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In situ forming double-crosslinked hydrogels with
highly dispersed short fibers for the treatment of
irregular wounds†
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In situ forming injectable hydrogels hold great potential for the treatment of irregular wounds. However,

their practical applications were hindered by long gelation time, poor mechanical performance, and a lack

of a natural extracellular matrix structure. Herein, amino-modified electrospun poly(lactic-co-glycolic

acid) (APLGA) short fibers with uniform distribution were introduced into gelatin methacrylate/oxidized

dextran (GM/ODex) hydrogels. In comparison with the fiber aggregation structure in the PLGA fiber-

incorporated hydrogels, the hydrogels with APLGA fibers possessed a uniform porous structure. The

highly dispersed APLGA short fibers accelerated the sol–gel phase transition of the hydrogel due to the

formation of dynamic Schiff-base bonds between the fibers and hydrogels. Furthermore, in combination

with UV-assisted crosslinking, a rapid gelation time of 90 s was achieved for the double-crosslinked

hydrogels. The addition of APLGA short fibers as fillers and the formation of the double-crosslinking

network enhanced the mechanical performance of the hydrogels. Furthermore, the fiber–hydrogel com-

posites exhibited favorable injectability, excellent biocompatibility, and improved cell infiltration. In vivo

assessment indicated that the GM/ODex-APLGA hydrogels successfully filled the full-thickness defects

and improved wound healing. This work demonstrates a promising solution for the treatment of irregular

wounds.

1. Introduction

Skin trauma with irregular shapes inevitably occurs in our
daily life all the time. Acute and chronic wounds significantly
affect human health and even lead to death. Therefore, the
development of an effective wound dressing has received
extensive attention in the biomedical field.1–3 It has been well
established that a favorable microenvironment plays a signifi-
cant role in wound healing and tissue remodeling.4,5 At
present, various wound dressings have been developed to expe-
dite the repair of skin wounds, including functional gauze,6

membranes,7 sponges,8 hydrocolloids,9 polymersomes,10 and
hydrogels.11 Among them, hydrogel dressings have become
increasingly popular due to oxygen permeability, wound

exudate absorption property, and moisture retention
characteristics.12,13 However, the conventional hydrogel dres-
sings are in the form of sheets, and they should be prepared in
advance, resulting in imperfect coverage of irregular wounds
and incomplete filling of deep wounds.

Therefore, in situ formed dressings bring breakthroughs for
treating irregular wounds. However, in situ formed hydrogel
dressings suffer from long gelation time, poor mechanical pro-
perties, and a lack of a natural extracellular matrix (ECM)-like
structure. Various injectable in situ forming hydrogels have
been developed based on the Schiff-base reaction,13 Diels–
Alder reaction,14 photo-crosslinking reaction,15 and so on. To
address the limitation in mechanical properties, micro/nano-
materials have been incorporated into polymer networks. The
mechanical properties of composite hydrogels could be readily
manipulated by regulating the concentration and size of the
incorporated materials and molecular weight of the polymer
matrix.16,17 Various materials, including carbon-based nano-
materials (carbon nanotubes, graphene oxide and
nanodiamonds),18–21 metal-based micro/nanomaterials
(gold),22,23 inorganic nanomaterials (nanosilicates and
hydroxyapatite),24,25 and polymeric nanomaterials (chitosan
nanoparticles and cellulose nanofibrils)26,27 have been

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2bm01891h
‡These authors contributed equally to this work.

aInnovation Center for Textile Science and Technology, College of Textiles, Donghua

University, Shanghai 201620, China. E-mail: xiaoranli@dhu.edu.cn,

binding@dhu.edu.cn
bDepartment of Biosystems and Soft Matter, Institute of Fundamental Technological

Research, Polish Academy of Sciences, Warsaw 02-106, Poland

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 2383–2394 | 2383

Pu
bl

is
he

d 
on

 0
3 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
6-

11
-2

02
4 

18
:1

9:
17

. 

View Article Online
View Journal  | View Issue

http://rsc.li/biomaterials-science
http://orcid.org/0000-0002-6526-4141
http://orcid.org/0000-0002-6675-8709
http://orcid.org/0000-0003-1499-2154
https://doi.org/10.1039/d2bm01891h
https://doi.org/10.1039/d2bm01891h
https://doi.org/10.1039/d2bm01891h
http://crossmark.crossref.org/dialog/?doi=10.1039/d2bm01891h&domain=pdf&date_stamp=2023-03-27
https://doi.org/10.1039/d2bm01891h
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM011007


employed to fabricate composite hydrogels with specific per-
formance and functions. Furthermore, micro/nanomaterial-
reinforced hydrogels possess synergistic and unique
capabilities, which are superior to those of pristine hydro-
gels.28 However, non-biodegradability and toxicity have
become concerns. In addition, the nanoparticle-incorporated
hydrogels are not able to mimic the natural ECM, resulting in
unfavorable cell adhesion and growth. The cellulose nanofi-
bril-embedded hydrogels resemble the 3D fibrous structure of
the ECM. However, the preparation of cellulose nanofibrils
requires a complex procedure and the chemically inert surface
cannot be easily functionalized, which hinder their
applications.29,30

