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3D Porous Binary Composites of Collagen, Elastin, and
Fibrin Proteins Orchestrate Adipose Tissue Regeneration

Prasad Sawadkar,* Nandin Mandakhbayar, Kapil D Patel, Nazanin Owji,
Poojitha Rajasekar, Roudin Sarama, Jung-Hwan Lee, Hae-Won Kim, Jonathan Knowles,

and Elena Garcia-Gareta

The objective for this study is to advance the development of a specialized
biomaterial that can effectively facilitate the regeneration of adipose tissue. In
prior studies, the assessment of collagen (Col), elastin (Ela), and fibrin (Fib)
unary scaffolds has been conducted. However, it is important to note that
native adipose tissue is comprised of a diverse array of extracellular matrix
(ECM) constituents. To mimic this behavior, binary compositions of collagen,
elastin, and fibrin are fabricated in a 1:1 ratio, resulting in the formation of
Col/Ela, Col/Fib, and Ela/Fib composites through a customized fabrication
procedure. The physical properties of these scaffolds are comprehensively
analyzed using a range of material characterization techniques. Additionally,
the biological properties of the scaffolds are investigated by examining the
survival, proliferation, and phenotype of adipose-derived stem cells.
Subsequently, the aforementioned binary scaffolds are implanted into a
rodent model for 28 days. the explants are analysed through X-ray
microtomography, histology, and immunohistochemistry. The findings of the
study demonstrate that the utilization of binary combinations of Col/Ela,
Col/Fib, and Ela/Fib has a discernible impact on the physical and biological
characteristics of the scaffolds. Nevertheless, Ela/Fib exhibits characteristics
that make it a suitable candidate for adipogenesis due to its notable
upregulation of caveolin-1 expression in both acellular and cellular cohorts.
The combination of two natural polymers in this cell-material interaction has
significantly enhanced the comprehension of adipogenesis.

1. Introduction

Repairing soft-tissue defects post curative
surgery and traumatic rupture is a clinical
challenge. Current surgical treatments in-
clude grafting and implant-based strategies,
but both these methods hold substantial
drawbacks. For example, autograft recipi-
ents are at risk of wound infection and flap
failure, whereas implant-based strategies
involve risk of extrusion, leakage/rupture,
adverse immune reaction, and rejection.[!]
In the last few decades, there is a quest
to design an ideal biomaterial to attempt
to harness the regenerative capacity of the
body to overcome challenges encountered
by traditional procedures. These biomateri-
als are fabricated with natural and/or syn-
thetic polymers, and both these polymeric
approaches have their own advantages over
others. In this study, we aim to design an
ideal biomaterial for adipogenesis with nat-
urally occurring proteins present in the hu-
man body, such as collagen (Col), elastin
(Ela), and fibrin (Fib). Collagen is an abun-
dant natural protein in extracellular matrix
(ECM) and is widely used as a biomaterial
because of its wide applicability and less
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immunogenicity.>#! Fibrin is a natural matrix formed by the
polymerization of fibrinogen and thrombin that provides biome-
chanical cues for cell migration and activates various signaling
cascades for tissue repair.[>®! Elastin is an ECM protein that pro-
vides elasticity to the body, and it is present in connective tissues.
In humans, elastin is coded by the ELN gene and is hierarchi-
cally assembled from tropoelastin, a precursor of elastin bundles
to form elastic fibers. The expression of the ELN gene is at its peak
in early development and decreases in the later stage of life.’™!
Elastin has a half-life of 74 years; hence, it is an ideal candidate
for our natural polymer selection.['%]

Stem-cell-based therapies are becoming popular in clinic due
to their plasticity and self-renewing ability, and they fall under
embryonic stem cell (ESC), induced pluripotent stem cell (iPSC),
and mesenchymal stem cell (MSC) groups. In this study, we
have studied cells and binary scaffold interaction using human
adipose-derived stem cells (hADSCs). A primary reason for this
is that ADSCs are multipotent and present in the native fat tissue;
hence, anatomically, they are easily accessible clusters of puta-
tive stem cells for therapeutic use. Current methods for harvest-
ing ADSCs are ultrasound-assisted, power-assisted, and laser-
assisted liposuction and excision of fat tissue.[!"12]

Previously we demonstrated how unary natural proteins such
as collagen, elastin, and fibrin orchestrate adipogenesis by their
physical, in vitro and in vivo biological properties.['*] However,
native adipose tissue is not made up of unary protein but is a
combination of several proteins. Therefore, to understand this
mechanism, this study aimed to investigate how binary combi-
nations of collagen, elastin, and fibrin (1:1) and in conjunction
with adipose-derived stem cells can affect adipogenesis in a 3D
environment in vivo in the rodent model.
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2. Experimental Section
2.1. Scaffold Fabrication

2.1.1. Collagen Solution

In 90% type I rat tail collagen (First Link, Birmingham, UK) was
added to 10% (v/v) of 10x minimal essential medium (Invitro-
gen, Paisley, UK). This solution was neutralized using 5 and 1 m
sodium hydroxide.

