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Abstract

Current gold standard to treat soft tissue injuries caused by trauma and pathological condition are autografts and off
the shelf fillers, but they have inherent weaknesses like donor site morbidity, immuno-compatibility and graft failure.
To overcome these limitations, tissue-engineered polymers are seeded with stem cells to improve the potential to
restore tissue function. However, their interaction with native tissue is poorly understood so far. To study these
interactions and improve outcomes, we have fabricated scaffolds from natural polymers (collagen, fibrin and elastin) by
custom-designed processes and their material properties such as surface morphology, swelling, wettability and chemical
cross-linking ability were characterised. By using 3D scaffolds, we comprehensive assessed survival, proliferation and
phenotype of adipose-derived stem cells in vitro. In vivo, scaffolds were seeded with adipose-derived stem cells and
implanted in a rodent model, with X-ray microtomography, histology and immunohistochemistry as read-outs. Collagen-
based materials showed higher cell adhesion and proliferation in vitro as well as higher adipogenic properties in vivo. In
contrast, fibrin demonstrated poor cellular and adipogenesis properties but higher angiogenesis. Elastin formed the most
porous scaffold, with cells displaying a non-aggregated morphology in vitro while in vivo elastin was the most degraded
scaffold. These findings of how polymers present in the natural polymers mimicking ECM and seeded with stem cells
affect adipogenesis in vitro and in vivo can open avenues to design 3D grafts for soft tissue repair.
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Introduction

Adipose tissue plays a vital role in providing insulation,
cushioning and aesthetics to the body. When its functions
are compromised due to trauma, congenital defects, surgi-
cal resection, diseases and injury leading to decreased
quality of life and morbidity, it necessitates surgical inter-
vention to facilitate their repair and regeneration.'s
Pioneering work into adipose tissue regeneration com-
menced in 1893 with the development of autologous fat
transfer as a concept of tissue regeneration.’ Current gold
standards for adipose tissue grafting are autografts and
implant-based strategies, but they have inherent limita-
tions such as donor site morbidity, shortage and
immuno-compatibility.

To overcome these limitations, tissue engineering con-
cepts have been developed over the last three decades
whereby scaffolds fabricated from polymers and either
seeded with cells or without having the potential to restore
functional adipose tissue. Scaffold based strategies
enhance physical and biological support until the forma-
tion of the neo-tissue, and they play a critical role in cell
proliferation, differentiation and attachment. Additionally,
scaffolds provide a microenvironment for tissue repair and
regeneration. An ideal tissue-engineered scaffold should
be biocompatible, expedite cell attachment and prolifera-
tion, elicit marginal immune reaction for release of
cytokines and growth factors, and the mechanics of the
scaffold should respond to the kinetics of the host tissue.
An implanted scaffold should eventually be replaced by a
host extracellular matrix (ECM) niche without causing
toxicity to the surrounding tissue during the degradation
process.>

An off-the-shelf tissue-engineered scaffold can be fab-
ricated from synthetic or natural polymers. The use of
natural polymers such as collagen, elastin and fibrin,
which are naturally found in the ECM, is advantageous.*
However, due to a limited understanding of the behaviour
and interaction of those polymers with cells and natural
ECM components as well as their capabilities to restore
the functionality of tissue and organs, their clinical transla-
tion is still very restricted.>”’

Collagen is generally acknowledged as an advanta-
geous biomaterial because of its homology across species,
which provides low antigenicity and high biocompatibil-
ity. Collagen is the most abundant structural protein in the
connective tissues accounting for 20%—30% of the total
protein content in mammals.®!" In humans, collagen rep-
resents one-third of the total protein content in the body.
Elastin is an insoluble polymer with a half-life of 70 years.
It acts as a dynamic modulator to enhance physiological
function in large arteries, lung, ligament, tendon, skin and
elastic cartilage.'®>!3 Fibrinogen is a freely circulating
glycoprotein synthesised by the liver and cleaved by
thrombin to form a fibrin protofibrils 3D network during

blood coagulation. It acts as an initial natural scaffold for
tissue regeneration and plays a vital role in cell-matrix
interaction, inflammation, cell migration and wound
healing.*'*!> The properties displayed by these natural
polymers present in the ECM can impute its use also in
adipose tissue engineering applications.

In tissue engineering, structural properties of materials
such as porosity, pore structure, pore thickness and
mechanical properties are crucial for understanding inte-
gration, vascularisation and degradation of scaffolds, and
this relationship is poorly understood so far.>!® In our
opinion, this is due to limitations in the literature regarding
scaffolds structural properties studies, which are generally
measured either on dry scaffolds or on those synthesised
with definite pore properties that can differ considerably
when scaffolds are hydrated, that is, after implantation.
Secondly, there is no benchmark as such for measuring the
architectural properties of biomaterials.

There is a major controversy in the literature in general
regarding the properties of seeded versus bear scaffolds,
and specifically, in our case, we aim to address here whether
the use of stem cells is crucial for adipose tissue regenera-
tion or not. Adipose tissue is anatomically located subcuta-
neously and in visceral planes. It is classified as a loose
connective tissue consisting of a heterogeneous cell popu-
lation of mesenchymal progenitor/stem cells, pericytes, T
cells, macrophages, adipocytes, preadipocytes, endothelial
cells and fibroblasts.!” Adipose tissue is easily accessible
by lipo-aspiration or fat excision and stem cells from adi-
pose tissue can yield cell numbers in the range of 3.5 X 10°—
1X10° from 1g of aspirated fat, which is significantly
higher than from 1g of aspirated bone marrow that yields
approximately 5 X 10?-5 X 10> cells.'®?° This abundance
of the stem cell population, easy accessibility and higher
potential to differentiate into various cell lineages such as
adipogenic, osteogenic, chondrogenic, myogenic, etc. has
captivated researchers to the use of adipose-derived stem
cells in tissue engineering applications.?!

