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Preparation of alginate hydrogel with human-derived adipose tissue to
improve fat graft survival and adipogenesis
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A B S T R A C T

Autologous fat and synthetic and natural polymers have been used as materials and scaffolds in adipose
tissue (AD) regeneration, combining various polymers and biological components, including
extracellular matrix molecules, decellularized matrix, and adipose-derived stem cells, which have
been studied to improve the adipogenesis ability of scaffolds. This study used human AD as the scaffold
material, with a great source of biomaterials closest to the human body. We report a simple and facile
scaffold fabrication method using a natural polymer, alginate, and human AD and confirmed the
adipogenesis ability in vivo. Scaffold fabrication was performed by simply mixing human AD with
alginate and cross-linking in a non-cytotoxic way, using CaCl2 solution. This method allows facile control
of the shape and mechanical properties of the scaffold, which has great advantages in medical and
aesthetic applications. In vitro experiments demonstrated the viability and secretion of adipokines in the
scaffold. Four weeks of in vivo experiments showed that alginate protected human AD, which aided in AD
survival, and that volume and shape were better preserved. Furthermore, we confirmed that our scaffold
enhanced the adipose regeneration of the host animal and increased adipogenesis of the transplanted
human AD by gene expression analysis.
© 2020 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Loss of adipose tissue (AD) due to disease, trauma, and injury
can seriously affect patients beyond physical trauma; damage/
infection to appearances can adversely affect the emotional health

of the patients [1,2]. In modern society, along with treatments for
the loss of AD, fat transplantation and removal are frequently
performed in the field of plastic surgery, where, with the
development of medical technology, human life spans have
extended and interest in the health and cosmetic aspects of life
has increased [3]. Various materials have been studied for
replacing or regenerating AD, including autologous fat, polymers
that can fill up space where volume has been lost, and functional
scaffolds that can induce adipogenesis [4]. Autologous fat has been
widely used owing to its high biocompatibility and low immune
response. However, studies on the reconstruction and regeneration
of AD using autologous fat have revealed the following disadvan-
tages [5]. Calcification occurs post-transplantation because of the
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r more fats occurs within three months [7]. There is a further issue
ith the supply of materials: the quantity of fats that can be
upplied by patients is limited to their surplus fats so trans-
lantations that require a large quantity of fats are limited [8]. To
ddress these issues, research has been conducted on developing
olymers in the form of silicone or hydrogel, with physical
roperties similar to those of AD. These methods have the
dvantage of being semi-permanently implanted to replace the
olume of the lost tissues. However, they lack biocompatibility
ompared to autologous fat transplantation and have side effects,
uch as rupture, capsular contracture, and excessive immune
esponse [9,10]. To overcome the drawbacks of these conventional
ethods using autologous fats and polymers, functional scaffolds
ith the potential to improve adipogenesis in the transplanted
rea have been newly investigated [11]. In order to develop
unctional scaffolds that can promote adipose tissue regeneration,
iodegradable/biocompatible polymers such as hyaluronic acid
HA), alginate and and poly(lactic-co-glycolic acid) (PLGA) have
een studied. These polymers can be degraded after inducing AD
egeneration and simultaneously cause less immune response
han other polymers [12–16]. Furthermore, many studies have
een conducted to improve the adipogenic ability of scaffolds by
ombining these materials with various biological factors that can
mprove adipogenic potentials, such as extracellular matrixes
ECMs), adipose-derived stem cells (ADSC), and growth factors
16–20]. For example, despite the increased AD regeneration, these
ttempts were still limited to utilizing only a part of natural AD
egeneration, e.g., certain proteins and cells.

