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Introduction

Adipose tissue regeneration and implantation have been 
considered as a promising strategy to repair soft tissue 
defect.1–3 Tissue engineering chamber (TEC) induces the 
recipient bed to regenerate fully vascularized tissue by 
inserting an island fat flap with arteriovenous pedicle in a 
polycarbonate chamber.4–6 Unlike scaffold-cell paradigm 
in tissue engineering, TEC exploits the underlying tissue’s 
regenerative capacity rather than ex vivo tissue manipula-
tion, and a large volume of mature soft tissue can be gener-
ated with this technique in a porcine model; however, 
some issues, for example, key vascular pedicle spasm and 
torsion or obstruction due to vessel dissection, impair its 
reliability and lead to devastating regeneration failure.7,8
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Large soft tissue reconstruction is a major challenge in 
plastic and reconstructive surgery.9 We reported a univer-
sal dissection-free approach using a dome-like chamber to 
cover the fat pad, and the chamber successfully stimulated 
tissue to grow without involving dissection of arterio-
venous pedicle.10 The dissection-free concept eliminates 
the primary concern about construction failure by primary 
vessel pedicle spasm or obstruction. However, it is unable 
to induce large volume of adipose tissue. It is because the 
vessel-dissection-free concept does not lead to a severe 
trauma and thus initiating no sufficient host response at the 
very beginning to crease ample provisional matrix deposi-
tion for affluent angiogenesis. A pertinent improvement is 
needed to overcome the bottleneck in large adipose tissue 
regeneration.

Here, we report an integration of a matched mechani-
cal elastic gel and active-agent “machine,” platelets (Plts), 
enhanced immobilization via mussel-inspired catechol. 
Substrate’s stiffness can regulate the adipose-derived 
stem cells’ (ADSCs) adipogenesis.10,11 Gelatin is a dena-
tured collagen and has been used widely owing to bio-
compatibility, degradability, and low immunogenic.12 
Functioned the amine group of gelatin side chain with 
methacrylate group was used extensively to make it to sta-
ble hydrogels after copolymerization. Most recently, gela-
tin cryogel (GC) based on methacrylated gelatin 
(gelatin-MA) produced microporous structures by form-
ing ice crystals at subzero leading to remarkably compres-
sive elasticity.13 The elasticity and modulus of gelatin are 
tunable by changing concentration and temperature.14 In 
this way, stiffness mimetic of adipose tissue using GC 
scaffold can be produced.

Sufficient vascularization throughout the regeneration 
is another essential requirement for successful tissue con-
struction. Autologous platelet-rich plasma (PRP) contain-
ing numerous angiogenesis growth factors has been used 
to promote tissue vascularization and regeneration.15–18 
However, PRP does not remain locally after direct injec-
tion, more than 90% growth factors released from α-
granule after activation will diffuse out in tissue fluid 
quickly. An efficient immobilization system for Plts is 
required to stabilize the supplemented Plts and growth fac-
tors in targeted area in vivo. Polydopamine (pDA) can 
deposit on variety of substrates19,20 in alkaline conditions 
through catechol functional groups followed by oxidative 
conversion of catechol to quinine.21,22 Various nucleo-
philes, including amine, thiol, and imidazole, can be linked 
to catechol groups in a pDA layer.23,24 Thus, we hypothe-
size that pDA can immobilize Plts to cryogel and then to 
improve localized growth factor release.

Realizing the primary roles of provisional self-synthe-
sized matrix deposition, neovascularization in large tissue 
regeneration,25 and stiffness match of host–guest tissue, 
we conceived a bioreactor to integrate TEC with angio-
genic growth factors to guide adipose tissue regeneration. 

Highly flexible and stiffness-matched GC mimicking the 
stiffness of adipose tissue can be used as alternative provi-
sional matrix substitute to support adipose progenitor cell 
migration, proliferation, and differentiation in niche; pDA-
aided immobilization of Plt-facilitated macrophage and 
adipose progenitor cells chemotaxis to promote angiogen-
esis and adipogenesis. Thus, a large volume of adipose tis-
sue can be made (Figure 1).

Materials and methods

Preparation of gelatin-MA and GC and 
mechanical properties measurement

Gelatin-MA was synthesized as described in the previous 
literature.26,27 Type A gelatin (Ward’s Science, Henrietta, 
NY, USA) was dissolved in phosphate buffered saline 
(PBS; Thermo Fisher Scientific, Burlington, ON, Canada) 
to 10 wt% at 40°C for 1 h. Methacrylic anhydride (MA; 
Sigma-Aldrich Co. LLC, Oakville, ON, Canada) was 
added dropwise to a final volume ratio of 1:4 (MA:gelatin 
solution). The compound was stirred at 40°C for 1 h and 
then diluted with 5× PBS. The mixture was dialyzed in 
dialysis tubing with a 10-kDa molecular weight cut-off 
(Thermo Fisher Scientific, Burlington, ON, Canada.). The 
resulting solution was lyophilized and stored at −20°C for 
further use.

