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Abstract

Background: Large-area soft tissue defects are challenging to reconstruct. Clinical treatment

methods are hampered by problems associated with injury to the donor site and the requirement

for multiple surgical procedures. Although the advent of decellularized adipose tissue (DAT) offers a

new solution to these problems, optimal tissue regeneration efficiency cannot be achieved because

the stiffness of DAT cannot be altered in vivo by adjusting its concentration. This study aimed to

improve the efficiency of adipose regeneration by physically altering the stiffness of DAT to better

repair large-volume soft tissue defects.

Methods: In this study, we formed three different cell-free hydrogel systems by physically cross-

linking DAT with different concentrations of methyl cellulose (MC; 0.05, 0.075 and 0.10 g/ml). The

stiffness of the cell-free hydrogel system could be regulated by altering the concentration of MC,

and all three cell-free hydrogel systems were injectable and moldable. Subsequently, the cell-free

hydrogel systems were grafted on the backs of nude mice. Histological, immunofluorescence and

gene expression analyses of adipogenesis of the grafts were performed on days 3, 7, 10, 14, 21 and

30.

Results: The migration of adipose-derived stem cells (ASCs) and vascularization were higher in

the 0.10 g/ml group than in the 0.05 and 0.075 g/ml groups on days 7, 14 and 30. Notably, on days

7, 14 and 30, the adipogenesis of ASCs and adipose regeneration were significantly higher in the

0.075 g/ml group than in the 0.05 g/ml group (p < 0.01 or p < 0.001) and 0.10 g/ml group (p < 0.05

or p < 0.001).

Conclusion: Adjusting the stiffness of DAT via physical cross-linking with MC can effectively

promote adipose regeneration, which is of great significance to the development of methods for

the effective repair and reconstruction of large-volume soft tissue defects.
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Highlights

• A novel cell-free hydrogel system with varying degrees of stiffness was designed and constructed.
• Increasing the stiffness of the cell-free hydrogel system promoted the migration of ASCs and vascularization after grafting.
• Adipose regeneration was highest in the cell-free hydrogel system with suitable stiffness.

Background

Large-area soft tissue defects caused by trauma or medical
treatments are difficult to reconstruct through surgery. At
present, autologous skin flaps, fat grafts or other fillers are
typically used to reconstruct such defects [1–5]. However,
these treatments are hampered by a risk of injury to the donor
site and the requirement for multiple surgical procedures.
Recently, the use of decellularized adipose tissue (DAT) has
provided a new solution to the problem [6,7]. A substantial
quantity of human extracellular matrix (ECM), including
basement membrane components, can be isolated from DAT,
a tissue source that is widely available and commonly dis-
carded [8,9]. Methods have now been developed to extract
intact ECM scaffolds with well-preserved 3D structures, suit-
able for large-volume augmentation [10].

DAT was first described as a scaffold for adipose tissue
regeneration by Flynn in 2010 [11]. In a more recent 16-week
study, injection of DAT into the human dorsal wrist success-
fully promoted adipose tissue regeneration [12]. Both of these
studies reported high expression levels of adipogenic markers
in the scaffolds and the promotion of adipogenesis by DAT.
Notably, the DAT microenvironment was sufficient to induce
the expression of peroxisome proliferator-activated receptor
gamma (PPARγ ) and transcription factor CCAAT/enhancer-
binding protein alpha (C/EBPα), the master regulators of
adipogenesis, without the need for exogenous differentiation
factors [11]. The successful use of DAT scaffolds for tissue
regeneration highlights the importance of the cell donor
source in the development of tissue-engineering strategies that
incorporate adipose-derived stem cells (ASCs).

DAT can promote the migration of ASCs and ensure
a sufficient supply of seed cells for regeneration in vivo.
However, the ability of ordinary DAT to support adipogenic
differentiation of ASCs is hindered by its excessive stiffness
[13]. In previous in vitro studies, the concentration of DAT
was altered to achieve a stiffness of 2–4 kPa, which is optimal
for fat regeneration [14]. However, the optimal stiffness for
DAT-induced ASC migration and adipogenic differentiation
could not be determined because the concentration of DAT
could not be adjusted in in vivo studies.

