing with simultaneous antiinflammatory, antibacterial, immuno-
modulation, and angiogenic abilities to effectively remodel the wound
tissue and realize the rapid infected wound healing. Meanwhile, the
safety and reusability of the degraded materials should be considered.

Bacterial cellulose (BC) is a natural nanofibrous polymer produced
by bacteria, such as Gluconacetobacter xylinus (G. xylinus) [31]. BC ex-
hibits some unique properties, including the 3D network structure, high
water holding capacity, flexibility, high crystallinity, high purity, good
mechanical properties, biodegradability after modification, excellent
biocompatibility, and high permeability to liquids and gases [31]. All
the above features make BC an ideal material for wound dressing. BC
fibers are physically or chemically crosslinked to form a 3D hydrophilic
network that absorbs a large amount of water (or biological liquids) and
keeps the wound environment moist and cool, allowing oxygen to
permeate through the network and promoting wound healing [32].
However, a simple BC dressing in its natural state usually needs to be
functionalized to exert its antibacterial, antiinflammatory, immuno-
modulation, and angiogenic functions, and it has little effect on invasive
pathogens and infected wounds [33]. Although BC can be functionalized
with antibacterial agents or other functional substances to promote the
infected wound healing [34,35], it only performs one or two functions,
limiting their clinical applications. For example, Gutierrez et al. incor-
porated copper nanostructures in alginate/BC to obtain an antibacterial
hydrogel by a 3D printing method [36]. Zhang et al. fabricated an
Ag-pDA/BC (rGO) (pDA: polydopamine, rGO: reduced graphene oxide)
film for wound dressing [37]. This composite film only possessed an
additional antibacterial ability. Liu et al. constructed a TPEPy (pyr-
idinium-substituted tetraphenylethylene)-grafted BC wound dressing by

in situ metabolizing TPEPy-modified glucose with Komagataeibacter
sucrofermentans for skin wound repair [38]. However, this wound
dressing accelerates the infected wound healing by killing the infected
bacteria through the generation of reactive oxygen species (ROS) upon
light irradiation, but it still lacks the function of immunoregulation.
Therefore, developing multifunctional wound dressings for promoting
infected wound healing is urgently needed.

PDT represents an effective strategy for fast antibacterial application
without triggering bacterial drug resistance and can be used together
with other antimicrobial modalities [39–41]. It employs various wave-
lengths of light to activate photosensitizers (PSs) in the presence of ox-
ygen to generate ROS, mainly singlet oxygen, to destroy bacterial cell
membrane and thereby release cellular inclusions for nonspecific anti-
bacterial application, which only causes negligible drug resistance or no
drug resistance of the bacteria [42]. PDT can also be integrated into
various types of materials such as nanoplatforms [43], hydrogels [44],
and films [45] to protect and enhance their efficacy [46]. Integration of
PDT into porous materials is beneficial for improving the action effi-
ciency due to the very small molecular weight of the produced ROS,
which can quickly diffuse through the porous structure. However, PDT
has some disadvantages in antibacterial application. For example, the
lifetime of ROS generated by PSs is short (<200 ns), the interaction of
bacteria with ROS is weak, and the diffusion distance of the produced
ROS is very limited (about 20 nm), thereby only resulting in the damage
to the bacteria immediately around it and restricting the wide applica-
tion of PDT [47]. In addition, PDT fails to perform antibacterial activity
when light illumination is removed, which may cause the recovery of
bacteria and even the emergence of multidrug resistant bacteria [48].
ROS at high levels are effective in killing bacteria, but may cause
oxidative stress, leading to serious pathological syndromes of patients,
such as inflammation, necrosis, and fibrosis [48]. To solve the above
problems of PDT, combination of PDT with other antibacterial strategies
to satisfy the desire for effective antibacterial effect under both illumi-
nation and dark conditions may be feasible. Hu et al. incorporated
berberine (BBR) and a living microalgae Spirulina platensis (SP) into
carboxymethyl chitosan (CMCS) and sodium alginate (SA) to form a
bioactive hydrogel (BBR@SP gel) as a multifunctional wound dressing
[49]. Upon laser irradiation (650 nm), BBR could be constantly released
from the BBR@SP gel, producing ROS to realize the combined
chemo-photodynamic antibacterial therapy. Guanidine-based polymers
showed excellent antimicrobial property by effectively disrupting the
integrity of bacterial cells and penetrating into the biofilms and killing
the bacterial cells in the biofilms, but are less toxic to human cells [50,
51]. Besides, such polymers are soluble in water, and their aqueous
solutions are colorless, odorless, and non-corrosive [52]. Rose bengal
(RB) is an anionic xanthene dye, possessing the photosensitive charac-
teristic, and has been demonstrated to show a promising application
potential in various biomedical fields [16,53]. RB exhibits intrinsic
toxicity and selectivity towards different cancer cells [53] and micro-
organisms [16,53]. It has a good safety profile as a photodynamic agent
with minimal potential side effects [53].

Inspired by the capturing and killing action of Drosera peltata Thunb.
realized by secreting mucus substances, in this study, for the first time,
we developed a biomimetic cellulose film that can interact effectively
with bacterial cells, capture the bacterial cells by the rough cellulose-
based materials, and then introduce PDT and chemotherapy modal-
ities into this system to kill the captured bacteria. In detail, we fabricated
a multifunctional polyhexamethylene guanidine hydrochloride (PHGH)-
and RB-grafted BC (termed OBC-PR) film for fighting against bacterial
infection and accelerating wound tissue remodeling by promoting the
macrophage polarization toward the M2 phenotype and inducing the
reconstruction of blood vessels and nerves, which in turn accelerated
wound healing (Scheme 1). BC was first obtained by culturing G. xylinus,
and then it was oxidized with 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) to obtain the BC with –COOH (termed OBC). Then, the ob-
tained OBC was conjugated with PHGH or PHGH and rose bengal
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Scheme 1. Design of OBC-based films and evaluation of their infected wound healing promotion effects. (a) Synthesis processes of OBC, OBC-P, and OBC-PR films
and the CK action during the antibacterial process of the OBC-PR film. “CK” represents “C (capturing) and K (killing)”. (b) Infected wound healing promoted by OBC-
PR film and the related mechanisms.
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through EDC•HCl (N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride)/NHS (N-hydroxysuccinimide) chemistry to obtain the
OBC-P and OBC-PR films with rough structure, good biocompatibility,
and degradability. The rough network structure could trap bacteria and
strengthened the capturing capacity possibly by forming hydrogen
bonds between the protein/peptidoglycan of the exposed bacterial cells
and the hydroxyl/amino/amide groups of the OBC-PR film. Subse-
quently, ROS were generated under white light irradiation around the
bacterial cells, which were further rapidly killed by PHGH and the ROS
released from RB in the film (Scheme 1). Under white light irradiation,
the photodynamic effect of the OBC-PR film could also promote the
infected wound healing. In addition, the OBC-PR film could create
favorable immune microenvironment based on the antiinflammatory
property of RB [54], suggesting its potential role as a wound repair
material for infected wound healing. Moreover, the OBC-based films can
be degraded by cellulase to fermentable sugars and then reused by
Acetobacter xylinum (A. xylinum) to reproduce BC. Overall, the con-
structed biomimetic cellulose film has intelligent bacteria-capturing as
well as antibacterial, antiinflammatory, immunomodulatory, and
angiogenic abilities, and represents an efficacious strategy to achieve
effective management of infected wound tissues.

