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Polydopamine-assisted tranilast immobilization on
a PLA chamber to enhance fat flaps regeneration by
reducing tissue fibrosis
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Tissue engineering chambers (TECs) have been shown to be useful in regenerating adipose tissue. However,
tissue fibrosis caused by the chambers compromises the final volume of the newly formed adipose tissue.
Surface modifications can compensate for the lack of biocompatibility of an implant. Tranilast (Tra) is an
antifibrotic drug used to treat fibrotic pathologies, including keloids and scleroderma. In this study,
a polydopamine-assisted tranilast coating (pDA + Tra) was prepared on a polylactic acid (PLA) chamber
to minimize tissue fibrosis and achieve a large volume of fat flap regeneration. The in vitro results
showed that, in contrast to a PLA chamber, roughness increased, and the fibroblast adhesion and
smooth muscle antibody-positive immunoreactivity decreased in the PLA + pDA + Tra chamber. In
addition, pedicled adipose tissue flaps were separated from the back of the rabbit and inserted into each
chamber using the classic TEC procedure. After 16 weeks, the marked attenuation of fibrosis and
promotion of fat regeneration was observed in the PLA + pDA + Tra chamber in contrast to the PLA
chamber. Moreover, in contrast to the PLA chamber, Q-PCR results showed that fibrotic factor TGF-
B was significantly reduced, associated with a remarkable increase in adipogenic differentiation
transcription factors PPAR-y and C/EBPa in the PLA + pDA + Tra chamber after 16 weeks (p < 0.05).
Thus, PLA chambers loaded with pDA + Tra on the surface have good biocompatibility, and chemical
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1. Introduction

Breast cancer ranks as the highest in morbidity among female
tumors.” Conventional treatments include the transfer of
autologous skin-fascia-muscle flaps,> implantation of breast
prostheses,® or transplantation of autologous fat.* However,
technical difficulties, secondary injuries, and mediocre
appearance hinder the widespread reconstruction of these large
defects.>®

Tissue engineering chamber (TEC) technology offers a new
paradigm for the reconstruction of large defects. When the
original vascular ring or pedicled fat flap is transferred into
a flexible silicone chamber with prescriptive three-dimensional
space, mature adipose tissue can regenerate de novo in this bio-
incubator in an adipogenesis environment.”** However, there
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anti-fibrosis reagents can synergistically reduce fibrosis formation while excellently promoting adipose

are still some obstacles to achieving the ideal outcome, such as
fibrosis formation around and within the newly formed
tissue.'™'* Fibrosis is associated with poor expandability and
impaired function of adipose tissue. Therefore, a new approach
should be taken in the selection of materials, and reprocessing
strategies should be developed to prevent fibrosis formation in
the built-in chamber.

These chamber materials used in clinical applications should
meet the following requirements: good biocompatibility,
degradability along with non-toxic by-products, solid mechanical
resistance to skin tension during the remodeling and regenera-
tion process, and ready-to-use, or highly customizable.”> In
particular, polylactic acid (PLA) has been approved by the FDA
and is widely used due to its good biocompatibility, biodegrad-
ability, and solid support. It is used in various medical products
such as absorbable sutures, drug delivery carriers, bone
implants, screws, and tissue engineering scaffolds.’** Owing to
its thermoplastic properties and fused deposition modeling, PLA
filaments can be manufactured to the desired dimensions using
a sophisticated 3D printing technique, allowing convenience,
rapid prototyping, and personalization.

However, after implantation, degradable materials can also
cause tissue fibrosis, similar to non-absorbable materials.*®
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Chamber-induced tissue fibrosis is strongly influenced by
surface properties, such as roughness, texture, surface free
energy, surface charge, and chemical composition.”” In the
process of tissue fibrosis formation, the most critical biological
behavior is the recruitment of fibroblasts and their subsequent
polarization into myofibroblasts.'® Transforming growth factor-
B (TGF-B) is a crucial soluble cytokine that mediates fibrotic
cascades by inducing myofibroblast activation.” Activated
myofibroblasts form a positive feedback loop by secreting TGF-
B, which further exacerbates fibrosis.?* Surface roughening
treatment has been shown to reduce fibroblast activity, but this
type of physical treatment appears to produce more remarkable
results using other interventions.*