Here, to test the hypothesis that regulating the stiffness
of DAT could improve the adipogenesis of ASCs and subse-
quent adipose regeneration, we physically cross-linked three
different concentrations of methyl cellulose (MC) with the
same volume of DAT to form cell-free hydrogel systems. Sub-
sequently, we examined the effects of cross-linking with MC
on the stiffness and microstructure of DAT, as well as on ASC
migration and adipose regeneration after grafting, in compar-
ison with grafting of DAT, which we explored previously.

Methods

Adipose tissue procurement

This study was approved by the Ethics Committee of the
Southern Medical University, Nanfang Hospital, China.
Lipoaspirate was obtained from 10 non-obese, healthy female
human donors (information about the patients is provided in
supplementary Table 1, see online supplementary material)
aged 20–45 years with a body mass index of 22.8 ± 2.7 kg/m2

who underwent liposuction at Nanfang Hospital. Abdominal
or femoral fat was harvested using the tumescent technique
by infiltrating with saline (1:1,000,000 epinephrine), and
subcutaneous fat was suctioned manually using a 20 cc
syringe equipped with a 3.0 mm cannula. The samples
were stored in sterile, cation-free phosphate-buffered saline
supplemented with 20 mg/ml bovine serum albumin and were
delivered to the laboratory on ice for processing within 2 h
of extraction.

Adipose tissue decellularization and generation of

cell-free hydrogel systems

The optimized decellularization protocol is shown in Figure 1
and described in detail in supplementary Table 2 (see online
supplementary material). In brief, the detergent-free extrac-
tion procedure involved mechanical disruption, polar solvent
extraction, enzymatic digestion, sterilization and mixing with
MC to form a cell-free hydrogel system. Three different cell-
free hydrogel systems were generated with different concen-
trations of MC (0.05, 0.075 and 0.10 g/ml).

Scanning electron microscopy

The cell-free hydrogel systems were fixed with 2% glutaralde-
hyde and then treated with 1% osmium tetroxide for 1 h. The
samples were then dehydrated in acetone, sputtered with gold
using a MED 010 coater, and examined under an S-3000 N
scanning electron microscope (Hitachi, Ltd, Tokyo, Japan).
Details of the operating protocol are provided in our previous
studies [15,16].

Stiffness testing

A Bose ElectroForce® load-testing device (TA Instruments,
New Castle, DE, USA) was used to measure stiffness, as
described in our previous study [14]. Specifically, the load
cell used to measure forces ranged from 0 to 225 N. The
device’s electromagnetic actuator permitted axial travel of
6 mm. Therefore, a preload was applied to remove slack
from tissues and induce elongation. Each tissue sample was
clamped and then a preload (25–30 N) was applied followed

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
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Figure 1. Overview of the process used to generate the cell-free hydrogel systems. PBS phosphate-buffered saline, EDTA ethylene diamine tetraacetic acid, DAT

decellularized adipose tissue, MC methyl cellulose

by ramp loading. The preload was selected based on prelim-
inary testing. The ramp loading rate was set to 8 mm/s and
samples were expected to rupture during the application of
this loading. The highest force achieved before the sutures
tore was electronically recorded for each sample. Finally, the
device automatically calculated the sample stiffness.

Animal model

All experimental procedures were approved by the Animal
Ethics Committee of the Southern Medical University,
Nanfang Hospital, China. Nude male mice (6–8 weeks old,
n = 133) were obtained from the Southern Medical University
and housed under a 12 h light/dark cycle in specific pathogen-
free conditions, and were provided with standard food
and water ad libitum. All nude mice were anesthetized by
intraperitoneal injection of pentobarbital sodium (50 mg/kg).
For grafting, a 0.3 ml sample of each prepared cell-free

hydrogel system (0.05, 0.075 and 0.10 g/ml) and DAT was
injected into subcutaneous tissue and served as the fat graft
baseline for each mouse. On days 3, 7, 10, 14, 21 and 30
after grafting (n = 7 per time point per group), the grafts were
harvested and carefully separated from the surrounding tissue
and their volumes were measured. The retention rate of grafts
was defined as follows: retention rate (%) = graft volume at
harvest time/injection fat volume (0.3 ml) × 100%.