Gelatin-MA was dissolved in deionized water (DW) (2 
and 5 wt%), ammonium persulfate (APS; 0.5% w/v, 
Sigma-Aldrich Co. LLC, Oakville, ON, Canada), and 
tetramethylethylenediamine (TEMED; 0.1% w/v, Sigma-
Aldrich Co. LLC, Oakville, ON, Canada) were added to 
the solution. The pre-solution was transferred to a cylindri-
cal mold (8 mm in diameter, 10-mm high) and placed at 
−20°C to allow cryopolymerization process for 20 h.28

Then, we applied the mechanical tests on GC and gela-
tin-MA hydrogel synthesized at room temperature (cylin-
der, 10-mm high and 8 mm in diameter), after equilibrium 
swelling in PBS, compression tests were performed by 
Instron 5965 (Instron; Norwood, MA, USA) with a 500-N 
load cell at rate of 2 mm/min. Conventional gelatin hydro-
gel synthesized at room temperature (RT-GelMA) was set 
as control group. The rheological properties of RT-GelMA 
and GC were tested by rheometer (TA Discovery HR-1 
Rheometers; TA Instruments, New Castle, DE, USA) with 
a 8-mm parallel plate configuration. The amplitude oscil-
lation was conducted at 10 rad/s of angular frequency, and 
the sweep strain was raised from 0.1% to 100%.

pDA coating

GC was coated with a pDA layer following the previously 
reported method. The GC scaffolds were immersed in a 
dopamine (DA) solution (2 mg/mL in 10-mM Tris-HCl, 
pH 8.5, Sigma, St. Louis, MO, USA) and placed on a 
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shaker for 6 h at room temperature. The pDA-coated scaf-
folds were then rinsed with PBS to remove unattached DA 
molecules (Figure 2(a)).

Fourier transform infrared spectroscopy analysis

The infrared reflection absorption spectra of pristine gela-
tin, gelatin-MA, and pDA/GC were characterized using an 
iTR-ATR spectrometer (Nicolet iS10; Thermo Fisher 
Scientific Inc., Waltham, MA, USA). The absorbance 
spectra were collected at 32 scans with a spectral fre-
quency ranging from 4000–500 cm–1.

PRP preparation and immobilization of Plts

PRP was prepared following a reported meth. Briefly, rat 
blood (5 mL) was obtained from caudal vein and centri-
fuged at a low speed (450g) for 10 min. The supernatant 
plasma with the buffy coat was collected and further cen-
trifuged at 850g for 10 min. The bottom layer was col-
lected as PRP. The pDA/GC or GC scaffolds were 
immersed in 1 mL of PRP solution and placed on a shaker 
for 6 h at room temperature. The scaffolds were then rinsed 
with PBS to remove unattached Plts. The immobilized Plt 
number, defined as the difference between the plate count 

Figure 1. Schematic illustration of procedure of pDA (polydopamine)-assisted immobilization of Plt (platelet) on GC (gelatin 
cryogel) scaffold for guiding de novo adipose tissue regeneration: (a) immobilizing process of pDA and Plt on GC; (b) composite of 
pDA/GC/Plt and the chamber were anchored on the fat pad directly without traditional flap-dissection approach; (c) intraoperative 
view upon the dissection-free procedure; (d) regenerated adipose tissue exhibited typical lobular fat tissue structure including 
extensive vascularization and mature adipocytes; (e) GC acted as a bioreactor for adipose progenitor cell migration, proliferation, 
differentiation, and regeneration of adipose tissue.
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in the PRP solution before and after the scaffolds were 
immersed (Cimmobilization = Cbefore − Cafter), was calculated for 
both scaffolds. The Plt concentration in the scaffold was 
calculated by dividing the scaffold-immobilized Plt count 
by the scaffold volume (0.5 mL). An automated hematol-
ogy analyzer (XS-800i, Sysmex, Kobe, Japan) was used 
for Plt count.

Morphology of the GC scaffold with 
immobilized Plts

The inner sections and bottom layer of GC, RT-GelMA, 
pDA/GC, and pDA/GC/Plt were coated with platinum 
sputter and observed in a scanning electron microscope 
(Hitachi Company, Tokyo, Japan) at an acceleration volt-
age of 10 kV. The pore size of each specimen was analyzed 
from SEM images by ImageJ software. The interconnected 
porosity of the cryogel and RT-GelMA samples was fur-
ther analyzed by water replacement method with slight 
modifications.29,30 The samples were immersed in water 

for 24 h, and the fully swelled samples were weighted, fol-
lowed by dehydrating with Kimwipe to totally blot off 
water in interconnected pores; the percentage of intercon-
nected porosity was calculated as the ratio of sample 
weight change with fully swollen and dehydrated ones.

Cytotoxicity and cell proliferation 
measurements

The cytotoxicity of Adipose-derived Stem Cell (ASCs) 
was determined using a Dojindo Cell Count Kit-8 (CCK-
8; Kumamoto Techno Research Park, Tokyo, Japan). 
Briefly, cells were seeded in 96-well plates at 3×103 cells/
well. After adhesion, cells were incubated for 1, 3, 6, 12, 
24, and 48 h with GC, pDA/GC, and pDA/GC/Plt. The 
solution was then replaced with 100 μL of Dulbecco’s 
Modified Eagle Medium (DMEM), and 10 μL of the 
CCK-8 reagent was added. The solution was incubated for 
2 h. Finally, the relative growth rate (RGR) was deter-
mined from the absorbance at 450 nm measured with a 

Figure 2. Mechanical properties of gelatin-MA hydrogel (RT-GelMA) and GC. (a) Transparent GC (right) and a dark brown pDA/
GC scaffold (left) was fabricated for following Plt immobilization (above); tissue regeneration model with different content pDA/GC/
Plt (1), GC (2), and without scaffold (3) (below). (b) Uniaxial compression strain-stress curves of 2% and 5% GC and 5% RT-GelMA. 
(c) Compressive modulus and (d) oscillatory strain behavior of GC and RT-GelMA (*p < 0.05).
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microplate reader (Bio-Rad, Hercules, CA, USA) accord-
ing to the following formula: RGR (%) = OD (test)/OD 
(control) ×100%. Cells that were not seeded on the mate-
rial were used as the control.

