
Thermoresponsive in Situ Forming Hydrogel
with Sol−Gel Irreversibility for Effective
Methicillin-Resistant Staphylococcus aureus
Infected Wound Healing
Xu Yan,†,# Wei-Wei Fang,†,# Jingzhe Xue,‡ Tian-Ci Sun,† Liang Dong,‡ Zhengbao Zha,§

Haisheng Qian,§ Yong-Hong Song,† Min Zhang,|| Xinglong Gong,‡ Yang Lu,*,† and Tao He*,†

†School of Chemistry and Chemical Engineering, Anhui Province Key Laboratory of Advanced Catalytic Materials and Reaction
Engineering, Key Laboratory of Metabolism and Regulation for Major Diseases of Anhui Higher Education Institutes, Hefei
University of Technology, Hefei, Anhui 230009, People’s Republic of China
‡Department of Chemistry, Hefei National Research Centre for Physical Sciences at the Microscale, CAS Key Laboratory of
Mechanical Behavior and Design of Materials, Department of Modern Mechanics, University of Science and Technology of China,
Hefei 230026, People’s Republic of China
§School of Food and Biological Engineering, Hefei University of Technology, Hefei, Anhui 230009, People’s Republic of China
||School of Life Science, Anhui University, Hefei, Anhui 230601, People’s Republic of China

*S Supporting Information

ABSTRACT: An in situ forming hydrogel has emerged as a
promising wound dressing recently. As physically cross-
linked hydrogels are normally unstable, most in situ
forming hydrogels are chemically cross-linked. However,
big concerns have remained regarding the slow gelation
and the potential toxicity of residual functional groups
from cross-linkers or the polymer matrix. Herein, we report
a sprayable in situ forming hydrogel composed of poly(N-
isopropylacrylamide166-co-n-butyl acrylate9)-poly(ethylene
glycol)-poly(N-isopropylacrylamide166-co-n-butyl acrylate9)
copolymer (P(NIPAM166-co-nBA9)-PEG-P(NIPAM166-co-
nBA9), denoted as PEP) and silver-nanoparticles-decorated
reduced graphene oxide nanosheets (Ag@rGO, denoted as AG) in response to skin temperature. This thermoresponsive
hydrogel exhibits intriguing sol−gel irreversibility at low temperatures for the stable dressing of a wound, which is
attributed to the inorganic/polymeric dual network and abundant coordination interactions between Ag@rGO
nanosheets and PNIPAM. The biocompatibility and antibacterial ability against methicillin-resistant Staphylococcus aureus
(MRSA) of this PEP-AG hydrogel wound dressing are confirmed in vitro and in vivo, which could transparently promote
the healing of a MRSA-infected skin defect.
KEYWORDS: hydrogel, in situ forming, sol−gel transition, irreversibility, wound closure, thermoresponsive,
methicillin-resistant Staphylococcus aureus

Hydrogels are basically 3-D cross-linked porous
polymeric materials containing an abundant amount
of water, with tunable mechanical properties.1−4

There has been growing interest in the preparation of
functional hydrogels with enhanced properties, together with
various applications explored recently.5−10 For example, with
gold nanoparticles serving as multifunctional cross-linkers, a
gold nanoparticle−PNIPAM nanocomposite hydrogel ex-
hibited critical stress (1.02 MPa) and high toughness (7.1
MJ/m3).11 Very recently, a polyacrylamide (PAM)/aligned

cellulose nanofibers (CNFs) hybrid hydrogel has been
synthesized to mimic muscle; it exhibited a 500 times stronger
tensile strength along the longitudinal direction compared with
the general PAM hydrogel.12 Guo et al. have fabricated a series
of conducting injectable hydrogels with multifunctionality
including drug release and antibacterial and antioxidant
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activities, leading to the promotion of regeneration during
wound healing.13−15 Until now, as typical biocompatible
materials, hydrogels have been widely applied in biomedicine
including drug delivery and controlled release,16,17 cell therapy
and tissue engineering,18−20 and oncology treatment.21 More
importantly, compared with conventional treatments for body
wounds such as sutures, staples, and adhesive tapes, hydrogels
could act as facilely and quickly applied barriers adhered onto a
wet wound surface against microorganism penetration. They
could form a moist environment and absorb excess exudates to
accelerate the healing process, which can further deliver
biocides to treat bacterial infections.22−24

Compared with preformed hydrogels, in situ forming
hydrogels have emerged as promising wound dressing
materials recently.25,26 To be applied as efficient wound
dressing materials, suitable in situ forming hydrogel candidates
should possess several key features: (1) injectable and fast in
situ gelation with great stability; (2) antibacterial, especially
against drug-resistant bacterial such as MRSA; (3) clinically
available.27−29 Generally, two major processes have been
employed in the in situ gelation: chemical and physical cross-
linking, in which chemical reactions (such as Michael addition,
click chemistry, Schiff base, enzyme-mediated, or photo-cross-
linking reactions) or physical interactions have been employed
to cross-link the networks, respectively.30 However, chemical
gelation mostly suffers from the addition of organic cross-
linkers, which need to be stored separately and added into the
matrix prior to the formation of the hydrogel. In some cases,
external irradiation such as ultraviolet light is needed to initiate
the cross-linking, resulting in practical inconvenience. The
major concern that always remains is the potential cytotoxicity
of the residual functional groups being used to build the highly
cross-linked structures and the residual organic cross-linkers

and catalyst.31 In contrast, physically cross-linked hydrogels
have been built via hydrogen bonding, chain entanglements,
and coordination, which avoid the requirement of organic
cross-linkers and exhibit promising compatibility. However,
physically cross-linked hydrogels are mostly constrained by
their instability, as they could partly or completely “switch
back” to liquid in the absence of stimuli, leading to the failure
of the wound dressing.32,33 Therefore, stable physically cross-
linked hydrogels are highly required for in situ forming wound
dressing.
In wound care, methicillin-resistant Staphylococcus aureus