2.1.2. Elastin Solution

10% (v/v) bovine elastin powder (Sigma, UK) was mixed with
0.5 ™ oxalic acid (freshly prepared) at room temperature.

2.1.3. Fibrin Solution

2% bovine fibrinogen (Sigma, UK) was dissolved in 1x
phosphate-buffered saline (PBS) and 10% bovine thrombin.
To fabricate three different binary composite scaffolds, colla-
gen/elastin (Col/Ela) (1:1 v/v; collagen/fibrin (Col/Fib), (1:1 v/v);
and elastin/fibrin (Ela/Fib), (1:1 v/v) were used (Figure 1). All
composites were chemically crosslinked using 3% glutaralde-
hyde as a homo-bifunctional cross-linker agent and lyophilized
to form a disk-shaped scaffold of ~ 13 mm (diameter) X 4 mm
(thickness) in dimension.

2.2. Swelling Ratio

The following equation was used to calculate the scaffold’s
swelling ratio

M, - M,
SR:Wdeloo 1)

w

where M, is the dry mass (measured at time 0) and M,, is the wet
mass of the scaffold,!3] which was calculated by immersing the
scaffold into 5 mL of distilled water for 15 min at 37 °C.

2.3. Dynamic Water Contact Angle

In this study, the wettability of the scaffolds surfaces by inter-
molecular interaction was determined by calculating the dynamic
water contact angle (dWCA). For this purpose, 30 uL of distilled
water droplet was dispensed onto each scaffold and its absorption
pattern was video recorded. At each time point, screenshots were
taken and the dWCA calculated using the principle of Young’s
equation with Image] (1.8.0_112) software. (NIH, USA).

2.4. Surface Architecture

Scaffolds were washed in deionized 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 de-
tector in a Philips XL 30 Field Emission SEM, operated at 5 kV
with an average working distance of 10 mm.
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Figure 1. Schematic representation of binary fabrication of Col/Ela, Col/Fib, and Ela/Fib scaffolds with SEM structure of scaffolds at 50x.

2.5. Biaxial Mechanical Testing

The mechanical test for 3D scaffolds was performed using biax-
ial mechanical set-up. The set-up for the mechanical test was de-
signed similar to the in vivo biomechanical environment. Prior
to the mechanical test, 3D scaffolds were submerged in PBS bath
at 37 °C for 15 min, and the specimen dimensions (length and di-
ameter) were measured. Next, an equi-biaxial tensile test was con-
ducted using BioTester (CellScale Biomaterials Testing, Canada)
in displacement control with load cells of 23 N. The test was per-
formed for pre-condition of five cycles at 0.25 Hz.

2.6. Fourier-Transform Infrared Spectroscopy and Thermal
Gravimetric Analysis

The scaffolds (before and after crosslinking) were characterized
by attenuated total reflectance Fourier transformed infrared spec-
troscopy (ATR-FTIR, Varian 640-IR, Australia) and thermal gravi-
metric analysis (TGA, N-1500; Scinco, South Korea). The TGA of
scaffolds was carried out using a portion of the samples in the
presence of nitrogen gas flow at temperature from 25 to 800 °C,
with a heating rate of 10 °C min~.

2.7. In Vitro hADSC Seeding

Human adipose-derived stem cells (ATCC, UK) were cultured
in MesenPRO RS basal cell culture medium (ThermoFisher,
UK) supplemented with 2% MesenPRO RS growth supplement
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(ThermoFisher, UK) and 1% penicillin/streptomycin (Sigma—
Aldrich, UK) at 37 °C with 5% CO,. Scaffolds were seeded with
7.5 x 10° cells at passages 3 or 4.

2.8. Cell Viability and Proliferation

Cell viability of hADSC was assessed by a double staining kit
(Sigma—-Aldrich, UK) where an assay solution of 10 uL of calcein-
AM and 5 pL propidium iodide (PI) was prepared in 5 mL of in
PBS and added to the scaffold and incubated at 37 °C with 5%
CO, for 30 min. Live and dead cells were visualized by fluores-
cence imaging and confocal microscopy (Leica DM IRE2 confocal
microscope). The quantitative rate of cell proliferation on scaf-
folds was measured using a resazurin-based AlamarBlue (BIO-
RAD, UK) assay. An assay solution of 1:10 (v/v) AlamarBlue was
prepared in culture media, added to the cells, and incubated at 37
°C with 5% CO, for 3 h. Following the manufacturer’s instruc-
tions, absorbance was measured at 570 with 600 nm as reference
wavelength by using a double beam UV-visible spectrophotome-
ter (Spectronic Camspec Ltd., Garforth, UK).