In vitro growth factor release study

Upon immobilization of the Plts onto pDA/GC, the scaf-
fold was immersed in 2 mL of PBS. In the control group, 
1 mL of PBS was added to PRP to achieve a final volume 
of 2 mL. The release of platelet-derived growth factor 
(PDGF) and vascular endothelial growth factor (VEGF) 
from pDA/GC/Plt and PRP solution was evaluated at 1, 3, 
5, 12, 24, 48, and 72 h; 5 μL of supernatant from pDA/GC/
Plt and PRP solution was centrifuged for 5 min at 450g. 
This mixture was analyzed with enzyme-linked immuno-
sorbent assay (ELISA) using PDGF and VEGF ELISA kits 
(R&D Systems, Minneapolis, MN, USA) following the 
manufacturer’s instructions.

In vivo studies

After pDA coating, the GC color changes from transparent 
to brown (Figure 2(a)). Before Plts immobilization, the 
pDA/GC was sterilized by exposure to 254 nm, 30 W of 
ultraviolet (UV) light for 6 h. The bioreactors based on dif-
ferent experimental design were inserted into chambers 
and transplanted to animals immediately after Plts attach-
ment (Figure 2(a)).

All experiments were performed with the approval of 
the Nan Fang Hospital Institutional Animal Care and Use 
Committee. Each hemispheric polycarbonate chamber with 
an internal diameter of 2 cm and a volume of 2.00 mL was 
connected to a ring-like silicon sheet with or without pDA/
GC/Plt or GC inside the chamber (Figure 2(a)). Sprague 
Dawley rats (280–300 g, n = 24, six in each group) were 
anesthetized by intraperitoneal injection of pentobarbital 
sodium (50 mg/kg). The chambers were inserted bilaterally 
as described in a previous study10. Briefly, a transverse inci-
sion was made in the groin to reveal the bilateral groin fat 
pad, which was then anchored to the adjacent muscle fascia 
with a 10/0 nylon suture. A chamber was placed and fixed 
in the space created between the skin and the fat pad. Two 
identical chambers were implanted in each rat. The silicon 
sheet with a hole of 1 cm in diameter in the center created 
an open chamber abutting the surrounding epigastric fat 
pad, thus providing contact with native adipose tissue.

A drug delivery system based on physical absorption of 
gelatin was employed in our previous research, the utiliza-
tion of PRP directly exhibited more remarkable angiogenic 
effect compared to the physical absorption even the PRP 
would release the growth factors bristly after activation in 
vivo immediately rather than slow-releasing.31 In order to 
verify the enhanced Plts immobilization with pDA assis-
tance compared with direct PRP utilization, the rats were 

divided into four experimental groups depending on the 
contents of the chamber. Rats in the control group received 
blank chambers; in the PRP group, chambers were injected 
with 1 mL of PRP immediately after chamber placement; 
in the GC group, chambers contained GC without PRP; 
and in the pDA/GC/Plt group, chambers contained pDA/
GC/Plt compounds. The rats were sacrificed at 4 and 
12 weeks after TEC implantation (n = 3 per time point per 
group), and the implanted chambers and their contents 
were harvested and weighted.

Assessment of growth factors in chamber fluid

Fluid was extracted from implanted chambers using a 1-mL 
syringe on days 3, 7, 10, and 15. Levels of PDGF and VEGF 
were evaluated in the TEC fluid with ELISA using PDGF 
and VEGF ELISA kits (R&D Systems, Minneapolis, MN, 
USA) following the manufacturer’s instructions.

Morphologic assessment of neoformed tissue 
by SEM

Four-week samples were fixed with 2% glutaraldehyde in 
0.1M phosphate buffer, post-fixed in 1% osmium tetroxide 
in the same buffer for 1 h, dehydrated in increasing con-
centrations of acetone, and critical-point dried. Stubs were 
fixed to the samples with colloidal silver, and the samples 
were sputtered with gold using a MED 010 coater and 
examined with an S-3000N scanning electron microscope 
(Hitachi Company, Tokyo, Japan).

Whole mount staining

Fresh 12-week tissue samples from engineered adipose tissue 
and normal adipose tissue were stained following a reported 
method. Briefly, 1-mm sections of adipose tissue were incu-
bated for 30 min at 37°C with Alexa Fluor 568–conjugated 
BODIPY and 647–conjugated lectin (Life Technologies, 
Thermo Fisher Scientific Inc., MA, USA) targeting adipo-
cytes and vascular endothelial cells, whereas Hoechst 33342 
(Dojindo, Dojindo Molecular Technologies, Inc., MD, USA) 
was used to stain the nuclei. Washed samples were examined 
with a confocal microscope (Olympus, Tokyo, Japan).