In this study, we present a functional scaffold using AD itself as a
caffold material, rather than only ADSCs or growth factors, to
nduce the whole process of natural AD regeneration. To overcome
he limitations of autologous fats that were previously stated, we
hose alginate hydrogel as the other material to encapsulate the
utologous fats to promote neovascularization and protect the
utologous fat from rapid degradation in vivo. We also believe that
lginate hydrogels can increase the volume capacity of the scaffold
hile maintaining the adipogenic ability of autologous fats. In
ddition, alginate is a material with various physical properties
hat are easily adjustable, depending on the calcium ion
oncentration, making it easy to fabricate scaffolds with physical
roperties that are similar to human AD. These advantages of

alginate demonstrate the potential for a new material that can be
used in AD regeneration. In this study, the alginate-fat scaffold was
prepared by a facile method of mixing alginate in the sol state with
fats from which blood cells were removed and cross-linked with
calcium ions. AD and fat are commonly used as the same term but,
in this study, AD refers to the whole tissue and fat to the purified
AD, from which free oils, blood, and fibers are removed to avoid
confusion. We successfully developed a functional scaffold that
protects AD in vivo and has an AD regeneration effect. We
fabricated an alginate-fat scaffold with properties similar to
human AD, which is of aesthetic importance. We confirmed the
increased survival rate of the alginate-fat scaffolds, neo-adipo-
genesis in the transplanted area, and reduced immune response,
compared to the ADs and alginate gels up to 4 weeks post-
transplantation in vivo.

Experimental

Materials

Alginate was obtained from NovaMatrix (Sandvika, Norway),
and the solvent, Dulbecco’s phosphate-buffered saline (DPBS), was
supplied by Biowest (Nuaillé, France). Calcium chloride was
purchased from Sigma Aldrich (St. Louis, MO, USA). AlamarBlue
Cell Viability Reagent was supplied by Thermo Fisher Scientific
(Waltham, MA, USA). The anti-Perilipin-1 antibody (ab61682) and
donkey anti-goat IgG H&L (Alexa Fluor1 488) (ab150129) were
purchased from Abcam (Cambridge, MA, USA).

Preparation of alginate-fat scaffold

Fig. 1 shows the procedures used to prepare each sample.
Specifically, all harvested human ADs (IRB approval: B-1805-471-
305) were washed three times in DPBS, with 1% penicillin/
streptomycin. To prepare AD samples, human AD was cut into a
cylinder with a weight of 200–220 mg. To prepare the alginate-fat
scaffold (SC) samples, we chopped the AD and centrifuged at
1300 rpm for 3 min, with the same amount of DPBS with 1%
penicillin/streptomycin [21]. We chopped adipose tissue in order
to increase viability of cells in the core of the scaffold by mixing it
homogeneously with alginate gel which facilitates nutrient and
Fig. 1. Schematic illustration of the fabrication of alginate-fat scaffold.

149



B.Y. Yoo, S. Kim, B.H. Shin et al. Journal of Industrial and Engineering Chemistry 95 (2021) 148–155
oxygen transportation into the core of the scaffold. In addition, we
used only purified fats after centrifugation that consist of ADSCs,
adipocytes, and endothelial cells, necessary components for
promoting adipose tissue regeneration [22]. At the same time,
this purification step enabled fabrication of consistent scaffolds by
helping chopped adipose tissue to mix with alginate precursor
homogeneously. We discarded the top free oil layers and the
aqueous layer and used the fat pellet for the following repeating
procedure. After repeating the procedure three times, we added
250 mL of the fats, equal to 200–200 mg of AD, into the 48-well
plate and then added 250 mL of alginate solution. SC could be
fabricated in any form if there was a mold for it. We fabricated
cylindrical scaffold because we could get well plates easily which
have cylindrical wells that can be used as molds. We also judged
that the cylindrical form was suitable for in vivo surgery. The
alginate solution was prepared by stirring alginate powder (M.
W > 200 kDa, Pronova) with 1% DPBS (w/v) and 1% penicillin/
streptomycin (v/v). After mixing purified AD with an alginate
solution, we added 68 mM CaCl2 in DPBS solution and incubated at
37 �C for 3 h to fully cross-link the alginate. For the alginate (AL)
sample, we did not add AD but used 500 mL of alginate solution,
with the same concentration of CaCl2 solution, and incubated at
37 �C for 3 h to prepare the alginate gel. After the cross-linking
reaction, the remaining CaCl2 was removed by washing several
times with DPBS. Three kinds of samples were uniformly fabricated
in a cylindrical form which have the same distance between core of
samples and outside of samples in order to minimize variances on
viability and adipose tissue regeneration caused by the shape of
samples such as transportation of nutrients and oxygen.