2.9. hADSC Differentiation Study

RNA was isolated from the cells at days 3, 7, and 14 using a
TRIzol-based (Invitrogen, Paisley, UK) method. The yield was
quantified by spectrophotometry (Spectronic Camspec Ltd., Gar-
forth, UK) followed by complementary DNA (cDNA) synthesis
using Precision nanoscript 2 reverse transcription kit (Primer
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Table 1. Forward and reverse primer.
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Name of gene Forward primer

Reverse primer Accession number

MYOD1 CGCCTGAGCAAAGTAAATGAG
PPARG GAATAAAGATGGGGTTCTCATATCC
CEBPA CGGCAACTCTAGTATTTAGGATAAC
RUNX2 TTCTCCCCTTTTCCCACTGA
SOX9 GGACCAGTACCCGCACTTG
OCT4 CACTAAGCAAGCAATTGGGAACA
REX1 CGTTTCGTGTCCCTTTCA

GCCCTCGATATAGCGGATG NM_002478
AACTTCAGCAAACTCAAACTT NM_138711
CAAATAAAATGACAAGGCACGATT NM_004364
CAAACGCAATCACTATCTATACCAT NM_004348
AATCCGGGTGGTCCTTCTTG NM_000346
GGGATTAAAATCAAGAGCATCATTG NM_002701
CCTCTTGTTCATTCTTGTTCGTATT NM_174900

Design, Southampton, UK). A quantitative polymerase chain re-
action (q-PCR) was performed with custom designed and synthe-
sized primers (Table 1) (Primer design, Southampton, UK).

2.10. Isolation, Identification, and Culture of Rat Adipose-Derived
Stem Cells

In order to seed scaffolds with rat adipose-derived stem cells
(rADSC) for the in vivo experiments, three female rats were eu-
thanized and white adipose tissue (WAT) was isolated from in-
guinal, anterior, and retroperitoneal fat pads. 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 2 h at
37 °C. Collagenases were then inactivated by adding fetal bovine
serum (FBS) and centrifuged at 800 x g for 10 min at room tem-
perature. A cell pallet was re-suspended in RBC lysis buffer (1:9,
v/v) and incubated for 10 min at room temperature, immediately
centrifuged at 800 x g for 10 min and re-suspended in 20 mL of
proliferation medium. The cell suspension was filtered through
a 100 um nylon mesh cell strainer and cultured at 37 °C and 5%
CO, for 24 h, after which nonadherent cells were removed. Fi-
nally, cells were passaged twice after reaching 70% confluence
level (18).

To identify pure rADSC population, staining of cell surface
markers was performed followed by flow cytometry using BD
FACSARIAIII (BD Biosciences, NJ, USA). Cell population tested
positive for CD 105, CD 90, CD 73, and negative for CD 31, CD
34 (Figure S1, Supporting Information). Furthermore, cultured
rADSC’s differentiation potential was tested for adipogenic, os-
teogenic, and chondrogenic lineages using Oil Red O, alkaline
phosphatease (ALP) staining, and Alcian blue staining, respec-
tively (Figure S2, Supporting Information). In the cellular group,
scaffolds were seeded with rADSC (1 x 10° cells per scaffold) and
incubated at 37 °C with 5% CO, for 4 h to allow cell attachment.

2.11. In Vivo Implantation

The animal husbandry and experimental protocols used in this
study were approved by the Animal Care and Use Committee
at Dankook University, Republic of Korea. For this work, six
Sprague—Dawley, 9-10 weeks old (170-210 g), healthy male rats
were used, and the study was divided into two groups, namely
acellular (scaffold) and cellular group (scaffold + rADSC). All
surgeries were performed under general anesthesia, which was
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induced by intramuscular injection of a mixture of ketamine
(80 mg kg™') and xylazine (10 mg kg™!). The dorsal region was
shaved and disinfected with iodine solution before making an
incision of 2 cm in the dorsal medial region. Four scaffolds per
animal were implanted in each side of the anterior and poste-
rior regions within intercostal space. At day 28, rats were anes-
thetized under isoflurane, and 420 mg kg~! Ioversol (Optiray 350
Rx, Guerbet LLC, USA), an iodine-based compound, was injected
into the left ventricle to visualize blood vessels into the scaffold.
After 15 min, rats were euthanized by CO, inhalation and scaf-
folds with the surrounding tissue were harvested and fixed in
10% neutral buffered formalin (NBF) for 2 h at room tempera-
ture for further analysis.

2.12. X-Ray Micro-Computed Tomography

Pre- and post-implanted scaffolds were wrapped in a transpar-
ent plastic film and mounted for scanning using submicron res-
olution micro-CT (Skyscan 1176, Skyscan, Belgium). For each
section, a scan was performed at 45 kV X-ray voltage with a
0.2 mm aluminum filter, a source current of 556 pA, 0.5° rota-
tion step, and an exposure time of 180 ms. 3D models were re-
constructed using Skyscan NRecon software (Bruker micro-CT,
Belgium). In order to analyze pore size, pore thickness, porosity
percentage (%) by CTAn software (Bruker micro-CT, Belgium),
angiogenesis by CTVol software (Bruker micro-CT, Belgium) and
volume degradation by CTVox (Bruker micro-CT, Belgium), re-
constructed datasets were processed after segmentation and bi-
narization.