As a drug commonly used in clinical practice, tranilast has
been shown to inhibit TGF-B-mediated fibrosis in various
tissues and was approved in 1993 for the treatment of keloids
and hypertrophic scars.”>** According to previous reports, a low
dose of tranilast (30-300 uM) can suppress fibroblast prolifer-
ation, which mainly relies on the suppression of the TGF-B1
receptor to terminate the cascade signal.**** Therefore, we
propose to establish a physical roughening chamber with
chemical tranilast coating. To increase the efficiency, polydop-
amine (pDA) was chosen to form a thin membrane on the
chamber surface because it self-polymerizes in a slightly alka-
line environment and can universally adhere to biomolecules.
This combination is expected to further attenuate capsule
formation and lead to large-scale adipose tissue regeneration.

In the present study, the PLA filament was first printed with
a commercial 3D printer for chamber construction with the
primary dimension, and the surface was roughened with
a special sandpaper; then, the polydopamine layer was applied
to the chamber surface and then bonded with tranilast. The
principle of this design was to meet the requirements of space
mechanics, further suppressing the behavior of cells along with
TGF-B-mediated fibrosis, and create a preferential adipogenic
environment to realize large-volume adipose tissue regenera-
tion. Harvested neo-tissues were assessed by magnetic reso-
nance imaging (MRI), histological examination, Q-PCR, and
quantitative evaluation of collagen and a-smooth muscle actin
(2-SMA).

2. Materials and methods

2.1 Construction and mechanical properties of the PLA
chamber

The hollow hemispherical chamber with a radius of 15 mm and
a whole volume of 6.75 ml was modeled using Solidworks.
Circular windows were designed on the spherical surface to
enhance nutrient transport between the inner and outer sides of
the chamber (Fig. 1). The 3D printer was purchased from
Creality Corp. (Ender V2, Shenzhen, CN) with the corresponding
PLA filament (diameter of 1.75 mm), and the extruder and
platform temperatures were set to 205 and 60 °C, respectively, to
ensure fluent squeezing and stable adhesion. Then, the surface
of the PLA chambers was roughened with 320-grit sandpaper.
The PLA chamber roughened with sandpaper was used as
a control group.
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Fig. 1 Schematic of the fabrication process for the PLA + DA + Tra
chamber.

A bending test was performed on the samples using
a universal testing machine (CTS-E100, Zwick, GER) with
a support plate of 100 mm and a speed of 2 mm min*; the test
was terminated when the displacement reached 5 mm. The
load-displacement curve was recorded, and the maximum load
and stiffness of each sample were calculated. Five samples were
tested for each group.

2.2 Polydopamine (pDA) coating and tranilast (Tra)
adhesion on the chamber surface

The pDA coating procedure was performed according to
a previous report.>® The PLA chambers were soaked in dopa-
mine solution (2 mg ml™" in 10 mM Tris-HCI, pH 8.5) and
shaken gently on an oscillator for 2 h at 37 °C. To remove free
dopamine, the pDA-coated rough PLA chambers were washed
five times with deionized water. Tranilast (0.5 w/v in DMSO) was
then added to the PLA + pDA chambers and incubated for an
additional 12 h. The substrates were washed three times with
deionized water to remove free tranilast. PLA without pDA
coating was also used to adsorb tranilast.

2.3 Fourier transform infrared spectroscopy (FTIR)

Samples of PLA, PLA + pDA, PLA + Tra, and PLA + pDA + Tra
were recorded using an FTIR spectrometer (Vertex 70; Bruker,
Billerica, MA, USA) using the KBr method to investigate the
presence of pDA or tranilast after coating. For this assay,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dopamine and tranilast were milled with potassium bromide
(KBr) to produce a fine powder, which was then compressed
into thin slices for analyses. At least three samples were
analyzed for each sample.

2.4 Characterization of the implant surfaces

The chambers, including PLA, PLA + pDA, PLA + Tra, and PLA +
pDA + Tra, were characterized in terms of surface roughness
and wettability. The microscopic morphology of the surfaces
was imaged using an S-3000N scanning electron microscope
(SEM) (Hitachi, Tokyo, Japan). The average roughness (Ra) was
determined with a confocal laser scanning microscope
(Olympus, OLS4100, Japan), and the wettability of each implant
was determined by the water contact angle (CA) on the surface
with an optical contact angle meter (Dataphysics, OCA20,
Germany).