Mechanical properties of adipose-alginate scaffold

The dynamic shear modulus at 10% deformation was used to
measure the viscoelastic properties of alginate-fat scaffolds,
depending on different concentrations of alginate at a ratio of
1:1 to fat and different ratios of fat:1 w/v% alginate. AD and AL were
also measured as references. AD was used as a reference with
optimal viscoelastic properties, such as human AD, as it is
unprocessed after being collected from a patient. Rheological
measurements under vibration-shear strain were performed on an
MCR 102 (Anton-Paar of Australian Graz material) using a 20 mm
Peltier plate steel with a plate-large-plate distance of 10 mm. The
storage modulus was recorded in constant deformation mode,
with a deformation of 10% maintained over a frequency range of
0.1–300 Hz (rad/s), at 25 �C [12].

Alamar blue assay to measure in vitro viability of AD and SC

The AD and SC samples were incubated with 1 mL DMEM 10%
FBS and penicillin (100 U/mL) at 37 �C in a 24-well plate. Alginate
hydrogels (250 mL) were cultured together to measure the
background signal of alginate hydrogels in SC. Alamar blue assay
was performed on day 0, 1, 4, and 7 according to previously used

methods [23]. The measurement on day 0 proceeded immediately
after the samples were prepared to measure the initial bioactivity.
At each time point, the samples were washed three times with
DPBS and placed into a new 24 well plate. A culture medium (1 mL)
with 10% alamar blue reagent (w/v) was added and cultured for 6 h.
The background signal of AD was measured from 1 mL of culture
medium with 10% Alamar blue reagent (w/v). Finally, fluorescence
intensity (Ex570 nm, Em 610 nm) of 100 mL culture medium from
each sample was measured using a microplate reader (Spectra
MAX GEMINI EM, Molecular Devices, San Jose, CA, USA). The blank
value was subtracted from the AD value to remove the background
signal and the value of 250 mL alginate hydrogel was subtracted
from the value of SC to remove the background signals of SC
originating from the alginate portion. Since the initial number of
cells present in AD and SC was different, the values at days 1, 3, and
7 were divided by the value at day 0 to confirm the relative
biocompatibility of the initial value.

Antibody array to measure adipokines

Various growth factors related to AD regeneration are released
along with adipogenesis during AD culturing [24,25]. We
measured and profiled the growth factors released during
culturing of the sample. The AD, SC, and AL samples were cultured
in 1 mL DMEM and supplemented with 10% FBS and 1% penicillin
(100 U/mL) at 37 �C and 5% CO2 in a 24-well plate. We included
1 mL of culture medium for measuring background signals and AL
was also included as a negative control for the alginate part of the
SC. After culturing for seven days without changing the medium,
Proteome Profiler Human Adipokine Array Kit (R&D Systems,
Minneapolis, MN, USA) was performed based on the protocol of the
product using AD, SC, AL, and blank culture supernatants. The
density of the dots was measured using Image J software (ver. 1.47,
National Institutes of Health, MD, USA, MD), and final values were
obtained by dividing the adipokine dot density by the reference dot
density.

In vivo experiments

The animal experiment protocol was approved by the Animal
Care and Use Committee (IACUC) of Seoul National University
Bundang Hospital (BA1805-247/042-01). Six-week-old SKH-1
hairless mice were grown under specific-pathogen-free (SPF)
conditions, allowed free access to food and water, and maintained
in a 12/12-h light/dark cycle. In this study, animals were randomly
divided into three separate groups, transplanted into AD, SC, and
AL. Five mice, totaling ten mice for each sample type, were
assigned to two different biopsy times, 2 and 4 weeks post-
transplant. After the mouse was anesthetized with isoflurane, The
surgical site (center of the dorsal region) was sterilized with
betadine. A subcutaneous pocket was made using with a surgical
scissor and each sample was inserted into the pocket. After
suturing the incision with a nylon surgical suture (3/0 nylon B430,
Fig. 2. Photographs of transplanted area. The samples are AD, alginate-fat scaffold, and alginate hydrogel, from the left.
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ooRiMedical, Korea), it was presented with an intraperitoneal
entamicin injection of 20 mg/kg. Fig. 2 shows the mice after
ransplanting each sample. Each sample was biopsied at scheduled
ntervals and fixed with 4% paraformaldehyde.