Histology and immunofluorescent staining

The samples were embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin (H&E) and Masson tri-
chrome (MT). Staining was performed according to stand-
ard protocol. Different sections were examined under a light 
microscope (Olympus BX51, Tokyo, Japan) and evaluated. 
For quantification of fibrosis, blue areas of sequential 
MT-stained fibrosis tissue were measured using ImageJ.

Immunofluorescent staining of 5-μm-thick sections of 
the harvested tissue samples was performed with the 
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following primary antibodies: Guinea pig anti-rat perilipin 
(dilution, 1:200; PROGEN Biotechnik GmbH, Heidelberg, 
Germany), rabbit anti-rat CD206 (dilution, 1:200; Abcam), 
rabbit anti-rat Ki67 (dilution, 1:200; Abcam plc., Toronto, 
Canada), and rabbit anti-mouse CD31 (dilution, 1:100; 
Novus Biologicals, Oakville, Canada). For double fluores-
cence staining, the following secondary antibodies were 
used: Alexa Fluor 488–conjugated goat anti-Guinea pig 
immunoglobulin G (dilution, 1:200; Abcam) and Alexa 
Fluor Rhodamine–conjugated chicken anti-rabbit immu-
noglobulin G (dilution, 1:200; Invitrogen). Isotype immu-
noglobulin G was used as a negative control for each 
immunostaining. Nuclei were stained with DAPI (dilution, 
1:200; Sigma, St. Louis, MO, USA). The number of blood 
vessels was counted in 10 fields per slide (40× magnifica-
tion) by two individuals. To quantify the proliferation rate, 
Ki67-positive cells were counted using ImageJ. CD206-
positive cells were counted in the same way.

Results and discussion

Mechanical feature of GC scaffolds

GC and gelatin-MA hydrogel (referred to as “RT-GelMA”) 
was synthesized through the free radical copolymerization 
of gelatin-MA at −20°C or room temperature, respectively. 
To determine the effect of temperature and concentration 
on the mechanical properties, uniaxial compression and 
rheology tests were performed. Generally, the modulus 
increased with the increasing concentration for cryogels. 
The RT-GelMA formed at room temperature displayed a 
rapid increase in the elastic modulus at relative large com-
pressive strain (>35%), in contrast, the cryogels showed a 
gradual increase in the modulus prior to failure (Figure 
2(b)). Moreover, the RT-GelMA exhibited around 62.8% of 
compressive deformation, but cryogels up to 76.5% (Figure 
2(b)). An appropriate stiffness of extracellular matrix 
(ECM) is required for a pre-determined cell differentiation 
and tissue regeneration.32,33 For instance, adipogenic mark-
ers can be significantly upregulated on a gel with a similar 
stiffness of 2 kPa to the native fat tissue.11 In this study, 
Young’s modulus was tuned (Figure 2(c)) and we found 
Young’s modulus of 5% GC as 2.3 ± 1.2 kPa, which was 
similar to the native stiffness of subcutaneous fat tissue as 
previously reported (ca. 2–3 kPa).34 The strain amplitude 
sweep tests for storage modulus were presented in Figure 
2(d). The GC at 5% concentration exhibited storage modu-
lus around 1 kPa and linear viscoelastic behavior at low 
strain (up to 0.4%), which were similar to normal adipose 
tissue rheological response.35 Considering this, we used 
mechanical properties of 5% GC in the following studies.

The chemical structure of pristine gelatin, gelatin-MA, 
and pDA/GC were characterized by ATR spectroscopy, and 
the spectra were shown in Figure S1. The typical absorp-
tion bands around 3270–3370, 2928, 1640, and 1240 cm−1 
were assigned to N–H stretching of amide I, C–H 

stretching of CH2 group, stretch of C = O from amide І, and 
N–H bending of amide ІІІ, respectively, which revealed the 
backbone structure of gelatin. The intensity of the amide I 
was increased to some extent after methacrylate modifica-
tion due to the contribution of C = C stretching (1680–
1620 cm–1). In addition, a new band around 970 cm–1 was 
distributed to the C–H stretching of C = C bonds with meth-
acrylation, which further indicated the successful meth-
acrylate groups introduction into free amino groups of 
gelatin. After a pDA modification, the absorption peaks at 
2923 and 1064 cm–1 were attributed to the asymmetrical 
stretching vibrations of –CH3 group and –COO group from 
long alkyl chains of polydopamine, respectively.

The morphology of GC with varied concentration, 
RT-GelMA, pDA/GC, and pDA/GC/Plt were observed by 
scanning electron microscopy (SEM), the interconnected 
porosity of the cryogel and RT-GelMA samples were further 
analyzed by water replacement method with slight modifi-
cations,29,30 and the results were illustrated in Figures 3 and 
S2. As shown in the SEM images, the cross section of 
RT-GelMA and cryogels exhibited highly uniform and inter-
connected pore structure. The pore size and porosity of the 
cryogel and hydrogels varied as a function of the monomer 
concentration as well as fabrication temperature. The aver-
age pore size decreased significantly from 203.5 to 172.6 μm 
with increase in the concentration of gelatin-MA from 2% to 
5%, meanwhile the porosity decreased slightly from 
94.7 ± 4.5% to 90.2 ± 3.2%. The fabrication temperature 
also affected interconnected porous architecture, and hydro-
gel made at room temperature exhibited smaller pore size 
than cryogel with same concentration, which decreased to 
85.7 ± 22.4 μm, as well as the porosity (90.2 ± 3.2% and 
74.3 ± 5.1%). It is worth pointing out that the formation of 
macrostructure in cryogel was determined by the competi-
tion between the rate of ice crystals nucleation and the 
polymerization speed, more intense nucleation and more ice 
crystals appeared on the top rather than bottom during the 
cooling process due to the lower density of ice compared to 
liquid, yielding a different pore structure at the bottom 
(Figure S2), where much smaller pore size was formed; 
however, this heterogeneous structure could be minimized 
through faster cooling to −20°C.36 Clearly, the porous struc-
ture performance could be turned by controlling the mono-
mer concentration or the gelation temperature. After 
immersion in PRP, the pDA/GC scaffold maintained its 
porous frame structure, but the porous interior was occupied 
by Plts with varied active states (Figure 3(c) and (d)).