2.5 Tranilast-release behavior in a rough PLA + pDA + Tra
chamber

To evaluate the in vitro tranilast-release behavior, the PLA + pDA
+ Tra and PLA + Tra chambers were each immersed in PBS with
a pH of 7.5, incubated at 37 °C with moderate agitation for 30
days, 20 ml of medium was withdrawn every three days and the
same volume of fresh buffer was poured back to maintain the
same sink condition. The absorbance of the harvested medium
was measured using a spectrophotometer at a wavelength of
335 nm. Each experiment was repeated three times and the data
were plotted as a percentage of cumulative drug release using
the following eqn (1):

Y,.1 + (G, x 100 (ml) — C,.; x 80 (ml))

Y, = — - -
Initial tranilast loading mess(ug)

x 100%
1)

where Y, and C, denote the cumulative tranilast release
proportion and tranilast concentration in the medium at the
nth sampling time (%, ug ml '), respectively; Y, = 0.

2.6 The effect of varied treatments on fibroblast morphology
and proliferation

Rabbit skin fibroblast cells were purchased from ScienCell
Research Laboratories (Rab2300, USA) and cultured in high-
glucose Dulbecco's modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FBS). Fibroblasts were infected
with GFP, divided into four groups, and plated in 6-well plates.
Group 1 was the control group with PLA, group 2 was PLA + pDA,
group 3 was PLA + Tra, and group 4 was PLA + pDA + Tra
treatment. Fibroblasts were planted on the surface of each
material at a density of 2 x 10°. After 48 h of incubation in the
medium, the fibroblasts were examined and photographed
under a fluorescence microscope (Olympus, Germany) to detect
the adhesion morphology.

The proliferation of fibroblasts was determined by the
standard MTT assay. Briefly, fibroblasts were seeded in 96-
microwell plates (3000 cells/well). After 24 h of culture, PLA, PLA
+ pDA, PLA + Tra, and PLA + pDA + Tra, were added to each well

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and normal saline (0.9%) as a negative control. After incubating
for another 24 h, the treated cells were washed with PBS (pH 7.4,
0.01 M), and then 200 uL of MTT solution (500 pg ml ™", Beijing
Soleibao Technology Co., Ltd.) was added and incubated for 4 h
in the dark. After the medium was removed, 150 uL of DMSO
was added to each well and incubated for another 10 min. The
absorbance of the solutions was measured at 490 nm using
a microplate spectrophotometer (Tecan Spark).

2.7 Animals and surgery

All animal experiments were approved by the Animal Protection
Committee of Nanfang Hospital and performed following the
guidelines of the National Health and Medical Research
Committee. Adult female New Zealand rabbits (n = 96, weighing
2.5-3.0 kg) were selected for this study. Prior to surgery, the
animals were raised in a dedicated pathogen-free room with
a 12 h day-night cycle and fed a routine diet.

The animals were randomly divided into four groups: Group 1
was set as the control group with PLA chamber, group 2 was PLA
+ pDA chamber, group 3 was PLA + Tra chamber, and group 4
was rough PLA + pDA + Tra chamber (n = 24 in each group).
Animals were anesthetized by intramuscular injection of sodium
pentobarbital (2 mg kg™ '), then the upper back skin was shaved
and sterilized with 75% ethanol. From the suprascapular region,
a longitudinal incision (length = 10 cm) was made in the
suprascapular region. Then, the subcutaneous fascia layer was
then ruptured by blunt and sharp dissection to reveal the inferior
fat flaps, which were nourished by pairs of independent blood
vessels from the deeper muscle tissues. The distal fat flap
(approximately 1 ml was dissected carefully with a pedicled
vessel connected to the original branch and unbounded by
removing the external fascia. To prevent inadvertent retraction,
the harvested flap was inserted into the chamber and pulled to
the opposite side with the suture, and the chamber and flap tail
were anchored to the nearby myofascial membrane. After the
surgical area was washed with sterile saline solution, the wound
was closed and the animals were returned to the cage.