n vivo evaluation

ematoxylin and eosin (H&E) staining
Each tissue was stained with hematoxylin-eosin for inflamma-

ion analysis. For deparaffinization, the tissue slides were
ncubated at 60 �C for 1 h to melt the paraffin and soaked in
ylene three times for 5 min each. Deparaffinized slides were
equentially immersed in 100%, 95%, 90%, 80%, 70%, and 50%
lcohol for 5 min to produce stains. After hydrating the slides, they
ere stained with a hematoxylin-eosin working solution for H&E
taining.

mmunofluorescence staining
After deparaffinization and rehydration, perilipin was immu-

ostained for analysis of the necrotic area. For IF staining, the slides
ere first incubated with an antigen-retrieval solution and
icrowaved for 15 min. After cooling at 25 �C the slides were
ashed three times for five min at a pH of 7.4 PBS. The slides were
hen treated with goat serum solution for 1 h to block nonspecific
ntigen binding. The slides were then incubated overnight with the
rimary antibody diluted from the dark chamber. The anti-
erilipin-1 antibody was used at a 1:200 dilution. Subsequently,
he slides were diluted with donkey anti-goat IgG H&L (Alexa
luor1 488) at 25 �C for 1 h at 1:2000 and then cultured. The slides
ere then thoroughly washed and stained with DAPI to stain the
ell nuclei.

iquid replacement method
To measure the volume of AD, SC, and AL implanted in the mice,

he biopsy was performed at 2 and 4 weeks and the tissue was
leanly removed from the implanted site. The sample volume was
easured by subtracting the initial volume of liquid from the
olume after the sample was completely submerged. Chloroform
as used to measure the liquid.

everse transcription polymerase chain reaction (RT-PCR)
The biopsy mouse tissue samples were frozen and stored in

iquid nitrogen immediately after biopsy and the total mRNA was
solated from the mouse tissue samples using Trizol reagent
Invitrogen, USA). Complementary DNA (cDNA) was synthesized

using RevertAid Reverse Transcriptase (RevertAid First Strand
cDNA Synthesis Kit, Thermo Scientific, Waltham, MA, USA). PCR
analysis was conducted using a cDNA template with primers
specific for human adipocyte fatty acid-binding protein (aP2),
adiponectin, and β-actin. Expression of the housekeeping gene β-
actin was used as an internal control. The PCR products were
electrophoretically separated on a 2% agarose gel and stained with
ethidium bromide. Detailed information on the primers is
provided in Table 1.

Statistical analysis

All values are shown as All values are shown as the mean � SD.
All data were analyzed using GraphPad Prism 7 (GraphPad
Software Inc., La Jolla, CA, USA). Significance was calculated using
a one-way analysis of variance with the Tukey post hoc test and
p � 0.05 was considered significant. In vitro and in vivo data were
obtained from five samples (n = 5). Error bars represent the
standard deviation.

Results

Shape of the prepared AD, SC, and AL

The shapes of the AD, SC, and AL samples are shown in Fig. 1. AD
samples were prepared in the range of 200–220 mg by weight but
the shape was not uniform in each sample. SC samples had a
uniform cylindrical shape with perfect reproducibility.

Mechanical properties of AD, SC, and AL

A rheometer measured the mechanical properties of AD, AL, and
SC (Fig. 3). The most important element of a material that
maintains its structure is its mechanical properties. We aimed to
fabricate a sample with the most similar mechanical properties to
human AD. For this purpose, we measured the storage modulus of
SCs with various alginate concentrations at a volume ratio of 5:5 to
fat and confirmed that SC had the most similar storage modulus
(2000–3000 Pa) to AD, which is the human AD when the
concentration of alginate solution was 1% (Fig. 3A) [12]. We also
measured the storage modulus of the SCs, depending on the ratio
of fat to 1% alginate (Fig. 3B). We confirmed that a volume ratio of
5:5 had the most similar storage modulus to AD. The adipose tissue
used in the measurements in Fig. 3A and B were obtained from
different patients. Due to age and gender differences, there was a

able 1
ist of primers used for the RT-PCR.