Oil red O staining

Oil red O solution was prepared by mixing three parts
of 1 mg/ml stock solution in isopropanol with two parts
of water, followed by filtration. The samples were incu-
bated in the prepared solution for 10 min at room temper-
ature [17,18]. Stained cells were washed with phosphate-
buffered saline and images were obtained using a phase-
contrast microscope (Leica TCS SP2; Leica Microsystems
GmbH, Wetzlar, Germany).
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Histological analysis

Samples were fixed in 4% paraformaldehyde, dehydrated,
embedded in paraffin and then stained with hematoxylin–
eosin and Masson’s trichrome. The samples were sectioned
and examined under a BX51 microscope (Olympus Corpo-
ration, Shibuya, Japan). Images were acquired using a DP71
digital camera (Olympus Corporation).

Immunofluorescence

For immunofluorescence staining, tissue samples were incu-
bated with rat anti-CD31 (1:200; Abcam, Cambridge, MA,
USA), rat anti-CD34 (1:200, Abcam) and rabbit anti-mouse
perilinpin (1:400; Progen, Heidelberg, Germany) antibodies.
After washing, the samples were incubated with donkey
anti-rat Alexa Fluor 555 IgG (Abcam) and goat anti-rabbit
Alexa Fluor 430 IgG (Invitrogen, North Ryde, NSW, Aus-
tralia) antibodies. Nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI) (Sigma, St. Louis, MO, USA) [18,19].

Western blotting

Total cell lysates of the samples were prepared using M-
PER Mammalian Protein Extraction Reagent (ThermoFisher
Scientific, Waltham, MA, USA). A bicinchoninic acid (BCA)
protein assay (ThermoFisher Scientific) was used to estimate
the concentration of the protein. After separation by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
using a NuPAGE electrophoresis system, protein extracts
were transferred to immobilon polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). The membranes
were blocked in 5% milk and then incubated with the
following primary antibodies: anti-PPAR-γ (1:200, Abcam),
anti-C/EBP (1:1000, Abcam) and anti-adipocyte protein
2 (aP2; 1:1000, Abcam). Thereafter, the membranes were
incubated with secondary antibodies and a WesternBreeze
Chemiluminescent Detection Kit (ThermoFisher Scientific)
was used to detect signals. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as an internal control.

Statistical analysis

Statistical analyses were performed using IBM SPSS version
22.0 (IBM Corp., Armonk, NY, USA). Data are expressed
as the mean ± SD. One-way analysis of variance and the
Kruskal–Wallis test were used to compare the three groups at
the same time point. Comparisons between two groups (0.05
vs. 0.075 g/ml, 0.075 vs. 0.10 g/ml and 0.05 vs. 0.10 g/ml)
at single time points were performed using the independent
Student’s t-test; p < 0.05 was considered statistically signifi-
cant.

Results

Grafting of DAT

DAT was injected into the backs of nude mice and observed
on day 30 (supplementary Figure S1a, b). The surface of the
graft was covered with multiple blood vessels and the graft

felt slightly hard. Hematoxylin–eosin and Masson’s trichome
staining of the grafts showed that there were few mature
adipocytes, which were mainly concentrated at the edge of the
grafts (supplementary Figure S1c, d). Immunofluorescence
staining revealed that although some CD31-positive areas
were present in the graft, there were only a few perilipin-
positive cells, which were mainly concentrated at the edge of
the grafts (supplementary Figure S1e).