(MRSA) infection is a big challenge in the clinic.34 Despite the
discovery of new formulas, synthetic organic antibiotics are
weak against MRSA infection.35 On the contrary, inorganic
components such as silver nanoparticles exhibit promising
inhibition against MRSA.36 In view of developing a functional
antibacterial hydrogel, we here report a thermoresponsive in
situ forming irreversible hydrogel for effective MRSA-infected
wound healing. As shown in Figure 1, Ag nanoparticle
decorated reduced graphene oxide nanosheets (Ag@rGO,
denoted as AG) with antibacterial activity have been
incorporated into the poly(N-isopropylacrylamide166-co-n-
butyl acrylate9)-poly(ethylene glycol)-poly(N-isopropylacryla-
mide166-co-n-butyl acrylate9) (denoted as PEP) copolymer
scaffold to obtain a thermoresponsive PEP-AG hydrogel.
Compared with traditional thermoresponsive hydrogels with
reversible sol−gel and gel−sol transitions, this PEP-AG
composite hydrogel shows an interesting sol−gel irreversibility
after fast in situ forming on a skin wound. The PEP-AG
hydrogel remains in a hydrogel state even at a low temperature
of 5 °C, and the solid phase could be retained for at least 2
months. The irreversible gelation has been initiated by thermo-
induced micelle packing of the block copolymers. The strong

Figure 1. Characterization of PEP and PEP-AG hydrogels. Schematic structures in (A) the PEP hydrogel and (B) the PEP-AG composite
hydrogel. Low- and high-resolution SEM images of porous structures in (C) the PEP hydrogel and (D) the PEP-AG hydrogel. (E) Pore size
distributions of PEP and PEP-AG hydrogels. (F, G) EDS mapping of C and Ag elements in the PEP-AG hydrogel and (H) the relative
spectrum.
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synergistically coordination interactions between Ag@rGO
nanosheets and the collapsed PNIPAM chains result in the
enhanced stability against decreasing temperature. In combi-
nation with the biosafety and antibacterial property against
MRSA, this irreversible hydrogel could be in situ formed
immediately after a hybrid aqueous mixture is sprayed onto
large-sized and deeply sharp skin wounds, which should
contribute to a long-term wound dressing even outdoors in
winter. Skin wound experiments confirmed this hydrogel could
serve as an effective wound dressing to accelerate the healing of
MRSA infection. Especially, this stable wound closure
performance is required for an in situ forming physically
cross-linked hydrogel in cold conditions especially alpine
regions and high latitudes.

RESULTS AND DISCUSSION

Preparation of PEP-AG Thermoresponsive Composite
Hydrogel. We employed biocompatible poly(N-isopropyla-
crylamide166-co-n-butyl acrylate9)-poly(ethylene glycol)-poly-
(N-isopropylacrylamide166-co-n-butyl acrylate9) (P(NIPAM166-
co-nBA9)-PEG-P(NIPAM166-co-nBA9), Mn, GPC: 47k, PDI:
1.06) block copolymer to construct the thermoresponsive
hydrogel polymeric matrix. PNIPAM was selected as a
thermosensitive A block, while PEG served as a hydrophilic
B block of copolymers. Generally, the low critical soluble
temperature (LCST) of PNIPAM is around 32 °C. The
introduction of hydrophilic PEG segments bestowed thermog-
elling properties to the polymer aqueous solution, but the
subsequently increased LCST may be above body temperature.
In order to respond to body temperature stimuli, we further
copolymerized a small content of hydrophobic nBA with
NIPAM to adjust the phase transition point below body
temperature, and the obtained copolymer P(NIPAM166-co-
nBA9)-PEG-P(NIPAM166-co-nBA9) exhibited promising gel-
ling behavior. We denote this copolymer as PEP and used it

during the rest of the experiments. The synthetic process and
1H NMR spectra are shown in Figure S1 and Figure S2.
To introduce antibacterial activity to the PEP hydrogel,