2.8 Magnetic resonance imaging to detect the neo-formed
tissue

After anesthesia, to ensure analgesia throughout the procedure,
the rabbits were imaged with magnetic resonance imaging (MRI)
using a 0.2T (Hitachi, Airis Mate) or 7T (Bruker, Biospec, Ettlin-
gen, Germany) imaging system to determine the volume of the
fat flap. The layer thickness of the 3D sequence was set to 5 or 2
mm, and T1, T2, T13D, and T1WI images were collected. Post-
processing of the MRI images, including three-dimensional
reconstruction and volume measurement, was performed by
three independent operators using ITK-SNAP 3.2 software.

2.9 Tissue harvest and histological analyses

Animals were randomly selected and anesthetized after 0, 4, 8,
and 16 weeks (6 at each time point). The fat flaps, including the
chamber, were harvested from the chamber. Fat tissue was fixed
in neutral-buffered formalin and embedded in paraffin. Four
micrometer-thick sections were stained with hematoxylin and
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eosin and Masson's trichrome stain. Fibrosis-positive areas
were measured using Image] (National Institutes of Health,
Bethesda, MD, United States).

For immunofluorescence analyses, fat tissue sections were
incubated with the following primary antibody: mouse anti-
rabbit o-SMA (1:100, Abcam). The number of a-SMA-positive
cells per field was then counted.

2.10 Real-time quantitative polymerase chain reaction

RNA isolated and quantified from the fat flaps in the four
groups was used to synthesize cDNA using PrimeScript™ RT
Master Mix (TaKaRa, Kyoto, Japan). PCR was performed using
a LightCycler 480 Real-time PCR System (Roche, Indianapolis,
IN, USA) and SYBR Premix Ex Taq (TaKaRa). Expression levels
were calculated using the 27%*“" method. The following
primers were used.

F R
SDF-1 CCCACCATCTACTCCATCA GAAATCGGGAATAGTCAGC
TGF-B  AGCTGTACATTGACTTCCGCA CAGGCAGAAGTTGGCGTGGT
C/EBPa. GATCCTGATCTGCGCAATAG  AATTCAGCCTTTGAGCTCATT
PPARY GGCTTCCACTATGGAGGTCAT GAGGACCCCGTCTTTATTCAT
B-actin  TCCTGCGTCTGGACCTGG GCCCGACTCGTCATACTCC

2.11 Statistical analysis

All data are expressed as mean + SD. According to the experi-
mental grouping design, a one-way analysis of variance was
used for the statistical analysis of data between groups at
a specific time, and a two-way analysis of variance was used for
the statistical analysis of data between groups at different times.
A value of p < 0.05 was considered statistically significant.

6001
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3. Results

3.1 Mechanical characterization of the 3D printed PLA
chamber

First, a three-point bending test was performed to evaluate the
mechanical properties of the 3D printed chamber (Fig. 2a and
b). The curves in Fig. 2¢ show the load-displacement profile of
the 3D-printed PLA chamber.

3.2 Surface characterization of the 3D printed PLA chambers

The surface topographies of PLA, PLA + pDA, PLA + Tra, and PLA +
pDA + Tra were analyzed using SEM (Fig. 3). After coating with pDA,
the PLA + pDA sample was covered with small spherical particles.
The surface topography of the substrates was also affected by the
tranilast coating, and a large amount of tranilast envelope was
found on the PLA + Tra and PLA + pDA + Tra samples.

3.3 Surface roughness (Ra) of the samples in the different
groups

A confocal laser scanning microscope (Fig. 4a) was used to
measure the average roughness (Ra). As shown in Fig. 4c the
lowest Ra was obtained for the PLA surface and the highest for
the PLA + pDA + Tra surface.