The aim of our study was to investigate how different
3D environments made of proteins found in the natural 3D
ECM affect adipose tissue regeneration with or without
adipose-derived stem cells as a preliminary step to design-
ing 3D biomimetic implants for adipose tissue
regeneration.

Methods and materials

Collagen, elastin and fibrin scaffolds fabrication

Collagen hydrogel was fabricated by using 90% rat tail
collagen type I (2.16mg/ml in 0.6% acetic acid) (First
Link, Birmingham, UK) and 10% of 10X Minimal
Essential Medium (Invitrogen, Paisley, UK). This solution
was neutralised using SM and IM sodium hydroxide.
Elastin scaffold was fabricated from 10% (v/v) elastin
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Figure |. Schematic representation of the fabrication of collagen, elastin and fibrin scaffolds with SEM structure of scaffolds at

50X.

powder (Sigma, UK) that was mixed with 1 ml of 0.5M
oxalic acid (freshly prepared) at room temperature. Fibrin
scaffold was fabricated by dissolving 2% bovine fibrino-
gen (Sigma, UK) in 1 ml of 1X Phosphate buffered saline
(PBS) and 10% bovine thrombin. All the scaffolds were
chemically cross-linked using 3% glutaraldehyde as a
homobifunctional cross-linker agent and lyophilised to
form a disc-shaped scaffold of 13 mm (diameter) X 4 mm
(thickness) in dimension (Figure 1).

Swelling ratio
A swelling ratio for all scaffolds was calculated using the
following equation:

M

W

;deloo
M

w

SR = (1)

where M, is the dry mass and M is the wet mass of the
scaffold.”? The dry mass of the scaffold was measured at
time 0 and wet mass was calculated by submersing the
scaffold into 5ml of distilled water for 15min at 37°C and
5% CO,.

Dynamic water contact angle (dWCA)

To determine wettability of scaffold’s surface by intermo-
lecular interaction, a dWCA was calculated. An experi-
mental set up was created by dispensing 30 ul of distilled
water droplet onto each scaffold and its absorption pattern
was video recorded over a period. By taking screen shots

at each time point the dWCA was calculated using the
principle of Young’s equation with Image] (1.8.0 112)
software (NIH, US).?

Surface architecture

Scaffolds were washed in deionised water to remove
excess salts and mounted on stubs followed by sputter-
coating with a carbon coater. All images were obtained
using a secondary electron detector in a Philips XL 30
Field Emission SEM, operated at 5kV with an average
working distance of 10 mm.

Biaxial mechanical testing

The mechanical test was set up based on in vivo biome-
chanical environment. Samples were immersed in a tem-
perature-controlled PBS bath at 37°C and the specimen
thickness of each sample was determined. Equi-biaxial ten-
sile tests were performed in displacement control on a com-
mercial system, BioTester (CellScale Biomaterials Testing,
Canada) and 23N load cells. A pre-conditioning of five
cycles at 0.25 Hz was applied. The gripping system consists
in a so-called BioRake placed on each side of the specimen;
equally spaced hooks pierce each side of the sample.

Fourier-transform infrared spectroscopy (FTIR)
and thermal gravimetric analysis (TGA)

The surface chemistry and thermal behaviour of scaffolds
(before and after cross-linking) were characterised by
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Table |I. Forward and reverse primer.

Name of gene Forward primer

Reverse primer Accession number

MYODI CGCCTGAGCAAAGTAAATGAG
PPARG GAATAAAGATGGGGTTCTCATATCC
CEBPA CGGCAACTCTAGTATTTAGGATAAC
RUNX2 TTCTCCCCTTTTCCCACTGA

SOX9 GGACCAGTACCCGCACTTG

OCT4 CACTAAGGAAGGAATTGGGAACA
REXI CGTTTCGTGTCCCTTTCA

GCCCTCGATATAGCGGATG NM_002478
AACTTCAGCAAACTCAAACTT NM_I138711
CAAATAAAATGACAAGGCACGATT NM_004364
CAAACGCAATCACTATCTATACCAT NM_004348
AATCCGGGTGGTCCTTCTTG NM_000346
GGGATTAAAATCAAGAGCATCATTG NM_002701
CCTCTTGTTCATTCTTGTTCGTATT NM_174900

attenuated total reflectance Fourier transformed infrared
spectroscopy (ATR-FTIR, Varian 640-IR, Australia) and
thermogravimetric analysis (TGA; N-1500; Scinco, South
Korea). The TGA was carried out using a small portion of
the scaffolds under nitrogen gas operation at temperature
up to 800°C with heating rate of 10°C/min.

Invitro hADSC seeding

To study biological activity of the scaffolds, human adi-
pose-derived stem cells (hADSCs) were commercially
purchased (ATCC,UK) and cultured in MesenPRO RS™
basal cell culture medium (ThermoFisher, UK) supple-
mented with 2% MesenPRO RS™ growth supplement
(ThermoFisher, UK) and 1% penicillin/streptomycin
(Sigma-Aldrich, UK) at 37°C with 5% CO,. All the in
vitro cell based experiments were carried out at passages
three or four and scaffolds were seeded with 7.5 X 10°
cells.