Ag@rGO nanosheets were homogeneously dispersed into the
PEP polymer aqueous solution, and the weight ratio between
Ag and rGO in the Ag@rGO nanosheets was determined to be
approximately 5:4 by inductive coupled plasma atomic
emission spectrometry (ICP-AES) and thermogravimetric
analysis (TGA) (SI, Figures S3 and S4). The composite
hydrogel could form immediately when the temperature of the
mixture dispersion was increased above 30 °C (SI, Figure S5,
Movie S1 and S2), which was a little lower than skin
temperature. The addition of Ag@rGO nanosheets (0.75 wt
%) did not affect the thermal responsivity of the PEP hydrogel.
Typical porous structures in PEP and PEP-AG were shown in
the SEM images (Figure 1C,D). According to these SEM
images, the average pore diameters of PEP and PEP-AG
hydrogels were measured to be 7.06 ± 3.25 μm and 4.51 ±
0.87 μm, respectively (Figure 1E), indicating the neatly
ordered and smaller-sized pores in the PEP-AG hydrogel.
The presence of Ag@rGO nanosheets in the PEP-AG hydrogel
could be observed in the TEM image of a lyophilized sample
(SI, Figure S6). In the UV−vis spectrum of the PEP-AG
composite hydrogel, the absorption peak around 400 nm
corresponded to the surface plasmon resonance of Ag
nanoparticles (SI, Figure S7). As shown in Figure S8, the X-
ray diffraction (XRD) patterns of the AG nanosheets and PEP-
AG hydrogel are in good agreement with the face-centered
cubic standard of silver crystal structure (JCPDS No. 04-
0783). Energy dispersive spectroscopy (EDS) elemental
mapping images directly showed the uniform distribution of
Ag@rGO nanosheets in the obtained PEP-AG hydrogel
(Figure 1F−H).

In Situ Forming PEP-AG Hydrogel with Sol−Gel
Irreversibility. The PEP copolymer in aqueous solution
exhibited typically a thermally sensitive sol−gel transition.

Figure 2. In situ forming PEP-AG hydrogel with sol−gel irreversibility. (A) Viscosity measurements and (B) G′/G″ measurements of the
PEP and the PEP-AG aqueous solution. (C) Digital pictures and infrared thermal images of PEP and PEP-AG aqueous solution under the
heating−cooling process. (D) Digital pictures of PEP-AG hydrogels with different AG contents in a cold environment.
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When the temperature was increased, the PNIPAM chain of
the PEP hydrogel collapsed and subsequently formed the
hydrophobic species. This could be attributed to the breaking
of hydrogen bonds between PNIPAM and water on increasing
the temperature. Meanwhile, the PEG chains served as the
bridges to cross-link adjacent hydrophobic species. The formed
PEP hydrogel was observed to switch back to solution with
decreasing the temperature from 37 °C to 25 °C. In this
liquidation process, PNIPAM could turn back to being
hydrophilic at a low temperature (<LCST), and the
aggregation of hydrophobic species may disassemble at the
same time (Figure 1A).
However, the formed PEP-AG thermoresponsive composite

hydrogel would not switch back to liquid even when the
temperature was cooled to as low as 5 °C (Figure 2). As shown
in digital photos and infrared thermal images (Figure 2C), this
irreversibility of the PEP-AG hydrogel in response to cooling
stimuli could be directly observed. Both PEP and PEP-AG
aqueous solutions exhibited a sol−gel phase transition after
being immersed in a water bath at 37 °C. After removing the
water bath, the PEP-AG hydrogel still retained its gel state at
ambient temperature (∼20 °C), while the PEP hydrogel could
not maintain its shape and finally dissolved into a liquid.
Rheological properties of PEP and PEP-AG hydrogels were

measured to investigate the mechanism of the irreversibility of
the PEP-AG hydrogel (Figure 2A,B). The storage and loss
modulus (G′ and G″ data) curves of the PEP hydrogel were
separated with decreasing temperature from 37 °C to 20 °C. In
contrast, G′ and G″ data curves of the PEP-AG hydrogel were
not separated from each other (Figure 2B). After approaching
the maximum value at around 35 °C, the viscosity data
remained as almost a constant, no matter when the

temperature was cooled to 5 °C, which indicated that the
formed PEP-AG hydrogel was stable on decreasing the
temperature (Figure 2A). Compared with the reversible PEP
hydrogel, the irreversibility property of the PEP-AG hydrogel
was confirmed to be attributed to the addition of Ag@rGO
nanosheets.
To further investigate the mechanism of the irreversibility

property observed in the PEP-AG hydrogel, thermoresponsive
PEP-AG hydrogels with lower contents of Ag@rGO nano-
sheets have been fabricated as control samples, including PEP-
AG1/2 (half content of AG sheets) and PEP-AG1/4 (a quarter
content of Ag@rGO nanosheets), which were reversible to the
solution at low temperature (Figure 2D). Therefore, the
irreversibility of PEP-AG hydrogels was revealed to be AG
concentration dependent, as enough Ag@rGO nanosheets
were required to form a stable dual network in the composite
hydrogel. In addition, a series of PEP hydrogels composed of
only Ag nanoparticles (denoted as PEP-Ag NPs hydrogel) or
bare rGO nanosheets (PEP-rGO hydrogel) have been
prepared in related control experiments (Figure 3). Both
these PEP-Ag NPs and PEP-rGO hydrogels could be reversible
to liquid at a low temperature, and the typical sol−gel and
consequent gel−sol transitions have been observed in the
heating−cooling cycle (Figure 3B,C).
According to the above results from the PEP-AG hydrogel

and a series of control samples, the proposed formation of the
stable dual network in the irreversible PEP-AG hydrogel is
shown in Figure 1B. The addition of 2D materials such as GO
nanosheets could form a dual network in a composite hydrogel
without any organic cross-linker.9,37 In the as-prepared PEP-
AG composite hydrogel, the presence of a Ag−amino
coordination interaction was revealed by FT-IR data (SI,

Figure 3. Reversibility of PEP-rGO and PEP-Ag NPs hydrogels at low temperatures. (A) Digital pictures, (B) viscosity, and (C) G′/G′′
measurements of PEP-rGO and PEP-Ag NPs aqueous dispersions in the heating−cooling process.