Quantitative analysis of Plt levels in whole 
blood, PRP, and scaffolds

Plt concentration in PRP was significantly (fourfold) 
higher than that in whole blood (2749 ± 155.7 × 109/L vs 
680 ± 18.32 × 109/L). The level of immobilized Plts of the 
pDA/GC/Plt scaffold was significantly higher than that of 
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the GC/Plt scaffold (2416 ± 205.1 × 109/L vs 882 ± 75.16 
× 109/L, p < 0.05). There was no significant difference in 
Plt concentration between the PRP and pDA/GC/Plt 
groups (2749 ± 155.7 × 109/L vs 2416 ± 205.1 × 109/L, 
p > 0.05). pDA coating resulted in a 2.7-fold increase in 
the number of Plts immobilized on the GC scaffold (Figure 
4). pDA-coated GC immobilized nearly three times the 
number of Plts immobilized by GC alone, which demon-
strated the efficiency of pDA-mediated surface modifica-
tion. Adhesion of Plts onto the bare GC is mediated by a 
physical interaction (30); besides the non-specific physical 
absorption, a stronger and more stable covalent crosslink-
ing between Plts and pDA film occurred at pDA group.

Cytotoxicity and cell proliferation

CCK-8 assays (Figure 5) revealed no significant differences 
between the control, GC, and pDA/GC groups at any tested 
time point (p > 0.05), while pDA/GC/Plt significantly 
improved cell growth after 12 h of incubation (p < 0.05). The 
results suggested that GC or pDA/GC had great biocompat-
ibility and pDA/GC/Plt improved the proliferation of ASCs.

In vitro growth factor release

The growth factor release pattern of pDA/GC/Plt was tested 
with ELISA. After an initial burst, the release of PDGF 

gradually decreased over time in both groups (Figure 6(a)). 
PDGF in the PRP group could not be detected after 24 h, 
while that in the pDA/GC/Plt group could still be detected 

Figure 3. Representative SEM porous structure of 5% GC (a, scale bar = 100 μm) and pore size of 2% GC, 5% GC, and 5% RT-
GelMA (b) were shown. In the process of Plt immobilization, different forms of Plts attached to the scaffold, including Plts in the 
non-activated (c) and activated states (d), scale bar = 10 μm.

Figure 4. Plt concentrations in four systems. All three 
processing methods significantly increased Plt concentration 
compared with that in whole blood (blood: 680 ± 18.32 × 
109/L; Plt-rich plasma (PRP): 2749 ± 155.7 × 109/L; gelatin 
cryogel (GC): 882 ± 75.16 × 109/L; and polydopamine (pDA)/
GC/Plt: 2416 ± 205.1 × 109/L). The pDA/GC/Plt group had 
a significantly higher Plt concentration than the GC group 
(p < 0.05). There was no difference between the PRP and pDA/
GC/Plt groups (p > 0.05).
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for at least 72 h. A significant difference in PDGF concentra-
tion between these two groups was observed after 6 h 
(p < 0.05). The release of VEGF reached its peak at 6 h in the 
PRP group and 12 h in the pDA/GC/Plt group, which showed 
a delayed peak of release due to Plt immobilization (Figure 
6(b)). After 6 h, the VEGF level decreased dramatically in 
the PRP group, remained low for the following 48 h, and 
could not be detected after 72 h. In contrast, in the pDA/GC/
Plt group, a sustained release was observed after the peak, 
with a relatively high VEGF level maintained for up to at 
least 72 h. A significant difference in VEGF concentration 

between these two groups was present after 6 h (p < 0.05). At 
least seven fundamental growth factor proteins exist within 
α-granules.16 VEGF and PDGF are two of the important fac-
tors crucial for angiogenesis. VEGF promotes endothelial 
cell proliferation,37 while PDGF can help stabilize the vessel 
and improve its maturation through recruitment and prolif-
eration of mural cells.38,39 Given the short half-life of VEGF, 
in a chamber model, it is expected to act by promoting the 
establishment of an initial vascular network at the stage of 
early recruitment and proliferation of endothelial cells, mural 
cells, or their precursors.40 PDGF may also recruit cells such 
as inflammatory cells and adipocytes to the periphery of the 
capillaries.41,42 Growth factor releasing profiles indicated a 
higher and sustained release with pDA assistance.