2. Results and discussion

2.1. Synthesis and characterization of the OBC, OBC-P, and OBC-PR
films

Fig. 1a shows the synthetic processes of various films based on BC,
including OBC (oxidized BC), OBC-P (OBC conjugated with PHGH), and
OBC-PR (OBC conjugated with PHGH and RB). The morphological
structures of the films were first observed by field emission scanning
electron microscopy (FESEM) and atomic force microscopy (AFM). All
the films exhibited a 3D interweaved network structure, and the fiber
diameters of the films were all around 26.0 nm (Fig. 1b). However, with
increasing RB concentrations, we observed the appearance of some
spherical structures in the OBC-PR films (Fig. S1). Such microspherical
structure in the film may be due to the aggregation of RB by dye–dye
interactions in the cellulose network structure [55]. To detect the dis-
tribution of RB in the OBC-PR film, the Raman mapping of the films was
conducted. As shown in Fig. S2, the OBC-PR film showed obvious green
and red colors, but not for the OBC and OBC-P films that do not contain
RB, indicating that RB was uniformly distributed on the surface of the
OBC-PR film. Fig. S3 displayed the corresponding electrostatic force
microscopy (EFM) amplitude images of OBC, OBC-P, and OBC-PR films.
When the tip voltage of 3 V was used, the color of the OBC-P film was

Fig. 1. Preparation processes and characterization of the OBC, OBC-P, and OBC-PR films. (a) Scheme showing the preparation steps of the films. (b) FESEM and AFM
images of the films. (c–e) XPS patterns of the films. (f) XRD patterns of the films. (g) Relative ROS levels of the different films with or without light irradiation (10
min). (h) Fluorescence spectra of DCF after incubation of DCFH-DA with the OBC-PR film for different time periods. (i) 3D topographic AFM images of the films. Ra
represents the average roughness. (j) Time-dependent water contact measurement results of the films. (k) Quantitative WCA results of the films at different contact
time points. One-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used for statistical analysis. ****P < 0.0001.
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obviously brighter than those of the other two films, meaning that a
repulsive electrostatic force was generated in the OBC-P film while an
attractive electrostatic force was observed in the other two films. Since
PHGH is a positively charged polymer, the force between a positively
biased tip and a positively charged polymer is obviously repulsive.
However, RB is an anionic xanthene dye, which can interact with the
biased tip, generating an attractive force. To identify the chemical
compositions of the films, X-ray photoemission spectroscopy (XPS) was
performed (Fig. 1c–e). The XPS total curve showed that OBC mainly
contains C and O (Fig. 1c). Chlorine (Cl) is present in the XPS total curves
of both OBC-P (Fig. 1d) and OBC-PR (Fig. 1e) with different amounts.
The Cl in OBC-P indicated the successful conjugation of PHGH on OBC
and the increased amount of Cl in OBC-PR indicated the successful
conjugation of both PHGH and RB on OBC because both PHGH and RB
contain Cl. Based on the inductively coupled plasma-mass spectrometry
(ICP-MS) results, the RB content in OBC-PR was calculated to be 7 %.
Furthermore, the X-ray diffraction (XRD) data (Fig. 1f) showed that
similar characteristic peaks at 2θ = 14.58◦ and 22.62◦ were observed in
all the three films, indicating that the crystal structures of OBC-P and
OBC-PR were similar to that of OBC. The ROS generation of the films
with or without light irradiation was assessed with DCFH-DA (2′,
7′-dichlorodihydrofluorescein diacetate) as an ROS indicator. As shown
in Fig. 1g, no fluorescence was detected for all the films without light
irradiation. When the white light was applied to the films for 10 min, the
characteristic 2′,7′-dichlorofluorescein (DCF) emission (at 525 nm)
appeared in the OBC-PR group, indicating the production of ROS in this
group. Furthermore, we evaluated the ROS production of the OBC-PR
film after different irradiation time periods. As shown in Fig. 1h, the
fluorescence intensity increased significantly with the increase of the
irradiation time from 0 to 60 min. The fluorescence intensity of the
OBC-PR group after irradiation for 60 min was ~17-fold that of the
group without light irradiation. In addition, we also detected the pro-
duction of 1O2 by the OBC-PR film. As shown in Fig. S4, under light
irradiation, OBC-PR produced 1O2, which interacted with SOSG to
produce fluorescence signals, and the fluorescence intensity was further
enhanced when the irradiation time increased from 5 min to 90 min.
Such a result indicated that OBC-PR can continuously generate 1O2 to
perform the long-time antibacterial action. All these results suggested
that the OBC-PR film displays a strong ROS-producing ability and the
ROS generation can last for a relatively long time period, which is
beneficial for the long-term antibacterial application.

In addition, the surface morphology and characteristics, such as
roughness and the hydrophilic/hydrophobic property are important
factors that can affect the contact-killing efficiency of materials against
pathogens [56,57]. Thus, the roughness of the OBC, OBC-P, and OBC-PR
surfaces was first determined by AFM. The AFM height images of the
surfaces of different films are shown in Fig. 1i and Fig. S5. The
morphological structure of the film became rougher after modification
with PHGH and RB, which was proved by the AFM results that the
average roughness (Ra) value of OBC-PR film was ~1.3 times higher
than that of the OBC film. With increasing RB concentrations, the Ra
value of the films increased from 50 to 81 (Fig. S5) due to the presence of
some spherical particles on the surface as shown in Fig. S1. Moreover,
the surface roughness of a material can affect the material’s surface
wettability [58], further influencing the ability of bacteria to attach on
or penetrate through the material, as well as the bacterial proliferation.
Hence, wettability is quantified by the water contact angle (WCA) assay,
and a surface is designated as hydrophilic when its WCA is lower than
90◦. As shown in Fig. 1j and k, at the initial time point (1 s), the WCA
values of OBC, OBC-P, and OBC-PR films were 28.7 ± 0.8◦, 28.8 ± 0.4◦,
and 45.0 ± 0.1◦, respectively, indicating the hydrophilicity of the films.
In addition, the WCA values of the films were all lower than 90◦ within
the detected time period (120 s); however, theWCA value of the OBC-PR
film was higher than that of the OBC and OBC-P films. It has been re-
ported that although hydrophilic dressings like gauze can quickly absorb
fluid from the wound site, they can also cause some serious side effects

such as the growth of newborn granulation tissue into the mesh of the
gauze, leading to secondary wound injury [59]. The WCA values of
moderately wettable materials for protein adsorption and cell adhesion
are in the range of 40–60◦ [60]. Therefore, the relatively higher WCA
value of the OBC-PR film indicated its relatively hydrophobic surface,
which is beneficial for the film to capture bacterial cells. Thus, the
OBC-PR film may have better protein adsorption and cell attachment
performance compared with other films.