ACS Nano Article

DOI: 10.1021/acsnano.9b02845
ACS Nano 2019, 13, 10074−10084

10077

http://dx.doi.org/10.1021/acsnano.9b02845


Figure S9). As a result, in the heating process, Ag@rGO
nanosheets served as both the building blocks for an inorganic
scaffold and the cross-linkers attributed to Ag−amino
coordination bonding. Individual PNIPAM chains in the
same hydrophobic species could interact with Ag nanoparticles
on different Ag@rGO nanosheets, and the linkages also occur
among adjacent PEP hydrophobic species via Ag@rGO
nanosheets. Compared with PEP, PEP-Ag NPs, and PEP-
rGO hydrogels, the strong connections between Ag@rGO
nanosheets and PEP hydrophobic species obviously reinforced
the physically cross-linked PEP-AG hydrogel, which con-
tributed to the irreversibility in the cooling cycle. In addition,
the reversible PEP-AG hydrogels with half and a quarter AG
contents further confirmed the contribution of the dual
network.
Hydrogels-based wound dressings should have great

mechanical properties to satisfy the requirement of human
soft tissue.13 Herein, the mechanical performances of a series
of PEP-AG hydrogels with varying AG content were
investigated. As shown in Figure S10A, the tensile strength
of the composite hydrogel gradually increased with the
increasing content of AG from 0.25 wt % to 0.75 wt %. The
tensile stress of the PEP-AG (0.75 wt %) hydrogel reached 161
kPa, which was 4.2 times that of the pure PEP hydrogel.
However, when the AG content reached 1 wt %, the tensile
strength of the hydrogel sharply decreased owing to the poor
dispersion of excessive amounts of Ag@rGO nanosheets in
PEP solution. The Young’s modulus of the composite
hydrogels indicates a similar trend to the tensile strength,

and the PEP-AG (0.75 wt %) hydrogel exhibits an optimized
modulus (4.058 MPa) (Figure S10B).

Sprayable in Situ Forming PEP-AG Hydrogel as an
Irreversible Wound Dressing. The hydrogel dressing could
maintain a considerable moist wound environment to absorb
tissue surplus exudates.15,38 Due to the quick response to body
temperature stimuli and sharply swelling (ESR = 43), the PEP-
AG hydrogel could be applied as an in situ forming wound
dressing. In view of the low viscosity of the original aqueous
composite solution, it could not only be smeared onto the skin
wound area but also be facilely sprayed to form a hydrogel
dressing in situ. The sprayable and thermally responsive
features of the PEP-AG hydrogel are potentially useful in some
special treatments such as large-area burn wound care, where
injectable preformed hydrogels could not easily cover the
whole wound area.25 When being sprayed onto an animal skin
wound area, only a small amount of the precursor aqueous
dispersion was needed, and the wound area was more
homogeneously covered by the subsequently quickly formed
hydrogel compared with the injected ones. More importantly,
compared with traditional hydrogels, this sprayable in situ
forming PEP-AG hydrogel exhibited an advantage in deeper
penetration for deep and sharp wounds (Figure 4A,B). In the
hematoxylin and eosin (H&E) histological images of this sharp
wound after treatment with the PEP-AG spray, the deep region
in the lesion was filled with the hydrogel (Figure 4B).
As shown in Figure 4C, the PEP-AG mixture could be

facilely sprayed onto varied substrates such as a heated silica
gel plate at 30 °C to form a hydrogel in situ. The shape was

Figure 4. Sprayable and irreversible in situ forming PEP-AG hydrogel as a stable wound dressing. Deep and sharp wound areas being treated
by (A) preformed PEP-AG hydrogel and (B) sprayable in situ forming PEP-AG hydrogel. Inset: Filling effects shown in H&E histological
slices. Scale bar: 200 μm. Zoomed-in region, scale bar: 50 μm. (C) Sprayable in situ formation process of the PEP-AG hydrogel with complex
shapes on a heated silica gel plate at 30 °C, maintaining the shape after removing the heater, while the rhodamine-containing PEP hydrogel
(PEP-rhodamine) switches back to a liquid in a cold environment. (D) Digital pictures and infrared thermal images of the reversible
rhodamine-PEP hydrogel and irreversible PEP-AG hydrogel on human hand skin indoors (warm) and outdoors (cold) in winter.
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controllable with the assistance of a mask in the spraying
process. The PEP hydrogel could also be sprayed onto the
skin wound area in response to body temperature. However,
the reversible feature of the PEP hydrogel would result in the
failure of closure of the wound after exposure to a cold outdoor
environment. In comparison, the PEP-AG hydrogel formed on
a silicon plate could maintain a five-pointed-star shape under
an ambient temperature of around 20 °C, while the PEP
hydrogel transited to a liquid after removal of the heat source
(Figure 4C). The irreversibility of the PEP-AG hydrogel was
highly useful for the quick treatment of skin wounds, especially
in cold conditions including alpine regions and high latitudes.
A study on human skin further confirmed this benefit of the
irreversible PEP-AG hydrogel (Figure 4D). The significant
difference between PEP and PEP-AG hydrogels in a cold
outdoor environment around 10 °C could be directly observed
in digital photos and infrared thermal images. The PEP-AG
hydrogel could keep a stable shape and adhere onto hand skin
during winter outdoor exercise, where the temperature was
around 10 °C, while the PEP hydrogel transited to a fluid and
then almost drained off the skin (Figure 4D and Movies S3 and
S4).
Infected Skin Wound Healing Using Irreversible PEP-

