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A B S T R A C T   

The completed skeletal muscle regeneration resulted from severe injury and muscle-related disease is still a 
challenge. Here, we developed an injectable muscle-adhesive antioxidant conductive bioactive photothermo- 
responsive nanomatrix for regulating the myogenic differentiation and promoting the skeletal muscle regener
ation in vivo. The multifunctional nanomatrix was composed of polypyrrole@polydopamine (PPy@PDA, 342 ±
5.6 nm) nanoparticles-crosslinked Pluronic F-127 (F127)-polycitrate matrix (FPCP). The FPCP nanomatrix 
demonstrated inherent multifunctional properties including excellent photothermo-responsive and shear- 
thinning behavior, muscle-adhesive feature, injectable ability, electronic conductivity (0.48 ± 0.03 S/m) and 
antioxidant activity and photothermal function. The FPCP nanomatrix displayed better photothermal perfor
mance with near-infrared irradiation, which could provide the photo-controlled release of protein (91% ± 2.6% 
of BSA was released after irradiated 3 times). Additionally, FPCP nanomatrix could significantly enhance the cell 
proliferation and myogenic differentiation of mouse myoblast cells (C2C12) by promoting the expressions of 
myogenic genes (MyoD and MyoG) and myosin heavy chain (MHC) protein with negligible cytotoxicity. Based on 
the multifunctional properties, FPCP nanomatrix efficiently promoted the full-thickness skeletal muscle repair 
and regeneration in vivo, through stimulating the angiogenesis and myotube formation. This study firstly indi
cated the vital role of multifunctional PPy@PDA nanoparticles in regulating myogenic differentiation and 
skeletal muscle regeneration. This work also suggests that rational design of bioactive matrix with multifunc
tional feature would greatly enhance the development of regenerative medicine.   

1. Introduction 

Skeletal muscle, as an important part of the human body, is 
responsible for controlling voluntary movement and possesses robust 
regeneration capability after the minor injury with the help of satellite 
cells [1]. Nonetheless, the regeneration of skeletal muscle is limited 
owing to the traumatic injury, surgical procedures or neuromuscular 
disorders [2]. The common clinical strategies for repairing skeletal 

muscles include the implantation of host muscle and muscle precursor 
cells or pre-engineered myoblasts to the target site [3]. Although these 
strategies provided some positive results, the treatment of muscle injury 
was still not satisfactory because of the significant donor site morbidity, 
immune rejection, poor delivery and insufficient donor cells [4]. Thus, it 
is very necessary to develop new strategies to reconstruct the lost or 
damaged muscles. 

At present, various biomaterials-based strategies have been explored 
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for potential application in repair and regeneration of skeletal muscles 
[5]. In these strategies, conducting biomaterials including carbon/metal 
and polymer-based semiconductors have become promising candidates 
due to their electrical signal transmission ability that could improve the 
myoblasts proliferation and myogenic differentiation [6–10]. Poly
pyrrole (PPy) was one of the most studied conducting polymers attrib
uted to its easily preparation, excellent conductivity and 
biocompatibility [11]. Previous studies showed that PPy-based nano
materials could enhance the proliferation and myogenic differentiation 
of myoblasts in vitro. However, the application of PPy in tissue engi
neering was restricted by its bad degradability and solubility and poor 
mechanical properties [12,13]. Ideally, the exploitation of multifunc
tional biomaterials with controlled conductivity was highly desirable for 
in vivo application in skeletal muscle regeneration. To resolve these 
drawbacks, polymer composites originated from PPy and biocompatible 
polymers such as dopamine [14], chitosan [15], polycaprolactone (PCL) 
[16], and poly (lactide-co-glycolide) (PLGA) [17] have been developed 
for tissue engineering. Unfortunately, if PPy could enhance the skeletal 
muscle regeneration in vivo is still not reported. 

In addition to the conductive activity, the antioxidative activity also 
presented the good capacity for enhancing tissue regeneration through 
decreasing the oxidative stress and reactive oxygen species. The anti
oxidative bioactive biomaterials have been developed and showed the 
promising application in regenerative medicine and tissue engineering 
[18]. Moreover, the injective and adhesive abilities for biomaterials 
were also important during the surgery and increasing tissue adhesion. 
Polydopamine (PDA) as a biocompatible adhesive material has been 
widely used in biomedicine owing to its low toxicity and mussel-inspired 
characteristic [19–22]. Adhesive hybrid biomaterials could be obtained 
by the amidation or Schiff-base reaction between the biopolymers and 
PDA [23]. However, the role of PDA in myogenic differentiation and 
skeletal muscle regeneration in vivo is also not clear. Recently, the 
biomedical polymers based on citric acid have been developed and 
attracted much attention, due to their good biocompatibility, bio
mimetic viscoelasticity and low cost [24,25]. Our group also reported a 
series of citric acid-based hybrid polymers and demonstrated their 
promising biomedical applications in bioimaging, drug delivery/obesity 
therapy and skin regeneration [26–30]. Recent studies exhibited that 
citric acid-based polymers could efficiently improve the angiogenesis 
which was the vital step during the tissue formation [31]. Therefore, it 
was very promising to design citric acid-based biomaterials matrix with 
multifunctional properties for enhanced skeletal muscle regeneration. 