Stiffness of the cell-free hydrogel system

Three cell-free hydrogel systems were generated by cross-
linking DAT with an equal volume of different concentra-
tions of MC (0.05, 0.075 or 0.10 g/ml). All three cell-free
hydrogel systems were injectable and moldable (Figure 2a).
The stiffness of DAT was significantly attenuated by cross-
linking with MC (supplementary Figure S2a, see online sup-
plementary material). In addition, the concentration of MC
was proportional to the stiffness of the sample and there were
significant differences in stiffness and rheological properties
between the three groups (Figure 2b and supplementary Fig-
ure S2b).

Microstructure of the cell-free hydrogel system

Scanning electron microscopy analyses showed that DAT
and MC were fully cross-linked in all three groups. The
microstructure of the 0.05 g/ml group was the least dense and
that of the 0.10 g/ml group was the densest (Figure 2c). The
concentration of MC was proportional to the porosity of the
sample: the porosity of the 0.05 g/ml group was significantly
higher than those of the 0.075 g/ml (p < 0.05) and 0.10
g/ml (p < 0.01) groups (Figure 2d). This indicates that the
retention rate of grafts was highest at a stiffness of 4 kPa.

Sample volume and oil red O staining of grafts

Next, the three cell-free hydrogel systems were injected into
the backs of nude mice (Figure 3a). The appearance of the
grafts in the three groups did not differ; however, the grafts in
the 0.05 g/ml group were soft, whereas those in the 0.10 g/ml
group were hard. The tactile feel of the grafts in the 0.075 g/ml
group was similar to that of adipose tissue (Figure 3b). In
all groups, the volumes of the cell-free hydrogel samples
decreased after grafting into mice. However, the percent vol-
ume retention of the grafts in the 0.075 g/ml group was higher
than that of the grafts in the 0.05 and 0.10 g/ml groups on
day 30 (p < 0.05) (Figure 3d). Oil red O staining of grafts on
day 30 showed that the lipid area in the 0.075 g/ml group was
higher than that in the 0.05 and 0.10 g/ml groups, and that in
the 0.05 g/ml group was the lowest (Figure 3c). This indicates
that the adipogenesis of grafts was highest at a stiffness of
4 kPa.

Vascularization of grafts

Immunofluorescence staining showed that more CD31-
positive areas were present in grafts in the 0.10 g/ml group

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
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Figure 2. Gross morphologies, stiffnesses and microstructures of the cell-free hydrogel systems. (a) Top and side views of each cell-free hydrogel system, showing

the concentrations of MC used for cross-linking. (b) Stiffness analysis of the three cell-free hydrogel systems. (c) Scanning electron microscopy images of the

three cell-free hydrogel systems. The red boxes are magnified in the lower images. (d) Porosity analysis of the cell-free hydrogel systems (∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001; n = 7). Scale bar: 10 or 2 μm

than in grafts in the 0.05 and 0.075 g/ml groups on day
30 (Figure 3c). The number of capillaries per optical field
in the 0.05 g/ml group was significantly lower than that in
the 0.075 g/ml group (p < 0.001 or p < 0.01) and 0.10 g/ml
group (all p < 0.001) on days 7 and 14. In addition, the
number of capillaries per optical field in the 0.10 g/ml group
was significantly higher than that in the 0.05 g/ml group
(p < 0.001) and 0.075 g/ml group (p < 0.01) on day 30
(Figure 3e). This indicates that the higher the stiffness of
the graft, the greater the level of neovascularization in the
graft.

Histologic evaluation of grafts

Hematoxylin–eosin and Masson’s trichome staining of the
grafts on days 7, 14 and 30 after injection into nude mice
showed that the density of cells observed per unit area of
the grafts was proportional to the concentration of MC
used for cross-linking (Figure 4a, b). In addition, more cells

were observed in the 0.075 and 0.10 g/ml groups than in
the 0.05 g/ml group (Figure 4a). The percentage of collagen,
which was determined based on Masson’s staining, was lower
in the 0.05 g/ml group than in the 0.075 and 0.10 g/ml groups
on days 7 (p < 0.001), 14 (p < 0.05) and 30 (p < 0.001).
In addition, the percentage of collagen was higher in the
0.10 g/ml group than in the 0.075 g/ml group on days 7
(p < 0.05) and 30 (p < 0.01) (Figure 4c). This suggests that
the higher the stiffness of the graft, the greater the level of
fibrosis in the graft.