AG Hydrogel. Hydrogels used in wound management need to
possess antibacterial activity to prevent infections and to
accelerate the healing process.22 Here, we evaluated this
property according to inhibition zones. We prepared the stable
PEP-AG hydrogel by heating the hybrid solution and then
cooling it to room temperature. As shown in Figure S11, the

inhibition zones around the PEP-AG hydrogel against
methicillin-resistant Staphylococcus aureus (MRSA) and Escher-
ichia coli (E. coli) were 1.3 and 1.4 cm, respectively, which
indicated the promising antibacterial activities of the PEP-AG
hydrogel comparable to the Ag nanoparticles-containing
hydrogel (PEP-Ag NPs). In contrast, inhibition zones were
absent in both the PEP and PEP-rGO hydrogels groups. As the
broad antibacterial activity and mechanism of silver nano-
particles have been deeply studied,39 the antibacterial activity
could be ascribed to the Ag nanoparticles loaded on the rGO
nanosheets. Moreover, in order to investigate the anti-MRSA
infection performance and healing rate of the PEP-AG
hydrogel in vivo, we performed a skin wound healing evaluation
on Sprague−Dawley (SD) rats (Figure 5A,B). A PEP-AG
aqueous dispersion was sprayed onto a wound on the right side
of each rat, while the left wound remained untreated as a
control. After spraying, the PEP-AG composite hydrogel could
form in situ quickly to cover the damaged skin area in response
to the local skin temperature, and no additional cross-linker or
external stimuli such as NIR and UV light was required.
Notably, this irreversible hydrogel stayed on the wound area
firmly and would not switch back to liquid even if the
environmental temperature decreased. As shown in Figure 5B,
the PEP-AG-treated group (right) exhibited obviously
accelerated wound healing and epidermis regeneration in
comparison with the MRSA-infected control group (left). The
wound suffering from the MRSA infection was difficult to heal.
It could be observed that only 54% of wound areas were closed
in the untreated group after 12 days. In comparison, the wound

Figure 5. PEP-AG hydrogel-accelerated healing of a MRSA-infected wound on rats. (A) Illustration of the PEP-AG hydrogel as an
antibacterial dressing by spray procedure onto the MRSA-infected wound. (B) Two round MRSA-infected wounds were made on the two
sides of depilated back skin of the hip on each rat. The left wound remained untreated, while the right wound was covered by the PEP-AG
hydrogel, and pictures were collected on the second, fourth, sixth, eighth, 10th, and 12th days in the wound healing process. (C) Wound
closure rate in untreated group and PEP-AG group (error bars are standard deviation, n = 5). (D) Pathological examination of a skin section
collected from the wound areas in the untreated group and PEP-AG group on the fourth, eighth, and 12th days. Black circle, red circle, black
arrow, green arrow, and black dashed line indicate inflammatory cells, collagen fibers, epidermis, hair follicles, and boundary of epithelium
and dermis, respectively. Scale bar: 100 μm.
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closure ratio in the PEP-AG hydrogel group was much faster,
and 99.85% of the infected wound areas were healed after 12
days (Figure 5C).
MRSA bacterial colonies were found on agar plates

corresponding to the wounds on the two sides at 2 h
postinfection (SI, Figure S12), which indicated the successful
construction of the MRSA-infected wound model on rats
before wound care. To investigate the anti-infection efficacy of
the PEP-AG hydrogel at 12 days post-treatment, the swab
samples collected from the infected skin wounds were diluted
and cultured on Luria−Bertani (LB) agar plates. Compared
with the untreated control group, there were few bacterial
colonies on the plate after 12 days in the PEP-AG group, which
suggested the good recovery against infection (SI, Figure S12).
Wound healing is an integral process of tissue growth and
regeneration, which includes hemostasis, inflammation, migra-
tion, proliferation, and maturation.40 Here, we performed H&E
and Masson’s Trichrome staining to evaluate the wound
healing progress. As shown in Figure 5D, on the fourth day, a
large number of inflammatory cells and few collagen fibers
were observed in the untreated group. Compared with the
untreated group, the basic structure of epithelium and
abundant collagen fibers were observed in wounds of the
PEP-AG group, and inflammatory cells were rarely observed.
On the eighth day, although a few collagen fibers formed in the
wounds of the untreated group, a large number of
inflammatory cells were still present and no regeneration of
epithelium was observed. However, the PEP-AG group showed
high regularity of both epithelium and connective tissue with
more fibroblasts and epithelium structure on the eighth day.
On the 12th day, a thin epidermis and more collagen fibers
formed in the untreated group, but the collagen fibers

displayed a loose reticular arrangement, and the space between
the collagen was large. On the contrary, complete epidermis
and a higher regularity collagen fiber structure formed in
wounds of the PEP-AG group, which were almost the same as
normal skin tissues. Particularly, the appearance of mature hair
follicles further proved the promotion during wound healing in
the PEP-AG hydrogel group.