3.4 Water contact angle (CA) of the samples from the
different groups

Fig. 4b and d clearly show the hydrophilic performance of the
samples. As expected, the hydrophilicity of the membranes
improved with the adhesion of the different proteins. The PLA +
pDA, the PLA + Tra, and the PLA + pDA + Tra surfaces were
highly hydrophilic

found to be materials, indicating

—~400-
% PLA chamber Maximum Stiffness
3 load(N) (N/mm)
= 200
467.333+34.754 | 103.383+9.677
0 1 2 3 4 5

Displacement(mm)

Fig.2 Mechanical characterization of the 3D printed PLA chamber (A and B) the load—-displacement curves of smooth silicone and PLA chamber;
(C) representation of the maximum load and stiffness of the different chambers (n = 5).
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Fig. 3 Scanning electron microscopy (SEM) of pDA or Tra on the surface of PLA of the four samples.
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Fig.4 Characterization of four samples with distinct surface roughness and contact angle. (A) Two-dimensional graphics and three-dimensional
graphics of the sample surfaces using the confocal laser scanning microscopy Image, scale bars =500 um; (B) contact angle of the four surfaces;
(C) the quantified values of average roughness (Ra) and (D) the quantified values of contact angle (CA). **p < 0.01, ***p < 0.001 versus PLA group.
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Fig. 5 FI-TR spectrum and Tra release of samples. (A) FI-TR spectrum
of PLA, PLA + pDA, PLA + Tra, PLA + pDA + Tra, DA and Tra; (B) the
release profile of tranilast on PLA + Tra and PLA + pDA + Tra samples (n
=5).
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a significant increase in wettability due to the pDA or tranilast
coating of the substrates.

3.5 FTIR spectrum of the samples in different groups

The FTIR spectra of PLA, PLA + pDA, PLA + Tra, and PLA +
pDA + Tra are shown in Fig. 5a. The dashed lines show the
characteristic peaks of interest. For the intact tranilast, there
was a characteristic peak near the wavelength of 1500 cm™",
attributed to an ortho-disubstituted benzene group.>” The
characteristic peak of dopamine at 3340 cm ™" is attributed to
the active N-H primary amine stretching present on the
dopamine molecule.”® PLA exhibits a carbonyl stretching
band at 1740 cm™'.>° In the FTIR spectra of the coated
samples, the characteristic peaks of each constituent overlap,
indicating that the coated samples contain their own
constituents. In other words, there are characteristic peaks of
PLA and dopamine in the PLA + pDA spectra. Characteristic
peaks originating from PLA and tranilast were also observed
in the PLA + Tra spectra. In addition, the PLA + pDA + Tra
spectra showed characteristic peaks for all three
components.

3.6 Invitro profile of sustained release of PLA + pDA + Tra
samples

The sustained release of tranilast on PLA + pDA and PLA was
followed for 30 days. As shown in Fig. 5b, tranilast was rapidly
released from PLA during the first 3 days (90.5 + 5.95%).
Thereafter, tranilast continued to be released slowly from PLA.
In contrast, it was rapidly released from PLA + pDA within 15
days, and the sustained release rate of the drug was relatively
stable from day 12 to day 30 so that by the end of day 30, almost
91.17% of the tranilast had been released. The above results
suggest that with dopamine's assistance, the whole platform
has long-lasting drug release characteristics, close to the first-

150
100

50+

Cell viability(%)

Fig. 6 PLA + pDA + Tra sample attenuated the fibroblast adhesion and the proliferation of fibroblasts. (A) The adhesion behavior of the cells and
morphological response to the different treatments; (B) the quantitative analysis of the proliferation of fibroblasts. *p < 0.05, ***p < 0.001; scale

bars = 50 um (n = 6).
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order release mode, resulting in a sustained anti-fibrosis effect
in vivo.

3.7 The effect of PLA + pDA + pTra on the adhesive function
of fibroblasts

Cell adhesion was imaged using a fluorescence microscope, as
shown in Fig. 6a. Quantification showed that PLA + pDA
attracted the highest density of fibroblasts. PLA + pDA + Tra
could significantly affect the adhesion behavior as the cell
numbers decreased dramatically, which could be due to the
rough surface (Fig. 6b), suggesting that tranilast loading could
further decrease the adhesion of fibroblasts.