Electrospinning provides a facile and enabling platform to
fabricate fibers with diameters ranging from a few nanometers
to several micrometers, which can imitate the size and struc-
ture of the natural ECM.31 In addition, distinct features in
terms of diversity in composition, control of fiber size, ease of
surface functionalization, etc. have made electrospun nanofi-
brous materials become promising candidates in biomedical
applications.32–34 Fibrous membrane-enhanced hydrogels have
been reported by layer-by-layer assembly.35 For example, Stocco
et al.36 developed a reinforced hydrogel by introducing multi-
layers of aligned electrospun polycaprolactone (PCL)/carbon
nanotube nanofibrous membranes into a collagen-based
hydrogel, which dramatically strengthened the mechanical
performance of the composite hydrogels. Nevertheless,
because of the weak interaction between the fiber and matrix,
these composite hydrogels may delaminate resulting in an
unstable structure. More importantly, these scaffolds cannot
be injected into the wound sites. Significant advances have
been made in the development of short fiber-incorporated
hydrogels via the inclusion of segmented fibers into hydrogels.
The short fiber-embedded hydrogels are able to meet the
requirement of ECM recapitulation and injectable capability

simultaneously. Recently, further progress has been made to
improve the structural integrity via the introduction of inter-
facial bonding between fiber segments and hydrogels. Li
et al.37 prepared a covalently conjugated short fiber–hydrogel
composite. It was found that the incorporation of short fibers
could not only improve the mechanical properties but also
promote a sequence of biological properties, including cell
infiltration, macrophage regulation and blood vessel for-
mation. Despite the progress, the short fiber-embedded hydro-
gels pose several limitations. The addition of fibers would
hinder the sol–gel phase transition process of the in situ
forming hydrogels. In addition, fiber aggregation normally
occurs, which significantly affects the mechanical properties
of the composite hydrogels. Therefore, developing short fiber-
reinforced in situ forming hydrogels with favorable gelling
time and mechanical properties is highly desirable.

Herein, we developed a gelatin methacrylate/oxidized
dextran (GM/ODex) hydrogel incorporated with highly dis-
persed amino-modified poly(lactic-co-glycolic acid) (APLGA)
electrospun fiber segments (Scheme 1). In this design, the
APLGA fiber segments were utilized as fillers and reacted with
ODex chains to form Schiff-base-bonds. The dynamic Schiff-
base bonds at the hydrogel–fiber interface were beneficial for
even dispersion of short fibers in the hydrogel and sol–gel
transition. The homogeneously distributed short fiber, in com-
bination with a double-crosslinking network composed of
dynamic bonds between short fibers and the hydrogel and
photo-crosslinked GM in the main hydrogel, contributed to
the improved mechanical properties. Besides, these hydrogel
composites showed good biocompatibility and improved cell
infiltration. The in vivo experiments demonstrated that the
hydrogel composites facilitated wound healing. Overall, we
developed an in situ forming double-crosslinked hydrogel with
highly dispersed short fibers, which has opened up more pos-
sibilities in the field of wound dressing.

Scheme 1 Schematic illustration of preparation of double-crosslinked hydrogels with highly dispersed APLGA short fibers and application of the
in situ forming short fiber–hydrogel composite for wound healing in rats.
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2. Experimental section
2.1. Materials

Hexafluoroisopropanol (HFIP, 99.5%) and gelatin (type A,
porcine) were purchased from Shanghai Macklin Biochemical
Co., Ltd (China). PLGA (LA/GA = 75/25) was obtained from
Daigang Biological Engineering Co., Ltd (Jinan, China).
Methacrylic anhydride (MA), dextran (Mw = 70 000), 1,6-hexa-
methylenediamine (AR, 99.0%), and poly(vinyl alcohol) (PVA)
(87.0–89.0 mol%) were obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd (China). Sodium periodate
(NaIO4, AR, 99.5%) was provided by Rhawn (Shanghai, China).
Ethylene glycol (99%) was purchased from Infinity Scientific
(Shanghai, China). Deionized water was used throughout.