Herein, we designed an injectable multifunctional poly
pyrrole@polydopamine (PPy@PDA) crosslinked nanocomposite 
hydrogel, which displays the temperature-responsive gelation property 
between a liquid and a gel state during temperature transition, with 
excellent adhesive behavior, antioxidant ability and electrical conduc
tivity for stimulating the myoblast differentiation in vitro and skeletal 
muscle regeneration in vivo. The multifunctional hydrogel was obtained 
by the crosslinking of poly (citrate-glycol)-polyethylenimine (PCE), 
carboxymethyl chitosan (CMC), dibenzaldehyde-terminated F127 
(F127-Phe-CHO) and PPy@PDA nanoparticles (F127-PCE-CMC- 
PPy@PDA, FPCP). PPy@PDA was used to achieve photothermal effect, 
antioxidant ability and electronic conductivity. CMC and PCE which 
could stimulate cell proliferation with low cytotoxicity in our previous 
report [29], were served as the crosslinked network. F127-Phe-CHO was 
served as the temperature-sensitive component, which formed the gel 
network by Schiff-base reaction between its aldehyde group and 
quinone group on PPy@PDA and amino group of CMC and PCE. It was 
anticipated that multifunctional FPCP nanomatrix could significantly 
stimulate the myoblast differentiation in vitro and skeletal muscle 
regeneration in vivo [8,32]. 

2. Methods 

2.1. Fabrication and characterizations of FPCP hydrogel 

PCE polymer and dibenzaldehyde-terminated F127 (F127-Phe-CHO) 
were synthesized as described previously [26,30,33]. PPy@PDA was 
prepared through an oxidative polymerization method as described in 
Supporting Information. The FPCP hydrogel was obtained by a facile 
mixing method. In brief, 20 wt% F127-Phe-CHO solution, 50 wt% PCE 
solution, 15 wt% CMC solution and 5 wt% PPy@PDA aqueous solution 
were prepared, respectively. Then, 10 μL PPy@PDA solution (0.5 mg, 5 
wt%), 20 μL PCE solution (10 mg, 50 wt%) and 200 μL CMC solution (30 
mg, 15 wt%) were added into 300 μL F127-Phe-CHO (60 mg, 20 wt%) at 
ice. The mixture was maintained at 37 ◦C to form the FPCP hydrogel 
after mixing. Similarly, the hydrogels without PPy@PDA or PCE and 
PPy@PDA (instead of H2O) were fabricated through the same procedure 
and were designed as controls, denoted as FPC and FC, respectively. The 
composition of various hydrogels was presented in Table S1. 

The Fourier transform infrared spectroscopy (FTIR) of FCHO, CMC, 
FC, FPC, FPCP hydrogel and FPCP hydrogel after laser irradiation (808 
nm, 1.41 W cm− 2, 10 min) were measured in the range between 4000 
and 400 cm− 1 (Bruker VERTEX70). The PDA decorated PPy was char
acterized by UV–vis spectrophotometer (PE Lambda950). The structure 
of PPy@PDA, FPC and FPCP hydrogel were determined by transmission 
electron microscopy (TEM, JEOL JEM-F200) at an accelerating voltage 
of 100 kV. The morphology of FPCP hydrogel and controls were 
observed by a field emission scanning electron microscope (FE-SEM, 
Zeiss GeminiSEM 500) after sprayed with gold. The particle size of 
PPy@PDA dispersion solution and elemental analysis of FPCP hydrogel 
were tested using dynamic light scattering (DLS) (Zetasizer Nano ZS90, 
Malvern) and X-ray photoelectron spectroscopy (XPS, Thermo Fisher 
ESCALAB Xi+), respectively. 

2.2. Rheological properties and injectable performance assay 

The rheological property of FPCP hydrogel and controls were 
analyzed using a DHR-2 TA rheometer. Briefly, the storage modulus (G′) 
and loss modulus (G′′) of samples were evaluated under different con
ditions, containing temperature change of 4–38 ◦C (1% oscillation strain 
and 1 Hz frequency), increasing the oscillation strain (0.1%–1000%) 
and 1%-1000%–1% oscillation strain for three cycles at 37 ◦C and 1 Hz 
frequency. Additionally, the viscosity of samples was also determined at 
different temperature (4–38 ◦C) and shear rate (0.1–100 s− 1). The 
injectability of the FPCP hydrogel was evaluated by extruded through 
the 1 mL syringe without clogging as described previously [34]. 

2.3. Photothermal effect and in vitro drug release study 

The photothermal performances of the FPCP hydrogel, FPC, FC, 
FCHO and H2O were measured in a 24-well culture plate upon exposure 
to an 808 nm laser (diameter: ~15 mm, 1.41 W cm− 2) for 10 min. FPCP 
without irradiation was designed as control. The temperature changes 
and thermal images were tested by an infrared thermal imaging system 
(Fluke VT04A Visual IR Thermometer) in real time. 

BSA was chosen to evaluate the in vitro drug release behavior of FPCP 
hydrogel and FPC at the irradiation of 808 nm laser (1.41 W cm− 2). 
Briefly, 0.5 mL of FPC or FPCP hydrogels loaded with BSA (1 mg) were 
placed into 0.5 mL H2O and exposure to an 808 nm laser for 10 min, then 
shaking with 100 rpm at constant temperature (37 ◦C) for 30 min, 
respectively. Then, 0.5 mL of release solution was withdrawn, and 0.5 
mL of fresh H2O was added to keep constant volume. After irradiation- 
shaking 4 cycles, the concentrations of the BSA released from hydrogels 
were measured by the UV–vis spectrophotometer (PerkinElmer Lambda 
35). The λmax of BSA was 276 nm. Samples without irradiation were used 
as controls. The BSA cumulative release (%) was calculated by the ratio 
of the concentrations of cumulative release to the initial concentration of 
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BSA. 