PLA+pDA

PLA+Tra

PLA

PLA+pDA

16W

Sample Volume (ml)
»
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3.8 Volume and morphological evaluation of artificial
adipose tissue

The chambers of the four groups, PLA, PLA + pDA, PLA + Tra,
and PLA + pDA + Tra, were implanted into the animals with
pedicled fat flap transplantation as in the previous TEC proto-
cols (Fig. 7a), The newly formed artificial adipose tissues were
imaged by MRI and the volume rendering is shown in Fig. 7b
and c. The tissue gradually expanded over time starting from
a baseline value of 1 ml, with a dramatic increase in the
increasing trend, reaching a plateau at 8 weeks in the PLA
chamber. At this time, the fat flap volumes of PLA, PLA + pDA,
PLA + Tra, and PLA + pDA + Tra were 3.283 + 0.286, 3.4 £+ 0.316,
3.433 + 0.294, and 3.417 + 0.286 ml, respectively, and no

v,

PLA+pDA+Tra

PLA+pDA+Tra

PLA+Tra

PLA
- PLA+pDA
-+ PLA+Tra
-+ PLA+pDA+Tra

Time(weeks)

20

Fig.7 PLA + pDA + Tra chamber generated large volume tissue. (A) Schematic of TEC experiments with different chambers: PLA, PLA + pDA, PLA
+ Tra, and PLA + pDA + Tra, the pedunculated fat flaps were dissected and implanted into the chambers to serve as primary seeds for adipose
tissue regeneration (n = 24); (B) MRl and three-dimensional reconstruction technigues were used to evaluate the volume of newly formed tissues
(yellow dotted line); and (C) the quantitative volume of neo-formed tissue in the different groups. ***p < 0.001 versus PLA group.
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statistically significant difference between the groups was
found. After 8 weeks, the fat flap volume of the PLA slightly
increased; however, the newly formed tissue in the rough PLA +
pDA + Tra chamber increased continuously with time, reaching
6.208 + 0.388 ml after 16 weeks.

3.9 Histological analysis of the artificial adipose tissue

Histological staining was performed to show the process of
artificial adipose tissue and the efficiency of physical-chemical
modification in each group (Fig. 8a). The results showed that
abundant connective tissue was found in the fat flaps of the four
groups after 4 weeks. After 16 weeks, vascularized and well-
organized adipose tissue was developed in the PLA + pDA +
Tra chamber, which was mature adipose tissue with supporting
blood vessels, and connective tissue decreased. However, neo-
forming connective tissue was still present in the other
groups, especially in the PLA chamber group (Fig. 8b).

The major transcription factors for adipogenic differentia-
tion, C/EBPa. and PPAR-y (Fig. 8c and d), were further tested
using Q-PCR. The results showed that adipogenesis was still
strong in the PLA + pDA + Tra chamber even at the later stage of
the construction (8 to 16 weeks). This was significantly higher

A

PLA PLA+pDA

ow
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than that in the PLA group, indicating that the PLA group
loaded with pDA + Tra could continue to promote adipogenic
differentiation.

3.10 Assessment of capsule formation and fibrosis in the
engineered adipose tissue

The degree of fibrogenesis, the capsule thickness, and the
function of the myofibroblast in the engineered fat flap were
assessed. The results in Fig. 9a show that the collagen fibers
dominated the capsular component and were aligned in parallel
in each group after 16 weeks. Quantitative analysis showed that
the fibrous capsule in the PLA + pDA + Tra chamber was the
thinnest (74.83 £ 6.91 pm), which was less than that of the PLA
(203.2 £ 21.32 um) (Fig. 9c). Moreover, there were plenty of a-
SMA-positive myofibroblasts in the PLA capsule, which were
uniformly arranged in parallel in the thick capsule (Fig. 9b).
Nevertheless, the distribution of positive cells on the PLA
surface was random and disordered, and the number of lumi-
nescent cells in the PLA + pDA + Tra group was significantly
lower than that in the PLA, PLA + pDA, and rough PLA + Tra
groups (Fig. 9d). The mRNA levels of SDF-1 (Fig. 9e) were not
significantly different between the groups, but TGFp (Fig. 9f)
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Fig. 8 The decreased fibrosis and continuous adipogenesis in PLA + pDA + Tra chamber. (A) The HE staining of and (B) the amount of connective
tissue areas in adipose tissue in different chambers; the adipogenic gene expression of (C) C/EBPa and (d) PPARY in the different groups at the
designated time point by Q-PCR. *p < 0.05,**p < 0.01, ***p < 0.001 versus PLA group at the same time; scale bars = 250 um.
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showed a significantly attenuated expression in the rough PLA +
pDA + Tra chamber than in the other three groups.