2.2. Mechanical and water holding properties of the OBC, OBC-P, and
OBC-PR films

As shown in Fig. 2a, the thicknesses of the obtained films showed a
small difference. The OBC filmwas the thinnest one with the thickness of
16.8 μm. The thicknesses of OBC-P and OBC-PR increased to 18.0 and
20.3 μm, respectively. The increased thicknesses of the OBC-P and OBC-
PR films were mainly due to the incorporation of PHGH and RB. In
addition, the water retention ability of a film helps maintain the mois-
ture of the wound microenvironment, accelerating wound healing [61].
We therefore detected the water retention ability of the films. As shown
in Fig. 2b, the water retention ratio of the three types of films decreased
with time. Among the three kinds of films, the OBC film displayed the
fastest water loss rate, showing a water content of 43 % after 24 h
treatment. However, the OBC-PR film showed the slowest water loss rate
with a water content of 72 % after 24 h treatment, indicating that the
OBC-PR film could keep moist for about 24 h, providing a mild envi-
ronment for tissue regeneration in the wound area. Further, we detected
the mechanical properties of the films. As shown in Fig. 2c, the tensile
stress of the OBC, OBC-P, and OBC-PR films increased with the increase
of the strain and then sharply decreased. The peak of the tensile strength
of the OBC-PR film was 74.4 MPa, which was 4.92- and 1.90-fold that of
the OBC (15.12 MPa) and OBC-P (39.17 MPa) films, respectively. In
addition, based on the stress–strain curves (obtained by tensile strength
measurements) and the frequency, amplitude, and phase of the visco-
elastic mode of the AFM results, the Young’s modulus values of the films
were also calculated. As shown in Fig. 2d and S6, the OBC film showed
the highest Young’s modulus value and the OBC-P and OBC-PR films
exhibited decreased Young’s modulus values, indicating that the
conjugation of PHGH or PHGH/RB onto the surface of the OBC film
reduced the Young’s modulus of the OBC film. However, the Young’s
modulus values of OBC-P and OBC-PR films were 54.8 and 70.0 MPa (as
measured by tensile strength measurements) (Fig. 2d), respectively,
which are much higher than that of the human skin (0.02–18 MPa) [62].

Subsequently, we investigated the microstructures of the films by
FESEM. As displayed in the cross-section results in Fig. 2e, all the films
were composed of multilayer cellulose with porous structures, exhibit-
ing highly ordered lamellar microstructure. The layer number in the
OBC-P and OBC-PR films was much higher than that in the OBC film,
which may be beneficial for the OBC-P and OBC-PR films to trap bac-
terial cells. Furthermore, the high-magnification SEM images of OBC,
OBC-P, and OBC-PR films showed the different cross-sectional lamellar
structures. The number of the porous structure in OBC-P and OBC-PR
films increased and the size of the pore became smaller. The increased
pore number raised the specific surface area of the films, which may
enhance the capturing capacity of the films against bacterial cells. In
addition, the cross-section results showed that the gaps of OBC-PR film
were wider than that of OBC film, indicating that the OBC-PR film was
looser. This characteristic may be beneficial to the outstanding flexi-
bility of the film. Moreover, no fracture was observed even if the OBC-PR
film was folded into a desired shape (Fig. S7).

To verify that the OBC-PR film was suitable for dynamic wound
healing process and easy to use, we adhered the films that were wetted
before use to the finger joints, and then the films were twisted and
photographed (Fig. 2f and g). The results showed that all the films could
attach to the finger joints, and when the finger bent to different degrees,
the films could still adhere to the finger, showing good adhesive
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property, which was beneficial for their application as adhesive dress-
ings to treat dynamic wounds by enhancing the connections between
dynamic wounds and dressings. Moreover, the films were not ruptured
after twisting, displaying that the films possess good flexibility under
extreme environments (Fig. 2g). All these results confirmed the appli-
cation potential of the OBC-P and OBC-PR films as wound dressings.

2.3. Bacterial capture performance of OBC, OBC-P, and OBC-PR films

A surface’s properties like charge, hydrophobicity/hydrophilicity,
and roughness will affect its bacterial entrapment and antibacterial
abilities [63]. Considering the unique properties (e.g., moderate hy-
drophilicity and rough surface) of the OBC-PR film, we further evaluated
its bacterial capture ability against Gram-negative Escherichia coli (E.
coli) and Gram-positive Staphylococcus aureus (S. aureus) cells in vitro by
environmental scanning electron microscopy (ESEM) and 3D confocal
microscopic observation. As shown in Fig. 3a, the most bacteria
including S. aureus and E. coli were located on the OBC-PR film, the
number of bacteria on the OBC-P film was the second, and only a few
bacteria were found on the OBC film, indicating that the OBC-PR film
exhibited a strong ability to capture bacteria (both E. coli and S. aureus).
The 3D confocal images shown in Fig. 3b further supported the above
result. As displayed in the figure, after incubation of the bacteria with
the films for 10 min, a large number of the SYTO 9-stained bacteria
(green) appeared in the OBC-PR film for both E. coli and S. aureus. The
fluorescence of the SYTO 9-stained bacteria in the OBC-P group was
stronger than that of the OBC group and a little weaker than that of the
OBC-PR group. Moreover, it could be seen that the fluorescence of the

SYTO 9-stained bacteria on the OBC film was weak, and the distribution
of the fluorescence was more even, while the intensity of the fluores-
cence on the OBC-PR film was much higher and more concentrated,
indicating that the OBC-PR film had a strong ability to capture bacteria.
All the above data indicated that compared with a flat surface, the rough
surface of OBC-PR film could increase the material’s contact area with
bacteria and specifically capture the bacteria to make the bacterial cells
contact the RB of the OBC-PR film, allowing effective contact of ROS
with the bacteria when the film was light irradiated to kill the bacteria
efficiently. To further reveal the fast capturing effect of the OBC-PR film
compared with the other two types of OBC-based films, we subsequently
investigated the capture efficiency of the OBC, OBC-P, or OBC-PR film
toward E. coli or S. aureus. As shown in Fig. 3c, the number of the bac-
terial colonies formed from the bacterial suspensions (with the OBC-PR
films removed) both decreased after the incubation of the bacterial cells
with the OBC-PR films, suggesting that the film can efficiently remove
the bacterial cells from the bacterial suspensions. The bacterial capture
efficiencies of the OBC-PR film reached 98.96 % and 96.17 % for E. coli
and S. aureus cells, respectively (Fig. 3d), demonstrating that the film
possesses an excellent bacterial capture ability. The OBC-P film showed
moderate capture efficiencies for E. coli (67.63 %) and S. aureus (34.83
%) cells, but lower than those of the OBC-PR film. Among all the three
types of OBC-based films, the capture efficiencies of the OBC film for E.
coli (57.63 %) and S. aureus (24.83 %) were the lowest. Such difference
in the bacterial capture efficiency of the filmsmay be due to the different
surface roughness and the charge variation contributed by RB. In sum-
mary, we developed a bioinspired material that imitates the capturing
and killing process of Drosera peltata Thunb. toward insects to perform a

