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Abstract

Background—Soft tissue repair is currently limited by the availability of autologous tissue
sources and the absence of an ideal soft tissue replacement comparable to native adipose tissue.
Extracellular matrix (ECM)-based biomaterials have demonstrated great potential asinstructive
scaffolds for regenerative medicine, mechanically and biochemically defined by the tissue of
origin. As such, the distinctive high lipid content of adipose tissue requires unique processing
conditions to generate a biocompatible scaffold for soft tissue repair.

Methods—Human adipose tissue was decellularized to obtain a matrix devoid of lipids and cells,
while preserving ECM architecture and bioactivity. To control degradation and volume
persistence, the scaffold was crosslinked using hexamethylene diisocyanate and 1-Ethyl-3-(-3-
dimethylaminopropy!) carbodiimide. In vitro studies with human adipose-derived stem cells were
used to assess cell viability and adipogenic differentiation on the biomaterial. In vivo
biocompatibility and volume persistence were evaluated by subcutaneous implantation over 12
weeks in asmall animal model.

Results—The scaffold provided a biocompatible matrix supporting the growth and
differentiation of adipose-derived stem cellsin vitro. Crosslinking the matrix increased its
resistance to enzymatic degradation. Subcutaneous implantation of the acellular adipose matrix in
Sprague-Dawley rats showed minimal inflammatory reaction. Adipose tissue development and
vascularization was observed in the implant, with host cells migrating into the matrix indicating
the instructive potential of the matrix for guiding tissue remodeling and regeneration.

Conclusions—With its unique biological and mechanical properties, decellularized adipose
ECM isapromising biomaterial scaffold that can potentially be used allogenically for the
correction of soft tissue defects.

Introduction

There isasignificant need for soft tissue replacementsin the field of reconstructive surgery.
Autologoustissue is currently the treatment of choice for repairing soft tissue defects due to
trauma, tumor resection, and congenital defects.1-3 However, current autologous fat transfer
techniques have anumber of limitations. For many HIV patients suffering from
lipodystrophy and patients undergoing chemotherapy for cancer, the associated cachexia
leaves them without the adipose volume required for autologous tissue transfer.
Additionally, the persistence of fat transfer varies widely and is often surgeon, technique,
and patient dependent. With resorption causing up to 40-55% reduction of total graft volume
over 6 months, multiple procedures are often required in order to maintain the desired
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correction and volume limitations need to be taken into account to prevent necrosis.4

Products

Peracetic acid

Triton X-100

EDTA

MgCl,

HCI

p-dimethylaminobenzal dehyde
Chloramine T-hydrate
Formaldehyde

Glutaraldehyde

Ethanol

Xylene

N’ -(3-dimethylaminopropyl)-N-ethylcabordiimide N-hydroxysuccinimide
2-(N-morpholino)ethanesulfonic acid
NaHPO,

|sopropanol

NaCl

Tris-HCI

Hematoxylin

Eosin

Masson' s trichrome kit
Dexamethasone

Indomethacin
Methylisobutylxanthine
Insulin

Triethyl phosphate

DMEM F-12

High Glucose DMEM

PBS

Penicillin/Streptomycin
Hyclone Defined FBS
Collagenase |

Papain

DNase

Hoechst

LIVE/DEAD cytotoxicity kit
Alexafluor 546 goat anti-mouse 1gG2a
Alexafluor 488 goat anti-mouse 1gG1
Rabbit anti-collagen |

Mouse anti-CD31

Anti-rat CD44, Mouse 1gG2a
FITC goat anti-rabbit 1gG
Vectashield with DAPI

Author Disclosure Statement
Authors are inventors on | P licensed to Aegeria Soft Tissue LLC.

Plast Reconstr Surg. Author manuscript; availablein PMC 2013 June 01.

Page 2



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wuetal.