4. Discussion

In this study, we used PLA as a substrate and fabricated the
desired shapes by 3D printing. We then rubbed the chamber to
obtain a rough surface, and the final anti-fibrosis layer was
achieved by coating tranilast with the assistance of pDA. In vitro
and in vivo tests were performed to demonstrate the anti-
fibrosis efficacy. Chamber implantation and histological
assessment confirmed the large-volume regeneration of the
mature fat flap attributed to the PLA + pDA + Tra chamber
(Fig. 10). The results can be summarized as follows: (1)
compared with the PLA chamber, the PLA + pDA + Tra chamber
was able to induce the continuous expansion of the fat flap and
significantly increase the final volume; (2) the release of trani-
last showed long-lasting kinetics benefiting from the support of
the pDA adhesive layer to ensure its efficacy until the later
period of remodeling with an inhibitory effect on fibrosis or
capsule formation accompanied by myofibroblast polarization.

The physiological process of adipose tissue regeneration
induced by the TEC technique includes three independent but
overlapping phases:>'**" aseptic inflammation, adipocyte
hyperplasia and hypertrophy, and the final period of adipose
tissue remodeling. Aseptic inflammation persists mainly until 4
weeks after the chamber implantation and fat flap dissection,
activating nonspecific inflammation, and seed cell reservoir for
the subsequent adipocyte hyperplasia. Thereafter, the adipose
precursor cells continuously differentiated into adipocytes due
to the adipogenic environment created by the implanted fat
flap, after which the extracellular matrix was remodeled under

© 2023 The Author(s). Published by the Royal Society of Chemistry

the conditions of inner adipose expansion and fibrosis. During
these later phases, the outer capsule forms rearrange, and
contracts centripetally, thereby, impeding the thriving of the
engineered fat flap. The final thickness and strength of the
capsule were closely related to the overall regenerative envi-
ronment and corresponded to the final volume. Therefore, we
focused on manipulating fibrosis formation to achieve a larger
volume of engineered adipose tissue.

It is worth noting that PLA was selected as the chamber
material in this study. Currently, most existing TECs are
permanent and have the inherent limitation of leaving a foreign
material within the body. Permanent TECs could lead to the
development of chronic adverse host responses, such as chronic
inflammation with prominent alteration of surrounding tissues
leading to an abundant fibrotic capsule. The permanent sili-
cone was used for TEC applications in our previous studies, but
it induced major foreign body reactions,* due to the over-
expression of TGF-B during persistent chronic inflammation.
PLA is the most widely studied and practical biodegradable
aliphatic polyester.*>* In this study, tissue engineering cham-
bers with a delicate design were prepared using a 3D printer
based on a fused deposition modeling technique, which can
withstand skin tension better than conventional silicone. We
also found that the PLA chambers were already partially
degraded after the removal from the animals (data not shown).
Most studies have confirmed the complete degradation of PLA.
Regarding a suitable degradation time in the chamber model,
further research is needed to prepare a synthetic PLA chamber
by the copolymer method or other solutions that correspond to
our clinical schedule in which the chamber is preferably
degraded after the proliferation time. In this way, the mature
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Fig. 10 The schematic representation of large adipose tissue regeneration by PLA + pDA + Tra chamber.

adipose tissue could be produced in one step with gradual
degradation of the chamber.

The surface properties of biological materials such as
roughness, texture, surface free energy, surface charge, and
chemical composition affect the migration and adhesion of
inflammatory cells. For example, a rough interface can signifi-
cantly reduce the adhesion and proliferation of fibroblasts; in
contrast, these cells tend to migrate on a smooth surface.”***
The surface topography of the substrates was affected by the
pDA or Tra coating, as reported by Wang,*® and pDA coating
significantly changed the microtopography of the substrate. We
also demonstrated in the current report that, pDA + Tra coating
can further increase the roughness of the substrate and inhibit
the adhesion of fibroblasts to a greater extent, compared with
PLA.