Fig. 2. Investigation on the mechanical properties of OBC, OBC-P, and OBC-PR films. (a) Thickness values of the films. (b) Water retention ratios of the films at 37 ◦C.
(c) Stress–strain curves of the films. (d) Young’s modulus values of the films. (e) Cross-section FESEM images of the films at different magnifications (1k, 30k, and
60k). (f) Photographs showing the attachment of the films after adsorbing water on human finger joints during exercise. (g) Photographs showing the films before and
after twisting.
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Fig. 3. In vitro evaluation of the bacteria-capturing abilities of OBC, OBC-P, and OBC-PR films. (a) ESEM images showing the S. aureus and E. coli bacterial cells
attached on the films after 10 min incubation. (b) 3D confocal images of the SYTO 9-stained bacterial cells on the films after incubation with the films for 10 min. (c)
Photographs showing the bacterial colonies formed on the agar plates. The bacterial colonies were formed by the untreated S. aureus and E. coli cells and the residual
S. aureus and E. coli cells in the supernatants of the bacterial suspensions obtained by mixing 106 CFU/mL of S. aureus and E. coli cells with the OBC-PR film for 10
min. (d) Capture efficiencies of the OBC, OBC-P, and OBC-PR films toward S. aureus and E. coli cells. (e) Image of Drosera peltata Thunb. (f) Scheme illustrating the
“ECK” action of OBC-PR film toward S. aureus and E. coli cells.
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CK (C: capturing, K: killing) action for antibacterial application (Fig. 3e
and f). The OBC-PR film exhibited excellent bacterial capture ability
within a very short contact time (10 min), showing a great potential as
an antibacterial wound dressing for treating infected wounds through
two steps (Fig. 3f): 1) capturing bacterial cells through its rough struc-
ture possibly via the hydrogen bond formation between the film and the
bacterial cell surface and 2) killing the captured bacterial cells by PHGH
and ROS produced in the film under light illumination.

2.4. In vitro antibacterial performance of OBC, OBC-P, and OBC-PR
films

Based on the excellent bacteria-capturing ability and the strong ROS-
producing capacity of the OBC-PR film, we subsequently evaluated the
in vitro antibacterial ability of the OBC, OBC-P, and OBC-PR films
against Gram-positive S. aureus and Gram-negative E. coli cells by the
colony counting method. The OBC, OBC-P, and OBC-PR films with a size
of 1 × 1 cm were put into a 24-well plate and 200 μL of the bacterial cell
suspension at an OD600 (optical density at 600 nm) of 0.5 was added
onto the surface of the films, and treated with or without white light
irradiation for different time periods. As shown in Fig. 4a and b and
Fig. S8, the OBC group showed an almost unchanged survival bacterial
fraction on the lysogeny broth (LB) agar plates with or without light
irradiation at any time point, indicating that no antibacterial effect was
observed for the OBC film against both E. coli and S. aureus. In the OBC-P

group, it could be seen that the number of both E. coli and S. aureus cells
decreased compared with the OBC group under the light irradiation
condition (Fig. 4a). OBC-based films have very different effects on Gram-
negative and Gram-positive bacteria, as the two types of bacteria possess
different cell-surface structures, leading to different resistance to ROS
[64]. Specifically, the outer membrane of Gram-negative bacteria can
protect the bacteria from the influence of extracellular ROS and make
them less sensitive to ROS; however, Gram-positive bacteria lack an
outer membrane, making them more sensitive to ROS [65,66]. In the
dark condition, as shown in Fig. S8, the bacterial survival rates in the
OBC-P and OBC-PR groups were very similar at all the tested time points
(except for the 5-min results for S. aureus) for both types of bacteria,
suggesting that RB does not play a noticeable antibacterial role; how-
ever, the bacterial survival rates in the OBC-P and OBC-PR groups were
both lower than those in the OBC group for both types of bacteria,
demonstrating that the antibacterial ability of OBC-P was mainly from
PHGH. Besides, the bacterial survival rates in the OBC-P and OBC-PR
groups also decreased with increasing incubation time. Specifically,
after incubation for 20 min, the survival rates of S. aureus and E. coli cells
were ~1.4 × 10− 6 and ~1.0/1.5 × 10− 7, respectively (for OBC-PR and
OBC-P). These results suggested that the OBC-P and OBC-PR films were
both robust antibacterial materials. Under light irradiation, as shown in
Fig. 4a and b, the survival rates of S. aureus and E. coli both decreased
significantly with increasing irradiation time from 5 to 30 min in the
OBC-PR group, which was consistent with the ROS production results as

Fig. 4. In vitro evaluation of the antibacterial activities of OBC, OBC-P, and OBC-PR films with light irradiation. (a) Survival fractions of S. aureus and E. coli bacteria
that were separately incubated with different films and irradiated by light for different time periods. (b) Photographs showing the agar plates of the S. aureus and E.
coli cells that were treated separately with different films and irradiated by light for different time periods as indicated. Note that the images marked with red box did
not have any bacterial cells. (c) ESEM images showing the S. aureus and E. coli cells after incubation with different films under white light irradiation for 15 min. (d)
3D confocal images of the SYTO 9- and PI-stained bacterial cells after exposure to different films under white light irradiation for 20 min. (e) TEM results of the E. coli
cells treated by the OBC-PR film and irradiated by light for 15 min.
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shown in Fig. 1h. Especially, after irradiation for 20 min (for S. aureus)
and 30 min (for E. coli), the bacteria were completely killed, demon-
strating that light irradiation could elevate the antibacterial efficacy of
OBC-PR. In addition, the illumination time for completely killing the E.
coli cells of OBC-PR film was longer than that for completely killing S.
aureus. Such different antibacterial effects of the film toward the two
types of bacteria were due to their different cell wall structures.
Gram-negative bacteria possess an outer membrane composed of phos-
pholipids and lipopolysaccharides (LPS), which can prevent various
drugs from passing through the cell wall, thus weakening their anti-
bacterial effects [67,68].

Subsequently, we tried to increase the loading content of RB in the
OBC-PR film to improve the antibacterial activity of the films. However,
the antibacterial activity of the OBC-PR film with a higher content of RB
decreased significantly (Fig. S9), which may be because that the ag-
gregation of RB molecules within the films can decrease the production
of singlet oxygen upon light irradiation, thus lowering the antibacterial
activity of the OBC-PR film [55]. Moreover, as shown in Fig. S10, the
high antibacterial activities of OBC-P and OBC-PR against E. coli and S.
aureus could last for a long time period (60 days). By contrast, the OBC
film quickly became seriously contaminated as reflected by the bacterial
growth around and on the OBC film (Fig. S10). The remarkable anti-
bacterial performance of the OBC-PR film may be because that after the
OBC-PR film captured the bacteria, the bacteria were placed in a
microenvironment with high local concentrations of PHGH and RB,
thereby persistently and then synergistically killing the bacteria by the
action of PHGH and the produced ROS. The above results indicated that
the capture ability of the OBC-PR film and the synergistic effects of
PHGH and RB play important roles in elevating the antibacterial rate
and shortening the antibacterial time, which could be helpful for con-
trolling the infections in the wound area.