Page 3

Finally, implanted adipose tissue can lead to post-operative calcificationswhich is
detrimental for patients with a history of breast cancer as this may interfere with early
radiologic detection of cancer.5

Developments in plastic surgery and microsurgical techniques have established autologous
tissue flaps as excellent options for post-mastectomy breast reconstruction, offering patients
outstanding aesthetic outcomes without the concern for long-term alloplastic implant
complications such as capsular contracture and rupture.2, 6 However, a complex procedure
like autologous flap transplantation carries its own set of risks including necrosis of
transplanted tissue7 and donor site morbidity, such as abdominal wall weakness, scarring,
and hernia.2, 8-10 Perforator flap techniques and new imaging protocols have been
developed to help leave the musculature intact in order to decrease donor site morbidity;
nevertheless, they remain complex and lengthy undertakings.11-15

Regenerative medicine approaches to soft tissue reconstruction provide a potential
alternative in which biomaterials facilitate tissue regeneration in the defect area, thus
avoiding the need for tissue transplantation from adonor site. Severa studies have
investigated the use of various synthetic polymers in conjunction with a cell delivery using
polyethylene glycol, poly L-lactic acid, polyglycolic acid, and poly(lactic-co-glycolic) acid
copolymers.16-25 Naturally-derived polymer scaffolds such as collagen, hyaluronic acid,
gelatin, silk fibroin, alginate, and fibrin have also been applied to adipose tissue engineering.
26-33 Additionally, researchers have tried to harness extracellular matrix (ECM)
components for use in adipose tissue engineering using ECM derived from EHS sarcomas
(Matrigel), adipose tissue, dermis, muscle, and placenta.34-44 However, arecent review
highlights the lack of three-dimensional scaffolds derived from adipose tissue.45

Here we show the development of a novel adipose-derived extracellular matrix biomaterial
that serves as athree-dimensional scaffold for tissue regeneration. Intact ECM-based
biomaterials have not been previously studied /n7 vivofor use as a volume-stable soft tissue
implant that can be crosslinked to control degradation properties.45, 46 We hypothesized
that intact human adipose tissue could be decellularized to obtain a matrix that would
provide an instructive environment for the repair of soft tissue defects. To control the rate of
degradation, chemical crosslinkers can be used to reinforce the collagen and other proteins
in matrix-based scaffolds. Thus the aims of this study are to develop a biocompatible
adipose-derived biomaterial by removing lipids and resident cells from adipose tissue, use
crosslinkers to modulate degradation properties of the extracellular matrix, and evaluate the
biocompatibility of the matrix in vivo.

Materials and Methods

Adipose extracellular matrix was produced by decellularizing adipose tissue using a
combination of mechanical and chemical processing steps. Upon obtaining the acellular
adipose tissue, the material was characterized, followed by crosslinking to modulate
degradation profiles. In vitro and in vivo biocompatibility studies were performed to
investigate the cell and tissue response to the adipose-derived biomaterial. Materials were
obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

Adipose-derived stem cell isolation

Subcutaneous adipose tissue was obtained from patients (n=3) undergoing abdominoplasty
procedures with approval from Johns Hopkins Medicine Institutional Review Board.
Adipose-derived stem cells (ASCs) were isolated by digestion with 1 mg/mL collagenase |
(Worthington, Lakewood, NJ) in DMEM F-12 (Gibco, Grand Island, NY) for 1.5 hours on
an orbital shaker at 3700C. The resulting cell suspension was centrifuged and filtered
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through 70 uM and 40 uM cell strainers. ASCs were seeded at 10,000 cells/'cm? and cultured
in DMEM-F12 supplemented with 10% fetal bovine serum (Thermo Scientific HyClone,
Logan, Utah).

Adipose extracellular matrix preparation

Subcutaneous adipose tissue was subjected to mechanical processing and extensive rinsing
followed by incubation with 0.1%, 1%, 3%, or 5% peracetic acid for 3 hoursto remove
cells. Samples were brought back to physiological pH using PBS and incubated overnight
with 1% Triton X-100 in 2 mM EDTA to remove residual lipids. Finally, samples were
treated with 600 U/mL DNase (Roche, Indianapolis, IN) in 10 mM MgCl, overnight at
3700C.