Cell viability and proliferation

To study cell viability and proliferation fabricated 3D
porous scaffolds were seeded with 750,000 cells per scaf-
fold. Cell viability of hADSC was investigated by a double
staining kit (Invitrogen, UK). An assay solution was pre-
pared by adding 0.2% (V/V) calcein-AM and 0.1% (V/V)
propidium iodide (PI) in PBS. This solution was added to
the scaffold and incubated at 37°C with 5% CO, for
30min. Live and dead cells were visualised by fluores-
cence imaging and confocal microscopy (Leica DM IRE2
confocal microscope). To measure the quantitative rate of
cell proliferation on scaffolds a resazurin-based
AlamarBlue® (BIO-RAD, UK) assay was used. An assay
solution of 1:10 (vol/vol) AlamarBlue was prepared in cul-
ture media and added to the cells and incubated at 37°C
with 5% CO, for 3h. Absorbance was measured at 570 and
600nm as reference wavelengths by using double beam
UV/visible spectrophotometer (Spectronic Camspec Ltd,
Garforth, UK).

hADSC differentiation study

A TRIzol (Invitrogen, Paisley, UK) based method was
used to isolate RNA from the cells for 3, 7 and 14 days

according to manufactures instructions, and the yield was
quantified by spectrophotometry (Spectronic Camspec
Ltd, Garforth, UK), followed by cDNA synthesis using the
Precision nanoscript 2 reverse transcription kit (Primer
Design, Southampton, UK). A quantitative PCR was per-
formed with custom designed and synthesised primers
(Table 1) (Primer design, Southampton, UK) for analysis
of differentiation pathways of hADSC.

Isolation, identification and culture of rADSC

To seed scaffolds with rat adipose-derived stem cell
(rADSC), three female rats were euthanised and white adi-
pose tissue (WAT) was isolated from inguinal, anterior and
retroperitoneal fat pads. A standard ADSC isolation proto-
col was performed. Briefly, WAT was minced thoroughly
with a sterile scalpel and digested with pre-warmed 0.2%
collagenase I and 0.075% collagenase II in PBS for 2h at
37°C. Collagenases were inactivated by adding fetal
bovine serum (FBS) and centrifuged at 800 X g for 10 min
at room temperature. The cell pallet was re-suspended in
Red blood lysis (RBC) lysis buffer (1:9, v:v) and incubated
for 10min at room temperature, followed by centrifuga-
tion at 800 X g for 10min and re-suspended in 20ml of
proliferation medium. This cell suspension was filtered
through a 100 um nylon mesh cell strainer and cultured at
37°C and 5% CO, for 24h. After 24 h non-adherent cells
were removed, and cells were passaged twice after reach-
ing 70% confluence level. To identify pure rADSC popula-
tion, cell surface markers staining was performed followed
by flow cytometry using BD FACSARIA III (BD
Biosciences, NJ, USA). Cell population tested positive for
CD 105, CD 90, CD 73 and negative for CD 31, CD 34
(Supplemental Figure S3). Cultured rADSC’s differentia-
tion potential was tested for adipogenic, osteogenic and
chondrogenic lineages using Oil Red O, ALP staining and
Alcian blue staining respectively (Supplemental Figure
S4). In the cellular group, each scaffold was seeded with
rADSC (1 X 108 cells/scaffold) and incubated at 37°C with
5% CO, for 4h to allow cell attachment.

In vivo implantation. The animal husbandry and experi-
mental protocols were approved by the Animal Care and
Use Committee at Dankook University, Republic of
Korea. In this experiment 9 Sprague-Dawley 9—10 weeks
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old (170-210g), healthy male rats were used, and the
study was divided into two groups acellular (scaffold)
and cellular group (scaffold + rADSC). All surgeries
were performed under general anaesthesia of an intra-
muscular injection of a mixture of ketamine (80 mg/kg)
and xylazine (10 mg/kg). The dorsal region was shaved
and disinfected with iodine solution and an incision of
2cm was made in the dorsal-medial region. Scaffolds
types were randomised and implanted in each side of the
anterior and posterior region within intercostal space
(four scaffolds per animal). At the end of the study period
(after 28 days), rats were anaesthetised under the isoflu-
rane and 420 mg/kg loversol (Optiray 350 Rx, Guerbet
LLC, USA) an iodine-based compound was injected into
the left ventricle to visualise blood vessels into the scaf-
fold. After 15min rats were euthanised by CO, inhala-
tion. Scaffolds with the surrounding tissue were harvested
and fixed in 10% neutral buffered formalin for 2h at
room temperature.

X-Ray micro-computed tomography. Pre and post implanted
scaffolds were wrapped in a transparent plastic film and
mounted for scanning using submicron resolution uCT
(Skyscan 1176, Skyscan, Belgium) and scan was per-
formed with the settings: 45kV X-ray voltage, 0.2 mm alu-
minium filter, source current 556 uA, 0.5° rotation step,
exposure time of 180ms for each section. Three-dimen-
sional (3D) models were reconstructed using Skyscan
NRecon software (Bruker micro-CT, Belgium) and recon-
structed dataset was processed after segmentation and
binarisation to analyse pore size, pore thickness, porosity
% by CTAn software (Bruker micro-CT, Belgium), angio-
genesis by CTVol software (Bruker micro-CT, Belgium)
and volume degradation by Drishti software (ANU,
Australia).

Histological analysis. Post micro CT scanning, tissue sec-
tions were fixed in a 10% neutral buffered formalin and
embedded in paraffin wax for the routine histology. To
examine the cellularity, ECM structure and immune
response to the scaffolds, 3 um sections were de-waxed
and stained with H&E, collagen-based scaffolds were
additionally stained with Sirius Red and fibrin scaffolds
with Martius Scarlet and Blue (MSB) while elastin scaf-
folds were stained with Verhoeff—Van Gieson stain (VVG).

Immunofluorescence microscopy. Primary antibodies DLK-1
(ab89908) and FABP4 (ab92501) were from Abcam (UK),
PPARY (sc-7273) was from Santa Cruz (UK) and Caveo-
lin-1 3267 was from Cell Signalling Technology (UK).
Secondary antibodies Goat anti-rabbit IgG DyLight 549
and Horse anti-mouse, [gG DyLight 488 were from Vector
Laboratories (Peterborough, UK). Immunostaining was
performed using standard protocol, in short, a section of
5 um was de-waxed for each scaffold and antigen retrieval

was carried out by citrate acid-based antigen unmasking
solution (Vector Laboratories, Peterborough, UK). Sec-
tions were subsequently blocked in 2.5% normal goat
serum (Vector Laboratories, Peterborough, UK) for 1h
before incubating in primary antibodies diluted at 1:200
and incubated overnight at 4°C. The secondary antibody,
Goat anti-rabbit IgG DyLight 549 was used to detect DLK-
1, FABP4 and Caveolin-1 whilst Horse anti-mouse 1gG
DyLight 488 was used to detect PPARYy. Secondary anti-
bodies were used at 1:200 dilution and incubated for 2 h at
room temperature. All sections were washed at the end of
the staining and mounted in Flouroshield™ (Sigma-
Merck, UK). Immuno-fluorescent images were captured
using an Olympus IX-71 inverted microscope using a 20X
objective (0.3 nu-merical aperture).