In vivo results

Growth factors in chamber fluid. VEGF and PDGF were two 
important growth factors associated with angiogenesis and 
subsequent tissue regeneration. We tested the growth fac-
tor levels from the chamber fluid. The PDGF level signifi-
cantly increased after day 7 in the pDA/GC/Plt group 
compared with the other two groups (p < 0.05) (Figure 
6(c)). The VEGF level in the pDA/GC/Plt group increased 
significantly in the first 3 days compared with that of the 
other two groups (p < 0.05), which might be attributable to 
the immobilized Plts. Around day 15, the VEGF level was 
still significantly higher in the pDA/GC/Plt group than in 
the other two groups (p < 0.05), which might be caused by 

Figure 5. CCK-8 assay of adipose stem cells (ASCs) seeded 
on different scaffolds. No significant differences between 
the GC, pDA/GC, and control groups, pDA/GC/Plt scaffold 
significantly improved ASCs proliferation (p < 0.05).

Figure 6. Growth factors release by the pDA/GC/Plt system. PDGF (a) and VEGF (b) were detected with ELISA. The release was 
prolonged in the pDA/GC/Plt group compared to that in the PRP group. A significant difference was observed after 3 h for both 
PDGF and VEGF. Chamber fluid was extracted and tested by ELISA for PDGF (c) and VEGF (d). pDA/GC/Plt incorporated into the 
TEC had significantly higher levels of PDGF and VEGF from days 7 and 3, respectively (p < 0.05).
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more efficient recruitment of stem cells and inflammatory 
cells to this bioreactor system (Figure 6(d)). However, the 
PRP group showed no differences in PDGF and VEGF 
levels from the control group at any time point (p > 0.05).

Macroscopic construct appearance and total tissue  
volume. Gross examination at week 4 revealed that tissue 
from the fat pad had grown into the chamber and around 
the GC scaffold in the pDA/GC/Plt (Figure 7(d)) and GC 
(Figure 7(c)) groups, while in the PRP (Figure 7(b)) and 
control (Figure 7(a)) groups without a GC scaffold, a 
smaller, raised tissue from the fat pad was growing into 
the chamber through the ring-like silicon sheet hole. At 
week 12, the newly generated adipose tissue showed fur-
ther growth and no GC residue could be found (Figure 
7(e)–(h)). The volume of the newly generated adipose tis-
sue in the 12-week samples was determined by fluid dis-
placement (Figure 7(i)). The pDA/GC/Plt group had 
significantly more newly generated adipose tissue than 
the other three groups (p < 0.05).

Confirmation of tissue incorporation into the biomaterial. SEM 
results revealed co-existence and interaction of GC and local 

tissue (Figure 8(a)). By week 4, the GC had degraded, and 
parts of its porous-like structure had collapsed (Figure 8(b)). 
Along with the degradation of the GC scaffold, host cells 
(Figure 8(c)) migrated into the provided scaffold and began 
to secrete fibrous protein to form a natural fiber network 
(Figure 8(d)), which was incorporated into the GC scaffold. 
With the degradation of GC and secretion of fiber from 
recruited cells, a natural ECM scaffold formed and replaced 
the synthetic one. In addition, some activated Plts were still 
detected in the scaffold structure (Figure 8(e)), which might 
contribute to functional cell recruitment and fibrin network 
formation.

Visualization of tissue architecture in engineered adipose  
tissue. To visualize the tissue architecture and demonstrate 
adipocyte and blood vessel interaction in the coherent tissue 
formed in the pDA/GC/Plt scaffold in vivo, the 12-week 
samples were subjected to whole mount staining (Figure 9). 
The de novo–formed fat tissue showed structural resem-
blance to native fat tissue (Figure 9(a)). The BODIPY−/
DAPI+ field might be composed of fibrous tissue, which 
separated adipose tissue lobules. These stain-negative areas 
might be residual GC. The lectin-positive blood vessels 

Figure 7. Whole constructs. Photographs of representative chamber tissue constructs harvested at 4 weeks (a: control, b: PRP, 
c: GC, d: pDA/GC/Plt) and 12 weeks (e: control, f: PRP, g: GC, h: pDA/GC/Plt). Tissue volumes in the 4 experimental groups at 
12 weeks: control, 0.23 ± 0.05 mL; PRP, 0.36 ± 0.15 mL; GC, 0.33 ± 0.11 mL; pDA/GC/Plt, 0.70 ± 0.10 mL (i).
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assembled within the engineered fat tissue, surrounded by 
BODIPY-positive adipocytes. Not only were there lumens of 
small blood vessels but large vessels were also incorporated 
into the engineered adipose tissue (Figure 9(b)), demonstrat-
ing that a completely mature vascular system was established 
in the engineered fat tissue in this bioreactor.

Histological assessment of the newly generated adipose  
tissue. Histological analysis showed that, at week 4, the 

engineered tissue exhibited abundant, well-vascularized 
connective tissue in all four groups, with numerous 
inflammatory cells and a few small adipocytes around the 
vessels (Figure 10(a)–(d)). Blood vessels were quantified 
in all the groups (Figure 10(m)). The pDA/GC/Plt group 
had significantly more vessel lumens than the other three 
groups at 4 weeks, which indicated that more capillaries 
were formed within the bioreactor. By week 12, most of 
the vascularized connective tissue in the flaps had been 

Figure 8. Scanning electron microscopy (SEM) revealed that the GC and the local tissue co-existed and interacted at week 4 (a, 
scale bar = 50 μm). The residual GC scaffold (red pound sign) and the fibrin network (red asterisks) secreted by infiltrated cells 
(red arrows) were incorporated into each other. Some activated Plts were still detectable in the scaffold structure (yellow arrows). 
Close-up views of the fibrin network (b), resident cells (c), Plts (d), and residual GC scaffold (e), scale bar = 10 μm.