2.2. Preparation and characterization of short APLGA fibers

The PLGA fibers were prepared by the electrospinning tech-
nique. Briefly, PLGA was dissolved in HFIP and kept stirring
for 48 h to get the PLGA solution (20% w/v). Then, the PLGA
solution was electrospun, and the feeding rate, voltage and
needle-to-collector distance were set at 1.0 mL h−1, 9 kV, and
15 cm respectively.

The APLGA short fibers were prepared by aminolysis treat-
ment followed by homogenizing. In brief, the electrospun
PLGA fibrous mats were immersed in 2% w/v 1,6-hexanedi-
amine solution and treated at 37 °C for 1 h, followed by
washing with plenty of DI water 3 times. Subsequently, the
APLGA mats were cut into pieces and added into 0.5% w/v
solution of PVA, followed by homogenization at 8000 rpm. The
suspensions were ultimately washed with DI water to remove
PVA followed by lyophilization. Similarly, the PLGA fibers
without aminolysis treatment were cut, homogenized, and lyo-
philized to get PLGA short fibers.

2.3. Synthesis of GM and ODex

GM was synthesized according to previous study.38 In brief,
gelatin (6 g) was added in PBS (50 mL) at 55 °C, followed by
stirring until complete dissolution. Then, MA (5 mL) was
dropped to the above gelatin solution slowly at a rate of 1 mL
min−1 and the solution was kept stirring at 50 °C for 3 h.
Then, PBS (300 mL) was added to terminate the reaction. The
mixture was dialyzed using a dialysis bag (MWCO = 8–14 kDa)
for 5 d and lyophilized for 2 d. The degree of substitution of
GM was calculated according to the previous report.39

ODex was synthesized following the previous report.40

Briefly, dextran (5 g) was dissolved in DI water (125 mL) at a
concentration of 4% w/v. Subsequently, NaIO4 (5 g) was added
followed by stirring for 3.5 h in a dark environment. Then, the
unreacted NaIO4 was quenched by adding ethylene glycol
(3 mL). The solution was dialyzed (MWCO = 8–14 kDa) using
DI water for 3 d, followed by lyophilization. Then, the hydroxyl-
amine hydrochloride titration method was used to detect the
oxidation degree of ODex.41

2.4. Preparation of fiber–hydrogel composites

The fiber–hydrogel composites were fabricated by mixing short
fibers with hydrogel precursors. GM solution was prepared by dis-
solving GM in DI water at 50 °C. Then, Odex, photoinitiator
Irgacure 2959 and short fibers were added successively to obtain
a solution containing 10% w/v GM, 2% w/v Odex, 0.5% w/v
Irgacure 2959 and 1% w/v short fibers. Next, the fiber–hydrogel
precursor was prepared by ultrasonic treatment for 10 min.
Finally, the hydrogels were gelled completely by UV irradiation.

2.5. Characterization of short fibers and hydrogels

The morphology of electrospun short fibers and the microstruc-
ture of the hydrogels were observed by scanning electron
microscopy (SEM, Vega 3, Tescan, Czech). The functional groups
and constituent elements of the electrospun fibers were character-
ized by Fourier transform infrared spectroscopy (FT-IR, Nicolet
iN10 MX, Thermo Scientific, America) and X-ray photoelectron
spectroscopy (XPS, EscaLab 250Xi, Thermo Scientific, America). A
contact angle goniometer (SL200KS, KINO, America) was used to
determine the water contact angle (WCA) of the electrospun
membrane. In brief, 5 μL droplets of DI water were deposited on
the mats, and the droplet images were recorded with a high-
resolution camera. The ImageJ software was used to calculate the
WCA. The chemical structure of GM and ODex was determined
by 1H-NMR (Avance III HD600 MHz, Bruker, Switzerland).

2.6. Gelation test

A vial inversion test was used to determine the gelation time of
the hydrogels. The GM/ODex solution and short fibers were
gently mixed, and maintained at room temperature. The sol–
gel transition process was observed by vial tilting every 5 min.
The gelation time was obtained when the gel remained non-
flowing in the inverted vial. For GM/ODex-APLGA, the gelation
time under UV irradiation was also recorded.

2.7. Swelling test

To assess swelling behavior, the lyophilized hydrogel samples
were immersed in PBS. After equilibration at 37 °C for a
certain time, the hydrogels were taken out, and excessive PBS
was removed by filter paper, followed by weighing. The swell-
ing ratio was calculated using the following formula:

Swelling ratioð% Þ ¼ Wt �W0

W0
� 100%

where W0 and Wt are the initial weight and the weight at a
specific time point, respectively.