Material characterization

Biochemical assays—Adipose ECM scaffolds were lyophilized and digested in a 125
ug/mL papainase solution (Worthington) for 16 hours at 60c0C. DNA content was
determined by fluorescence intensity using 1 ug/mL Hoechst dye (Molecular Probes,
Eugene, OR) in TNE buffer.47 Total collagen content was determined by a hydroxyproline
assay with acid hydrolysisin 6N hydrochloric acid at 11500C, followed by reaction with p-
dimetylaminobenzal dehyde and chloramine-T hydrate to obtain an absorbance reading at
525 nm.48

Scanning electron microscopy (SEM)—Samples were prepared for SEM by fixing in
3.0% formaldehyde/1.5% glutaraldehydein 0.1 M sodium cacodylate buffer with 2.5%
sucrose for 1 hour. Samples were then post-fixed with 1% osmium tetroxide for 30 minutes
before dehydration with graded ethanol solutions. Samples were dried using CO, critical
point drying followed by sputter-coating with platinum and images were taken with FEI
Quanta 200 SEM (Hillsboro, OR).

Crosslinking

Crosslinking of adipose extracellular matrix—Adipose ECM was crosslinked using
1-Ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and A-
hydroxysuccinimide (NHS) in 50 mM 2-(A-morpholino) ethanesulfonic acid buffer at pH
5.5.49 Samples were incubated with crosslinking solutions for 4 hours at concentrations of
5, 10, 50, and 100 mM EDC with an EDC:NHS molar ratio of 2:1. Residual crosslinkers
were removed by rinsing with 0.1M Na,HPO4 for 2 hours followed by four additional 30
minute incubations with distilled water.

EDC crosdlinking was compared with hexamethylene diisocyanate (HMDC). Dueto its
instability in agueous solutions, previous studies have used secondary alcohols as the solvent
or used surfactants to preserve HMDC reactivity.50, 51 For the secondary alcohol
suspension, 1% and 5% HMDC solutions were dissolved in 2-propanol and samples
crosslinked for 4 hours. Alternatively, samples were crosslinked with 1% and 5% HMDC in
a surfactant solution containing 1% Tween 20 in a phosphate buffer (0.054 M NapyHPOs3,
0.013 M NaH,PQOy,) at pH 7.4 for 4 hours. Residual crosslinkers and surfactant was removed
with distilled water.

Resistance to enzymatic degradation—The crosslinking conditions were
characterized by comparing susceptibility to enzymatic degradation. Crosslinked samples
and uncrosslinked controls (n=3) were lyophilized and incubated with 200 U/mL
collagenase | in 0.05 M Tris-HCI (pH 7.5) at 3700C.50, 52 At timepoints of 1, 3, 8, 16, and
24 hours, the samples were spun down and supernatants collected and stored at -2000C until
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completion of the experiment and fresh collagenase added to samples. At 24 hours, any
remaining ECM was digested with papainase. Finaly, the supernatants and papain digested
samples were analyzed viathe collagen assay to quantify solubilized collagen. The
percentage of total collagen degraded was calculated at the different timepoints.

In vitro studies

To evaluate cell viability on the crosslinked matrices, cells were seeded on the scaffolds and
cultured for 5 days in ASC maintenance media (DMEM-F12, 10% FBS, 100 U/mL
penicillin, 10 ug/mL streptomycin). Cell viahility was assessed using aL LIVE/DEAD
Viability/Cytotoxicity Kit (Invitrogen, Carlsbad, CA). Cell-ECM scaffolds were incubated
with 1 uM calcein AM and 4 uM ethidium homodimer-1in DMEM-F12 for 30 minutes at
3700C to visualize live and dead cells.