In Vitro and in Vivo Biocompatible Evaluation. The
cytotoxicity of the PEP-AG hydrogel has been evaluated on
human umbilical vein endothelial cells (HUVEC) by a
standard MTT study. The cell viability was over 98% even at
a high concentration of 200 μg/mL, exhibiting a good cellular
compatibility (SI, Figure S13A). Moreover, the long-term
cytotoxicity evaluation of the PEP-AG hydrogel was performed
on NIH-3T3 mouse embryo fibroblast cells, indicating no
obvious inhibition of growth in 3 days at a concentrations from
50 to 200 μg/mL (SI, Figure S13B,C). Histological assessment
of tissue containing representative organs including heart, liver,
spleen, lung, and kidney has also been performed to evaluate
long-term biocompatibility of the PEP-AG hydrogel (Figure
6A). In H&E staining images of the PEP-AG group, no
obvious histopathological abnormality or lesion was observed.
In addition, red blood cells of rabbit were exposed to our PEP-
AG hydrogel, and no hemolysis was induced (Figure 6B). To
further investigate the long-term biocompatibility of the PEP-
AG hydrogel, serum biochemistry tests on rats were performed
after 10 days of subcutaneous injection, and the major indexes
of kidney and liver functions remained in the normal range,
indicating no severe damage caused by the composite hydrogel
(Figure 6C).
To quantitatively evaluate the stability of the hydrogel, the in

vitro weight remaining ratio was recorded, and PEP-AG

Figure 6. PEP-AG hydrogel-accelerated healing of MRSA-infected wounds on rats. (A) H&E-stained tissue sections from major organs in
rats 10 days after the subcutaneous administration of PEP-AG hydrogel. Scale bar: 20 μm. (B) Hemolysis evaluation of the PEP-AG
hydrogel. (C) Evaluation of liver and kidney function of rats 10 days after the administration of the PEP-AG hydrogel (n = 5). (D)
Compatibility and degradability test of subcutaneously injected PEP-AG hydrogel at 1, 3, and 6 weeks postinjection. In digital pictures,
and immunofluorescent (CD45) staining and H&E staining images of PEP-AG and its surrounding tissue, red and green dashed arrows
indicate the location of the hydrogel, and the white circular region indicates leucocytes. Scale bar: 50 μm.
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hydrogels with different AG contents exhibited obvious mass
losses after 30 days of incubation (SI, Figure S14). Moreover, a
gross examination was performed to evaluate the degradation
of the as-prepared hydrogel in vivo. The PEP-AG hydrogel
remained intact within 1 week of postinjection. Then the
hydrogel decomposed after 3 weeks, followed by complete
dissociation after 6 weeks (Figure 6D). The residue weight of
the PEP-AG hydrogel decreased with time (SI, Figure S15A),
and the deformation of the porous structure could be observed
(SI, Figure S15B), corresponding with observation from digital
images in Figure 6D. H&E staining and immunohistochemical
staining (anti-CD45 antibody) were further employed to
identify inflammatory cells in tissues surrounding the injected
hydrogels (Figure 6D). Immunofluorescence staining results
suggested that there were few CD45 cells after 6 weeks,
indicating only weak inflammatory response to the PEP-AG
hydrogel.

CONCLUSIONS
In summary, we prepared a thermoresponsive in situ forming
irreversible hydrogel, which was composed of a copolymer of
PEP and Ag@rGO nanosheets. The aqueous PEP and Ag@
rGO nanosheets could transit immediately to the hydrogel in
response to an increasing temperature of about 30 °C. The
skin temperature is higher than this responsive temperature, so
this PEP-AG composite hydrogel could serve as a skin-
temperature-responsive in situ forming wound dressing, and
the addition of Ag@rGO nanosheets does not change the
thermal response of the PNIPAM-based PEP hydrogel in the
sol−gel transition. As a physically cross-linked hydrogel, there
is no guest organic cross-linker, which rules out the potential
toxicity from residual functional groups used for chemical
cross-linking. Moreover, as an in situ forming hydrogel, this
PEP-AG hydrogel could be administered by spraying the
hybrid aqueous mixture onto the targeted skin area. Compared
with the smearing of preformed hydrogels, this sprayable PEP-
AG hydrogel is conducive to the careful treatment of patients
with large-area burns, as well as deep penetration into sharp
wound gaps to completely seal the wound, leading to sutureless
repair and the promotion of healing. Typically, a physically
cross-linked PNIPAM thermal responsive hydrogel such as
PEP hydrogel would transit back to solution at low
temperatures. Here, with the incorporation of Ag@rGO
nanosheets into the micelle network of the PEP hydrogel,
there are abundant coordination interactions between silver
nanoparticles decorated on rGO nanosheets and amino groups
in the collapsed PNIPAM chain in the formed inorganic/
polymeric dual network. As a result, the obtained PEP-AG
hydrogel is endowed with promoted stability in chilly
conditions, which is irreversible to a liquid even at 5 °C, as
suggested by rheometer measurements. As comparison
samples, PEP composite hydrogels incorporated with only
silver nanoparticles (PEP-Ag NPs hydrogel) or only rGO
nanosheets (PEP-rGO hydrogel) show similar reversible gel−
sol transition of the PEP hydrogel at room temperature, which
further demonstrates the crucial contribution of Ag@rGO
nanosheets. In combination with the sprayable and in situ
forming features, the irreversibility further confirms the PEP-
AG hydrogel could serve as a more stable and suitable wound
dressing in cold weather and in alpine regions and high
latitudes. In addition, cellular toxicity, biochemical and
histological evaluation, and degradation experiments in vivo
confirmed the biocompatibility of the PEP-AG hydrogel. As a

stable wound dressing, this Ag nanoparticle-containing PEP-
AG hydrogel shows excellent antibacterial property against
MRSA, leading to an obvious acceleration of MRSA-infected
wound healing in 2 weeks compared with untreated wounds.