2.8. Rheological measurements

The rheological property of fiber–hydrogel composites was
evaluated using a rheometer (MARS 60, Haake, German). The
prepared samples were placed on the center of parallel plates.
The strain sweep test was conducted at a frequency of 1 Hz
with strains ranging from 0.1% to 100%. Moreover, 1% con-
stant strain and frequency in the range of 0.01–10 Hz were
employed to conduct the frequency sweep test.
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2.9. Compression test

The compression test of fiber–hydrogel composites was per-
formed using a universal testing machine (HY-940FS, Hengyu,
China) with a load cell of 200 N at a constant rate (1 mm min−1).
The compressive stress–strain curves were obtained, and the com-
pressive strength was defined as the stress at the fracture during
the test. The compressive modulus was calculated by linear
fitting from 10 to 15% strain of the stress–strain curves.

2.10. In vitro cytocompatibility

Mouse fibroblast cells (L929) were used to assess the cytocompat-
ibility of the fiber–hydrogel composites. Cell viability was detected
via live/dead staining. All samples were sterilized by immersion
in 75% ethanol and UV irradiation. Subsequently, 3 × 104 fibro-
blasts were cultured on the surface of each hydrogel. After incu-
bation in 5% CO2 at 37 °C for 3 d, samples were stained with live/
dead assay (calcein-AM/ethidium homodimer-1) for 30 min. The
fluorescence images were obtained via a confocal laser scanning
microscope (LSM 900, Zeiss, Germany). Cell proliferation during
7 days was evaluated by a CCK-8 assay. At indicated time points,
the medium was displaced by DMEM medium (200 μL) contain-
ing CCK-8 (20 μL), followed by incubation for 3 h. The OD values
of the supernatant were determined at 450 nm wavelength via a
microplate reader.

2.11. In vivo wound healing performance

To evaluate the efficacy of composite hydrogel on wound healing
study, the male SD rats (150–180 g) were used in animal study. All
animal experiments were performed according to the Guidelines
of Institutional Animal Welfare and Research Ethics Committee
and conducted following the protocols approved by the Animal
Care and Use Committee of Donghua University. After anesthetiz-
ing and shaving, a full-thickness wound (diameter of 1 cm) was
established. The wounds were treated with gauze, GM/ODex
hydrogels, and GM/ODex-APLGA hydrogels. The hydrogel precur-
sor was injected into the wound site by using a medical syringe,
followed by UV light exposure for complete gelling. All rats were
sacrificed at 14 d post-surgery. The wound tissues were collected
and immersed in a 4% paraformaldehyde solution for further
histological and immunohistochemical examinations. The hema-
toxylin and eosin (H&E), Masson’s trichrome and CD31 staining
were performed.

2.12. Statistical analysis

All data were presented as mean ± standard deviation (SD). A
one-way analysis of variance (ANOVA) was used to determine
differences. p < 0.05 (*) was considered to be significant. p <
0.01 (**) was particularly significant.

3. Results and discussion
3.1. Preparation and characterization of segmented APLGA
fibers

PLGA was chosen for the preparation of fiber segments due to
its good biocompatibility, biodegradability, and mechanical

properties. In previous studies, ultrasonication,42 milling,43

and cryo-cutting44 were used to fabricate short fibers.
However, the hydrophobic feature of PLGA makes it difficult to
disperse evenly in the hydrogel solution. In this work, to get
better dispersion, APLGA short fibers were prepared by amino-
lysis treatment of the PLGA membrane followed by homogeniz-
ation. During aminolysis treatment, the amino groups (–NH2)
at one end of 1,6-hexanediamine react with the ester groups
(–COO–) to form a stable amide bond (–CO-NH–), while the
amino groups at the other end remained free, which could
increase the surface hydrophilicity and provide reactive groups
for the subsequent reaction.45 The hydrophilic APLGA fibers
would show better dispersion in an aqueous PVA solution
during homogenization. Therefore, aminolysis treatment in
combination with homogenization would be able to fabricate
fiber segments with shorter length and better uniformity. The
microstructures of the PLGA fibrous membrane before
(Fig. S1†) and after (Fig. 1a) aminolysis were observed by SEM.
Both fibers showed a smooth and uniform morphology, and
the average diameters were 2.6 μm and 2.5 μm respectively
(Fig. S2†). The chemical structure of APLGA was analyzed by
FT-IR and XPS spectroscopy, as shown in Fig. 1b and c,
respectively. FT-IR spectra showed that the amino group
absorption peak appeared at around 3380 cm−1 in the APLGA
spectra compared with that of the PLGA spectra. The peak at
1633 cm−1 was assigned to the amide carbonyl (CvO) stretch-
ing (amide I) and the peak at 1580 cm−1 was attributed to the
secondary N–H amide bending vibration (amide II). In the XPS
spectra, the characteristic signal of N 1s was clearly distin-
guished at 399.8 eV, confirming the presence of the amino
group. These results indicated successful functionalization of
PLGA fibers with amino groups, and the modification did not
affect the fiber integrity.