Adipogenic differentiation was carried out for ASCs seeded in the matrix and supplemented
with adipogenic induction media (1 .M dexamethasone, 200 .M indomethacin, 500 .M
methylisobutylxanthine, 10 wg/ml insulin, 1% penicillin/streptomycin, and 10% FBSin
High Glucose DMEM). Cells were differentiated for 7 daysin culture on an orbital shaker
and fixed for histological analysis.

In vivo biocompatibility

Biocompatibility was evaluated in an in vivo rat study with approval from the Johns
Hopkins Animal Care and Use Committee. A total of 18 subcutaneous injections (6 per
crosslinking condition) were carried out in two male and two female Sprague-Dawley rats
(n=4) between 4-13 weeks old. The following conditions were used: uncrosslinked control,
5 mM EDC-crosslinked, and 1% HMDC-crosslinked in Tween 20, with 300 ul injections of
each condition along the dorsum. Implants were removed after 2 and 3 weeks and fixed for
histology.

Upon completion of theinitial study, alonger term study was carried out with 6-week old
female Sprague Dawley rats (n=12) over the course of 12 weeks. Animals were grouped by
study endpoints of 1, 4, and 12 weeks. Uncrosslinked adipose-derived matrix was injected
subcutaneously to characterize the immune response and tissue remodeling without
introducing additional crosslinkers which can potentially induce a different inflammatory
response.

Histology—Specimens for paraffin embedding were fixed with 10% formalin, dehydrated
through graded ethanol solutions, cleared in xylene, and embedded in paraffin. Samples
were sectioned at 5 um thickness and stained with hematoxylin and eosin or Masson’s
trichrome. For Oil Red O (0.75% (w/v) in 36% triethyl phosphate) staining of lipids,
samples were fixed and infiltrated with graded sucrose solutions, followed by OCT
embedding and cryosectioned in order to visualize new adipose tissue formation.

For immunostaining, antigen retrieval was carried out with TrissEDTA pH 9.0 buffer at
10000C for 30 minutes. Slides were incubated with primary antibodies for collagen |
(Fitzgerald, Acton, MA), CD31 (Abcam, Cambridge, MA), and CD44 (BD Pharmingen, San
Diego, CA) overnight, followed by incubation with secondaries. FITC goat anti-rabbit 1gG
(Jackson), Alexafluor 546 goat anti-mouse |gG2a and Alexafluor 488 goat anti-mouse 1gG1
(Invitrogen) for two hours and coverdlipped with Vectashield with DAPI (Vector Labs,
Burlingame, CA).
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acellular matrix

We obtained an acellular adipose-derived matrix that retains properties from adipose tissue
for soft tissue repair. The processing methods developed for decellularizing adipose tissue
resulted in significant macroscopic changes as lipids and other cell components were
removed. Intracellular lipids contribute to the characteristic yellow color of intact adipose
tissue and as the lipids are removed, the ECM remains as a white fibrous tissue scaffold
(Fig. 1). Histological analysis revealed the complete removal of nuclei and the absence of
intracellular lipid vacuoles characteristic of adipose tissue. Immunostaining for collagen |
confirmsit as the predominant component of adipose ECM.

Material characterization

Crosslinking

In vitro and i

Various processing conditions were compared to determine the optimal processing scheme
to decellularize adipose tissue. Biochemical analysis of the composition of adipose scaffolds
showed little donor variability across the three different donors. Samples treated with 0.1%
peracetic acid had the highest DNA content in comparison with samples from higher acid
concentrations and also showed incomplete lipid removal as evidenced by residua yellow
lipidsin the tissue.

Collagen content in the ECM decreased at higher peracetic acid concentrations, most
notably with 5% peracetic acid. The optimal processing condition was determined by ability
to best satisfy the two goals of completely removing cellular material while preserving
extracellular matrix structure. Ultimately, 3% peracetic acid was determined to give optimal
results and was used for subsegquent experiments.