2.13. Histological Analysis

Samples fixed in 10% NBF were processed for paraffin histology
and cut into 3 pym thick sections that were stained for haema-
toxylin and eosin (H&E). Additionally, collagen-based scaffolds
were stained with Sirius Red, fibrin scaffolds with Martius Scar-
let and Blue (MSB), and elastin scaffolds with Elastin Van Gieson
stain (EVG).

2.14. Statistical Analysis
All experiments were carried out with minimum three repeats

(n = 3). Results were presented as mean =+ standard deviation.
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Figure 2. A) Swelling ratio of the scaffolds (* p < 0.05 and **** p < 0.0001). B) Water contact angle (WCA). C) Fourier-transform infrared spectroscopy
(FTIR) for Col/Ela, Col/Fib, and Ela/Fib. D) Thermal gravimetric analysis (TGA) for Col/Ela, Col/Fib, and Ela/Fib, where X indicates crosslinked scaffolds.
Pore properties of scaffolds measured using uCT: E) pore range, F) pore thickness, and G) porosity.

Statistical analysis was carried out by two-way analysis of variance
(ANOVA) at 95% confidence interval with two tail alpha levels of
0.05, (p-value) using GraphPad Prism 7.03 (GraphPad Software,
Inc, CA, USA).

3. Results and Discussion

3.1. Physical Properties of Scaffolds

The swelling ratio of any material is a competition in which
the solvent is trying to attain equilibrium through penetrating
inside the polymeric scaffolds. Due to a sudden influx of sol-
vent, the polymeric network inside these scaffolds begins to
elongate by generating an elastic retractive force to oppose this
deformation.l’] Therefore, swelling ratios were a simple method
to understand the polymeric network in our scaffolds. Col/Ela
(85.93 + 0.97%) and Col/Fib (85.51 + 0.13%) showed similar
swelling ratios, but for Ela/Fib (90.70 + 0.04%) this ratio was sig-
nificantly higher (Figure 2A). These results were interesting and
related to our previous findings with the unary combination of
elastin where the swelling ratio was 35.73 + 77%.113] However,
combining elastin with collagen and fibrin resulted in a higher
swelling ratio. We had shown that our elastin scaffolds were hy-
drophobic as elastin is an insoluble protein, whereas collagen
and fibrin scaffolds were hydrophilic. This trend continued in
the binary combinations as the calculated WCA for Col/Fib was
0.00. Even though collagen and fibrin scaffold were hydrophilic
in unary form but the binary combination with elastin resulted
in a more hydrophobic nature as calculated WCA for Col/Ela was
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96.63 + 11.49, Ela/Fib was 105.80 + 17.60. This showed the phys-
ical properties of elastin superseded collagen and fibrin’s proper-
ties in binary combination (Figure 2B).

3.2. Chemical Structure and Properties of Scaffolds

The ATR-FTIR spectra of the scaffold prepared by binary compo-
sitions of the proteins with and without crosslinking are shown
in Figure 2C. The FTIR spectra of collagen—elastin and elastin—
fibrin binary compositions with crosslinked (Col/Ela-X) and with-
out crosslinked Col/Ela) do not show any change. The peaks
at 1617-1642, 1516-1535, and 1230 cm™! are the characteristic
peaks of collagen and elastin, and associated with amide I, amide
11, and amide 111, respectively.'*! However, the FTIR spectra of
collagen—fibrin binary composition with crosslinking (Col/Fib-
X) and without crosslinking (Col/Fib) exhibit significant change.
Post crosslinking collagen-fibrin scaffold showed a sharp and
intense peak at 1643 cm™! associated with amide I and pre-
dominantly corresponds to the C=0 stretching, amide II peak
shifted from 1529.25 to 1545.86 cm™!, and amide III peak at
1228.59 cm™! is reduced to a small and weak peak after crosslink-
ing. Moreover, peaks at 1738.75, 1024.57, 718.75, 674.47, 594.78,
556.05, 492.59, and 473.41 cm™! disappeared and new peaks
at 1400.87, 1322.66, 113.12, 958.54, 773.72, 625.01, 514.73, and
426.56 cm™! appeared. The disappearance of peaks and appear-
ance of new ones in Col/Fib-X scaffold confirmed the chemical
interaction between collagen and fibrin during glutaraldehyde
crosslinking and changed the secondary structure of the proteins.
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The TGA of binary compositions of collagen, elastin, and
fibrin protein scaffolds before and after crosslinking with glu-
taraldehyde are shown in Figure 2D. The result of temperature-
dependent weight loss of Col/Ela and Ela/Fib before (and after
crosslinking (Col/Ela-X and Ela/Fib-X) reveals no change. The
thermal degradation of collagen—elastin and elastin—fibrin binary
scaffolds exhibits similar behaviors and underwent weight loss
in three stages: the first stage shows an initial 10.69 + 1.25%
weight loss between 20 and 150 °C, which represents the evapo-
ration of physisorbed water molecules; second stage weight loss
of 54.42 + 1.12% between 150 and 450 °C, which represents
thermal degradation of fibrous structures of collagen, fibrin, and
elastin; and third stage weight loss of 30.67 + 0.61% between
450 and 800 °C, which corresponds to the carbonization of resid-
ual organic components. The thermal degradation behavior of
collagen—fibrin binary scaffolds (Col/Fib and Col/Fib-X) showed
a significant difference. In both scaffolds, that is Col/Fib, Col/Fib-
X involved the three-stage thermal degradation with initial 15.42
and 19.95% weight losses in the first stage between 20 and 250
°C, respectively, representing the evaporation of physiosorbed
water molecules. In the second stage, Col/Fib and Col/Fib-X
showed 22.99% and 24.38%, respectively, between 250 and 500
°C, which represent thermal degradation of fibrous structures of
collagen and elastin, carbonization of residual organic compo-
nents such as C=0, N—C=0, primary and secondary amides and
major denaturation behavior reported for native elastin.[>¢! The
third stage showed significantly different weight loss between
Col/Fib and Col/Fib-X, without crosslinked (Col/Fib) exhibited
5.92% and with crosslinked (Col/Fib-X) 14.43% weight loss be-
tween 500 and 800 °C, which corresponds to native degradation
of carbons and other functional groups such as amides and car-
boxyl. The significant difference in weight loss in the third stage
can be interpreted as the effect of crosslinking and change in the
secondary structure of the proteins.