The fabrication of satisfactory filler-reinforced hydrogels
requires the homogeneous incorporation of fillers. It is well
known that micro/nanomaterials still face the challenge of
achieving uniform dispersion in the polymer matrix due to
easy agglomeration. However, the dispersion state of micro or
nano-sized fillers in polymers is a vital factor affecting the
mechanical properties of composites.46 When the PLGA short
fibers were physically encapsulated in hydrogels, the hydro-
phobic PLGA short fibers could not be well mixed with hydro-
philic polymers due to the van der Waals forces. To solve this
problem, PLGA short fibers were modified by the introduction
of amino groups. It was found that the surface of the pristine
PLGA membrane was hydrophobic with a WCA of 134.6°,
within 30 s (Fig. 1d). In contrast, the WCA of the APLGA mem-
brane decreased significantly to an angle of 19.5° within 30 s,
indicating that the PLGA membrane surface became hydro-
philic after aminolysis treatment.

Next, the fibrous mats were homogenized to prepare the
segmented fibers. From the SEM images, it can be seen that
APLGA short fibers displayed shorter lengths and more
uniform length distribution compared with PLGA short fibers,
which were only mechanically homogenized (Fig. 1e and f).
Then, the average length and diameter of the fiber segments
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were measured. The mean length and diameter of PLGA fiber
segments were 81.8 μm and 2.6 μm respectively (Fig. 1g and
S3a†). In comparison, APLGA fiber segments exhibited a mean
length of 22.2 μm with a diameter of 2.4 μm (Fig. 1h and
S3b†). Also, the APLGA fiber segments showed higher uniform-
ity. Additionally, we explored the influence of homogenization
time on the dispersion of short fibers. Fig. S4† shows the optical
microscope images of APLGA fiber segments upon 5 min,
10 min, and 15 min of homogenization. After homogenization of
5 min, a lot of fiber aggregates were observed in the aqueous solu-
tion, suggesting that too short homogenization time was insuffi-
cient to fully separate the fibers. In contrast, dispersed short
fibers were obtained with prolonged homogenization time. The
average fiber segment length after 10 min and 15 min of homo-
genization was about 24.0 µm and 22.6 µm, respectively,

suggesting that the fiber segment length was similar to that with
a longer homogenization time of 15 min. Therefore, the homo-
genization time of 10 min was used in the following experiments.
Fig. S5† shows the photographs of the short fiber dispersed
GM/ODex hydrogel solution. Obvious delamination was seen in
the PLGA short fiber solution. In contrast, uniform dispersion
was observed in the APLGA short fiber solution. These results
indicated that aminolysis treatment followed by optimized
homogenization could ensure uniform dispersion of the fiber
segments in the hydrogel solution.

3.2. Fabrication and characterization of short fiber–hydrogel
composites

The fabrication of short fiber-embedded hydrogels is depicted
in Fig. 2a. By introducing short APLGA fibers into the GM/

Fig. 1 Fabrication of electrospun fiber segments. (a) SEM image of APLGA electrospun membrane. (b) FT-IR spectra and (c) XPS spectra of PLGA
and APLGA membranes. (d) Water contact angle test. SEM images of (e) PLGA and (f ) APLGA fiber segments. Length distribution plots of (g) PLGA
and (h) APLGA fiber segments.
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ODex solution, the amino groups of APLGA short fibers as well
as GM chains react with the aldehyde groups of ODex to from
Schiff-base bonds. To improve the stability, UV-initiated

polymerization was carried out for free-radical polymerization
of vinyl groups in GM chains. Therefore, the double-cross-
linked fiber–hydrogel was formed consisting of dynamic

Fig. 2 Synthesis and structural characterization of the short fiber–hydrogel composite. (a) Schematic illustration of the synthesis of GM and ODex and
formation of short fiber–hydrogel composite with double crosslinking networks. 1H-NMR spectra of (b) GM, and (c) ODex. SEM images of (d) GM/ODex
hydrogel, (e) GM/ODex-PLGA fiber composite, and (f) GM/ODex-APLGA fiber composite. The yellow arrows in (e) indicate aggregated PLGA fibers.
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Schiff-base bonds and nondynamic photo-crosslinking bonds.
GM was obtained by modifying gelatin with methacrylic anhy-
dride. Dextran with aldehyde groups was synthesized via oxi-
dation by sodium periodate. Fig. 2b shows the 1H-NMR spectra
of gelatin and GM. Two new characteristic peaks were observed
at 5.61 and 5.38 ppm, corresponding to double-bonded
protons of methacrylic anhydride. Meanwhile, the signal of
free lysine at 2.95 ppm was significantly decreased, confirming
the synthesis of GM.47 The substitution degree of methacryloyl
was about 79.8% as determined from the 1H-NMR spectra.
Fig. 2c shows the 1H-NMR spectra of dextran and ODex. The
characteristic peaks could be seen at 9.60–9.65 ppm and
8.45–8.50 ppm, which corresponded to the aldehyde group.48