To further investigate the antibacterial mechanism of the OBC-P and
OBC-PR films, FESEM assay and live/dead staining were conducted. It
could be seen from Fig. 4c that the surfaces of S. aureus and E. coli in the
OBC + light group were smooth and the structures of the bacterial cells
were intact, indicating that OBC had no obvious damaging effect to the
bacterial cells. In the OBC-P + light group, the bacterial cells were
deformed and collapsed with a wrinkled morphology. More importantly,
when OBC-PR together with light irradiation was applied to treat the
bacterial cells, the cell surfaces of both S. aureus and E. coli manifested
much more serious damage and collapse compared with that treated
with the OBC film plus light irradiation, confirming the strongest anti-
bacterial activity of OBC-PR owing to its synergistic PDT and chemo-
therapy effect. The FESEM results revealed that OBC-P and OBC-PR
effectively killed bacteria via destroying the cell surface structure under
light irradiation. Confocal laser scanning microscopy (CLSM) plus live/
dead cell staining was then adopted to observe the cell membrane
integrity of S. aureus and E. coli cells after various treatments. As shown
in Fig. 4d, for both S. aureus and E. coli, the bacteria were almost all red
due to the entrance of the propidium iodide (PI) dye through the
compromised cell surface after the OBC-PR+ light treatment, indicating
the strong damaging effect of OBC-PR on the bacterial membrane.
However, for the OBC + light group, most bacteria were stained green,
indicating that these bacteria were alive. Such an antibacterial mecha-
nism by destroying the cell surface makes it difficult for bacteria to
develop drug resistance. Furthermore, transmission electron microscopy
(TEM) imaging was conducted to display more detailed information on
bacterial membrane damage. As shown in Fig. 4e, the E. coli cells treated
with the OBC film and light irradiation were intact with regular rod-
shaped structures. However, when OBC-P or OBC-PR plus light irradi-
ation was used to treat E. coli cells, the cell surfaces of E. coli were
severely damaged and the inner structures were also disrupted. The
introduction of RB further enhanced the disruption ability of the OBC-P
film to bacterial cells due to the production of ROS around the bacterial
cells under the light irradiation condition. These results demonstrated
that cell surface disruption was one of the antibacterial mechanisms for

the OBC-PR film.
All the above results and analyses enabled us to well illustrate the

antibacterial mechanism of the films. First, the bacterial cells are trap-
ped on the OBC-P or OBC-PR film. Then, the PHGH and the ROS
generated by the OBC-PR film upon light irradiation destroy the cell
surface structure by destabilizing and oxidizing the cell wall/membrane.
Finally, the bacteria are killed by the synergistic action of PHGH and
ROS. More importantly, the bacterial killing time is comparable to or
shorter than that of other antibacterial materials as shown in Table S1.

2.5. Inhibition of biofilm growth by the OBC-P and OBC-PR films

Encouraged by the excellent antibacterial activity of the OBC-PR film
against the planktonic bacteria, we proposed that the OBC-PR film may
also inhibit the formation of biofilms due to the excellent bacterial
killing and the long-time bacterial inhibition ability as shown in Fig. 4
and Fig. S10. We thus conducted the biofilm inhibition experiments. The
E. coli and S. aureus suspensions were first cocultured with OBC, OBC-P,
or OBC-PR film in 96-well plates under dark or light conditions for 20
min at 28 ◦C. Then, the films were removed from the bacterial suspen-
sions, which were further incubated at 28 ◦C for 24 h. Afterward, the
adhered biofilms after different treatments were stained with crystal
violet (CV) and the biomass was quantified by detecting the absorbance
of the samples at 590 nm. As displayed in Fig. 5a and d, the OBC-P- and
OBC-PR-treated groups were light purple in color, while the control and
OBC-treated groups showed dark purple in color, indicating that the
OBC-P and OBC-PR could significantly inhibit the adherence of the
bacterial cells onto the surface of the 96-well plates due to the inacti-
vation of bacterial cells under both dark and light irradiation conditions,
thus inhibiting the formation of biofilms. The quantification results also
showed that the biofilms were significantly inhibited in the OBC-P- and
OBC-PR-treated groups under both dark and light irradiation conditions
for both E. coli and S. aureus (Fig. 5b and e). Subsequently, live/dead
staining with the SYTO 9/PI dye was conducted to further evaluate the
antibiofilm ability of the films against the biofilms formed by E. coli and
S. aureus after different treatments and the treated biofilms after staining
were observed with CLSM. As shown in Fig. 5c and f, the biofilms formed
by E. coli and S. aureus in the OBC groups with or without light irradi-
ation showed dense structures and displayed massive green fluores-
cence, accompanied with much less red fluorescence, indicating that the
bacteria in the OBC groups successfully formed biofilms and the bacteria
in the biofilms were mostly alive. However, when the E. coli bacteria
were pretreated with OBC-P with or without light irradiation for 20 min,
their capacity to form biofilms was weakened. Additionally, when the E.
coli and S. aureus bacteria were pretreated with OBC-PR with or without
light irradiation for 20 min, the biofilms formed by both bacteria were
sharply decreased and most bacteria remained were dead.

2.6. In vivo infected wound healing promotion by the OBC, OBC-P, and
OPC-PR films

After evaluating the inhibition effects of the different films on biofilm
growth, we assessed their in vivo antibacterial abilities and wound
healing promotion effects toward the S. aureus-infected wounds in
mouse models. The whole in vivo experimental process is illustrated in
Fig. 6a. After 1 day’s infection with 100 μL of S. aureus suspension
(OD600 = 0.5), the mice were randomly divided into 6 groups, including
(1) OBC + light, (2) OBC-P + light, (3) OBC-PR + light, (4) OBC, (5)
OBC-P, and (6) OBC-PR. The groups 1, 2, and 3 were irradiated with
white light (4.5 mW/cm2) for 10min. The groups 4, 5, and 6 were stayed
in the dark for 10 min. Wound photographs were taken on day 1, 3, 5, 9,
and 11 to assess the wound healing promotion abilities of different films.
As shown in Fig. 6b–d, the wound size of each group was reduced to
some extent on the 9th day. The relative wound sizes in the OBC-P +

light and OBC-PR + light groups reduced to (45.3 ± 3.1)% and (39.1 ±

1.4)%, which were smaller than that of the OBC + light group ((68.0 ±
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Fig. 5. Biofilm inhibition evaluation of OBC, OBC-P, and OBC-PR films. (a,d) Photographs of CV-stained E. coli (a) and S. aureus (d) biofilms after different treatments
as indicated. Control: the biofilms without film treatment. (b,e) Biomass values (based on OD600 values) of the E. coli (b) and S. aureus (e) biofilms after treatment
with different films for 24 h. Control: the biofilms without film treatment. (c,f) 3D confocal images of the biofilms formed by E. coli (c) and S. aureus (f) after different
treatments as indicated. ANOVA with Tukey’s post-hoc test was used for the significance analysis between multiple groups. ns, non-significance, **P < 0.01, ***P <