Statistical analysis. All results presented in Mean * stand-
ards deviation. The significance of results was studied
using 2-way analysis of variance (ANOVA) at 95% confi-
dence interval with two tail alpha level 0.05, (p-value)
using GraphPad Prism 7.03 (GraphPad Software, Inc, CA,
USA).

Results and discussion

Physicochemical characterisation

In this study, we have developed and tested methods for
adipose tissue regeneration using natural polymers present
in the human ECM. Surface topological differences were
observed in all three types of scaffolds. The swelling ratio
was an indication of the interaction between a physiologi-
cal solvent (i.e. water) and scaffolds. When the scaffolds
were submerged, they absorbed the solvent, causing them
to swell. The calculated swelling ratio for collagen was
92.37% = 3.12%, and for fibrin was 90.50% = 3.77%.
Elastin, however, showed the lowestratio 0£35.73% * 77%.
This indicates that the solvent absorbing capacity of elastin
scaffolds was weaker than collagen and fibrin scaffolds
(Figure 2(a)). This is because elastin scaffolds had a hydro-
phobic nature as calculated dynamic water contact angle
(dWCA) for 0s was 102° = 7.75°. In material science,
dWCA is the gradient that determines the wettability of the
material. When a determined material shows dWCA >90°
it is considered as hydrophobic, such as elastin because
naturally, it is an insoluble and stable protein.?* Fibrin is
hydrophobic, but its precursor fibrinogen is extremely
hydrophilic; however, in our study, fibrin scaffold demon-
strated dWCA of 66.18° = 10.9° which was an indication
of a hydrophilic nature. We propose that this shift in the
wettability was due to glutaraldehyde mediated cross-link-
ing.% Collagen scaffolds showed dWCA of 0° at 0s indi-
cating 100% hydrophilic nature of the scaffold (Figure
2(b)). This was due to chemical cross-linking of collagen
with glutaraldehyde as chemically crosslinked collagen
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scaffolds have increased wettability and perfusion of
liquid.?® Procedures such as attenuated total reflection -
Fourier transform infrared spectroscopy (ATR-FTIR), and
thermal gravimetric analysis (TGA) can be used to evalu-
ate the effect of cross-linking on surface chemistry, protein
structure and thermal behaviours of scaffolds. ATR-FTIR
spectroscopy was used to observe the changes in the sec-
ondary structure of the scaffolds upon cross-linking with
glutaraldehyde. Figure 2(c)—(e) shows the ATR-FTIR
spectra of collagen, elastin, fibrin and glutaraldehyde
crosslinked collagen, crosslinked elastin and crosslinked
fibrin scaffolds, respectively. Figure 2(c) shows the ATR-
FTIR spectra of collagen before and after the cross-linking
by glutaraldehyde. The ATR-FTIR spectrum of the colla-
gen scaffold shows all the characteristic peaks at 1635.35,
1554.26 and 1231.35cm™! associated with amide I, amide
IT and amide II, respectively, which predominantly corre-
sponds to the C=O0 stretch vibration of amide I, while the
peak at 1554.26cm™! is associated with amide 11 and
ascribed to the presence of N-H plane band and the
C-H stretch vibration.?”-?® The peaks at 1452.67, and
1410.81 cm™! are associated with asymmetric and symmet-
ric CH, bending vibrations.?” The peak at 1231.35cm™" is
associated with amide III and arises from C-OH stretching
mode. After cross-linking with glutaraldehyde, the amide I
peaks positions shifted to 1642.6cm™ and the reduced
intensity indicates the conformational change in triple
helix.3*2 The amide II peak position also shifted towards

higher wavenumber from 1554.26 to 1571.78cm™! and
increased intensity, indicating that amino (-NH,) groups of
the lysine residue of collagen react with aldehyde (-CHO)
groups of glutaraldehyde to form the aldimine linkage
(CH=N).?* The peaks at 1452.67cm! disappeared and
1410.18 cm™! transformed into an intense peak suggesting
an increase in symmetric CH, bending vibration. Increased
intensity of amide III was also observed after glutaralde-
hyde cross-linking. Additionally, peaks at 669.61, 594.37
and 495.52cm™! disappeared, and new peaks at 1043.24,
920.79, 646.01 and 622.77 cm™! were observed. The pres-
ence of new peaks and the disappearance of some old
peaks confirmed the chemical interaction between colla-
gen after the glutaraldehyde treatment. Figure 2(d) shows
the ATR-FTIR spectra of elastin before and after the cross-
linking with glutaraldehyde. The spectrum of the elastin
scaffold shows characteristic peaks at 1632.28 cm™! asso-
ciated with amide I and originate from the C=O stretching
vibration of the elastin and peaks at 1544 and 1524.6cm™!
attributed to N-C=0 stretching vibrations of amide II. The
peak at 1197.78cm™! is a sign of random coil conforma-
tion.>*% The ATR-FTIR spectrum of crosslinked elastin
scaffold showed similar peak intensity and positions
except for amide I and amide II, which shifted towards
higher wavenumber from 1632.28 to 1651.82¢cm™! and
from 1197.78 to 1223.97cm™!, respectively. This slight
upshifts of the peaks are attributed to differences in the
local environment of the functional groups and possible
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interaction with neighbouring atoms. Figure 2(e) shows
the ATR-FTIR spectra of fibrin before and after the cross-
linking with glutaraldehyde. The ATR-FTIR spectrum of
the fibrin scaffold shows characteristic peaks at
1646.46 cm ™! associated with amide I and originates from
the C=0 stretching vibration of the fibrin and peaks at
1537.85, and 1522.36cm™' are attributed to N-C=O
stretching vibrations and aromatic C-C of the Thy of amide
11, respectively.®® The peaks at 1321.7 and 1235.4cm’!
correspond to amide III and arise from N-H bending and
C-N stretching, respectively.’” The FTIR of glutaralde-
hyde crosslinked fibrin scaffold showed similar peak posi-
tions of amide I, amide II and amide III. However, two
new peaks at 1110.4 and 960.9 cm™" appeared after cross-
linking with glutaraldehyde. This indicates that glutaralde-
hyde cross-linking affected the main protein structure and
changed the secondary structure.