Figure 9. Whole mount staining of engineered adipose tissue from the pDA/GC/Plt group at 12 weeks. A group of natural but less 
densely packed adipocytes was observed (a). Adipocytes were stained with luminous yellow, vessels were stained with red, blue 
represented the nucleus. Whole mount staining showed that extensive vascularization was achieved, with large vessels incorporated 
into the adipose tissue (b). BODIPY staining shows the normal adipose structure (c). Lectin staining shows the abundant vessel 
structure (d). DAPI shows the nuclei (e).
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replaced by mature adipocytes with well-developed vas-
cular system (Figure 10(e)–(h)). The pDA/GC/Plt group 
had more numerous and larger blood vessels and mature 
adipocytes.

We observed a relatively intact porous structure of 
the GC scaffold at week 4 (Figure 10(n)). Some of the 
GC had degraded into debris and was surrounded by 
layers of inflammatory cells (Figure 10(o)). At week 12, 
no materials or debris were found. Early after implanta-
tion, mesenchymal cells migrate into the GC scaffold, 
where they can proliferate and differentiate, as illus-
trated in SEM and H&E staining results. During this 
process, migratory cells secrete fibrous protein to con-
struct a natural ECM network. By week 4, GC had 

partially degraded, and its porous structure had begun to 
collapse. It was completely disintegrated at 12 weeks. 
Eventually, a natural ECM replaced the temporary GC 
scaffold. Therefore, the formation and maturation of the 
natural ECM were accompanied by gradual disintegra-
tion of the extraneous gelatin serving as a scaffold, per-
mitting the formation of naturally engineered adipose 
tissue.

The 12-week samples were stained with CD31 immu-
nofluorescent stain to identify angiogenesis and microvas-
cular ingrowth inside the engineered adipose tissue (Figure 
10(i)–(l)). Consistent with the results of H&E staining, 
there were more CD31-positive vessels in the pDA/GC/Plt 
group than in the other three groups.

Figure 10. Histological analysis of regenerative adipose tissue at week 4 (a: control, b: PRP, c: GC, d: pDA/GC/Plt) and week 
12 (e: control, f: PRP, g: GC, h: pDA/GC/Plt). Black arrows show the vascular connective tissue, asterisk represent the small 
adipocytes. Scale bar = 0.1 mm. CD31 staining of the control (i), PRP (j), GC (k), and pDA/GC/Plt (l) groups showed vessel density 
at week 12. Red denoted the CD31-positive cells, green denoted the adipocytes, and blue denoted the nuclear. Scale bar = 0.1 mm. 
Vessel density was evaluated in week 4 samples (m,*p < 0.05). A relatively intact porous structure of GC was observed in pDA/GC/
Plt group at 4 weeks (n) (scale bar = 0.1 mm), while only GC debris was found in pDA/GC/Plt group at 12 weeks (o) (thin arrow, 
scale bar = 0.5 mm).
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In terms of fibrosis (Figure 11), Masson staining of the 
12 week samples showed a significantly higher propor-
tion of fibrosis in the GC group than in any other group 
(p < 0.05), while pDA/GC/Plt group had the least fibrosis 
(p < 0.05).

Proliferation assessment. Cellular proliferation inside the 
engineered adipose tissue was assessed using Ki67 and 
perilipin immunofluorescent staining (Figure 12). At week 
4, Ki67-positive cells (red) took up a large proportion of 
DAPI-positive cells, which indicated a state of extraordi-
narily active cellular proliferation in all four TEC models 
(Figure 12(a)–(d)). Ki67-positive cell count revealed that 
the pDA/GC/Plt group had a significantly higher propor-
tion of proliferating cells than the other three groups 
(p < 0.05, Figure 12(i)), which showed no significant dif-
ferences (p > 0.05). At week 12, as fat lobules formed, the 
numbers of Ki67-positive cells decreased dramatically. 
Few Ki67-positive cells were observed among the adipo-
cytes (Figure 12(e)–(h)). Many cellular components in the 
TEC chamber participated in the early stage of tissue 
regeneration, including inflammatory cells, adipose stem 
cells, and bone-derived stem cells. We observed more 
Ki67-positive cells in the pDA/GC/Plt group, which had 
more active cellular proliferation.

Macrophage infiltration. The constructs were stained with 
perilipin and CD206 to evaluate macrophage infiltration 
(Figure 13). At week 4, numerous CD206-positive mac-
rophages appeared in all four groups (Figure 13(a)–(d)). 
The pDA/GC/Plt and GC groups had significantly more 