And the peaks at 4.10–5.70 ppm were attributed to the hemi-
acetal group, indicating successful oxidation of dextran.49 The
degree of oxidation of ODex was 62.4%, which was measured
by the hydroxylamine hydrochloride titration method. The
photographs of pristine hydrogel, PLGA fiber–hydrogel, and
APLGA fiber–hydrogel showed distinct morphologic features
(insets of Fig. 2d–f ). The pristine hydrogel was more transpar-
ent. However, with the addition of short fibers, the composite
hydrogels became opaque. The APLGA fiber–hydrogel showed
more homogeneous transparency compared with the PLGA
fiber–hydrogel, indicating the uniform distribution of APLGA
fiber in the hydrogels. As shown in SEM images, all the freeze-
dried hydrogels exhibited porous structures (Fig. 2d–f ). With
the addition of PLGA fibers, the internal structure of the
hydrogel was destroyed due to the aggregation of PLGA fibers.
A large number of irregular island-shaped domains composed
of short fibers was observed in the hydrogel scaffold, as indi-
cated by the yellow arrows. The fiber aggregation could be
caused by the hydrophobic interaction of PLGA fibers. In con-
trast, the APLGA fiber–hydrogel composites showed a uniform
porous structure with the presence of short fibers. Overall, the
hydrophilic modification of fibers and the formation of
dynamic covalent bonds between the short fibers and hydrogel
ensured homogeneous dispersion of short fibers, leading to
the formation of uniform short fiber-embedded hydrogels.

3.3. Gelation performances and mechanical properties

Fast gelation is essential in the injectable hydrogel application.
Unfortunately, the addition of fillers always delays gelling
since the fillers would hinder the hydrogel reaction. Therefore,
the fibers were functionalized to form Schiff-base bonds with
the hydrogel matrix in this study. Successive photographs were
taken to display the gelation process, and the gelation times of
hydrogels with or without fibers were recorded via the vial
inversion method (Fig. 3a). The pristine GM/ODex solution
and PLGA fiber incorporated GM/ODex solution were still in
the liquid state after 20 min. In contrast, the solution contain-
ing APLGA short fibers showed a gelling tendency in 15 min
and a solid gel was formed after 20 min. These findings indi-
cated that the interfacial reaction between APLGA fibers and
ODex could contribute to faster gelling. Notably, in combi-
nation with UV-assisted crosslinking, the gelation time was
shortened to 90 s (Fig. 3b). The light-curing ability allowed

rapid gelling and spatiotemporal control of hydrogel for-
mation. The fast gelation feature of the double-crosslinked
fiber–hydrogels would ensure their in situ application.

The swelling behavior of hydrogels is of importance for
wound dressing materials since the hydrogels can absorb
excess tissue exudate while maintaining a favorable moist
environment. However, too much liquid can diminish the
stability or even destroy the hydrogel network. Therefore, an
appropriate swelling property is critical for hydrogel dres-
sings.50 Fig. 3c shows the swelling-ratio curves of hydrogels
with increasing incubation times. The GM/ODex hydrogels dis-
played the highest swelling rate of 657.1% after 12 h. However,
the GM/ODex-APLGA fiber composites presented the lowest
swelling rate of 327.2%, which could be ascribed to the dense
crosslinking network.

Injectable and in situ forming behavior of hydrogels is
essential for the treatment of irregular wounds. As shown in
Fig. 4a, the short fiber–hydrogel solution could easily pass
through a 22 G needle without clogging. The short fiber–
hydrogel composite could be shaped into robust shapes, such
as a heart and a star. In addition, the injectable feature and
rapid gelation capability under UV irradiation allowed the
smooth writing of letters. These results demonstrated the great
potential of injectable hydrogel for covering irregular wounds.