The thermo-gravitational analysis (TGA) of collagen,
elastin and fibrin scaffolds before and after cross-linking
with glutaraldehyde are shown in Figure 2(f)—(h). The
thermal degradation of collagen, elastin, crosslinked col-
lagen and crosslinked elastin scaffolds (Figure 2(f)—(h))
underwent weight loss in three stages. However, the ther-
mal degradation of the fibrin scaffold before and after
cross-linking shows different patterns (Figure 2(h)). The
thermal degradation of fibrin scaffolds involved a three-
stage; however, crosslinked fibrin scaffold shows only
two-stage thermal degradation. The collagen scaffold
showed an initial 11.69% (20°C-150°C), 23.4%
(150°C—450°C), and 14% (450°C—800°C) weight loss for
stage I, IT and III, respectively, which represents the evapo-
ration of physiosorbed water molecules, thermal degrada-
tion of collagen fibrous structures, and carbonisation of
residual organic components. Similarly, crosslinked colla-
gen scaffolds also exhibited three-stage thermal degrada-
tion 0f 20.84%, 20.4% and 13.17% in the same temperature
regions which represent the evaporation of physiosorbed
water molecules, thermal degradation of collagen fibrous
structures, and carbonisation of residual organic compo-
nents (Figure 2(f)). The thermal degradation behaviours of
collagen before and after cross-linking with glutaralde-
hyde do not show significant change. Moreover, the degra-
dation pattern is similar except the initial significant drop
in crosslinked scaffolds. The thermal degradation of elas-
tin scaffolds before and after glutaraldehyde cross-linking
also shows similar patterns (Figure 2(g)). The thermal deg-
radation of elastin scaffolds involved three-stage degrada-
tion: 22.41% (20°C-200°C), 45.43% (200°C—450°C), and
30% (450°C-800°C) weight loss for stage I, II and III,
respectively, which represents the evaporation of physi-
osorbed water molecules, major denaturation behaviour
reported for native elastin,**3* and effect of cross-linking
and change in secondary structure. Finally, the thermal
degradation of fibrin scaffolds before and after glutaralde-
hyde cross-linking shows different patterns (Figure 2(h)).

The thermal degradation of fibrin scaffolds involved three
stage degradation: 12.82% (20°C-250°C), 37.73%
(250°C-500°C), 7.4% (500°C—800°C), weight loss for
stage I, Il and III, respectively, which represents the evapo-
ration of physiosorbed water molecules, carbonisation of
residual organic components such as C=0, N-C=0, pri-
mary and secondary amide, and the burning of hydrocar-
bons, respectively. However, the crosslinked fibrin
scaffolds showed only two-stage thermal degradation:
21.7% (20°C-250°C) and sustained degradation of 40%
(250°C-800°C) weight loss, respectively, which repre-
sents the evaporation of physiosorbed water molecules,
corresponds to native degradation of carbons and other
functional groups such as amides and carboxyl. Similar
degradation trend was observed in vivo implanted cross-
linked scaffolds

X-ray microtomography of scaffolds

In order to fabricate a functional tissue-engineered scaf-
fold, the degradation of the implanted matrix should be
synchronised with neo-tissue formation for cell migration
and proliferation.? Hence in vivo scaffold degradation and
3D volume was analysed and quantified by X-ray microto-
mography (UCT) (Figure 3(a)). After 28 days the collagen
scaffolds volume was decreased by 50.33 =7.5 for acel-
lular scaffolds and 66.33 = 1.15 for the cellular scaffolds.
Interestingly, the % reduction was higher in cellular scaf-
folds than acellular scaffolds, although the difference was
marginal. In fibrin, there was 62.05% = 2.46% reduction
on the acellular scaffolds and 50.03% = 8.21% in cellular
scaffolds (Figure 3(b)). Elastin was the most degraded
scaffold with 88.01% *£9.19% degradation in acellular
scaffolds and 50.03% = 8.21% in cellular scaffolds. A pri-
mary reason for this was that elastin scaffolds were fabri-
cated from an insoluble source, which did not form a
strong fibril network and resulted in mechanically and
structurally weaker scaffolds.’® Interestingly, the degrada-
tion of cellular collagen scaffolds was faster than acellular
collagen scaffolds. This was due to mediated traction
forces and contraction by seeded rADSC that leads to
remodelling of the scaffold, and this phenomenon is com-
monly observed in fibroblasts seeded in a collagen scaf-
fold, and MSC seeded in collagen hydrogel.***" In the
fibrin groups, acellular scaffolds degraded faster than the
cellular group, but overall, all scaffolds were remodelled
due to cellular mechanobiology by 28 days in vivo.