0.001 for the OBC, OBC-P, and OBC-PR groups versus the respective control groups.
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10.5)%). On the 11th day, the wounds in the OBC-PR+ light group were
almost healed, achieving a relative wound size of (12.6± 1.0)%, and the
wounds were covered by new epithelial tissues. By contrast, on the 11th
day, the relative wound sizes in the OBC + light and OBC-P + light
groups were (42.1 ± 0.7)%, and (25.3 ± 3.5)%, respectively. All the
above results demonstrated the excellent wound healing effect of the
OBC-PR film (plus light irradiation). On the other hand, the bacterial
counts of the infected wound sites were determined via the agar plate-
based bacterial colony counting of the homogenized wound tissue
samples. As shown in Fig. 6e and f, the numbers of bacterial colonies in
the OBC-PR + light group reduced significantly to 4.9 × 104 CFU/g,
while those in the OBC + light and OBC-P + light groups were 2.3× 107

and 8.8 × 106 CFU/g, respectively.
Moreover, Giemsa staining of the wound tissues was also performed

to evaluate the tissue regeneration states of the wounds after treatment
with OBC, OBC-P, or OBC-PR as well as light irradiation on day 3 and 7
(Fig. 6g). On day 3, the OBC + light group showed a large number of
bacteria in the wound area as shown in Fig. 6g (the red arrows). The
OBC-P + light group also had bacteria, but the number was much
smaller than that of the OBC + light group, indicating that the infection
was not as serious as that in the OBC + light group. By contrast, in the
OBC-PR + light group, almost no bacteria were found. On day 7, there
were still a certain number of bacteria in the OBC + light and OBC-P +

light groups, and there were almost no bacterial cells found in OBC-PR
+ light group, indicating that the OBC-PR film showed excellent in vivo
antibacterial activity under light irradiation. In summary, the above

results all confirmed the excellent wound healing promotion and in vivo
antibacterial performance of the OBC-PR film with light irradiation.
Without light irradiation, the relative wound sizes in the OBC, OBC-P,
and OBC-PR groups reduced to (30.4 ± 6.8)%, (17.3 ± 1.0)%, and
(18.7± 0.2)%, respectively, on the 11th day (Fig. S11a‒c). On the other
hand, the numbers of bacterial colonies in the OBC-P and OBC-PR
groups were reduced to 4.2 × 106 and 3.3 × 106, respectively
(Fig. S11d), which were still higher than that of the OBC-PR + light
group (Fig. 6f). The Giemsa staining results also supported the above
data (Fig. S11e). All these results indicated that the OBC-P and OBC-PR
films exhibited a remarkable antibacterial effect with no obvious dif-
ference without light irradiation, and the wound healing promotion
effect of the three types of films also showed no significant difference
without light irradiation. For OBC-PR, when light irradiation was
applied, its antibacterial effect and wound healing promotion capacity
were enhanced with the help of PDT.

2.7. Histological and immunofluorescence analyses

There are four main stages for wound healing, including hemostasis,
inflammation process, cell proliferation, and skin tissue remodeling [69,
70]. The inflammation stage is one of the important steps during the
complex wound healing process [71]. After the inflammation stage, the
skin wounds will undergo the proliferation and remodeling stages [72].
To evaluate the neurogenesis and angiogenesis of the wound tissue after
different treatments, we performed H&E and immunofluorescence

Fig. 6. In vivo infected wound healing promotion effects of OBC, OBC-P, and OBC-PR films (plus light irradiation). (a) Scheme displaying the design and analyses of
the animal experiments. (b) Representative time-dependent photographs of the S. aureus-infected wounds of mice taken after different treatments. (c) Overlapped
simulated wound areas within 11 days corresponding to (b). (d) Time-dependent relative wound sizes of the mice after different treatments. Data are presented as
mean value ± SD (n = 3). (e) Representative photographs (taken on day 11) of the S. aureus bacterial colonies formed from the homogenized infected wound tissue
dispersions of the mice that were subjected to different treatments. (f) Colony numbers (determined on day 11) of S. aureus cells in the wound areas of the mice after
different treatments. (g) Giemsa staining results of the wound tissues from the mice on day 3 and 7 after different treatments (red arrows: bacteria). One-way ANOVA
with Tukey’s post-hoc test was used for the significance analysis between multiple groups. **P < 0.01, and ****P < 0.0001 for the OBC-P and OBC-PR groups versus
the OBC group.
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staining of the wound tissues with CD31 (red fluorescence) and
β3-tubulin (green fluorescence). As shown in Fig. S12a, a large number
of neutrophile granulocytes were observed in the tissue of the OBC +

light group on day 3, while the number of neutrophile granulocytes in
the OBC-P + light and OBC-PR + light groups decreased significantly.
Especially, in the OBC-PR + light group, the number of neutrophile
granulocytes was the least, indicating that the mice in the OBC-P + light
and OBC-PR + light groups had passed through the acute inflammation
phase, while the OBC + light group was still in the acute inflammation
period. Besides, the hair follicles (green arrows) were observed in the

OBC-PR + light group, indicating that OBC-PR plus light could effec-
tively promote hair follicle neogenesis. Compared with the OBC + light
group, more blood vessels (black arrows) were also found in the OBC-P
+ light and OBC-PR + light groups. Without light irradiation, the OBC-P
and OBC-PR films also exhibited antiinflammatory effect and collagen
deposition (Fig. S11f), suggesting that OBC-P is also an effective wound
dressing material.

To further investigate the tissue structure and the wound healing
process, the wound tissues of the mice after different treatments were
taken and analyzed by H&E staining, Masson’s trichrome staining, Sirius

Fig. 7. Histological evaluations of the wounds treated with OBC, OBC-P, or OBC-PR films with light irradiation. (a–c) H&E, Masson’s trichrome, and Sirius red
staining results of the wound tissues from the mice after different treatments. (d,e) Ki67/DAPI (DAPI: 4′,6-diamidino-2-phenylindole dihydrochloride) and CD31/β3-
tubulin/DAPI immunofluorescence staining results of the wound tissues from the mice after different treatments. The images in (a–d) are the wound tissue slices from
the mice on day 7 after different staining treatments, and the images in (e) are the wound tissue slices from the mice on day 7 and day 11 after staining treatments.
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red staining, and immunofluorescence analyses. As shown in the H&E
results (Fig. 7a and S12a), the number of the inflammatory cells was
significantly reduced on day 7 compared with that on day 3 for all
groups. On day 7, the OBC-PR + light group had fewer inflammatory
cells compared with the other groups and displayed more hair follicles
(green arrows) (Fig. 7a), indicating the strong potential of the OBC-PR
film in skin repair under light irradiation. Moreover, compared with
the OBC + light group, the OBC-P + light and OBC-PR + light groups
both promoted fibroblast migration as shown in the Masson’s trichrome
staining results (Fig. 7b). Moreover, skin appendages such as hair folli-
cles were observed in the reconstituted dermal tissue of the OBC-P +

light and OBC-PR + light groups (Fig. 7a and b), revealing that the
wounds of the mice were well repaired.