SEM images of the decellularized adipose matrix show the fibrillar structure of the ECM
with bundles of varying thickness (Fig. 2). The ECM is porousin nature, facilitating cell
migration and nutrient diffusion. In vitro experiments with ASCs reveal extensive cell
adhesion and spreading on the ECM of the decellularized tissue. Multiple cell-ECM contacts
can be seen for each cell by day 7 in culture.

To control the degradation of the ECM, different chemical crosslinking methods were
compared. EDC-crosslinked samples showed greater resistance to enzymatic degradation in
comparison to uncrosslinked controls when incubated with collagenase (Fig. 3). Resistance
to degradation increased with higher concentrations of the chemical crosslinker. HMDC
crosslinking resulted in different degradation profiles depending on the solvent used. For
samples reacted in Tween 20, very little degradation was observed with no differences
between 1%-5% HMDC concentrations, whereas HMDC in 2-propanol showed greater

resi stance to enzymatic degradation for 5% HMDC samples compared to 1% HMDC.

n vivo analysis

ASCswere alive and proliferating even in the crosslinked conditions. Chemical crosslinkers
can be cytotoxic if residual crosslinkers are left in the tissue and the solvents used can also
be detrimental to cell survival if incompletely removed. At day 5, cells were predominantly
viable and very few dead cells were observed across all three conditions. (See Figure,
Supplemental Digital Content 1, which shows results of the live/dead analysis are
comparable across control and both crosslinked conditions).

Adipogenic differentiation of ASCs on the adipose-derived biomaterial shows cells adapting
aunilocular morphology with adipocytes taking up asingle large lipid droplet similar to
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their native morphology in adipose tissue. In contrast, ASCs differentiated on traditional 2D
tissue culture plates take up multiple small lipid droplets and never develop the
characteristic morphology of adipocytesin their natural tissue environment. (See Figure,
Supplemental Digital Content 2, which shows the considerable morphological differences
between ASCs differentiated in the adipose-derived matrix compared with atissue culture
plate). This suggests that the adipose matrix retains the critical biochemical components that
facilitate adipose tissue development, providing the ASCs a more biomimetic environment
for adipogenesis.

Thein vivo study was carried out with control, 5 mM EDC, and 1% HMDC in Tween 20
crossinked ECM. After two weeks of implantation, adipose ECM implants were opaque and
vascularization could be observed at the surface (Fig. 4). Adipose tissue development was
observed at the periphery of the implant. No sign of a severe immune response was evident,
but afocal acute inflammatory response was observed at the periphery, extending inwards.
The inflammatory reaction was primarily comprised of lymphocytes and neutrophils and the
most prominent fibrous capsule formed with the 5 mM EDC crosslinked ECM.

In the long term study, the adipose-derived matrix developed into newly formed adipose
tissue at the edges near the scaffold interface with host subcutaneous tissue. Oil Red O
staining accentuated the band of adipose tissue forming from the edges of the implant at four
weeks (Fig. 5). Additionally, cellsin the center of the matrix stained positive for CD31,
indicating vascular development, which is the necessary prerequisite for formation of new
adipose tissue. A number of cells also stained positive for CD44, a marker for cells of
hematopoaietic or lymphoid origin involved in the immune response to the biomaterial. By
12 weeks, the adipose tissue development continued in the implant and areas of collagen
remodeling were observed by histology (Fig 6).

Discussion

Decellularization of tissues has become increasingly popular as a method to obtain a matrix
of proteins and sugarsideally suited to direct the migration of cellsinto the matrix and
provide the structural cuesto maintain cell survival .53 A range of applications has been
explored for decellularized ECM derived from dermal, cardiovascular, muscul oskeletal,
hepatic, and gastrointestinal tissues, many of which are already in clinical use and have been
shown to facilitate tissue integration and restoration.54

Our studies showed that a decellularized ECM biomaterial can be derived from adipose
tissue to obtain a biocompatible scaffold for the repair of soft tissue defects. Crosslinking the
decellularized scaffold provided an additional element of control over the degradation
properties of the tissue and allows the material to be tailored to the target site of
implantation. In vivo implantation in rats revealed good tissue integration with adipose
tissue development starting at the edges of the ECM scaffold.