We explored the rheological performance of different hydro-
gels. Fig. 4b shows the strain sweep measurement of GM/
ODex-APLGA hydrogels with strains ranging from 0.1 to 100%.
The crossover points of G′ and G″ indicated the critical strain

Fig. 3 Gelation and swelling ability of the short fiber–hydrogel compo-
site. (a) Photographs showing the gelling process of the GM/ODex, GM/
ODex-PLGA, and GM/ODex-APLGA hydrogels. (b) Photographs showing
gelling of the GM/ODex-APLGA hydrogels under UV irradiation. (c) The
swelling ratio of different hydrogels.
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of about 15.1%, which suggested the transformation of the
hydrogel to a quasi-liquid. With increasing strain, the G′ value
decreased remarkably, which was lower than the G″ value,
indicating the collapse of the hydrogel network. The G′ of GM/
ODex-APLGA hydrogels was about 2.0 and 1.3 times that of
GM/ODex and GM/ODex-PLGA hydrogels, respectively (Fig. 4c–
e). In addition, the oscillatory frequency sweep measurement
of GM/ODex-APLGA hydrogels at the frequency of 0.01–10 Hz
is shown in Fig. 4f. G′ remained higher than G″, suggesting a
stable hydrogel network. These findings suggested that the
crosslinking density and stiffness of fiber–hydrogel composites
were enhanced by incorporating APLGA short fibers with inter-
facial bonding to the hydrogel.

The hydrogel dressing applied on the wound site should
withstand a certain external compression of the surrounding

tissues during movement. Therefore, wound dressings require
suitable compressive capability to maintain their structural
integrity. The compressive property of double-crosslinked
hydrogels was investigated by compression tests. As shown in
Fig. 4g, the introduction of PLGA fiber segments into the
hydrogels showed an increase in compressive strength (21.8
kPa) as compared with pristine GM/ODex hydrogel (10.2 kPa),
due to the reinforcement of fiber fillers. In contrast, the GM/
ODex-APLGA hydrogels exhibited the highest compressive
strength of 36.2 kPa (Fig. 4h) and compressive modulus of
21.7 kPa (Fig. 4i). Fig. S6† shows the photographs of GM/ODex-
APLGA hydrogels before and after compression. These results
indicated that the addition of electrospun fiber fillers and for-
mation of double-crosslinked network contributed to improved
mechanical properties.

Fig. 4 Injectability and mechanical property of short fiber–hydrogel composites. (a) Photographs showing the injectable and in situ forming pro-
perties of GM/ODex-APLGA hydrogels. (b) Strain sweep test of GM/ODex-APLGA hydrogels. G’ and G’’ of (c) GM/ODex, (d) GM/ODex-PLGA, and (e)
GM/ODex-APLGA hydrogels. (f ) Oscillatory frequency sweep test of GM/ODex-APLGA hydrogels. (g) Compressive stress–strain curves of GM/ODex,
GM/ODex-PLGA, and GM/ODex-APLGA hydrogels, and corresponding (h) average compressive strength and (i) average compressive modulus.
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3.4. In vitro assessment of cytocompatibility

To assess the biocompatibility of the composite hydrogel, L929
fibroblasts were cultured on the hydrogels. Fig. 5a shows the
live/dead staining after incubating for 3 d. More cells were
observed in the GM/ODex-PLGA and GM/ODex-APLGA hydro-
gels as compared with GM/ODex hydrogels, indicating that the
presence of fibers in the hydrogels facilitated cell adhesion
and growth. The quantitative analysis showed that all hydro-
gels supported a high cell viability greater than 90% (Fig. 5b),
suggesting excellent biocompatibility. Cell proliferation prop-
erty was evaluated via the CCK-8 assay. As shown in Fig. 5c,
the GM/ODex-APLGA hydrogels showed the highest cell pro-
liferation. It is well known that it is difficult for hydrogels to
simulate the nanofibrous structures of the ECM, resulting in
the restriction of cell infiltration, migration, and prolifer-
ation.51 However, the addition of fiber segments is able to
introduce a fibrous structure, rearrange the internal micro-
structure of the hydrogel and roughen the hydrogel surface,
which may provide more adherent sites for cells and support

cell proliferation.52 Fig. 5d and e show the 3D confocal images
of GM/ODex-PLGA and GM/ODex-APLGA hydrogels after 3 d of
culturing. It can be seen that the cells could infiltrate the
hydrogels, demonstrating that the hydrogels with fibers facili-
tated cell growth inside. In addition, a higher infiltration
depth was observed in the GM/ODex-APLGA hydrogel. Previous
research found that the electrospun fiber embedded hydrogels
could enhance cell migration and infiltration due to the high
porosity and addition of nanofibers.53 The results in this study
indicated that the uniform distribution of pore structure and
short fibers were helpful for cell infiltration.