2.4. Adhesive strength, antioxidant efficiency and conductivity 
evaluations 

The adhesive capability of the hydrogels to the host tissue was 
evaluated using fresh mouse skeletal muscle. Briefly, the skeletal muscle 
was obtained from the BALB/c female mice (25–30 g in weight). 50 μL of 
FPCP hydrogel solutions (stained with crystal violet) were applied onto 
the surface of skeletal muscle and another muscle was put onto the 
hydrogel solution. Subsequently, the muscles were pressed with twee
zers for 1 min. The adhesion properties were tested by the macroscopic 
adhesive experiments through pulling the muscle with the tweezers. The 
adhesion strength of FPCP hydrogel and controls to fresh porcine skin 
was determined by a TA rheometer as shown in Supporting Information. 

The antioxidant activities of hydrogels were evaluated by deter
mining their capacity to scavenge the DPPH free radical with some 
modifications [35]. Briefly, the 1 mg lyophilized samples were dissolved 
in 1 mL H2O, then was added to the DPPH solution of water and 
methanol (Vwater/Vmethanol = 1:2, 3.0 mL, 100 μM) and incubated in a 
dark place for 15 min after stirring. Then, the absorbance of the mixture 
was determined at 517 nm using a UV–vis spectrophotometer. The 
DPPH degradation was calculated by the following equation: 

DPPH scavenged %=
AB − AS

AB
× 100%  

where AB is the absorption of the blank (DPPH + H2O + methanol), AS is 
the absorption of the sample (DPPH + H2O + methanol + sample). 

The conductivity of the hydrogels was measured according to the 
previous report [36]. Briefly, 100 μL hydrogels were prepared on the 
coverslips, and then the sheet resistance (RS) and thickness (t) of samples 
were determined by a digital four-probe tester with a linear probe head 
(1.0 mm space, 1 mA, Agilent Model B2900A) and dial indicator, 
respectively. The conductivity (σ) was calculated by the following 
equation: 

σ =
1

Rst  

2.5. Cytotoxicity and myogenic differentiation analysis 

The cytotoxicity of FPCP hydrogel was evaluated by the ala
marBlue® assay (Molecular Probes) and LIVE/DEAD kit (Invitrogen) in 
C2C12 cells. The cell morphology of stained C2C12 was imaged by 
fluorescence microscope (Leica TCS SP8 STED 3X). The in vivo toxicity of 
PPy@PDA nanoparticles was evaluated using the blood test and histol
ogy analysis of major organs of mouse at 1, 3 and 7 day after intraper
itoneal injection of PPy@PDA (Supporting Information). The effect of 
FPCP hydrogel on the myogenic differentiation of C2C12 cells was 
determined by analyzing the formation of myotube and myogenic genes 
expressions (myogenin (MyoG), myogenic differentiation antigen 
(MyoD), the myosin heavy chain (MHC) protein, Supporting 
Information). 

2.6. Animal experiment of full-thickness skeletal muscle defect 

The effect of FPCP hydrogel on skeletal muscle regeneration was 
measured by a rat tibialis anterior muscle defect model as previously 
reported [6,8]. The animal experiments were performed by the Guide
line for the laboratory animals with the approval of the animal ethics 
committee of Xi’an Jiaotong University. In brief, the tibialis anterior 
muscle of SD rats (female, 180 g–200 g, n = 6) was exposed by incised 
the anterolateral skin after anesthetized with chloral hydrate. The rat 
tibialis anterior muscle defect model was obtained by created a 
cuboid-shaped defect (5 mm × 3 mm × 2 mm, the mass of the removed 
defect was about 10 mg) on the muscle belly. Then, the muscle defects 

were filled with FPCP hydrogel (50 μL), FPC and FC, respectively. The 
group without any filler was used as control. Finally, the absorbable 
surgical suture was used to suture the skin incision. At predesigned time 
intervals (1 week and 4 weeks), rats were sacrificed and the tibialis 
anterior muscles were harvested and photographed. The muscles were 
then fixed in 10% (v/v) formaldehyde solution, embedded in paraffin 
and sectioned. Hematoxylin and eosin (H&E) staining, CD31 immuno
fluorescence staining, Masson’s trichrome staining and IL-6 staining of 
tissue sections were performed for evaluating the repair, capillary den
sity, regeneration and inflammation of tissue in the defect area, 
respectively. The myofiber diameter and the number of centronucleated 
myofiber in skeletal muscle defect were measured by analyzing the H&E 
images. Three randomly selected fields of each section and three sections 
per specimen were observed with a light microscope (BX53, Olympus, 
Japan), and the digitized information was analyzed by ImageJ software. 

2.7. Statistical analysis 

All data were expressed as mean ± standard deviation (n = 3). Sta
tistically significant value was set as p < 0.05 using student’s T –test 
(two tails, unequal variance) and analysis of variance. 