In addition, since the collagen deposition is one of the important
indicators for characterizing the skin tissue regeneration in wound
healing process, we also evaluated the collagen formation by Masson’s
trichrome staining and Sirius red staining (Fig. S12b, Fig. 7b and c).
Collagen fibers are marked as blue in the Masson’s trichrome staining
results of the wound tissue sections. On day 7, the OBC-PR+ light group
showed more collagen fiber deposition than the OBC + light group as
reflected by the deeper blue color. Collagen deposition in the OBC-P +

light group was also higher than that of the OBC + light group. The
higher collagen deposition can accelerate the wound healing process
and promote the skin tissue regeneration. Sirius red staining further
revealed the composition and arrangement of collagen in the wound
tissues. As shown in Fig. 7c, obvious collagen deposition was observed in
the OBC-P + light and OBC-PR + light groups, indicating they had a
strong ability in promoting wound healing. Without light irradiation,
H&E, Masson’s trichrome, and Sirius red staining all showed that the
OBC-P and OBC-PR groups also showed more obvious neoepithelial
tissue formation and collagen deposition (Fig. S13), indicating that the
OBC-P and OBC-PR films also had a more obvious effect on promoting
wound healing without light irradiation compared with the OBC + light
group after 7 days of treatment. All these results indicated that the OBC-
PR film can effectively promote wound healing by accelerating wound
tissue reconstruction and healing rate. We also investigated the hair
follicle proliferation via Ki67 staining. As shown in Fig. 7d, compared
with the OBC + light and OBC-P + light groups, the Ki67 staining of the
tissue in the OBC-PR + light group after 7 days of treatment had the
strongest fluorescence signals, indicating that the most hair follicles
were formed in this group. Moreover, in the wound healing process,
dysregulated and insufficient revascularization will result in the
impaired wound healing and regeneration due to the cell death and
growth of necrotic tissue areas [73]. Some strategies have been applied
to promote the revascularization of the microenvironment in the wound
tissue [73,74]. For example, Später et al. fabricated a functional
biomaterial, the microparticles of solidified secretome (MIPSOS), which
can accumulate various pro-angiogenic factors, thereby accelerating
revascularization and wound healing [73]. On day 7, the fluorescence of
CD31 and β3-tubulin was hardly observed in the OBC + light group
(Fig. 7e); in contrast, much more fluorescence was observed in the
OBC-P + light and OBC-PR + light groups, indicating that the blood
vessels and nerves were regenerated gradually in these two groups. On
day 11, the expression of CD31 and β3-tubulin was hardly observed in
the OBC + light group. However, the OBC-PR + light group showed
obvious fluorescence signals of CD31 and β3-tubulin, indicating that
there was a certain degree of angiogenesis and vascularization in the
wound tissues after treatment with the OBC-PR film and light irradia-
tion, revealing that OBC-PR could promote wound healing under light
irradiation.

2.8. Macrophage polarization and angiogenesis

Macrophages as the innate immune cells play an important role in
modulating the immune responses in the wound healing process [71].
Macrophage polarization that involves the transition of the classically

activated macrophages (M1) and alternatively activated macrophages
(M2) is the way that macrophages regulate the immune system to pro-
mote wound healing [75]. The M1 macrophages appear in the early
proinflammatory stage that leads to serious inflammation reaction,
while M2 macrophages regulate the transition from the inflammatory
stage to the proliferative stage [75]. To evaluate the macrophage po-
larization in the wound environment after different treatments in the
wound healing process, we performed the immunofluorescence staining
of the wound tissues with inducible nitric oxide synthase (iNOS) (M1
marker) and CD206 (M2 marker) on day 3 and day 7. As shown in
Fig. S14a, on day 3, the macrophages of the wound tissue after OBC +

light or OBC-P + light treatment were in the M1 phase; however, the
OBC-PR + light group entered the M1/M2 equilibrium stage. As shown
in Fig. 8a and e, after 7 days of treatment, the fluorescence signals of
iNOS in the OBC-P + light and OBC-PR + light groups were both greatly
decreased compared with those in the OBC + light group and the fluo-
rescence intensities of CD206 in the OBC-P + light and OBC-PR + light
groups were much higher than that of the OBC + light group, indicating
that the OBC-P and OBC-PR films significantly decreased the percentage
of M1 cells and increased the percentage of M2 cells in the wound tissue
after light irradiation. The quantitative statistical analysis of the tissues
treated with different films also revealed that the relative expression of
CD206 in the OBC-P + light and OBC-PR + light groups was increased
and the relative expression of iNOS in OBC-P+ light and OBC-PR+ light
groups was reduced. The results demonstrated that the OBC-P and
OBC-PR films plus light irradiation could effectively promote the
M1-to-M2 macrophage polarization, which facilitated the transition
from inflammation phase to proliferation phase of the wound healing
process. In addition, the wound healing process involves the changes of
many types of cytokines, such as the proinflammatory factors, including
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and vascular
endothelial growth factor (VEGF). To further evaluate the way in which
the photosensitizable OBC-PR film promoted skin wound healing, the
immunofluorescence staining of IL-6, TNF-α, and VEGF was performed
to evaluate the inflammatory reaction and the angiogenesis behavior
during the wound healing process. As shown in Fig. S14b and S14c, on
day 3, the wounds with OBC + light or OBC-P + light treatment showed
a serious inflammatory reaction. However, the OBC-PR + light group
exhibited a weaker inflammatory reaction. After 7 days of treatment, the
expression of TNF-α and IL-6 in the OBC-P + light and OBC-PR + light
groups was lower than that in the OBC + light group. Especially, in the
OBC-PR + light group, the expression of TNF-α and IL-6 was signifi-
cantly inhibited (Fig. 8b and c). The quantitative results shown in Fig. 8f
also supported the above conclusion. In addition, as shown in Fig. S14d,
the expression of VEGF in all groups on day 3 was low; however, the
immunofluorescence of VEGF in the OBC-P + light and OBC-PR + light
groups was significantly enhanced compared with that in the OBC group
after 7 days, further confirming the angiogenesis promotion effect of the
OBC-P and OBC-PR films under light irradiation (Fig. 8d). The quanti-
tative result was also consistent with the above conclusion (Fig. 8g). All
the above data showed that the OBC-P and OBC-PR films can effectively
promote the infected wound healing by regulating the macrophage
polarization, reducing the proinflammatory factors, and facilitating the
angiogenesis under light irradiation condition.

2.9. Biodegradability and biocompatibility of the OBC, OBC-P, and OBC-
PR films

Considering the environmental friendliness and the safety of the
wound dressings, the optimal wound dressings should be biodegradable
and biocompatible. Therefore, we detected the biodegradability and
biocompatibility characteristics of the films. The in vitro biodegrad-
ability of the films was detected according to the methods reported by
Mao et al. [76]. The results in Fig. 9a showed that both OBC-P and
OBC-PR films were gradually degraded as time went by under the action
of the crude cellulase complex. However, the OBC film was only
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partially degraded. As shown in Fig. 9b, at 300 min, the content of total
sugar in the degradation solution of the OBC-PR film was 0.58 mg/mL,
which was higher than that in the OBC degradation solution (0.41
mg/mL). The total sugar in the degradation solution of the OBC-P film
was very similar to that of the OBC-PR film, suggesting the OBC-P and
OBC-PR films were biodegradable and degraded faster than the pure
OBC film under the action of cellulase. Such a degradation property of
OBC-P and OBC-PR films demonstrated their environmental friendli-
ness, avoiding the environmental pollution. More importantly, the
degraded products can be reused as medium components to produce BC
hydrogel (Fig. 9c), which realized the recycling utilization of the wound
dressing materials, showing a high economic property.