3.3. Architectural Properties of Scaffolds

Our scaffolds were fabricated by lyophilization; hence, we could
not control its architecture, but cell spatial distribution and pro-
liferation are determined by the scaffold; hence, understanding
the scaffold’s pore properties was a crucial parameter. In the lit-
erature, the majority of studies determined pore properties us-
ing 2D SEM images of dry images, but in vivo cell attachment
and proliferation occur in the hydrated state of scaffolds; hence,
we evaluated pore properties in a pseudophysiological hydrated
environment using micro-CT. In our scaffolds, pore range distri-
bution of Col/Ela and Col/Fib showed a marginal similarity from
17.93 to >167.37 pum scaffold, and Ela/Fib had 55.10% pores from
17.93 to <35.86 pum range, and 32.49% from 35.86 to <89.65 um
range (Figure 2E). In our previous finding, we found that collagen
had 41.33%, 86% of elastin, and 32% of fibrin pores distributed in
the range from 17.93 to <35.86 um whereas 34% of collagen, 44%
of fibrin, and 90% of elastin pores were in the 35.86-89.65 um
range.l3] However, in the binary combination, Col/Ela’s 30.45%
and Ela/Fib’s 55.10% of pores were in the range from 17.93 to
<35.86 pm and 40% in the range from 35.86 to <89.65 um. This
alteration in the pore range distribution was due to the crossover
of these proteins during the fabrication process. However, a sim-
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ilar trend was seen for pore thickness; as per our previous find-
ing, collagen and fibrin’s 50% and elastin’s 86% pore thicknesses
were in the range from 17.93 to <35.86 um but in the binary
combination of Col/Fib 69.37% of them and 46.42% for Col/Ela
were between 17.93 and <35.86 um and Ela/Fib the majority
of pore thickness (45.58%) range was from 35.86 to <89.65 um
(Figure 2F). This modification in the pore size and thickness has
varied porosity of binary scaffolds as Col/Fib was the most porous
scaffold with 64.19% of porosity and Col/Ela had 50.22% of poros-
ity in this group, and the least porous scaffold was Ela/Fib with
44% (Figure 2G). This heterogeneity in the pore’s properties al-
tered extracellular microenvironments; hence, we have observed
variations in water contact angle, swelling ratio, and degradation.
We were also able to study the impact of pore properties on me-
chanical properties, which are critically important for cell attach-
ment and migration: Col/Ela (X-axis = 74.78 + 19.9 mN and Y-
axis = 18.32 + 6.89 mN), Col/Fib (X-axis =154.67 + 19.21 mN and
Y-axis = 136.54 + 18.4 mN), and Ela/Fib (X-axis = 116.21 + 12.98
mN and Y-axis = 83.56 + 7.21 mN) (Figure 3A—C). However, the
majority of scaffold’s mechanical properties are studied by uniax-
ial testing (longitudinal X-axis), but in physiological conditions,
the force exerted on the implanted scaffold is 3D; hence, uniaxial
force measurements are not ideal."*! To address this issue, we
mechanically tested our scaffold in a pseudo-physiological envi-
ronment. These studies on pore and mechanical properties have
given insight to fabricate a tailored scaffold for adipogenesis.