3. Results and discussion 

3.1. Preparation and characterization of FPCP hydrogel 

The F127-Phe-CHO and PCE were synthesized according to the 
routine shown in Fig. 1A [37]. PPy@PDA NPs were prepared by 
chemical oxidation and then decorated with a mussel-inspired PDA layer 
from the polymerization of DA [38] (Fig. 1B). The FPCP hydrogel 
network was formed by Schiff-base reaction between the –NH2 of 
PCE/CMC and the –CHO of F127-Phe-CHO and PPy@PDA, respectively 
(Fig. 1C). It was expected that FPCP hydrogel possess the multifunc
tional features including injectability/adhesiveness/antiox
idation/conductivity, and could significantly promote skeletal muscle 
regeneration in vivo. The chemical structures of PCE, F127-Phe-CHO, 
CMC, FC, FPC, FPCP and FPCP with or without NIR irradiation were 
analyzed by FTIR (Fig. 2A and Figs. S1A–B). The absorption of ester 
bonds (–C(O)–) and –NH– stretching band of PCE polymer appeared at 
1736 cm− 1 and 3435 cm− 1, respectively. The absorptions bands at 2873 
cm− 1, 1687 cm− 1, 1603 cm− 1 and 1099 cm− 1 were the C–H stretching 
vibration band, symmetric vibration of carbonyl in aldehyde group, 
characteristic peak of benzene ring and ether bonds (–OCH2CH2–) from 
F127-Phe-CHO, revealing the formation of F127-Phe-CHO. The ab
sorption of amide bond from CMC was observed at 1553 cm− 1. As shown 
in the results of the FC, FPC and FPCP hydrogel, the peak of the imine 
stretching vibration (C––N) at 1647 cm− 1 was assigned to the newly 
formed Schiff-base from amine group of PCE and CMC and aldehyde 
group of F127-Phe-CHO, demonstrating that the hydrogel network was 
formed successfully. The almost disappearance of signal at 1687 cm− 1 in 
the hydrogels also indicated that –CHO in F127-Phe-CHO was 
consumed, further indicating that the FPCP hydrogel were successfully 
prepared by Schiff-base reaction. After irradiation with 808 nm laser 
(1.41 W cm− 2, 10 min), the intensity of C––O stretching vibration at 
1736 cm− 1 of PCE in FPCP hydrogel was decreased and the intensity of 
C––N stretching vibration at 1647 cm− 1 was increased, showing that 
more imine was formed in FPCP hydrogel (Figs. S1A–B). 

The PPy@PDA NPs were synthesized (Supporting Information) and 
measured by UV–vis spectrophotometer and TEM analysis. The ab
sorption peak at ~411 nm was assigned to the PDA and the significant 
near-infrared absorption between 800 and 1000 nm of PPy@PDA 
revealed its potential photothermal property [39] (Fig. 2B). The TEM 
image of PPy-F127 NPs showed their spherical morphology with the size 
of 50 ± 3.4 nm (Fig. 2C). By comparison, after surface modification, 
PPy-F127 NPs were coated by a PDA layer with a thickness of 20 ± 2.1 
nm, resulting in the PPy@PDA particles (Fig. 2C). Additionally, FPCP 
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hydrogel displayed core-shell structure after incorporating PPy@PDA 
into FPC hydrogel network, suggesting that the PDA layer of PPy@PDA 
also participated in the Schiff-base reaction with the –NH2 of PCE and 
CMC (Fig. 2C, Fig. S1C and Fig. 1C). The morphologies of FPCP hydrogel 
and others were analyzed using SEM after freeze-drying. FPCP hydrogels 
showed interconnected porous structures. Additionally, the DLS size of 
PPy@PDA in FPCP hydrogel solution was 342 ± 5.6 nm, which was 
smaller than that of PPy@PDA particles in water (1432 ± 11.3 nm) 
(Fig. S1D). The XPS result displayed that the relative content of C, N and 
O elements in FPCP hydrogel were 73.68%, 0.9% and 25.42%, respec
tively (Fig. S1E). 

3.2. Rheological, viscosity and injectable properties 

The storage modulus (G′) values of FPCP, FPC and FC were greater 
than the loss moduli (G′′) when the temperature was above 30 ◦C, sug
gesting that the successful preparation of hydrogels (Fig. 3A and 
Fig. S2A). Additionally, the viscosity of FPCP, FPC and FC was higher 
than FCHO, further confirming the information of hydrogel network 
(Fig. 3B and Fig. S2A). FPCP was solution state at 25 ◦C (G′ ′ > G′), then it 

became to gel state when the temperature reached 37 ◦C (G′ > G′′), 
demonstrating the temperature-responsive gelation feature of FPCP 
hydrogel (Fig. 3A and G). Additionally, the G′, G′′ and viscosity of FPCP 
were higher than that of FPC at 37 ◦C, suggesting that PPy@PDA 
participated in FPCP hydrogel network through the reaction of PDA and 
amine group of PCE or CMC as displayed in Fig. 1. Moreover, FPCP 
displayed higher viscosity than FPC with the prolonging of incubation 
times over 15 min at 37 ◦C, further indicating the contribution of 
PPy@PDA in the formation of FPCP hydrogel networks (Fig. 3C). 