Migration and adipogenesis of ASCs

Immunofluorescence staining revealed that more CD34-
positive cells were present in the 0.10 g/ml group than in
the 0.05 and 0.075 g/ml groups on days 7, 14 and 30.
However, the 0.075 g/ml group appeared to contain more
perilipin-positive areas than the 0.05 and 0.10 g/ml groups
on days 7, 14 and 30 (Figure 5a). A quantitative analysis
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Figure 3. Sample volume, oil red O staining and vascularization of grafts. (a) Schematic illustration of the setup of the animal experiment. (b) Gross morphology

of grafts in the three groups on day 30 after injection into nude mice. (c) Oil red O staining of grafts in the three groups on day 30. Immunofluorescence staining

of CD31 (red) and DAPI (blue) in the three groups on day 30. (d) Percentage volume retention of the grafts in each group on days 3, 7, 10, 14, 21 and 30 (∗p < 0.05).

(e) Quantification of CD31-positive areas (number of capillaries per optical field) in grafts in the three groups on days 7, 14 and 30 (∗∗p < 0.01, ∗∗∗p < 0.001, n.s,

no significance; n = 7). Scale bar: 200 or 100 μm. DAT decellularized adipose tissue, MC methyl cellulose, DAPI 4′,6-diamidino-2-phenylindole

Figure 4. Histological analysis of grafts in the three groups on days 7, 14 and 30. (a) Hematoxylin–eosin staining of grafts. (b) Masson’s trichome staining of

grafts. (c) The percentage of collagen in grafts (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n.s, no significance; n = 7). Scale bar : 100 μm

of the stained samples confirmed these visual observations.
Specifically, on days 7, 14 and 30, the 0.05 g/ml group
had fewer CD34-positive cells than the 0.075 g/ml group
(p < 0.01 or p < 0.001) and 0.10 g/ml group (p < 0.001), and
the 0.075 g/ml group had fewer CD34-positive cells than the
0.10 g/ml group (p < 0.05 or p < 0.01) (Figure 5b). On days
7, 14 and 30, the number of perilipin-positive cells in the

0.075 g/ml group was significantly higher than that in the
0.05 g/ml group (p < 0.01 or p < 0.001) and 0.10 g/ml group
(p < 0.05 or p < 0.001) (Figure 5c). The number of perilipin-
positive cells in the 0.10 g/ml group was significantly higher
than that in the 0.05 g/ml group (p < 0.05) on day 14 only
(Figure 5c). This indicates that as graft stiffness increases,
the number of ASCs migrating into the graft increases, but
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Figure 5. Migration and adipogenesis of adipose-derived stem cells. (a) Immunofluorescence staining of CD34 (red), perilipin (green) and DAPI (blue) in the

three groups on days 7, 14 and 30. (b) Quantification of CD34-positive cells in grafts from the three groups on days 7, 14 and 30 . (c) Quantification of perilipin-

positive cells in grafts from the three groups on days 7, 14, and 30 (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n.s, no significance; n = 7). Scale bar = 100 μm. DAPI

4′,6-diamidino-2-phenylindole

adipogenic differentiation of ASCs is inhibited if stiffness is
too high.

Expression of adipogenesis-associated proteins

Western blotting was used to examine the expression levels
of PPAR-γ , C/EBP and aP2 in the three groups on days 14
and 30 (Figure 6a). Compared with that in the 0.10 g/ml
group, PPAR-γ expression was higher in the 0.05 g/ml
group (p < 0.05) and 0.075 g/ml group (p < 0.05) on day 14
(Figure 6b). In addition, PPAR-γ expression in the 0.075 g/ml
group was higher than that in the 0.05 g/ml group (p < 0.01)
and 0.10 g/ml group (p < 0.05) on day 30 (Figure 6b). aP2
expression was higher in the 0.075 g/ml group (p < 0.05) and
0.10 g/ml group (p < 0.01) than in the 0.05 g/ml group on

day 14, and was higher in the 0.075 g/ml group than in the
0.05 g/ml group (p < 0.01) and 0.10 g/ml group (p < 0.01)
on day 30 (Figure 6c). C/EBPα expression was higher in the
0.075 g/ml group than in the 0.05 and 0.10 g/ml groups on
days 14 and day 30 (all p < 0.05) (Figure 6d).