3.4. In Vitro Biological Properties of Scaffolds

All three scaffolds showed a steady increase in viability and pro-
liferation of the hADSCs. We have previously demonstrated that
collagen-based scaffolds showed the highest proliferation and ag-
gregated cellular morphology, but elastin showed distinct spin-
dle morphology with nonaggregated behavior, and fibrin showed
weaker cell attachment.['*) In the binary combination of scaf-
folds, an identical phenomenon was observed, such as the behav-
ior of hADSCs on collagen-based scaffolds (Col/Ela and Col/Fib)
outdistanced elastin- and fibrin-based scaffolds due to the ligand-
binding receptor for integrin (Figure 4).1'> In Ela/Fib scaffolds at
day1, cells showed aggregated morphology because of fibrin, but
this morphology was superseded by distant nonaggregated mor-
phology because of elastin, as we previously demonstrated.[316]
Therefore, we can conclude that the cellular architecture and be-
havior of hADSCs on these scaffolds were influenced by material
and chemical properties.

3.5. Gene Expression

Gene expression of five lineage-specific differentiation
markers—Myogenic Differentiation 1 (MYOD1); adipogenic
differentiation markers: CAAT/enhancer-binding proteins alpha
(CEBPaq) and peroxisome proliferator-activated receptor-gamma
(PPARy); osteogenic marker: RUNX family transcription factor
2 (RUNX2); chondrogenic marker: SRY-box transcription factor
9 (SOX9); and two pluripotency markers: reduced expression
protein 1 (REX1) and octamer-binding protein 4 (OCT4)—was
investigated in hADSCs cultured in the three biomimetic binary
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Figure 3. Mechanical properties of the scaffolds in a pseudo-physiological environment using biaxial mechanical testing (longitudinal (X) and transverse
(Y)-axes, A) stress and strain curve, B) maximum force in mN, and C) area under stress—strain hysteresis loop.

scaffolds.'”] Expression of these genes was evaluated at 7,
14, and 21 days to investigate the ability of these scaffolds to
induce hADSC differentiation in the absence of external stimuli.
hADSCs cultured on tissue culture plastic were used as control.
Gene expression has been reported as absolute copy numbers of
messenger RNA (mRNA) computed from the standard curve as
described in our recent report and housekeeping genes (Figure
S3, Supporting Information).*] We have previously assessed
the differentiation of hADSC cultured in collagen, elastin, and
fibrin scaffolds individually at days 3, 7, and 14. Expression of
pluripotency markers OCT4 and REX1 exhibited significant
downregulation across all three time points compared to control
suggesting a reduction in stemness of the hADSCs cultured
in these biomimetic scaffolds even at 3 days. Collagen scaffold
displayed considerable upregulation of all lineage markers,
specifically adipogenic marker CEBPq, while elastin and fibrin
scaffolds did not show substantial upregulation of lineage-
specific differentiation markers.'* In line with this finding, it
was intriguing to understand the differential properties of binary
combinations of these biomimetic natural polymers. In this
study, we observed significant reduction of OCT4 copy number
(p < 0.01) at all three time points across the three scaffolds.
Col/Fib displayed maximum reduction in copy number from
386 584 copies uL~! in control to less than 250 copies at all time
points. REX1 expression was observed to be low (<100 copies
pL~Y) in control and continued reducing significantly (p < 0.05)
to less than 20 copies pL~! at all time points in Col/Fib (Figure
5B). Low basal level of REX1 in hADSCs has been previously re-
ported in comparison to peripheral blood derived stem cells.['8!
Col/Ela and Ela/Fib exhibited an increasing trend in REX1
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expression at day 21, although not significantly (Figure 5A,C).
CE scaffold exhibited a similar expression profile to collagen
scaffold reported in our previous work.'*l In Col/Ela, there
was a significant increase in expressions of CEBPa, MYOD1,
RUNX2, and SOX9 on day 21. Late-stage adipogenic marker,
CEBPa, that exhibited negligible expression in control and day
7 (<10 copies uL~!) was observed to increase by 236-folds at
21 days compared to control. Peroxisome proliferator-activated
receptor gamma (-PPARG), on the other hand, remained at
negligible levels in Col/Ela through all time points (<60 copies
pL™Y) similar to the observation in individual collagen and
elastin scaffolds in our previous study.'”) hADSC cultured in
collagen scaffold displayed a 263-fold increase in CEBPa copy
number at day 14, while Col/Fib scaffold takes up to 21 days to
match this level of increase. This suggests that collagen retains
its pro-adipogenic function even in combination with elastin,
which seldom induced adipogenesis in ADSC when used on its
own.["%! Following CEBPa, the second highest increase in copy
number for hADSC cultured in Col/Ela at day 21 was observed
in chondrogenic differentiation marker SOX9. It increased
from 76 copies puL~! in control to 1500 copies uL~! at day 21
(p < 0.001). Osteogenic marker RUNX2 showed a significant
increase in copy number at day 21 (p < 0.001), although the
measure was very low (111 copies uL~!). Collagen scaffold on its
own was observed to induce a 112-fold increase in RUNX2 copy
number at day 14 in hADSC.['] Similar to the trend observed
in CEBPa, RUNX2 expression is also attenuated in COIl/Ela
scaffold compared to collagen only scaffold. Myogenic marker
MYOD1 displayed a gradual increase in copy number through
the time points and registered a twofold increase at day 21
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Figure 6. A) Pre-implanted 3D structure of the scaffold under pCT and angiogenesis (red color) in vivo acellular and cellular scaffolds after 28 days, and