The shear-thinning behavior and rheological recovery of the hydro
gels was further evaluated. The intersection point between G′ and G′′ of 
FPCP was 57%, indicating the collapse of the FPCP hydrogel network at 
this point (Fig. S2C). In addition, the intersection point of FPCP was 
higher than that of FPC (55%) and FC (24%) attributed to the contri
bution of PPy@PDA in the networks (Figs. S2C–F). Then, the rheological 
recovery behavior of the hydrogel was measured by the continuous step 
strain method. The G′ of FPCP was sharply reduced and G′ ′ > G′ at the 
high dynamic strain (1000%), demonstrating that the hydrogel network 
was collapsed (Fig. 3D). When the shear strain switched to 1%, the 
initial G′ value of hydrogels was returned quickly, even after three 

Fig. 1. Scheme showing the preparation and application of multifunctional FPCP hydrogel in skeletal muscle regeneration. (A) Structure of CMC, F127-Phe- 
CHO and PCE polymer; (B) Synthesis route of PPy@PDA; (C) Schematic illustration for the formation of multifunctional FPCP hydrogel and the application in skeletal 
muscle regeneration. 
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cycles, indicating the hydrogel network recovered efficiently and rapid 
shear-thinning property (Fig. 3D and E). Additionally, due to the 
decrease of FPCP’s viscosity with the enhancing of shear rate (Fig. 3F), it 
could be extruded through the syringe (1 mL) and writing smoothly, 
demonstrating the good injectability of FPCP (Fig. 3H). 

3.3. Photothermal properties and photo-controlled drug release 

The thermal images and temperature changes of the FPCP hydrogel 
and others upon NIR irradiation (808 nm, 1.41 W cm− 2) were recorded 
to evaluate their photothermal performance. The temperature changes 
(Δt) of FPCP hydrogel was rapidly increased and reached 18.5 ◦C with 
10 min irradiation (Fig. 4A and B) because of the contribution of 
PPy@PDA. By comparison, the Δt of FPC, FC and FCHO were slightly 
higher than that of H2O, suggesting no significant heating effect under 
the NIR irradiation. No obvious differences in temperature and thermal 
image of FPCP-NIR group were observed. The photosensitive properties 
of the FPCP hydrogel could be used for photothermal therapy or pho
tothermal antibacterial applications in vivo [40–44]. 

The photo-controlled drug release behavior of FPCP hydrogel was 
determined using BSA as a model at the irradiation of laser (808 nm, 

1.41 W cm− 2). The BSA release rate in FPCP hydrogel accelerated with 
the times of irradiation, in which 91% ± 2.6% of BSA was detected after 
irradiated 3 times (Fig. 4C). By comparison, only 54% ± 2.6% of BSA 
was detected in FPC group even after 4 cycles of irradiation shaking, 
suggesting the good photo-controlled protein release of FPCP. After 
shaking for 2 h at 37 ◦C, approximately 38% ± 5.4% and 39% ± 3.5% of 
BSA were released in the FPCP-NIR- and FPC-NIR-group (without NIR 
irradiation), respectively. These results demonstrated that FPCP 
hydrogel could efficiently release protein drug under the control of NIR 
irradiation. Additionally, the property of photo-controlled protein 
release of FPCP suggested that other growth factors, stem cells, genes or 
drugs could also be photo-controlled release in the FPCP hydrogel. This 
release manner might be beneficial for the prolonged bioactive molec
ular accumulation at the defected site and on-demand precise treatment 
of skeletal muscle regeneration. 

3.4. Adhesive, antioxidant and electrical conductivity properties 

To promote the skeletal muscle regeneration, the adhesive ability 
with muscles of FPCP hydrogel was very important for its performance 
on defect site. The adhesive property of the FPCP hydrogel was 

Fig. 2. Physicochemical structure characterizations. (A) FTIR analysis of precursors and FPCP hydrogel; (B) UV–vis spectra of PPy@PDA; (C) TEM images of PPy, 
PPy@PDA, FPC and FPCP hydrogel; (D) SEM images of FPCP hydrogel, FPC, FC and FCHO. 
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measured through employing a macroscopic pulling testing and quan
titative analyzing by a TA rheometer (Fig. 4D and Fig. S3A). The two 
pieces of skeletal muscles could be adhered closely by FPCP hydrogel 
(Fig. 4Da and Fig. 4Db), and they were difficult to be separated, sug
gesting their high adhesive behavior with skeletal muscle (Fig. 4Dc-f). In 
addition, FPCP hydrogel showed significantly higher adhesive strength 
to fresh porcine skin than controls (Fig. S3A). These results showed that 
FPCP displayed desirable adhesive strength which was probably because 
of the mussel-inspired property of PDA [45]. Additionally, the –CHO of 
F127-Phe-CHO in the FPCP hydrogel could also interact with –NH2 of 
cell adhesion molecules and lipids from the surrounding tissue surface 
by Schiff-base reaction, which was also contributed to the desirable 
adhesive property of FPCP hydrogel [46]. 

It was shown that the free radicals existed in the injury site would 
lead to oxidative stress inhibiting the tissue regeneration [47]. PPy 
displayed excellent antioxidant activity to scavenge free radicals due to 
its redox active nature [48]. Herein, the antioxidant capability of FPCP 
hydrogel was analyzed by determining the scavenging efficiency for 
DPPH•. The intensity of DPPH• absorption band after adding FPCP 
hydrogel significantly decreased compared with controls (Fig. S3B). The 
DPPH• scavenging efficiency in FPCP group was about 32.3% ± 2.3%, 

which was significantly higher than that of FPC, FC and FCHO, indi
cating that FPCP had good antioxidant activity (Fig. 4E). 