The efficacy of TECs in the generation of large-volume adipose
tissue has been reported. To provide sufficient tissue volumes,
TEC was utilized either alone or in combination with flaps.
However, this technique may occasionally result in capsular
contracture. To avoid fibrous capsules, antifibrotic drug strate-
gies were used in conjunction with TEC. For example, a sustained
basic fibroblast growth factor (bFGF) drug delivery system facil-
itated large volume soft fat tissue regeneration and reduced
fibrous capsule formation.*> Among the strategies for various
tissue and organ regeneration, Tra for inhibiting fibrosis
formation has been extensively investigated.*® For example,
a sustained Tra delivery system that is based on poly(lactic-co-

9204 | RSC Adv, 2023, 13, 9195-9207

glycolic acid) (PLGA) is capable of effectively preventing
fibrosis.*” Chien et al. revealed that Tra-loaded microneedle
(TMN) was effectively applied in a rabbit ear model to treat
induced hypertrophic scars, and the expression of transforming
growth factor-f, collagen-1, and a-smooth muscle actin proteins
was reduced in TMN-treated HSs compared to the control.*®
Moreover, during the gradual formation and densification of
the capsule, not only the migration and enrichment of fibro-
blasts are involved, but also the activation of fibroblasts and
their polarization into myofibroblasts are also crucial for
capsular densification.” The violent collagen synthesis period
in these cells is a key feature of cellular type transformation and
is also characterized by a high level of extracellular vesicles
together with stress fibers. Regarding the protein profile,
adhesive protein is synthesized in the early stage of the trans-
formation, and smooth muscle actin appears in the later
stage.”® Macrophages are mainly involved in the synthesis of
TGF-B during chronic inflammation. This late production of
TGF-B promotes the recruitment and proliferation of fibroblasts
and collagen synthesis, these phenomena are associated with
the formation of a thick fibrous capsule around the implant.
tranilast, as an effective drug for inhibiting scar hyperplasia,
has been shown to bind specifically to TGF-B1 receptors and
inhibit the activation of pro-fibrotic signals, such as TGF-f-
mediated Smad, Wnt/B, and Hippo YAP/TAZ.** However, trani-
last is difficult to adhere to the surface of the hydrophobic
structure, thus affecting subsequent drug release and effect.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Dopamine contains abundant catechol and amine functional
groups and its self-polymerization process involves the oxida-
tive conversion of catechol to quinone, which further conju-
gates with amines, imidazole, or thiol groups to form ultra-thin
adhesive pDA films. In our previous research, it was successfully
proved that the pDA coating has good adhesion properties as
such pDA can form good adhesion and increase drug loading.
We observed that the PLA + pDA + Tra group had good Tra
release characteristics in vitro, and the release process could last
for nearly one month.

Therefore, we attempted to build a tranilast layer on the
rough PLA surface to further enhance the anti-fibrotic effect. In
general, the drug cannot directly adhere to the surface of the
PLA substrate due to partial hydrophobicity. We had previously
enriched platelets on the biomaterial surface with a polydop-
amine coating to achieve a growth factor sustain-release
system.* Therefore in the present study, a polydopamine
coating with strong and universal adhesion to the PLA surface
was used, and its drug release kinetics in vitro and the inhibitory
effect on the transformation of fibroblasts to myofibroblasts in
vivo were investigated.

In summary, surface modification and tranilast loading into
the PLA chamber can effectively inhibit fibrosis formation,
which is crucial for achieving large-scale adipose tissue regen-
eration. Despite the encouraging results of our study, there is
still a gap between laboratory results and clinical practice.
Further work is needed to develop more suitable chamber
materials, such as modification of degradable materials, better
drug embedding and release, and controlled and complete
degradation at the desired time.

5. Conclusions

We reported a dopamine-based tissue engineering system that
used a tranilast-loaded PLA chamber for adipogenesis through
reducing the formation of tissue fibrosis. The PLA + pDA + Tra
showed good drug loading and release characteristics. As
compared to the PLA alone, the PLA + pDA + Tra chamber can
significantly inhibit fibrosis in the newborn tissue and
increase the volume of mature fat. These findings highlight
the advantages of combining polydopamine-assisted tranilast
release therapy and a biodegradable PLA chamber to achieve
more effective fat regeneration results and provide a new idea
for the clinical practice of breast reconstruction after tumor

surgery.
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