Discussion

In this study, we physically cross-linked three different con-
centrations of MC with an equal volume of DAT to gener-
ate cell-free hydrogel systems with varying degrees of stiff-
ness. Increasing the stiffness of the cell-free hydrogel system
promoted the migration of ASCs and vascularization after
grafting. Adipogenesis of ASCs and adipose regeneration
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Figure 6. Western blot analyses of adipogenesis-associated proteins. (a) Expression levels of PPAR-γ , aP2 and C/EBPα in grafts from the three groups on days

14 and 30. (b–d) Quantification of the PPAR-γ , aP2 and C/EBPα band intensities, respectively, in the three groups on days 14 and 30; ∗p < 0.05, ∗∗p < 0.01;

n = 7. PPAR-γ peroxisome proliferator-activated receptor gamma, C/EBPα transcription factor CCAAT/enhancer-binding protein alpha, aP2 adipocyte protein 2,

GAPDHglyceraldehyde-3-phosphate dehydrogenase, n.s no significance

were highest in the system generated using MC at a concen-
tration of 0.075 g/ml (Figure 7). Compared with the grafting
of DAT that we performed previously (Figure S1), vascular-
ization and adipogenesis of DAT were significantly improved
in the 0.075 g/ml group.

The use of human tissue can reduce concerns related to
immune responses/sensitization and transmission of heterol-
ogous diseases, which are often associated with animal prod-
ucts such as bovine and porcine collagen. Adipose tissue is an
abundant and accessible source of human stem cells and ECM
and is therefore useful for tissue-engineering applications
[15,16,18,20–22]. However, the antigenic components of cells
in adipose tissue limit their use in homologous allografts.
The decellularization protocol developed in our current study,
which uses DAT prepared by collecting large volumes of
intact ECM containing basement membrane components,
promises to be a valuable development in tissue engineering
[23,24]. Numerous studies have attempted to use DAT as a
biological scaffold to treat different types of tissue defects,
such as skin, cartilage and bone defects, with initial success
[6,24–28]. In particular, remarkable achievements have been
made in repairing soft tissue volume deficiencies and defects

by inducing adipose regeneration. A pre-clinical and clinical
study reported promising fat regeneration when DAT was
injected into mice and the wrists of humans, suggesting that
subcutaneously implanted DAT with retained angiogenic and
adipogenic factors could serve as an inducible scaffold to
sustain adipogenesis and has potential for clinical applica-
tions [12]. However, the ability of ordinary DAT to support
adipogenic differentiation of ASCs is hindered by its excessive
stiffness. In recent years, numerous studies have attempted
to modulate the stiffness or morphology of DAT using a
variety of chemical approaches to facilitate lipogenic differ-
entiation [24]. Kim et al. used poly (l-lactide-co-caprolactone)
scaffolds combined with DAT and ASCs to successfully pre-
pare scaffolds that can promote adipogenesis and angio-
genesis [29]. By combining bioresorbable polycaprolactone
and DAT, Zhang et al. fabricated porous bioscaffolds that
successfully induced the formation of highly vascularized
adipose tissue in a rabbit model [30]. However, such chemical
approaches have negative effects on adipose regeneration due
to excessive destruction of biologically loaded factors in DAT
or residual chemical cross-linking agents. To overcome these
problems, there is an urgent need to explore safer and more

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad002#supplementary-data
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Figure 7. Overview of the potential mechanism by which changes in cell-free hydrogel system stiffness promote adipose regeneration by regulating angiogenesis,