B) quantification of angiogenesis (* p < 0.05, **** p < 0.00071).

compared to control in hADSC cultured on CE (Figure 5A). This
trend is identical to what was previously observed in hADSC
cultured in elastin scaffold. However, hADSC grown in elastin
scaffold produced a sixfold increase in copy number at day
14 compared to mere twofold increase at day 21 observed in
Col/Ela.”3] Tt is to be noted that MYOD1 was the only differen-
tiation marker that significantly increased in expression when
hADSCs were cultured on an elastin scaffold.'3] These results
from hADSC cultured in Col/Ela, combined with the evidence
from our previous work in collagen and elastin scaffolds, on
their own suggest that combining collagen and elastin retain the
differential properties of both natural polymers but lean more
toward adipogenic and chondrogenic lineages. Although elastin
selectively induced a myogenic shift in hADSC, this effect is
not profound in combination with collagen. It is to be noted
that hADSC cultured in fibrin scaffold did not show any re-
markable increase in lineage-specific differentiation markers.**!
However, fibrin in combination with elastin was observed to
show a significant 136-fold increase in CEBPa (p < 0.0001) and
5-fold increase in MYOD1 (p < 0.0001). In addition, osteogenic
and chondrogenic markers RUNX2 and SOX9 also exhibited
significant 10-fold and 12-fold increases in copy number at day
21 (Figure 5C). This is a feature that was seen in neither of the
components in Ela/Fib scaffold when hADSCs were cultured
in them independently. Collagen with its strong differentiation
potential was observed to induce differentiation of hADSC in
combination with fibrin. hADSC cultured in Col/Fib scaffold
displayed a small but significant increase in chondrogenic
marker SOX9 (threefolds; p < 0.0001) copy numbers at day 21.
There was a 32-fold increase in CEBPa (289 copies uL™') at day

Macromol. Biosci. 2024, 2400073 2400073 (9 Of'|2)

21 compared to control (9 copies uL~!) in hADSC cultured in CF
(Figure 5B). This suggests that collagen retains its differential
characteristics in Col/Fib by shifting hADSC slightly toward
adipogenic and chondrogenic lineages, but the effect may be
attenuated due to the addition of fibrin. Out of the three natural
biomimetic polymers investigated, collagen seems to have
strongest differential ability specifically toward adipogenic and
chondrogenic lineages. This feature is retained when collagen
is combined with either elastin or fibrin, with elastin proving to
be more effective than fibrin in terms of hADSC shift toward
adipogenic differentiation.

3.6. Angiogenesis

The gross observation showed that all scaffolds were viable and
were able to integrate into host tissue (Figure 6A). A cascade of
de novo blood vessels is an essential process for any implanted
biomaterial to survive as diffusion of oxygen is limited in tissue,
and angiogenesis is a fundamental process of tissue regenera-
tion. Additionally, native adipose tissue is a significantly vascular-
ized tissue in the body; hence, to fabricate functional scaffolds for
adipose tissue engineering it was a prerequisite to investigate the
angiogenetic properties of our scaffolds.?*?!] To visualize blood
vessels in our scaffolds, we injected a contrast agent prior to light
up the vascular network and post pCT scanning, and we quan-
tified the vascular area. Previously we demonstrated that in the
presence of alf1, a2f1, and a11p1 integrin receptor, collagen-
based scaffolds enhanced endothelial docking and resulted in
higher vascularization of the scaffold in the binary combination
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of these scaffolds (Figure 6A). We found that Col/Ela had a vas-
cular area of 8.24%. This may be attributed to the intrinsic char-
acteristics of collagen and elastin, which are recognized for their
ability to uphold vascular architecture and flexibility. In Col/Fib,
results indicated a reduced vascular area of 2.43%. This implies
that the combination of fibrin and collagen may not be as suc-
cessful in boosting the growth of blood vessels on to the scaffold.
The Ela/Fib scaffolds had a significant baseline vascular area of
19.66%, suggesting a robust capacity for angiogenesis. The syn-
ergistic effect of elastin and fibronectin seems to be highly ef-
ficacious, maybe because elastin offers structural reinforcement
while fibronectin facilitates cellular connections that enhance the
development of blood vessels. On the other hand, post inclusion
of hADSCs (Figure 6B) resulted in a 12.54% increase in the vas-
cular area in Col/Ela scaffolds and in Col/Fib seeded scaffold a
substantial rise in vascular area of 12.69%. This indicates that
hADSCs have the ability to greatly improve the angiogenic ca-
pacity of the Col/Ela and Col/Fib scaffolds. The combination of
Ela/Fib had a significant level of vascularization, to 28.26% with
the addition of hADSCs. The significant increase suggests that
the Ela/Fib scaffold offers a highly favorable setting for hADSCs
to express their angiogenic properties, by establishing an ideal
scaffold for the integration and functioning of these cells.