In the biomaterials field, cell-material interaction and
structural relationships are critical for tissue engineering
outcomes, but they are poorly understood, for example, it
was reported that >500 um mean pore size is ideal for adi-
pose tissue engineering,*' but other studies have shown that
5070 um mean pore size is required.*>* Hence, there is a
contradiction about pore properties for adipose tissue
regeneration. To address this issue, we have measured 3D
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pore parameters in a pseudo-physiological environment
mimicking the in vivo scenario by uCT as well as in 2D dry
scaffolds using scanning electron microscopy (SEM) and
analysed by Image J software. In 3D, all three scaffolds
showed variation in the pore size and porosity (Figure 2(i)
and (j)). Collagen had a porosity of 27.33%, and 62% of
pore diameter was between 17.93 and 35.86 um; but in
elastin, the majority (41.33%) of pores were distributed in
the 35.86-89.65 um range. Elastin was the most porous
scaffold among three scaffolds with 79.19% of porosity. In
the fibrin scaffold, pores were almost equally distributed in
the range of 0-35.86um and 35.86-89.65 um with total
porosity of 43.28%. Pore thickness for collagen and fibrin
was mainly distributed in the range of 17.93—<35.86 um
(52.31%, 53.42%) and 35.86—-89.65 um (36.92%, 40.76%)
respectively. However, elastin had 86% of its pore thick-
ness in the range of 17.93—-<35.86 um (Figure 2(k)). As per
our findings, there was a discrepancy in the 2D
(Supplemental Figure S1) and 3D (Figure 2(i)—(k)) pore
properties. There are two reasons for this. Firstly, the differ-
ence in the method of analysis, such as using surface and
volume-based techniques and secondly, modification in the
swelling properties of scaffolds upon hydration as each
scaffold has different swelling properties which alters the
dynamics of the scaffolds such as porosity, pore thickness
and pore range from the dry to a hydrated state. We would
like to emphasise that the cellular activities such as prolif-
eration, migration and attachment occur at the hydrated
architecture of the scaffold rather than the dry state.
Therefore, this fundamental difference in the analysis of
scaffolds architecture is a key factor in understanding

cell-material interaction in any biomaterial. Hence, it is
advantageous to study pore properties in the hydrated and
3D state of the material.

Biaxial mechanical properties

In physiological conditions, tissues are under 3D forces.
Hence to measure the mechanical properties of our scaf-
folds in vivo niche, we have created a pseudo-physiologi-
cal environment using biaxial mechanical testing
(longitudinal (X) and transverse (Y) axes). The tensile
toughness of the material is the total energy density or
energy per unit volume absorbed during deformation and
is equal to the total area under the engineering stress-strain
curve (Figure 4(a)). Hence, we have calculated the area
under the hysteresis curve for both X and Y axes of the col-
lagen, elastin and fibrin scaffolds. The collagen and fibrin
scaffolds exhibited obvious hysteresis curves under the
biaxial forces as they were able to form a fibrous architec-
ture; therefore, they demonstrated the polymeric structure
of the scaffolds. However, the elastin scaffold did not show
proper hysteresis curve and exhibited differences in stiff-
ness between X and Y axes which indicates a non-isotropic
mechanical behaviour of the scaffold. This is most likely
due to the geometry and porosity of the sample rather than
its material. These finding could be correlated to the maxi-
mum force collagen (X axis=90.01 =22.51mN and Y
axis=94.00 £ 6.08 mN), elastin (X axis=38.03 = 1.73 mN
and Yaxis=32.33 £ 6.42mN), and fibrin (Xaxis=128.33 =
24.70mN and Y-axis=105.05 £ 17.69mN) (Figure 4(b))
and the stress distribution across the scaffold (Figure 4(d)).
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Moreover, the physical significance of the area within the
stress-strain hysteresis loop is the energy absorbed during
one loading-unloading cycle (Figure 4(c)). As per our find-
ings, these mechanical parameters can be correlated to the
structural and pore properties of the scaffolds.

Cell viability and proliferation

All three scaffolds showed continual proliferation and
viability of human adipose-derived stem cells (hADSCs)
(Figure 5). Cells in collagen showed elongated cell mor-
phology at days 1 and 3, but at day 7, cells showed
aggregated morphology and demonstrated the highest
proliferative activity among all scaffolds. The hADSCs
on the collagen scaffolds showed proliferative and aggre-
gated morphology as collagen type 1 has a distant ligand-
binding receptor for integrin alfl, a2f1 and allfl.
Hence, hADSCs have a higher affinity for attachment
and proliferation.** Role of fibrin gels on MSC prolif-
eration and attachment has been successfully investigated
for bone formation, intervertebral disc regeneration, dif-
ferentiation potential and clinical studies of osteoarthritic
knees in 17 patients.***’ However, in our study hADSCs
adhesion was poor and non-homogenously distributed
but showed an increase in the absorbance and prolifera-
tion by day 7 from day 1. This was because of the

difference in the surface properties of the scaffold and
method of cell seeding. In contrast, in elastin scaffolds,
cells were homogeneously distributed on day 1 and dem-
onstrated distinct spindle morphology with non-aggre-
gated behaviour on days 3 and 7 with spindle-shaped
morphology, and high proliferation compared to fibrin,
although surface chemistry and properties of elastin were
inferior to those of collagen and fibrin.>® This increase in
the biological activity was because the elastin scaffold
was the most porous and had a wide range in the pore
sizes; hence the architectural property of the elastin scaf-
fold played a vital role.