3.5. In vivo wound healing efficacy

To explore the wound healing capability of GM/ODex-APLGA
hydrogel, an in vivo study was performed via a rat full-thickness
skin defect model. The GM/ODex and GM/ODex-APLGA hydrogels
were in situ formed in the wound sites, with gauze dressing as the
control. All wounds showed a trend of gradual healing without
infection. As shown in Fig. 6a and b, the GM/ODex-APLGA group

Fig. 5 The cytocompatibility of hydrogels. (a) Live/dead staining of L929 cells after 3 d of culture on GM/ODex, GM/ODex-PLGA, and GM/ODex-
APLGA hydrogels. (b) Cell viability. (c) Cell proliferation by CCK-8 assay. Data are presented as mean ± SD (n = 4), *p < 0.05, **p < 0.01. 3D confocal
images of L929 fibroblasts cultured on (d) GM/ODex-PLGA, and (e) GM/ODex-APLGA hydrogels.
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displayed a smaller wound area than gauze and GM/ODex
groups. At 14 d, the wound contraction rate of the GM/ODex-
APLGA hydrogel group reached 99.8%, which was higher than
that of the gauze group (94.2%) and GM/ODex group (99.0%).

The wound tissues collected at the 14th day post-surgery
were analyzed by H&E (Fig. 7a), Masson’s trichrome (Fig. 7b),
and CD31 (Fig. 7c) staining. The H&E staining showed that the
comparatively intact epithelial tissue and more mature granu-

Fig. 6 Wound healing performance of hydrogel–fiber composites. (a) Photographs of wounds treated with gauze, GM/ODex hydrogel, and GM/
ODex-APLGA hydrogel at 0th, 3rd, 7th, and 14th day post-surgery. (b) Traces of remaining wound area during 14 days. (c) Contraction ratio of
wounds. Data are presented as mean ± SD (n = 3), *p < 0.05, **p < 0.01.

Fig. 7 Histological evaluation of regenerated tissue at the wounds after treated with gauze, GM/ODex hydrogel, and GM/ODex-APLGA hydrogel. (a)
H&E stained, (b) Masson stained, and (c) CD31 stained images of wound tissue on the 14th day post-surgery.
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lation were observed in the GM/ODex-APLGA hydrogel group
after 14 d. For Masson’s trichrome staining, sparse collagen depo-
sition was observed in the control group, whereas the GM/ODex-
APLGA hydrogel group possessed more organized collagen fibers
which were similar to normal skin tissues. Angiogenesis in regen-
erated wound tissues was evaluated by immunohistochemical
staining with CD31. It was observed that stronger CD31
expression appeared in the tissue sections of the GM/ODex-
APLGA group, indicating better vascularization. Overall, the GM/
ODex-APLGA hydrogel treated wounds showed rapid re-epitheliali-
zation, organized collagen deposition, and high angiogenesis,
indicating that the APLGA fiber segment-embedded hydrogels
effectively promoted wound healing.

Wound healing requires a series of events involving cells,
growth factors, and extracellular matrix.54 Therefore, the ideal
wound dressing would provide suitable microenvironment for
wound healing. The GM/ODex-APLGA hydrogels possessed a
good injectable ability and in situ forming feature, providing
perfect coverage of the skin defects. In addition, the short
fiber–hydrogel composite could keep a moist healing environ-
ment. The fiber segment reinforced hydrogels with a uniform
and stable network structure and adjustable mechanical per-
formance could withstand deformation. Besides, the introduc-
tion of the APLGA short fibers with improved affinity offered
ECM mimetic architecture, which facilitate cell proliferation
and infiltration, accelerating reconstruction of damaged
tissues. Therefore, the in vivo study demonstrated that the GM/
ODex-APLGA fiber–hydrogel could be a promising candidate as
wound dressing material.

4. Conclusions

An injectable in situ forming fiber-incorporated hydrogel was
developed in this study. The amino-modified electrospun PLGA
short fibers with improved hydrophilicity and uniform distri-
bution showed good dispersion in aqueous solution. The double-
crosslinked hydrogels were formed through a Schiff-base reaction
between short fibers and the hydrogel matrix followed by photo-
induced radical polymerization of the hydrogel matrix. The pres-
ence of APLGA fibers in the hydrogels provided better biomimick-
ing of the ECM structure. Compared with PLGA short fibers, the
introduction of APLGA short fibers with a uniform length and
high dispersibility resulted in better compressibility of the com-
posite hydrogels. Furthermore, the structural biomimetic GM/
ODex-APLGA hydrogels effectively promoted cell proliferation and
infiltration. Moreover, the in vivo study showed that GM/ODex-
APLGA hydrogels improved wound healing. These results indi-
cated that the injectable in situ forming GM/ODex-APLGA hydro-
gels could be a great potential candidate in the field of irregular
wound treatment.
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