Skeletal muscle is sensitive to electrical stimulation, which could 
increase the energy storage in myofibers, induce the myoblasts prolif
eration and myogenic differentiation. Thus, conducting biomaterials 
that could build the cellular communication network by enhancing the 
electrical transmission, have become a promising action for skeletal 
muscle regeneration [10]. The electrical conductivity of FPCP hydrogel 
was determined using a four-point probe method [36]. As deposited in 
Fig. 4F, the conductivity of FPC was about 0.336 ± 0.03 S/m, which was 
significantly higher than that of FC (0.15 ± 0.02 S/m) due to more 
amine groups from PCE polymer in FPC. For FPCP hydrogel, the con
ductivity (0.48 ± 0.03 S/m) was further strengthened by the addition of 
PPy@PDA owing to the excellent electrical conductivity of PPy (Fig. 4F). 
FPCP hydrogel displayed a promising potential as muscle regeneration 
materials because of its better adhesive property, antioxidant ability and 
higher conductivity. 

3.5. Cytotoxicity evaluation 

The cytotoxicity of FPCP hydrogel was evaluated in C2C12 cells 

Fig. 3. Rheological properties evaluations. (A) Rheological behavior of the FPCP hydrogel and controls at 4 ◦C, 25 ◦C and 37 ◦C; (B–C) Viscosity of FPCP hydrogel 
(B) and controls (C) at different temperature and times, respectively; (D) Rheological modulus of samples under alternating high (1000%) and low shear (1%); (E) 
Rheological recovery rate of samples after high and low shear (n = 3); (F) the viscosity of FPCP hydrogel and controls at different shear rate; (G) Images of the 
formation of FPCP hydrogel; (H) Photos of injectability of the FPCP hydrogel. 
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under different concentrations (20–100 μg/mL). The image of LIVE/ 
DEAD stained cells displayed that many live cells (green) were observed 
after incubated with FPCP hydrogel or controls for 1 day (Fig. 5A). After 
3 and 7 days, the number of green live cells in all groups dramatically 
expanded, suggesting the rapid proliferation (Fig. 5A). The cell viabil
ities of FPCP at day 1 and other controls were greater than 90% even at 
100 μg/mL, indicating the low cytotoxicity (Fig. 5B). Additionally, the 
cell viabilities of FPCP was comparable with that of FPC (without NPs) at 
the same concentration, suggesting the negligible toxicity of PPy@PDA 
in C2C12 cells. The cell viability during 7 days was measured to further 
analyze the relative cell proliferation of FPCP hydrogel and others. No 
dramatically difference of cell viability among various groups was 
observed on day 1 (Fig. 5C). After incubation for 3 and 7 days, the 
relative cell proliferation of all groups were higher than that of 1 day, 
further indicating their fast proliferation. Moreover, at day 7, FPCP 
group showed significantly higher relative cell proliferation than others, 
suggesting that FPCP hydrogel could promote C2C12 myoblast prolif
eration with the synergy of PPy@PDA owing to its excellent electrical 
conductivity, which might increase the energy storage in myofibers and 

induce cell proliferation, and might have important effect on the 
myogenic differentiation. Besides, there was no apparent histological 
changes displayed in liver, heart, spleen, lung and kidney tissues 
(Fig. S4A), suggesting the minimal organ toxicity from the PPy@PDA. 
The levels of white blood cell (WBC), lymphocyte (Lymph), monocyte 
(Mon), red blood cell (RBC), platelet distribution width platelets (PDW) 
and hemoglobin (HGB) maintained in the normal ranges (Figs. S4B–G) 
after injection 1, 3 and 7 days, suggesting there was no acute and chronic 
toxicity of the PPy@PDA. These results indicated the good cyto
compatibility of FPCP hydrogel [49,50]. 

3.6. Myogenic differentiation analysis 

The multifunctional physicochemical properties and cell prolifera
tion activity encouraged us to investigate the myogenic differentiation 
ability of FPCP hydrogel. The immunofluorescent staining of myosin 
heavy chain (MHC, slow skeletal myosin heavy chain) protein was used 
to evaluate the myotubes formation and myogenic differentiation in 
C2C12 cells. The myotube formation could be seen in various groups 

Fig. 4. Multifunctional properties analysis. (A–B) Real-time infrared thermal images and photothermal heating curves of FPCP hydrogel and controls with NIR 
irradiation (808 nm, 1.41 W cm− 2); (C) NIR-responsive BSA release behavior (BSA cumulative release %) of FPCP hydrogel and controls with or without NIR 
treatment under four times irradiation (808 nm, 1.41 W cm− 2, 10 min/time, n = 3); (D) Images of adhesive test of FPCP hydrogel on skeletal muscle (a: FPCP-coated 
skeletal muscle, b: pressed muscle, c: adhered muscle, d–f: muscle drawing test); (E) DPPH scavenging percentage by FPCP hydrogel and controls (antioxidant 
activity) (*p < 0.05, **p < 0.01, n = 3); (E) Electronic conductivity of FPCP hydrogel and controls (*p < 0.05, **p < 0.01, n = 3). 
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after 7 days incubation (Fig. 6A and Fig. S5A). Specially, FPCP group 
showed more myotube numbers than others (Fig. 6A and B). Addition
ally, FPCP group displayed slightly higher myotube diameter and 
myotube length than NC group (Fig. 6C). There were no great changes 
about diameter and length of myotube in FCHO, FC and FPC groups 
(Fig. 6C and D). FPCP group also showed the significantly high fusion 
index by comparison with controls (Fig. 6E). Moreover, the expression 
levels of slow-twitch fiber-associated gene MHC IIa in FPCP group at 
both gene and protein were obviously higher than that in other groups, 
suggesting the higher myogenic differentiation ability of FPCP 
(Figs. S5B–D). 