ASC migration and adipogenesis. + increase, ++ dramatic increase. ASCs adipose-derived stem cells

convenient physical ways to regulate the hardness of DAT.
MC is a nonionic cellulose ether that is made by introducing
methyl groups into cellulose through etherification [31]. MC
is approved by the food and drug administration (FDA) as
a thickening agent for water-soluble adhesives. Due to its
low biotoxicity and stable physicochemical properties, MC is
widely used for clinical purposes [32–34] and to adjust the gel
properties of drugs and other materials [35,36]. MC rapidly
degrades when transplanted alone in vivo and this feature
makes it suitable for adjusting the stiffness of DAT. The cell-
free hydrogel system described here was mainly composed of
collagen and did not contain cellular components, thereby
maintaining the original components of DAT, which could
serve as a scaffold for tissue-engineering applications while
also providing sufficient space for seed cells to regenerate

[37,38]. Based on the ability of the cell-free hydrogel system
to promote the migration and lipogenic differentiation of
ASCs demonstrated in this study, we believe that this system
has the potential to repair soft tissue defects caused by
tumors and trauma in clinical settings by promoting adipose
regeneration.

ASCs are used as seed cells for adipose regeneration in
tissue-engineering applications [39–41] and their function
can be regulated by the stiffness of scaffolds [14]. Cell migra-
tion, which is central to many biological processes, including
wound healing, tissue regeneration and cancer progression,
is sensitive to environmental stiffness [42]. Allioux-Guérin
et al. found that stiffness gradients control cell contraction by
regulating myosin, and that cells migrate at a constant rate
toward areas of high stiffness [43]. In addition, Young et al.
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reported that ASCs are more sensitive to stiffness than
mesenchymal stem cells when cultured on polyacrylamide
gels [44]. In our current study, we found that increasing
the stiffness of the cell-free hydrogel system promoted the
migration of ASCs.

We also found that increasing the stiffness of the cell-
free hydrogel system promoted vascularization after grafting.
Indeed, angiogenesis and network formation are regulated by
stiffness [45,46]. Early-stage angiogenesis in adipose tissue is
very important for regeneration after grafting [47,48]. How-
ever, fine vascularization and sufficient supply of seed cells did
not lead to better adipose regeneration in our current study.
Furthermore, adipose regeneration was only promoted in the
cell-free hydrogel system made with MC at a concentration
of 0.075 g/ml. These findings might be related to the effect
of stiffness on the differentiation of ASCs [14,35]. Although
the in vivo stiffness of a cell-free hydrogel system is highly
dynamic due to biological processes such as cell infiltration
and ECM degradation, it is clear that the stiffness property
influences the differentiation of ASCs. In previous studies,
a variety of hydrogel systems were used to investigate the
relationship between cellular behaviors and the elasticity of
native tissues, including brain (∼0.2–1 kPa), adipose (2–
4 kPa) and muscle (∼10 kPa), as well as osteoids (∼30–
45 kPa) [49–52].

Sequential expression of PPAR-γ , C/EBP and aP2 plays an
important role in the terminal differentiation of preadipocytes
into triglyceride-laden adipocytes [53]. The expression lev-
els of these three proteins were significantly higher in the
0.075 g/ml group than in the 0.05 or 0.10 g/ml groups on days
14 and 30. These findings suggest that the cell-free hydrogel
system generated using MC at a concentration of 0.075 g/ml
formed a soft gel with favorable stiffness (∼4 kPa) to promote
the adipogenic differentiation of stem cells. Therefore, the
adipogenesis of ASCs and adipose regeneration were highest
in the cell-free hydrogel system with MC at 0.075 g/ml.

Conclusion

Adjusting the stiffness of DAT using the MC method
described in this study can effectively promote adipose regen-
eration, which is of great significance to the development of
methods for the effective repair and reconstruction of large-
volume soft tissue defects. Next, although there remains a gap
between animal models and actual clinical applications, we
will try to apply this cell-free hydrogel system to the clinical
setting. In the future, the ability of this cell-free hydrogel
system to regenerate adipose tissue may be further enhanced
by optimizing the preparation process, such as pre-loading
cells or growth factors, thus making it more convenient, safe
and effective for clinical applications.
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