Adipogenic differentiation

Gene expression of two hADSCs markers OCT4 and
REX1 and five lineage-specific differentiation markers
(adipogenic differentiation markers CEBP and PPARy;
myogenic marker MYOD1; osteogenic marker RUNX2
and chondrogenic marker SOX9) were evaluated after 3, 7
and 14 days of incubation of hADSC in collagen, elastin
and fibrin scaffolds (Figure 6(e)). The main objective of
this part of the study was to examine the differential ability
of these three biomimetic scaffolds in the absence of exter-
nal stimuli. Therefore, we have seeded these scaffolds and
maintained them in stem cell proliferation media, and
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hADSC:s cultured on tissue culture plastic has been used as
baseline control (Figure 6(a)). GAPDH, the most common
housekeeping gene and two others (B2M and PPIA) that
were reported by Li et al.>! as the stable reference genes for
mesenchymal stem cells were screened across the three
scaffolds at all time points. The results displayed fluctuat-
ing Ct values across time points and scaffolds for all three

housekeeping genes (Supplemental Figure S2), hence
classing them unsuitable to be used as ideal reference
points. The anomaly in gene expression of the same type
of cells cultured on 2D and 3D surfaces explains this phe-
nomenon.’? There have been studies that have screened a
range of housekeeping genes to identify the most suitable
and stable reference for mesenchymal stem cells seeded on
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3D scaffolds. One such study demonstrated the stability of
TATA-box protein (among 31 screened genes) to be used
as a reference gene for bone marrow-derived mesenchy-
mal stem cells.”® However, there is a contradictory report
suggesting that it is the least suitable gene for mesenchy-
mal stem cell monolayer culture.’’ Due to the extensive
range of genes that would have to be screened to identify
the best-suited reference gene for each scaffold and the
improbability of identifying a common gene that will ren-
der the three scaffolds comparable, makes this task infea-
sible. Hence the gene expression in hADSCs cultured in
our biomimetic scaffolds has been expressed in terms of
absolute copy number of mRNA extrapolated using the
standard curve for each individual primer set. hADSCs
cultured in all three scaffolds uniformly displayed a sig-
nificant reduction of OCT4 (p <0.01) and REX1 (p <0.5)
compared to control (ADSCs cultured on tissue culture
plastic) at all time points. This implies that the ADSCs are
losing their stemness as early as 3 days upon co-culture
with these biomimetic scaffolds. Besides, the collagen
matrix was observed to induce significant upregulation of
late-stage adipogenic marker CEBP alpha by 250-fold
(» <0.05) in comparison to control at day 14 (Figure 6(b)).
A gradual upregulation of CEBP alpha was also observed
in fibrin at day 7 and day 14 (p <0.05) compared to con-
trol, although with much less intensity (5-fold increase)
than ADSCs in a collagen matrix. However, PPARy, which
plays a synergistic role with CEBP alpha in bringing about
adipogenic differentiation, was observed to be downregu-
lated significantly in all three scaffolds right from day 3
(»p<0.01). CEBP alpha and PPARG are key pro-adipo-
genic transcription factors that activate each other, thus
triggering a positive feedback loop. They both, in turn,
activate an array of adipogenic genes.>**> The absence of
PPARYy signifies that the ADSCs are not completely dif-
ferentiated into adipocytes but suggests a possible inclina-
tion towards adipogenic lineage due to the increasing trend
observed in CEBP alpha expression. The addition of exter-
nal stimuli along with appropriate incubation time, might
render a collagen and fibrin matrices more suitable for adi-
pose tissue regeneration (Figure 6(d)). In vivo studies will
throw more light upon the adipogenic differentiation
potential of ADSC these biomimetic scaffolds. Myogenic
differentiation marker MYOD1 showed a fluctuating
expression trend in Collagen and Fibrin. In the collagen
matrix, following a significant 13-fold increase at day 7,
MYODI1 expression dropped to a three-fold increase com-
pared to control at day 14. However, MYOD1 expression
remained significantly higher than control (p <0.05) at
both day 7 and day 14. On the contrary, fibrin matrices
displayed a significant reduction compared to control
(»<0.01) at all three-time points despite the fluctuating
trend. Nevertheless, elastin exhibited a 6-fold increase in
expression compared to control at day 14 (p<<0.01).
Interestingly, MYOD1 was the only differentiation marker
that was selectively upregulated in elastin, while the other

lineage markers reduced to negligible expression levels by
day 14 (Figure 6(c)). This observation supports existing
reports demonstrating the successful use of human elastin-
like polypeptide scaffold (HELP) and silk-tropoelastin for
myogenic differentiation.’*>® Dexamethasone is often
used to induce osteogenic differentiation via RUNX2 acti-
vation.”>®* However, there are several alternative induc-
tion protocols avoiding the use of dexamethasone and
some methods solely using surface/3D matrix topography
to induce osteogenic differentiation.®':®> Similarly, SOX9
is a crucial transcription factor that brings about chondro-
genic differentiation through collagen II and aggrecan
expression.®® Calabreze et al.** demonstrated a significant
increase in SOX9 expression after week 1 of culture in 3D
collagen scaffold even in the absence of soluble factors,
although their presence showed a substantially higher
expression of SOX9. In line with this, the collagen matrix
was also observed to exhibit significant upregulation of
RUNX2 (p<-0.01) and SOX9 (p<<0.0001) at day 14
compared to control. This observation correlates with sev-
eral existing reports that have proved the suitability of type
I collagen incorporated scaffolds for osteogenic®’ and
chondrogenic differentiation.%48:6

Angiogenesis

Adipose tissue hypoxia is a root cause for chronic inflam-
mation as diffusion of oxygen in tissue is limited up to
100-200 um from the surface, and for gaseous exchange
and nutrient transportation beyond that, an additional net-
work of new blood vessels (angiogenesis) is required.
Therefore, adipose tissue is highly vascularised.”®’!
However, our scaffolds dimensions were larger than
200 um therefore, it was a prerequisite to understand the
angiogenic potential of our scaffolds, and to do that we had
injected a contrast agent in rats to visualise vascular net-
work under pCT (Figure 7(a)). In collagen scaffolds pres-
ence of integrin receptor-like alfl, a2B1 and allpl
enhanced endothelial cell attachment and resulted in
15.37% vasculature in acellular scaffolds. However, in the
cellular scaffolds, there was significantly higher vascula-
ture because of increased levels of vascular endothelial
growth factor (VEGF) and other cytokines in the presence
of MSCs.”73 There is evidence that elastin-derived pep-
tides promote angiogenesis by upregulation of MT1-MMP,
resulting in tubulogenesis and endothelial migration,’* but
in our study elastin scaffolds were fabricated from an
insoluble source, demonstrated hydrophobicity and high in
vivo degradation, which resulted in poor vasculature in
both acellular and cellular scaffolds. Fibrin scaffolds
showed the highest vasculature (22% acellular and 34%
cellular) (Figure 7(b)) because fibrin has a high affinity
towards endothelial cell docking by the formation of focal
adhesion complex that colocalises integrin, VEGF and
fibroblast growth factor-2 (FGF-2) receptors and this cas-
cade of growth factors promote angiogenesis.*”> 80
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However, all scaffolds maintained their vascular homeo- screening grafts were viable, and there was no evidence of
stasis by capillary morphogenesis by day 28. superficial inflammatory reaction apart from fibrin (acel-
lular and cellular) scaffolds (Figure 8(a)—(c)). Additionally,
there was an invasion of blood vessels into all scaffolds.
There was a good correlation between the amount of scaf-
The gross observation showed that all three scaffolds were fold degradation after 28 days and uptake of the differen-
able to integrate into the host tissue, and upon visual tial stain, but in collagen scaffolds uptake of Sirius Red