We further analyzed the effect of FPCP on the expressions of 
myogenic genes MyoD and MyoG in C2C12 cells (Figs. S5E–G). After 
incubation for 1 day, the gene expression levels of MyoD in FPCP, FPC, 
FC and FCHO groups were lower than that in NC group. FPCP group 
showed slightly higher mRNA level of MyoG than that in NC group 
(Fig. S5E). After culture for 3 days, the highest mRNA levels of MyoD 
and MyoG was observed in FPCP group. By comparison with NC group, 
FPC, FC and FCHO groups both increased the gene expression of MyoD 
and MyoG (Fig. S5F). After culture for 7 days, the mRNA levels of MyoD 

and MyoG in FPCP group were further enhanced and exhibited the 
highest gene expression in all groups (Fig. S5G). These results displayed 
that FPCP hydrogel probably stimulated the myogenic differentiation of 
C2C12 myoblasts through up-regulating the expressions of the myogenic 
genes MyoD and MyoG. The possible mechanism was that PCE as the key 
component of FPCP hydrogel could enhance the myoblasts proliferation 
by probably strengthening the mitochondrial number, and could stim
ulate myogenic differentiation by activating the p38 MAPK γ signaling 
pathway, which has been approved by our previous study [51]. Addi
tionally, FPCP could build the cellular communication network by 
enhancing the electrical transmission owing to its excellent electrical 
conductivity originated from the PPy@PDA, thereby could increase the 
energy storage in myofibers, induce the myoblasts proliferation and 
myogenic differentiation [10]. Moreover, the antioxidant activity of 
FPCP hydrogel could reduce cell damage and promote cell activity 
through decreasing the oxidative stress and reactive oxygen species 
[18]. 

Fig. 5. Cytotoxicity investigations. (A) LIVE/DEAD staining images of C2C12 cells on day 1, 3 and 7 after treated with FPCP hydrogel and controls (80 μg/mL) (live 
cells: green, dead cells: red, scale bar: 200 μm, n = 3); (B) Cell viability of FPCP hydrogel and each composite in C2C12 cells; (C) Relative proliferation of C2C12 cells 
treatment with FPCP hydrogel and controls for 1, 3 and 7 days; The relative cell proliferation of 1 day was normalized to that of NC group; The relative cell pro
liferation on 3 and 7 day was normalized to that of cells cultured for 1 day (*p < 0.05, **p < 0.01, n = 5). Cells without any treatment was used as negative 
control (NC). 
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3.7. Skeletal muscle tissue regeneration in vivo 

The skeletal muscle regeneration ability of FPCP hydrogel in vivo was 
assessed using a rat tibialis anterior muscle defect as the model. The 
skeletal muscle regeneration was evaluated by macroscopic observation 
and histological analysis after surgery for 1 and 4 weeks. After 1 week, 
some new tissue could be observed in the muscle defect in FPCP and FPC 
group (Fig. 7A). The blank group and FC group still retained obvious 
defect (Fig. 7A). The neonatal myofibers are the myofibers of the nucleus 
at the center of the cytoplasm [52], which could indicate the newly 
formed skeletal tissue. Here, FPCP group showed more centronucleated 
myofibers than FPC group attributed to the incorporation of PPy@PDA 
in the FPCP hydrogel network (Fig. 7B, Fig. S6A). Additionally, FPCP 
group displayed the strongest fluorescence intensity of CD31 (red) than 
others, demonstrating the higher capillary density of FPCP group 
(Fig. 7C–D, Fig. S6B). The diameter of myofibers and number of cen
tronucleated myofibers were also analyzed according to the H&E tissue 
sections. No significant differences were found in the myofibers diam
eter in all groups (Fig. 7E). By comparison with other three groups, the 
FPCP group demonstrated the more centronucleated myofibers 
numbers, suggesting that more newborn myofibers were formed in FPCP 
group [6] (Fig. 7F). The image of Masson’s trichrome staining demon
strated the reduction of connective tissue in the FPCP treated animals 
(Fig. S7A). The collagen volume fraction of FPCP was higher than that of 
others, indicating the more collagen deposition of FPCP group 
(Fig. S7C). Additionally, the inflammation occurred in FPCP group was 

lower than controls (Blank, FC, FPC) as shown in the image of IL-6 
staining (red) (Figs. S7B and S7D). 