Gene bank accession no. Gene Forward and reverse primer sequences Annealing temperature (�C) Product size
(bp)

Origin

NM001442 aP2 50-TGC AGC TTC CTT CTC ACC TTG A-30 55 256 Human
50-TCC TGG CCC AGT ATG AAG GAA ATC-30

NM024406 50-GAA TTC GAT GAA ATC ACC GCA-30 55 94 Mouse
50-CTC TTT ATT GTG GTC GAC TTT CCA-30

NM004797 Adiponectin 50-TGG TGA GAA GGG TGA GAA-30 50 221 Human
50-AGA TCT TGG TAA AGC GAA TG-30

NM009605 50-CAA GGG AAC TTG TGC AGG-30 50 400 Mouse
50-CGT GAT GTG GTA AGA GAA GTA G-30

NM000230 Leptin 50-TCT TGT GGC TTT GGC CCT ATC T-30 55 181 Human
50-CCA GTG TCT GGT CCA TCT TGG ATA-30
NM008493 50-TGC TGC AGA TAG CCA ATG AC-30 55 142 Mouse
50-GAG TAG AGT GAG GCT TCC AGG A-30

NM001101 β-actin 50-TGACGGGGTCACCCACACTGTGCCCATCTA-30 60 663 Human
50-CTAGAAGCATTTGCGGTGGACGATGGAGGG-30

NM007393 50-TGG AAT CCT GTG GCA TCC ATG AAA C-30 60 349 Mouse
50-TAA AAC GCA GCT CAG TAA CAG TCC G-30
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difference in the storage modulus of samples made of AD in both
figures. However, since the two measurements are independent of
each other, the sample with the storage modulus most similar to
AD could be identified by comparing AD and other samples in each
measurement. The results show that the rheological properties of
the SC depended on the concentration of alginate, as well as the
ratio of fat to alginate, and it is controllable.

In vitro evaluation

In vitro viability of AD and SC
The in vitro cell viability of AD and SC was determined using the

alamar blue assay (Fig. 4A). The viability increased in both AD and
SC on day 1, as compared with day 0, and the values increased
steadily at day 4 and day 7. This result indicates that cells in AD and
SC were viable in vitro. In addition, AD showed approximately two
times higher values than SC, at all time points.

In vitro secretion of adipokines of AD and SC
The Proteome Profiler Human Adipokine Array Kit was used to

profile the expression of 58 human adipokines in AD and SC
(Fig. 4B). AL and blank (media) were also measured but adipokines
other than the reference dot was not measured and data are not
included in Fig. 4B. Among the 58 human adipokines, there were

statistically significant differences in 27 proteins between AD and
SC (p � 0.05). Among them, insulin-like growth factor-binding
protein 6 (IGFBP-6) (blue box) and interleukin-6 (IL-6) (red box)
showed the most significant differences (p � 0.001).

In vivo evaluation

Inflammation analysis
We performed in vivo tests using hairless mice and determined

the degree of inflammation in each sample (Fig. 5). When the
inflammatory response to AD was analyzed, it was confirmed that
the inflammatory cells penetrated the AD and the foreign body
reaction caused severe inflammation. This phenomenon slightly
decreased at 4 weeks, rather than at 2 weeks, but the inflammatory
response continued. In contrast, when AL was inserted, the
inflammatory response of the host animal was mild. Similarly, SC
showed a mild degree of inflammation and no statistical difference
compared to AL.

Transplanted sample survival and volume change
In addition, when tracking the volume change of each

transplanted sample, we confirmed that the volume of all the
groups decreased compared to the initial volume (Fig. 6A). AD and
AL showed a similar decrease in volume, but the SC was

Fig. 3. Storage modulus of alginate-fat scaffold depending on (A) alginate concentration and (B) ratio of fat:1 w/v % alginate.
Fig. 4. (A) Cytocompatibility of AD and scaffold analyzed using alamar blue assay. (B) Profiling adipokines secreted by AD and scaffold using Proteome Profiler Human
Adipokine Array Kit. Among 58 adipokines, 27 adipokines which showed significant difference (P < 0.05) between AD and scaffold were plotted on the histogram. The red and
blue boxes indicate IL-6 and IGFBP-6 respectively, which showed the most significant difference.
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onfirmed to show high volume retention. When the survival of
dipocytes in AD and SC were analyzed through immunofluores-
ence staining of Perilipin-1, as shown in Fig. 6B, the AD was
lready necrotic from 2 weeks and approximately 7.7% of the
issue had already collapsed. Conversely, the SC showed an intact
dipocyte membrane with a low degree of necrosis. At 4 weeks,
he AD necrosis progressed further, with 13.9% necrosis, and the
C was observed to have a slight progression of necrosis in the
iddle (P < 0.001). Checking for neovascularization in and out of a
ample is a widely used method of confirming mass transfer into
nd out of a sample. However, in our study, it is possible to
xchange materials into the sample without neovascularization
hrough the alginate gel’s porous structure. Therefore, rather than
bserving neovascularization, we observed the adipocyte mem-
rane to confirm necrosis inside the sample.