MATERIALS AND METHODS
Materials. Except for the purification of nBA and NIPAM to

remove the inhibitor, all chemical reagents were purchased and used
without further treatment.

Preparation of PEP Copolymers. The PEP copolymers were
synthesized by atom transfer radical polymerization (ATRP) in the
presence of the macroinitiator (Br-PEG-Br).41 Briefly, 2-bromo-2-
methylpropionyl bromide (3.4 g, 14.8 mmol), PEG (15.0 g, 3.75
mmol, 4 kDa), and triethylamine (1.8 g, 17.8 mmol) were dissolved in
dichloromethane (150 mL) and stirred in an ice bath for 72 h under
N2. The solution was then dialyzed followed by freeze-drying to offer
the macroinitiator as a white solid. Typical polymerization was as
follows: NIPAM (2.5 g, 22.1 mmol), nBA (0.16 g, 1.2 mmol), CuCl
(28.6 mg, 0.3 mmol), and macroinitiator (0.21 g, 0.05 mmol) were
dissolved in isopropanol/water (95/5 by w/w %). After deoxygena-
tion, Me6TREN (80.3 mg, 0.36 mmol) was introduced via
microsyringe, and the polymerization was conducted for 72 h at
room temperature. The reaction was stopped (conversion 75%), and
the final product, poly(N-isopropylacrylamide166-co-n-butyl acrylate9)-
poly(ethylene glycol)-poly(N-isopropylacrylamide166-co-n-butyl acryl-
ate9), could be obtained as a white solid after passing the reaction
mixture through aluminum followed by precipitation in cold n-hexane.

Synthesis of Ag Nanoparticles, rGO-PSS, and Ag@rGO
Nanosheets. Poly(sodium 4-styrenesulfonate) (PSS)-stabilized rGO
nanosheets (denoted as rGO-PSS) and Ag nanoparticle-decorated
reduced graphene oxide nanosheets (Ag@rGO, denoted as AG) were
synthesized according to our previous reports.42 Ag nanoparticles
were prepared according to a previous report by Hu et al.43 Briefly,
GO was reduced to rGO using hydrazine hydrate as reductant.
Afterward, the rGO-PSS solution was prepared and kept at 60 °C.
The AgNO3 solution was added into the rGO-PSS solution using a
double-jet pump at a speed of 0.5 mL h−1. Finally, the Ag@rGO
nanocomposite was obtained after washing and diluting with
deionized water.

Preparation of the Composite Hydrogel. To prepare the PEP
hydrogel, PEP polymers dissolved in saline solution (25 wt %) were
taken out of a 4 °C refrigerator, followed by immersion in hot water
or placing on a heater. For the PEP-AG composite hydrogel, Ag@
rGO nanosheets were added into the PEP saline solution at a final
concentration of 0.75 wt %, followed by heating. To investigate the
contribution of AG concentration, PEP-AG1/2 and PEP-AG1/4
composite hydrogels with 1/2 and 1/4 content of Ag@rGO
nanosheets were obtained to compare with the PEP-AG hydrogel.
In addition, two control samples (PEP-Ag NPs hydrogel and PEP-
rGO hydrogel) were prepared in a similar process by replacing Ag@
rGO nanosheets with Ag nanoparticles and rGO-PSS nanosheets. The
obtained hydrogel samples were freeze-dried for further character-
izations.

Formation of Sprayable and Irreversible Hydrogel. To
observe the phase transition of the PEP hydrogel on substrate and
skin, rhodamine dye was mixed with PEP solution to prepare a PEP-
rhodamine hydrogel. PEP-rhodamine (25 wt %) and PEP-AG (25 wt
%) aqueous mixtures were sprayed onto a heated silicon plate at 30
°C, respectively, with the assistance of a five-pointed-star-shaped
mask. After around 30 s, both PEP-rhodamine and PEP-AG hydrogels
were formed in situ on the heated silicon plate after a typical thermally
responsive sol−gel transition. To further investigate the stability of the
in situ formed hydrogels, the heated silicon plate was removed from
the heater (IKA, German), and the temperature was decreased to
about 20 °C. Photo and thermal images of the phase transition in this
heating−cooling cycle were recorded. To further investigate the
formation of this irreversible PEP-AG hydrogel in situ on human skin,
200 μL of PEP-rhodamine (25 wt %) and PEP-AG (25 wt %)
aqueous mixtures were dropped onto the hand back in warm indoor
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conditions, and the hand with in situ formed hydrogels was rolled
repeatedly. Then the hand with hydrogels was moved to a cold
outdoor environment (<10 °C) in winter for 15 min, followed by
repeated rolling. Infrared thermal images and videos of the hydrogels
on the hand were recorded.
Sample Characterizations. 1H NMR spectra were recorded