It has been reported that BC-based materials show excellent
biocompatibility [77]. In our present work, the hemolysis rate and in
vivo safety evaluation of the OBC, OBC-P, and OBC-PR films were
evaluated according to the previously reported methods [78–80]. As
shown in Fig. S15, there was no obvious difference between the
phosphate-buffered saline (PBS) (the negative control) and film groups,
showing that no noticeable hemolysis was induced by the OBC, OBC-P,
and OBC-PR films. In addition, the in vivo biosafety evaluation was also

carried out. As shown in Fig. 9d, all the films showed excellent in vivo
safety, which makes them practically applicable in the in vivo biomed-
ical applications.

3. Conclusion

In this work, we constructed a multifunctional BC-based antibacte-
rial wound dressing (the OBC-PR film) based on the reaction among
OBC, PHGH, and RB for achieving a dual effect of PHGH-based
chemotherapy and PDT for antibacterial treatment. Compared with
the OBC film, the OBC-P and OBC-PR films exhibited excellent bacterial
capture ability due to their rough surface structure. Furthermore, the
OBC-PR films could rapidly and effectively inhibit the growth of both E.
coli and S. aureus cells through the synergistic effect of PHGH and the
ROS produced by RB under white light irradiation. More interestingly,
the OBC-PR film could regulate the balance of M1/M2 macrophages,
inhibiting the inflammatory reaction. Subsequently, the OBC-PR film
effectively promoted the blood vessel and nerve regeneration, signifi-
cantly promoting wound healing. In addition, as a wound dressing
material, OBC-PR was safe, biodegradable, and regeneratable,

Fig. 8. Macrophage polarization, antiinflammatory activities, and angiogenesis effects of the OBC, OBC-P, and OBC-PR films under light irradiation. (a) Immu-
nofluorescence images (taken on day 7) of the wound tissues after various treatments. Before imaging, the tissues were stained with DAPI, CD206, and iNOS. (b–d)
Immunofluorescence images (taken on day 7) of TNF-α, IL-6, and VEGF expressed in the wound tissues. (e–g) Relative expression levels of CD206, iNOS, TNF-α, IL-6,
and VEGF in the wound tissues.
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indicating its enormous potential for wound healing application and
clinical translation as a sustainable and green material. Collectively, the
present work provides a multifunctional platform capable of promoting
the infected wound healing via the synergistic vasculature/nerve/
immunocyte remodeling promoted by a cooperative PDT and chemo-
therapy effect, which may have implications for the future development
of multifunctional wound dressing materials. The simplicity of the
fabrication process and the excellent wound healing-promoting ability
of the OBC-PR films are attractive features that can lead to more prac-
tical applications in combating microbes and their biofilms, and pro-
moting the infected wound healing. In addition, based on the antiviral
ability of the guanidine-based polymers, the potential use of the OBC-PR
film as an antiviral material should be explored in the future. It is also
expected that the OBC-PR films can be incorporated into textiles for
more versatile antimicrobial and antiviral uses.

4. Experimental section

4.1. Materials

BC was obtained from the culture of A. xylinum according to the

previously reported method [81]. Briefly, A. xylinum was first cultured
in a seed culture medium at 30 ◦C and 150 rpm for 2 days, and then 7 vol
% of the obtained bacterial culture was transferred into the fermentation
medium (30 mL, in a culture dish with a diameter of 9 cm) and cultured
at 30 ◦C for another 5–7 days until the culture medium was completely
utilized by A. xylinum. The obtained BC was immersed in deionized
water several times until the membrane became white and translucent,
and then treated with 0.3 wt% sodium hydroxide (NaOH) solution and
0.09 vol% hydrogen peroxide solution at 80 ◦C for 30 min to inactivate
the bacteria and proteins, and subsequently washed with deionized
water thoroughly until the pH reached 7.0. PHGH (average molecular
weight: ~2600 Da) was synthesized in our lab. RB, EDC•HCl, and NHS
were purchased from Sigma-Aldrich (Shanghai, China). Dialysis bags
with the molecular weight cut-off (MWCO) of 14 kDa were from Spec-
trum Labs (Rancho Dominguez, CA, USA). Other chemicals used in this
study were of analytical grade.

4.2. Preparation of OBC, OBC-P, and OBC-PR films

BC was first cut into pieces using a scissor and suspended in water,
and the pH of the obtained suspension was adjusted with NaOH to above

Fig. 9. Biodegradability and in vivo biosafety evaluations of the OBC, OBC-P, and OBC-PR films. (a) Photographs showing the cellulase-treated OBC, OBC-P, and
OBC-PR films (dispersed in 50 mM HAc/NaAc buffer, pH 4.8) for different time periods. (b) Total sugar contents in the cellulase-treated OBC, OBC-P, and OBC-PR
films (dispersed in 50 mM HAc/NaAc buffer, pH 4.8) measured at different time points. (c) Reproduced BC by using the degraded OBC-based films (as shown in a) as
the medium components. H: the enzymatic hydrolyzates of the films; HF: the H supplemented with complete fermented medium without carbon sources; HS: the
supplemented H with 5 g/L yeast extract and tryptone. (d) Safety evaluation results of OBC, OBC-P, and OBC-PR films in a mouse model by H&E staining analysis of
the hearts, livers, spleens, lungs, and kidneys collected from the mice on day 30 after treatment with different films.
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10. Then TEMPO, NaBr, and NaClO were sequentially added into the
above BC suspension to achieve the final concentrations of 0.2 mmol/g
(dried BC), 10 mmol/g (dried BC), and 0.5 mol/g (dried BC) for TEMPO,
NaBr, NaClO, respectively. After 1 h of reaction, 12.5 mL ethanol was
added to stop the reaction, and the pH was adjusted to 6–7 with HCl. The
obtained OBC was dialyzed, washed with water, and pulped with a
juicer to obtain OBC suspension. Then, PHGH or PHGH and RB were
conjugated onto OBC by the EDC/NHS method. Briefly, the pH of the
above-obtained OBC dispersion (150 mL) was adjusted to < 6 using HCl
solution (1M). Then, for OBC-PR suspension, RB (15mg) was added into
the OBC suspension. Afterward, 1500 μL EDC•HCl (14 mg/mL) was
added and stirred at 300 rpm for 10 min, and then 1500 μL NHS (13.4
mg/mL) was added and stirred at 90 rpm for 1 h. 117 mg PHGH was
added to the above solution and stirred at 90 rpm for 24 h. Finally, the
above suspension was dialyzed with a dialysis bag (MWCO of 14 kDa)
against deionized water for 3 days to obtain the OBC-PR suspension. The
preparation procedure of OBC-P suspension was similar to that of OBC-
PR but without the addition of RB. Finally, the OBC, OBC-P, and OBC-PR
films were formed by vacuum filtration and pressing treatment of the
above OBC, OBC-P, and OBC-PR suspensions.

4.3. Other experimental details

Other experimental details including characterization, ROS genera-
tion assessment of the films, evaluation of the bacteria-capturing ability
of the OBC, OBC-P, and OBC-PR films, antibacterial activity assessments,
antibacterial mechanism investigations, biofilm inhibition assay, in vivo
antibacterial activity and wound healing ability assays, biodegradation
and biocompatibility evaluation, and statistical analysis can be found in
the Supporting Information.
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