Adipose tissue regeneration
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was greater in an acellular group than the cellular group
(Figure 9(a) and (d)). This phenomenon was not observed
in elastin or fibrin scaffold groups. In the elastin cellular
group, the remains of elastin scaffold (black) could be eas-
ily distinguished from the extracellular matrix stained in
red/pink (Figure 9(b) vs (e)). However, in the acellular
elastin group, since the scaffold was degraded the most,
only a trace amount of elastin was present. In the acellular
fibrin group, there was the presence of fibrin stained in
brick red in the marginal amount, but in cellular group
presence of brick red colour was predominant with

conventional fibre boundaries (Figure 9(c) and (f)). The H
and E evaluation showed by 28days cell infiltration and
attachment in the acellular scaffolds and proliferating cells
in cellular scaffolds. Collagen and elastin scaffolds elicited
a marginal immune response in the both acellular and cel-
lular group (Figure 9(g)—(j) and (h)—(k)), but the fibrin
scaffold showed more cellularity and a significant amount
of immune response (Figure 9(i) and (1)). We have observed
more inflammation in the fibrin scaffold because fibrin
enhances inflammatory response by leucocyte migration
and endothelial cells by the influx of cytokines such as
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TNF, IL-1 and IL 6.%' In this study adipogenesis in scaf-
folds was analysed at four levels using immunofluores-
cence: (1) Adipogenesis reduction usingDLK-1, an
adipogenesis inhibitor, (2) Adipogenesis at the gene
expression level by PPARY, an adipogenic transcriptional
factor, (3) Adipogenesis at the cytoplasmic level by
FABP4, a cytoplasmic lipid transport protein, and (4)
Adipogenesis at cell plasma level by Caveolin-1 an adipo-
cyte cell membrane protein (Figure 10(a)). DLK-1 acti-
vates a cascade of MAPK/ERK pathways by upregulating
SOX-9 expression, which inhibits adipogenesis and acts as
a gatekeeper in adipogenesis.”®’” In our study, the expres-
sion of DLK-1 was marginal in all scaffolds, which indi-
cates that the material properties of scaffolds did not arrest
adipogenesis. Interestingly, in cellular groups absence of
DLK-1 expression, a positive control for ADSC, indicated
that seeded ADSCs lost their stemness and differentiated.”®
All scaffolds showed a varied expression of PPARy, which
is a nuclear receptor that forms a heterodimer with retinoid
X receptors, regulates adipogenesis at the transactional
level and has a pivotal role in lipid metabolism. Real-time
PCR result reported that the collagen type 1 scaffolds
upregulate PPARy gene expression in vivo,* but in our
scaffolds, immuno-histological expression of PPARy was
weaker, as cellularity in collagen scaffolds was minimal.
The expression of fatty acid chaperone FABP4 for all scaf-
folds was corresponding to the expression of PPARy as
FABP4 is induced by PPARy.®*% In collagen scaffolds,

the expression of FABP4 and Caveolin-1, which is
expressed in mature adipocytes was the highest. Elastin-
based scaffolds showed the highest expression of PPARy
as elastin was most the degraded scaffold, and degraded
elastin fragments upregulate PPARy®® hence, resulted in
higher expression FABP4 and Caveolin-1 in acellular elas-
tin scaffolds. However, in cellular elastin scaffold, the deg-
radation was less; hence the expression of PPARy, FABP4
and Caveolin-1 was lower than in cellular elastin. In fibrin
scaffolds expression of PPARy, FABP4 and Caveolin-1
were marginal in the acellular group, although in fibrin
glue with hADSC had shown excellent adipogenicity in
vivo.?” In our experiments, we have used crosslinked and
lyophilised fibrin scaffold, which has demonstrated weak
cell-material interaction. Therefore, the results indicated
that scaffolds seeded with ADSC enhance adipogenesis
(Figure 10(b)).

Conclusion

In this study, we have successfully elucidated biomimetic
cues by physical and biological characterisation in vitro
mimicking physiological conditions and in vivo rodent
model. Hence, we can conclude that the 3D geometry of
scaffolds fabricated from natural polymers present in the
human ECM with ADSCs provides environmental clues
for adipogenesis. All these scaffolds possess different
physical and structural properties, and upon seeding with
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ADSCs without any external stimuli these ADSCs sense
topology of scaffolds and lost their stemness and demon-
strated differentiation potential into various mesenchymal
lineages. We have successfully calculated 3D mechanical,
structural and pore properties corresponding to in vivo
physiological state. All these findings suggested that each
of these natural polymers have a pivotal role in adipose
tissue engineering like collagen is ideal for cellular activi-
ties and adipogenesis. Elastin contributed to adipogenesis
by maintaining the balance between scaffold degradation
and endogenous neo-tissue formation, and fibrin is an
excellent promoter of angiogenesis. This study has
advanced our understanding of cell-material interaction
and the role of these ECM polymers in soft tissue
regeneration.
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