After 4 weeks, the skeletal muscle defect in FPCP group was almost 
completely repaired and appeared a smooth surface. Other groups 
(Blank, FC, FPC) also displayed some new tissue in the lacerated regions, 
although some obvious defect still existed, especially in blank and FC 
groups (Fig. 8A). According to the H&E images, the skeletal muscle 
defect in FPCP group was almost filled by new tissue, more cen
tronucleated myofibers could be found in FPCP group by comparison 
with others (Fig. 8B, Fig. S8A). Additionally, the fluorescence intensity 
of CD 31 in FPCP group was obviously greater than that of others 
(Fig. 8C and D). No significant difference in myofibers diameter for 
various groups (Fig. 8E). The quantitative statistic indicated that the 
centronucleated myofibers number in FPCP group was much higher than 
that in other groups (Fig. 8F). Additionally, as shown in Fig. S9A, the 
collagen fibers (blue) and muscle fibers (red) could be obviously 
observed in all groups, suggesting that there was regenerated muscle 
tissue in all injured area. Additionally, the collagen volume fraction of 
FPCP group was higher than that in FC and NC groups, which was lower 
than that in FPC group (Fig. S9C). The image of IL-6 staining displayed 
that the inflammation in FPCP groups was lower than that in other 
groups (Blank, FC, FPC) (Figs. S9B and S9D). These results suggested 
that FPCP hydrogel could efficiently accelerate the skeletal muscle 
regeneration in vivo through reinforcing the formation of myofibers and 
decreasing the inflammation. The probable reason was that FPCP 
hydrogel had better adhesive property and antioxidant ability, which 

Fig. 6. Myogenic differentiation analysis of C2C12 myoblasts regulated by hydrogels. (A) Immunofluorescence staining of MHC protein in C2C12 after treated 
with FPCP hydrogel and controls for 7 days, the NC group without hydrogel was used as a control, myotubes and nuclei were stained as green and blue, respectively 
(scale bar: 200 μm, n = 3); (B–E) Myotube number (B), myotube diameter (C), myotube length (D) and fusion index (E) calculated according to at least three 
immunofluorescence images of each sample using Image J software (*p < 0.05, **p < 0.01). 
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could fit with the defect and efficiently scavenge free radicals located in 
the defect site, thereby decreasing the inflammation and promoting 
skeletal muscle repairing (Fig. 4D and E). Moreover, the higher electrical 
conductivity of FPCP could also accelerate the cell proliferation and 
myogenic differentiation of C2C12 cells by up-regulating the expres
sions of myogenic genes, which was beneficial to skeletal muscle 
regeneration in vivo (Figs. 4F and 6 and Fig. S5). 

In this study, the as-prepared FPCP hydrogel showed intrinsically 
multifunctional properties including injectability, adhesive behavior, 
antioxidant and conductive activity, photothermo-responsive ability, 
which enabled the enhanced myoblast differentiation and skeletal 
muscle regeneration. Thus, FPCP hydrogel could fit and adhere to the 
muscle defect by smeared it on the defect sites during the minimally 
invasive surgery by comparison with traditional hydrogels or scaffolds 
[53,54]. FPCP hydrogel showed excellent photothermal performance, 
which could efficiently release protein under the control of NIR irradi
ation. It is probably speculated that the growth factors, genes or drugs 
loaded in FPCP hydrogel could be photo-controlled released, which was 
easier to control the release rate of them in FPCP hydrogel than other 
pH/redox-sensitive hydrogels [55]. Additionally, FPCP demonstrated 
better adhesive property, which could enhance the integration of the 
muscle tissue and hydrogel without the help of other adhesives [14,52]. 
The excellent antioxidant ability and conductive activity of FPCP 
hydrogel could enhance myoblast proliferation and muscle regeneration 
by decreasing the oxidative stress and reactive oxygen species and 

enhancing angiogenesis which has important role in tissue regeneration 
[18]. The bioactive performance for FPCP in stimulating tissue forma
tion was similar with previously reported bioactive biomaterials [56, 
57]. Moreover, FPCP showed negligible cytotoxicity in C2C12 cells 
because of the better biocompatibility of each component. FPCP could 
achieve the purpose that enhanced skeletal muscle regeneration without 
the help of growth factors, stem cells or genes, which could simplify the 
experimental operation and reduce the cost [58]. This study suggests 
that FPCP hydrogel is a hopeful candidate for skeletal muscle regener
ative medicine. 

4. Conclusions 

In summary, an injectable multifunctional bioactive nanomatrix was 
developed for enhancing myogenic differentiation and the full-thickness 
skeletal muscle regeneration in vivo. FPCP displayed strong shear- 
thinning behavior and good injectable ability, excellent photothermal 
performance under NIR irradiation, which could achieve the photo- 
controlled protein release. Importantly, FPCP possessed intrinsically 
multifunctional features including the adhesive property, antioxidant 
ability and electrical conductivity. FPCP hydrogel could enhance the cell 
proliferation and myogenic differentiation of C2C12 myoblasts by pro
moting the expressions of myogenic genes and MHC protein. FPCP 
hydrogel effectively promoted the full-thickness skeletal muscle regen
eration in vivo through enhancing the myofiber formation and 

Fig. 7. Skeletal muscle regeneration in vivo after treated with FPCP hydrogel for 1 week (blue: sham operation). (A) Images of skeletal muscle defect; (B) 
H&E staining pictures of skeletal muscle defect area, the black arrows indicate the centronucleated myofibers; (C) CD 31 stained (red: CD 31, blue: nuclei) images; (D) 
quantitative analysis of CD 31, (E) Diameter of myofibers, and (F) numbers of regenerated myofibers (centronucleated myofibers) around the defect area in all 
groups. Three randomly selected fields of each section and three sections per specimen were analyzed by Image J software (*p < 0.05 and **p < 0.01). 
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angiogenesis capacity. This study firstly indicated the vital role of 
multifunctional PPy@PDA nanoparticles in regulating myogenic dif
ferentiation and skeletal muscle regeneration. This work suggests that 
efficient tissue regeneration could be carried out by adjusting the 
structure and multifunctional features of biomaterials. 
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