The adipose-derived matrix supported cell migration and infiltration, with a considerable
number of host cells at the center of the implant for the uncrosslinked control and 1%
HMDC crosslinked matrices. This suggests that despite the acellular nature of the implant,
the bioactive properties of the matrix render it conducive to host tissue regeneration. To
date, intact adipose-derived ECM has not been studied extensively in vivo for usein soft
tissue repair, but results from this study suggest that adipose tissue can be effectively
decellularized and stripped of its antigenic components to produce a biocompatible matrix
for adipose tissue engineering.

As our understanding of the role of the extracellular matrix in tissue and organ devel opment
expands, it is clear that matrix components do not just serve a structural role in tissue, but
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also actively participate in the instructional aspect of cell development. Much has recently
been elucidated about the role of the various ECM degradation components in influencing
cell migration and proliferation, particularly in aiding tissue regeneration.55-57 Studies of
adipose tissue ECM proteins have also shown that they facilitate in vivo adipogenesis.37 In
view of thisinstructional role for ECM, we demonstrated that adipose tissue can be
successfully processed to remove inflammatory lipids and cells to produce a biomaterial for
soft tissue reconstruction.

The components of the adipose-derived scaffold are al naturally occurring ECM proteins
and proteoglycans that are highly conserved between different species, such that cells are
not exposed to any materials or synthetic polymers that can induce a foreign body response.
Host tissue integration is also enhanced since matrix components can be readily degraded by
cellsecreted enzymes as tissue remodeling takes place. Mechanisms for matrix turnover are
already established in host cells, avoiding any concerns over proper clearance of scaffold
materials from the body. These factors contribute to the biocompatibility of ECM-based
scaffolds and highlight their utility in regenerative medicine.

Conclusion

Adipose extracellular matrix-based scaffolds offer a promising solution for repair of soft
tissue defects whereby they facilitate host tissue regeneration even without the addition of
cells. The adipose-derived biomaterial has been shown to be biocompatible, suggesting that
allogenic use could potentially provide surgeons with an off-the-shelf product for
reconstructive procedures such as craniomaxillofacial surgeries, trauma, and other corrective
procedures to restore contour. Consequently, this would avoid many complications
encountered with autologous tissue transfer while providing an ideal alternative for patients
requiring soft tissue reconstruction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Processed adipose tissue matrix (left) and histological image of decellularized adipose tissue
showing no remnants of cellular components (center). Immunostaining for type | collagen
confirms it as the predominant component of adipose extracellular matrix (right).
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Figure2.
Scanning electron microscopy images of processed adipose ECM without cells (1eft) and 48
hours after seeding with cells (right).
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Figure 3.

Crosslinked matrices show increased resistance to enzymatic degradation. Percent of total
collagen degraded over 24 hours when incubated with collagenase for uncrosslinked control
tissue and matrices crosslinked with 5-100 mM EDC (above), 1% and 5% HMDC in Tween
20 (center), 1% and 5% HMDC in 2-propanol (below). Error bars denote standard deviation.
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Figure 4.

Gross (above) and histological images (below) of adipose matrix from the in vivo rat study
for uncrosslinked control (left), 5 mM EDC crosslinked (center), and 1% HMDC
crosslinked ECM (right). Specimens are stained with Masson'’s trichrome and the
adiposederived matrix is denoted by an asterisk.
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Figureb5.

Histology of adipose ECM implants after four weeks in Sprague Dawley rats stained with
hematoxylin and eosin (left), Oil red O for lipids (center), CD31 (above, right), and CD44
(below, right).
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Figure6.
At 12 weeksin the subcutaneous rat study, adipose matrix implants show substantial areas

of adipose tissue development and collagen remodeling by host cells.
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