ig. 5. Inflammation analysis of the samples. Representative histological images obtained at 2 weeks. The red dashed line indicates the position of the sample. The scale bars
re 400 mm for �50 and 50 mm for �400. The histogram shows quantitative results at 2 and 4 weeks. Scores were calculated via a semiquantitative method. The asterisk (***)
epresents a statistically significant difference (P < 0.001).

ig. 6. (A) Graph of volume change in samples after implantation and (B) necrosis analysis. Representative histological images obtained at 2 and 4 weeks after sample
plantation. The scale bars are 50 mm. The histogram shows the quantification of necrotic areas in anti-perilipin-1 staining. The asterisk (***) represents a statistically

ignificant difference compared with the scaffold group with the AD group (P < 0.001).

Fig. 7. RT-PCR analysis of gene expression for adipogenic differentiation in the
implanted samples. Each gene (adipocyte fatty acid-binding protein (aP2),

adiponectin, leptin, and β-actin) was analyzed with primers designed from human
and mouse origins.
n vivo AD regeneration

RT-PCR was performed on aP2, adiponectin, and leptin in
iopsy samples at 4 weeks to compare adipogenic gene
xpression levels (Fig. 7). When the human genes were analyzed,
t was confirmed that no bands were expressed except for aP2 in
D; however, aP2, adiponectin, and leptin were all found in SC. In
15
particular, aP2 was confirmed to be strongly expressed in SC. In
mouse genes, bands of aP2 and adiponectin were observed in AD
and aP2 was expressed more strongly than the scaffold. However,
it was confirmed that the expression of aP2, adiponectin, and
3
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leptin was evenly expressed in SCs. In AL, gene expression was
similar to SC.

Discussion

Many attempts have been made to overcome the limitations of
polymers in AD regeneration. The autograft procedure has been
conducted most frequently for AD reconstruction; however, it still
has drawbacks. We fabricated an alginate-fat scaffold and showed
successful survival and enhanced adipogenesis. These results
indicate that the alginate-fat scaffold can overcome the limitations
of polymers and drawbacks of autograft and can be used for
allograft or enhanced autograft operations.

When we prepared samples, AD samples were cut into
cylindrical shapes with the same weight and shape as SC and
AL. However, there was a disadvantage in that the quality of
samples changed depending on the state of the AD of the patient,
which was not easily maintained as uniformly cylindrical. These
disadvantages are applied to patients who have undergone
autologous fat transplantation, which results in the collapse of
the postoperative shape and an inconsistent operation as the state
of the AD is determined depending on the condition of the patient
at the time of surgery. In the case of AL samples, fabricating a
perfect cylinder shape was impossible because the surface directly
contacting CaCl2 was first cross-linked and the cross-linked
alginate hydrogel blocked the further permeation of CaCl2 solution
into the center. Therefore, the resultant AL samples have
inhomogeneous mechanical properties with a strong outer region
and a weak inner region, making it difficult to prepare the sample
with a perfect cylindrical shape. These results were compared with
SC samples, which retained the perfect cylindrical shape with
perfect reproducibility. The AD at the core of the alginate gel,
especially the ECM inside the AD, causes morphological stability of
the SC sample [26]. When we mixed alginate gel precursor with
chopped adipose tissue, they were mixed thoroughly forming
homogeneous mixture. The chopped adipose tissue was distribut-
ed homogeneously and maintained homogeneity within alginate
scaffolds after crosslinking by CaCl2. Reproducibility to fabricate
samples with a uniform shape is important in AD engineering
because they function as a filling material.