CD206-positive cells than the PRP and control groups 
(p < 0.05, Figure 13(i)). At week 12, in all four groups of 
engineered adipose tissue, CD206-positive macrophages 
were mainly located in the perilipin-negative area, which 
might be a fibrosis area (Figure 13(e)–(h)). The CD206-
positive cell count revealed that the GC group had a sig-
nificantly higher level of macrophages than the other three 
groups (p < 0.05), and there was no significant difference 
between the pDA/GC/Plt and control groups (p > 0.05, 
Figure 13(i)). Plt activation is considered to be upstream of 
the cascade of inflammation.43–45 In different regeneration 
models, inflammation-induced regeneration is the core of 
tissue repair. Activated Plts and Plt-derived proteins can 
bind to leukocytes and modulate leukocyte functions, con-
tributing to inflammatory and immune responses.46–49 Plt 
and/or neutrophil interactions with monocytes facilitate 
their recruitment and differentiation into macrophages, 
modulate cytokine release, and regulate macrophage func-
tions. In particular, CD206-positive M2 macrophages play 
a crucial part in angiogenesis, ECM remodeling, and stem 
cell regulation to influence tissue regeneration.46–49 Fur-
thermore, depletion of macrophages in chamber dramati-
cally inhibited tissue growth, which demonstrates a strong 
impact of inflammation in tissue regeneration in cham-
ber.50 In this study, we employed a Plt immobilization sys-
tem to facilitate the triggering of inflammation. As a result, 
more CD206-positive macrophages were recruited in the 
pDA/GC/Plt group at week 4, leading to a positive effect 
on tissue regeneration at the early stage. At week 12, the 
GC group still had more CD206-positive cells than the 
other three groups, while the level of macrophages in the 

Figure 11. Masson staining of week 12 samples of chamber tissues from the control group (a), PRP group (b), GC group (c), and 
pDA/GC/Plt group (d). Scale bar = 0.1 mm. Statistical evaluation of fibrosis area in the four groups: control: 42.80% ± 12.380%; PRP: 
35.40% ± 11.983%; GC: 56.40% ± 13.39%; and pDA/GC/Plt: 19.20% ± 9.338% (e).
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pDA/GC/Plt decreased and approached that of the control 
group. Fibrosis, which might be caused by hypoxia or 
unspecific foreign body reaction inducing by external bio-
materials implantation, is associated with long-term pres-
ence of CD206-positive macrophages.51,52 During the 
adipose tissue regeneration in chamber model, the inflam-
matory exudation resulted by the silicone chamber implan-
tation and interruption of fat tissue integrity would 
resemble to a “self-synthesized ECM” which acted as pro-
visional niche for proliferation and differentiation of pre-
cursor cells, macrophages decreased over time with the 
blood supply reconstruction because no external factor 
affected the natural growth process.25 The vascularization 
of GC group was slightly less than control group but sig-
nificantly less than PRP and pDA/GC/Plt group after 
12 weeks (Figure S3), and this phenomenon could be 
explained by the unspecific foreign body reaction which 
led to significant fibrous septum formation and following 
contraction to inner soft tissue; moreover, since GC does 
not exert a positive effect in angiogenesis, insufficient 

vascularization in the engineered adipose tissue might lead 
to local hypoxia and prolonged macrophages retention. 
Thus, we observed a higher macrophage infiltration level 
in the GC group at 12 weeks, which is consistent with the 
result that the GC group had the most severe fibrosis 
among all four groups. In contrast, the pDA/GC/Plt group 
had better vascularization and smaller area of hypoxia, 
which led to a lower level of macrophage infiltration and 
less fibrosis.

This study has some limitations that warrant attention. 
The degradation kinetics of GC in vivo and its effect to the 
vascularization and adipose tissue regeneration were not 
quantified in detail. Some evidence from macroscopical and 
histological analysis suggested GC could retain its structure 
after 4 weeks and partially degraded after 12 weeks at current 
study, which was similar to previous reports.28,53 Moreover, 
our previous study revealed the efficiency of physical absorp-
tion of Plts to gelatin was insufficient, which resulted to 
unsatisfactory growth factors release as well as vasculariza-
tion and survival of adipose tissue transplantation compared 

Figure 12. Ki67 and perilipin double staining of sections of chamber tissue at 4 weeks (a: control, b: PRP, c: GC, d: pDA/GC/Plt) 
and 12 weeks (e: control, f: PRP, g: GC, h: pDA/GC/Plt). Red denoted the ki67-positive cells, green denoted the adipocytes, and blue 
denoted the nuclear. Scale bar = 0.1 mm. Quantification of Ki67-positive cells in all groups at 4 weeks (i).
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with PRP injection;31 however, liquid PRP solution would 
lead to burst release of growth factor after activation in vivo 
immediately; taking into consideration of various elements, 
we used GC as a carrier, in combination with pDA-assisted 
Plts immobilization, as a delivery system to enhance the 
absorption efficiency in this study to make up the shortage of 
direct utilization of PRP. Future studies will explore effi-
ciency of different drug delivery systems in more various 
regenerative models.

Statistical analysis

Data were expressed as means ± standard error. The results 
were analyzed with repeated analysis of variance. 
Independent Student’s t-test (two groups at a single time 
point) and one-way analysis of variance (more than two 
groups at a single time point) were performed. A value of 
p < 0.05 was considered to indicate a statistically signifi-
cant difference.

Conclusion

In this study, we introduced a guided adipose tissue regen-
eration strategy to regenerate large adipose tissue. We first 
fabricated an elastic gelatin gel (5%) with Young’s modu-
lus 2.3 ± 1.2 kPa, mimicking fat tissue (2–3 kPa). The 
mussel adhesive–inspired surface coating promoted the 
immobilization of Plts to GC, and this Plt-enriched GC 
displayed higher and sustained growth factor release for 
sufficient and rapid vascularization and recruiting more 
precursor cells for adipose tissue regeneration, which 
resulted in formation of a large volume of adipose tissue in 
our minimally invasive chamber model.
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