These results indicated that hADSCs have the ability to greatly
improve the formation of blood vessels in different scaffolds, with
the degree of improvement variable depending on the compo-
sition of the scaffold. This suggests that the interplay between
scaffold materials and biological components is essential for op-
timization. The findings emphasize the significance of selecting
the appropriate blend of materials and cells to attain the intended
outcomes for adipose tissue regeneration.
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3.7. Adipogenesis

Gross observation (Figure 7A) showed that all scaffolds were
able to integrate into the host tissue, and upon visual screen-
ing, there was no evidence of superficial inflammatory reaction.
All the scaffolds showed angiogenic potential as we could see
the invasion of blood vessels. These results could be correlated
with the microscopy of H&E images (Figure 7B), which did not
show the presence of inflammatory cell population. EVG and Sir-
ius red staining showed that Col/Ela scaffolds’ degradation was
higher in the cellular group than in the acellular one. In con-
trast, for Col/Fib and Ela/Fib scaffolds, there was higher degra-
dation in acellular than cellular. This was a result of tissue re-
modeling in the presence of ADSCs.[?2] These factors played a
vital role in adipogenesis, and we could quantify the presence of
adipose tissue in our scaffolds (Figure 8A,B). Among these scaf-
fold groups, Ela/Fib had the most adipogenic potential for both
acellular and cellular groups than Col/Ela and Col/Fib scaffolds.
This finding was evaluated further by immunohistochemistry. In
this study, we used the same immunological markers as used
in previous studies to understand the biological response to bi-
nary scaffolds: 1) DLK-1, an adipogenesis inhibitor, 2) PPARy,
an adipogenic transcriptional factor, 3) FABP4, adipogenesis at
the cytoplasmic level and 4) Caveolin-1, an adipocyte cell mem-
brane protein. DLK-1 is known as the molecular gatekeeper of
adipogenesis which is cleaved by the tumour necrosis factor al-
pha (TNF-a) converting enzyme (TACE).[#?}] In our binary com-
bination, the DLK-1 was not expressed in Col/Fib (cellular), and
there was a marginal expression in all other scaffolds. This shows
seeded ADSCs lost their stemness, and our scaffold did not arrest
adipogenesis.l’! There is a well-established regime that PPARy
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Figure 8. A) Adipogenesis analysis of 3D implanted scaffolds after 28 in vivo, and B) quantification of adipogenesis.

is a candidate adipogenesis regulator and promotes fat cell dif-
ferentiation in vitro and in vivo.l!%122*] Therefore, we evaluated
the expression of PPARy in our scaffolds. Col/Ela and Ela/Fib
acellular groups had higher expression of PPARy than cellular
ones, whereas expression of PPARy in Col/Fib acellular group
was significantly lower than in cellularized scaffolds. In contrast,
the expression of FABP4 in cellular Col/Ela and Ela/Fib was sig-
nificantly higher than the acellular scaffolds. This could be due

to Col/Fib scaffolds delayed adipogenesis of seeded hADSCs as
PPARy is a transcriptional factor and FABP4 is a cytoplasmic
fatty acid chaperone of adipogenesis (Figure 9).1'2%] Adipocytes’
cell membrane has caveolae, and caveolin-1 is abundantly ex-
pressed in mature cells; hence, we had analyzed our scaffolds for
the caveolin-1 and found that Ela/Fib had significant higher ex-
pression in both acellular and cellular scaffolds than Col/Ela and
Col/Fib scaffolds.
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Figure 9. Immunofluorescence staining for Col/Ela, Col/Fib, and Ela/Fib in acellular and cellular groups. using DLK-1, PPARy, FABP4 and Caveolin-1

antibodies.
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4. Conclusion

This study undertook a comprehensive investigation into the
physical and biological properties of scaffolds composed of
Col/Ela, Col/Fib, and Ela/Fib. The 3D architectural properties of
scaffolds were influenced by physical characteristics, such as the
swelling ratio and water contact angle. Furthermore, the FTIR
and thermal degradation characteristics of the binary composi-
tions Col/Ela, Col/Ela-X, Ela/Fib, and Ela/Fib-X scaffolds demon-
strate that the chemical structure and thermal stability of the bi-
nary scaffolds remain unaffected by glutaraldehyde crosslinking.
Nevertheless, both Col/Fib and Col/Fib-X demonstrated thermal
characteristics and secondary conformations of the proteins. The
various scaffolds, when seeded with hADSCs, exhibit distinct dif-
ferentiation potentials in the absence of external stimuli. While
fibrin alone does not induce differentiation in hADSC, the com-
bination of fibrin with collagen or elastin has been shown to en-
hance the scaffold’s ability to promote differentiation. The results
of the in vivo study indicate that Ela/Fib scaffolds exhibit a greater
capacity for adipogenesis compared to Col/Ela and Col/Fib scaf-
folds, as evidenced by their superior angiogenic potential, ability
to regenerate fat tissue, and expression of adipogenic markers.
The investigation of this protein binary complex and its impact
on the interaction between cells and materials has significantly
enhanced our comprehension of adipose tissue regeneration.
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