We also controlled the mechanical properties of alginate-fat
scaffolds by varying the alginate concentration and fat:alginate ratio.
The storage modulus of alginate-fat scaffolds increased with
increasing alginate concentration and higher fat:alginate ratio
(Fig. 3A, B). We reason that as the fat ratio became high, the ECM
contents also increased, increasing the stability of the alginate
structure and thus increasing the modulus that gives resistance to
deformation; this also explains why adding fat into alginate was able
to bring structural stability of the SC. Based on these results, it was
confirmedthat SCsamplesusingaconcentration of1.0 w/v %alginate
at a ratio of 5:5 to AD have the most similar rheological properties to
human AD. We used SC samples fabricated under the condition that
1.0 w/v % alginate at a ratio of 5:5 for in vitro and in vivo experiments.
Pore structure of SC, which is a homogeneous mixture with alginate
gel, plays a critical role in increasing SC’s survival rate in vivo.
According to previous study, hydrogel made with 1 w/v% alginate
possessed pores larger than 200 mm [27]. This makes it possible to
exchange nutrients and through alginate gel in SC, and it was
assumed that it would increase the survival of internal adipocytes
and ADSCs, and this was confirmed in Fig. 6B and C [28].

in low speed (1200 rpm) that we used for purification [29].
However, both AD and SC showed a steady increase in measured
values from day 1 to day 7, indicating that the process of purifying
AD to make SC did not have critically adverse effects on cell viability.
We next profiled the expression of 58 human adipokines in AD and
SC using supernatant media cultured for 7 days. Both AD and SC
showed similar dot densities for most proteins but showed the
largest statistical difference in IGFBP-6 (blue box) and IL-6 (red box)
(Fig. 4B). IGFBPs modulate insulin growth factor (IGF)-induced cell
proliferation by promoting or inhibiting it [30,31]. Among them,
IGFBP-6 binds to IGF and inhibits IGF action, which promotes the
proliferation of cells in AD [32]. As more IGFBP-6 was detected in AD
than in SC, the proliferation of cells in AD is expected to be
suppressed by IGFBP-6 compared to SC. However, the invitro culture
showed that AD proliferated better than SC (Fig. 4A). We believe that
this is because the concentration of IGF was not affected by IGFBP-6
in vitro culture. It can affect in vivo transplantation, which has IGF
sources other than AD. The other adipokine showing the most
significant difference between AD and SC is IL-6, which is known to
modulate the acute immune response to injury or infection [33,34].
Bastard et al. confirmed a significant correlation between the IL-6
levels in AD and obesity; a higher IL-6 production from AD is related
to an increase in total fat mass [35]. As more IL-6 was found in SC
than in AD, IL-6 in SC would have had a greater impact on AD
production than in AD. Although the roles of IGFBP-6, IL-6, and other
adipokines in adipogenesis have not been identified, we confirmed
that altering the environment of AD through the scaffolding process
created significant differences in adipokine secretion. We expect
these differences to further serve as a factor affecting AD’s survival
and adipogenesis in vivo. We exposed adipocytes, and ADSCs in
purified AD through scaffolding toan environmentof ahomogenous
mixture with alginate gel, so that facilitated transportation of
nutrients through alginate gel and interaction with alginate gel
induced adipokine secretion. We confirmed that. The same
phenomenon explains this change in ADSC's paracrine ability due
to the cell-material interaction as the study of Liu et al. confirmed
different amounts of vascular endothelial growth factor secretion in
scaffolds made of different materials [36].

In general, when xenografts or allografts are transplanted,
rather than autografts, they are strongly attacked by the immune
cells of the host [37,38]. A common transplanted tissue scenario is
that the transplanted tissue breaks down and decreases in volume
because of the strong immune response [39]. In this study, we
confirmed that the immune response was reduced when the
human AD was transplanted in the form of a scaffold using alginate
(Fig. 5). Alginate reduced the surface area of human AD directly
exposed to the host body. It acts as an immunogenic barrier in that
it protects transplanted human AD from the infiltration of host
immune cells and further immune response.