from an Agilent VNMRS600 instrument. Fourier transform infrared
spectroscopy (FT-IR) was performed on a Thermo Nicolet 67.
Scanning electron microscopy (SEM) was performed on a Zeiss Supra
40, and transmission electron microscopy (TEM) was performed on a
Hitachi HT7700. Constituent elements of the samples were analyzed
by EDS (X-Max, Oxford). XRD was measured by a Philips X’Pert
PRO SUPER X-ray diffractometer. UV−visible spectra of PEP and
Ag@rGO aqueous mixtures were recorded using a Shimadzu UV-
2600 spectrometer. A Fluke Ti400 infrared thermal imaging system
was used. Triple detection (refractive index, multiangle-laser-light
scattering, and viscosity) gel permeation chromatography (GPC)
(Agilent PL-GPC 50) was utilized to measure the absolute number
molecular weights and the polydispersities of the polymers. Viscosity
and storage/loss modulus (G′/G″) were recorded using an Anton
Paar MCR302 rheometer equipped with a 20 mm parallel-plate
configuration.
Antibacterial Activity Evaluation. MRSA (Mu50) and E. coli

(DH5α) were employed to evaluate the antibacterial effect of the
samples including PEP-AG, PEP, PEP-Ag NPs, and PEP-rGO
hydrogels. A 100 μL diluted bacterial suspension (106 CFU/mL)
was spread onto LB agar plates uniformly. Then, preformed hydrogel
samples with a diameter of 0.3 cm were placed onto agar plates with
E. coli and MRSA, respectively. Antibacterial effects of these samples
were evaluated by measuring the diameters of inhibition zones after
incubation at 37 °C for 24 h.
Wound Penetration Test. SD rats (220 g, male) were chosen for

the wound penetration test. After anesthetizing the rats by
intraperitoneal injection of chloral hydrate (10%, 0.3 mL per 100 g
bodyweight), hair-shaved areas (about 3 × 3 cm2) were disinfected
with 75% alcohol, and a laceration on the epidermis of rats was made
using sterile syringe needles. The wounds were covered by preformed
hydrogel and sprayable in situ forming hydrogel, respectively. After 24
h, the treated skin region was collected for histological analysis (H&E
staining).
MRSA-Infected Wound Healing Experiment. Five SD rats in

each experimental group were used for the wound healing test (n =
5). After anesthetizing the rats by intraperitoneal injection of chloral
hydrate (10%, 0.3 mL per 100 g bodyweight), the dorsal hair was
shaved. Then, two full-thickness round skin wounds with a diameter
of approximately 0.8 cm were made on each side of depilated back
skin of the hip on each rat. To construct a MRSA-infected wound
model, an aliquot of MRSA suspension (100 μL, 106 CFU/mL) was
inoculated onto each skin wound area. Sterilized cotton swabs were
employed to collect bacterial samples from the surface of wound sites
at 2 h postinfection (just before hydrogel dressing) and 12 days post-
treatment. Then, the collected swabs were put into normal saline
solution (0.5 mL), and the viable MRSA loads in the diluted bacterial
suspensions were pilot studied by the instantly streaking plating
method on LB agar plates for 24 h at 37 °C. The irreversible PEP-AG
hydrogel was formed and covered onto the right wound on each rat,
while the left wound remained untreated. A Vernier caliper was used
to measure the area of the infected wound at 2, 4, 6, 8, 10, and 12 days
post-treatment. The wound closure was calculated according to the
following equation: wound closure (%) = [W0 − Wn]/W0 × 100%,
where W0 and Wn (n = 2, 4, 6, 8, 10, 12) represent the wound areas
on day 0 and the second, fourth, sixth, eighth, 10th, and 12th days,
respectively. H&E and Masson’s Trichrome staining were used to
evaluate the wound healing process. All the animal experimental
protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of Anhui Medical University (LLSC20150134).
Toxicity Evaluation of PEP-AG Hydrogel. Cytotoxicity of the

PEP-AG hydrogel was evaluated on HUVEC and NIH-3T3 mouse
embryo fibroblast cells by standard MTT assay and AO-EB staining.
Cells were exposed to PEP-AG with varying concentrations from 50

to 200 μg/mL (n = 3). The hemolytic potential of the PEP-AG
hydrogel was further measured using rabbit blood.44 Typically, 0.1 mL
of anticoagulated rabbit blood was added to 5 mL of distilled water
(positive control), normal saline (negative control), and normal saline
containing 10 mg of hydrogel followed by incubation at 37 °C for 1 h,
and the optical densities at 545 nm of the collected supernatants were
measured. A 0.5 mL amount of PEP-AG preformed hydrogel was
subcutaneously injected by a syringe (23-gauge needle) for the
toxicity evaluation on a rat. To evaluate the potential organ damage,
histological analysis (H&E staining) of the major organs (heart, liver,
spleen, lung, and kidney) was performed on SD rats 10 days
postinjection of PEP-AG hydrogel. At the same time, the blood
samples were collected in the PEP-AG group and normal rats for
biochemical index evaluation.

Statistical Analysis. Mean values, standard deviations, and p-
values were calculated in OriginPro 8.0. The experimental data were
analyzed using the unpaired Student’s t test. *p ≤ 0.05, **p ≤ 0.01.
All results are expressed as mean ± SD. All error bars represent the
standard deviations.
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