After four weeks of tracking the transplanted sample volume, it
was confirmed that the SC was able to maintain the initial volume
more successfully than the AD and AL (Fig. 6A). Inflammatory
reactions and internal tissue necrosis are factors that reduce the
AD volume. Eto et al. defined three zones of adipose autografting
depending on the viability of the graft after transplantation, as
follows [39,40]. Adipocytes can survive only in the surviving zone,
which is less than 300 mm from the surface. Necrosis occurs in the
necrotic zone, which is the most central zone due to deficiency of
oxygen and nutrients. In the regenerating zone, between the
surviving and necrotic zones, adipocytes die but stem cells can
We investigated the in vitro viability of AD and SC and the
secretion of adipokines through biological activities. SC showed
relatively low viability from day 1 to day 7, compared with AD,
because centrifugation during the purification affected viability of
cells in SC (Fig. 4A). It was reported that centrifugation of adipose
tissue can affect viability of cells in the purified adipose tissue even
154
survive and dead adipocytes are replaced with host adipocytes. In
our study, the surviving zone can be defined as the AD in Fig. 5, i.e.,
the area less than 300 mm from the red dashed line. Adipocytes in
this surviving zone were exposed to an inflammatory response
because of the heterogeneous immune response. Inflammatory
cells infiltrated AD and decreased the volume of AD (Fig. 6A).
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ecrosis in the central zone also contributed to a decrease in the
olume of AD (Fig. 6B). In the case of AL, three factors are
onsidered to contribute to volume reduction. First, the immune
esponse reduced the volume of AL degrading alginate. Second, the
hysical compression exerted by the skin tension was applied to
L, contributing to the volume reduction of AL. At the time of
iopsy, the AL samples were in the form of a compressed ball,
nlike the initial form, as shown in Fig. 1. Lastly, the decrease in
ater content caused by the difference between the water content
f the initial alginate hydrogel and that of the mouse body
ontributed to the volume reduction. However, in the case of SC,
lginate protected the transplanted AD from the infiltration of
nflammatory cells (Fig. 5). Less necrosis occurred (Fig. 6B) because
he porous structure of the alginate hydrogel facilitated the
xchange of oxygen and nutrients into the central area of the SC. In
ddition, we reasoned that the decrease in volume loss of SC
ompared with AL is derived from changes in structure and
omposition that occurred after alginate was mixed with adipose
issue. In SC, structural stability of alginate increased after mixed
ith adipose tissue and this change reduced compression of SC
aused by tension of mouse skin. And less amount of alginate in SC
han in AL resulted in less volume reduction caused by water loss of
lginate gel.
aP2, adiponectin, and leptin play important roles in lipid storage

nd glucose metabolism as representative adipogenesis markers
41,42]. Comparing AD with SC, the adipogenesis-related mRNAs of
ransplanted human AD were higher in all three genes in the SC
roup, indicating that alginate sustained the adipogenesis ability of
uman AD longer, until week 4. We speculated that mouse genes are
xpressed mainly due to host immune response. aP2 is known to
elate not only with adipogenesis by adipocytes, but also with
nflammatory activity by macrophages [43]. And leptin is known as a
roinflammatory cytokine that has an important role in T cell
ctivities [44]. We speculate that strong expression of mouse aP2 in
D was caused by intense inflammation in AD observed in Fig. 5 and
eptin was stimulated by immune response to alginate because we
ould find leptin expression in SC and AL, not in AD.

onclusion

This study fabricated an alginate-fat scaffold for AD regeneration
sing alginate and purified AD. The scaffold formed more easily into
he desired shape and maintained the shape better for 4 weeks of in
ivo experiments, compared to AD or alginate alone. These results
how great advantages in terms of volume recovery and scaffold
aintenance. Furthermore, analysis of the adipogenesis-related
uman genes confirmed that alginate protected the AD in the
caffold and helped deliver oxygen and nutrients, thereby improv-
ng the adipogenesis ability of the transplanted human AD. In
ddition, adipogenesis-related mouse genes were investigated and
onfirmed that the AD regeneration of the host was also enhanced in
he scaffold. Overall, with this facile scaffolding of human AD, we
xpect that the drawbacks of autografts and limitations of polymers
hat have been researched for adipose regeneration will be
vercome and allografts can be used for AD regeneration, even
hough this scaffolding method can still be applied to autografts.
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