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Abstract

Injectable facial fillers are excellent options for treating facial aging, wrinkles, and contour defects. Both
polycaprolactone (PCL) and hyaluronic acid (HA) have been used to restore lost tissue volume and
improve facial contour. However, the mechanisms involved in the effect of these biomaterials still need to
be fully understood. The present work aims to establish an experimental model to investigate cellular and
morphological changes in the skin of Wistar rats in response to HA and PCL to understand the
mechanisms associated with these effects. The subcutaneous tissue of the back of Wistar rats was used
as a reception area for biomaterials, represented by the commercial products Ellansé®, containing
polycaprolactone (PCL) and Juvederm Voluma®, containing hyaluronic acid (HA). Animals were
euthanized afetr 30 or 60 days, and skin samples were collected from treated and untreated animals
(CONTROL) for histological and immunohistochemical evaluation for IBA-1, TGF-B, and FGF. Analysis of
type | and type lll collagen deposition, neovascularization, and adipose tissue was performed. On
histological examination, HA appeared as an amorphous, basophilic material interspersed with
connective tissue bundles. The skin fragments with PCL showed intense cell proliferation, with foreign
body giant cells and a higher capillary proliferation than the HA group. More vessels were observed in the
HA and PCL groups compared to the CONTROL group. A significant increase in fibroblasts and fibrocytes
was observed in skin fragments inoculated with HA and PCL, associated with increased FGF expression.
The number of fibroblasts was significantly higher in the PCL group than HA. The PCL group showed
higher immunostaining for IBA-1 and TGF-B than the CONTROL and HA groups. Collagen deposition was
observed in the treated groups, especially type Ill collagen in the PCL group, when compared to HA. Our
morphological results demonstrated stimulation of fibroblastic activity and active-related tissue
regeneration, with increased vascular proliferation and expression of markers related to tissue
proliferation, mainly associated with the PCL group. We also observed increased adipose tissue, although
further studies are needed to confirm these findings.

1 INTRODUCTION

Like other organs, the skin undergoes a natural aging process over time. Moreover, it is directly exposed to
environmental damage, especially ultraviolet radiation (UV)[1]. Because of this process, contour
deficiencies, wrinkles, loss of dermal matrix, and decreases in collagen and elastic fibers appear, resulting
in a reduction of elasticity [2—4]. In addition to skin aging, three-dimensional losses are seen in the face,
involving bones, muscles, and fat pads that affect the aged appearance. Many dermal fillers have been
used to minimize these losses, filling in wrinkles and restoring the volume of tissue lost, either due to
disease or aging [5]. Soft tissue fillers are less invasive with less downtime than traditional surgical
interventions[6]. One of the most used dermal fillers is hyaluronic acid (HA) due to its biocompatibility,
non-immunogenicity, biodegradability, and high-water absorption capacity. HA performs different
functions, such as lubrication, hydration, and maintenance of tissue structure. In addition, it is involved in
cell proliferation and migration events, as well as angiogenesis [7].

Page 2/20



Another material used for filling purposes is polycaprolactone (PCL), a polymer that provides safe and
lasting correction of aging-related volume loss or changes in facial contour. The main aesthetic results
obtained with PCL are volume restoration, contour redefinitions, and wrinkle reduction. Its positive effect
on skin quality has also been widely reported. The safety profile, easy injection, and adjustable longevity
are determining factors in choosing this product [7, 8]

Substances that restore lost tissue volumes, such as HA and PCL, are highlighted in this context.
However, the mechanisms involved in the effect of these materials still need to be fully understood.
Therefore, the present work aims to establish an experimental model to investigate the morphological
changes in the skin after PCL and HA injections through histomorphometry and autofluorescence
techniques.

2 METHODS
2.1 Study design and ethical aspects

The present study was randomized, controlled, and blinded. The Guidelines conducted surgical
procedures and animal treatments for Institutional and Animal Care and Use (CEUA) of the Federal
University of Ceard, Brazil (#7904140420 / 2020).

2.2 Animals

Sixteen heterogeneous male Wistar rats, 200-250g, from the UFC central vivarium, were maintained in an
environment-controlled room with a 12-h light/12-h dark cycle. The animals were kept in standard plastic
cages with metal lids, with four animals per cage, and received water and food ad /ibitum. Every effort
was made to reduce the number of animals used and their pain, suffering, and stress.

Preparation of animals

2.3 Dermal Fillers

In the present study, Juvéderm Voluma® (Allergan®) and Ellansé® (Sinclair Pharma, London, UK) fillers
were used. Juvéderm Voluma® is a homogenized dermal filler composed of cross-linked hyaluronic acid
at 20 mg/ml concentration in a physiological buffer with lidocaine. Juvéderm Voluma® is derived from
Streptococcus equi and cross-linked with diglycidyl ether 1,4-butanediol (BDDE) in a one-step cross-
linking process in which high and low molecular weight molecules are mixed. Ellansé® is a PCL-based
collagen stimulator with 30% synthetic PCL microspheres suspended in 70% aqueous carboxymethyl
cellulose.

2.4. Experimental model for the injection of dermal fillers

The animals were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and, in the
following, the animals' backs were trichotomized. Samples were injected in boluses of 0.05 ml,
containing PCL or HA, in the subcutaneous tissue of the animals' backs, just below the panniculus
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carnosus, using a 26G needle. Each animal received both biomaterials injected in two different points of
the dorsal-lateral region, respecting a minimum distance of 5cm between them. They were followed up
daily for seven days to verify signs of acute inflammation at the inoculation sites. The animals were
euthanized with an overdose of 2% xylazine (30mg/kg) and 10% ketamine (240mg/kg) thirty (n =8) or
sixty (n = 8) days after the injection of the fillers. The skin on the back of each animal was folded back,
allowing visual inspection of the subcutaneous tissue with the fillers. Signs of inflammation and fibrosis
were investigated, and the volume gain related to each filler was observed. Next, skin samples containing
HA, PCL, as well as skin samples with no fillers (CONTROL) were surgically removed and divided into two
fragments: one fixed in 10% buffered formalin and the other stored at -80°C for further processing for
histological slides and protein extraction, respectively.

2.5 Histopathological analysis

The tissues fixed in 10% buffered formalin were processed for paraffin embedding. Histological slides
were prepared using 4pm thick tissue sections, stained with hematoxylin and eosin (HE), Mallory's
trichrome, and picrosirius red. An experienced pathologist, who did not know which were the control or
treatment samples, performed all histological analyses. HE stained sections were qualitatively evaluated
in at least 6 (six) specimens per group, considering five fields per slide, at a magnification of 200x.
Inflammatory findings such as cellular infiltrate, edema, and hemorrhage were investigated. We also
counted fibroblasts and fibrocytes in at least six slides of each group, HA, PCL, and CONTROL,
considering five fields per slide at 400x magnification. As for the slides stained with Mallory's Trichrome,
the effect of biomaterials on the connective tissue vasculature at the periphery of the implants was
investigated by quantifying the number of blood vessels and the total vessel area. At least six specimens
per group were used. Initially, the areas of greatest vascularization were identified (hot spots) for
delimitation and measurement of the areas of the ten largest blood vessels, considering the cross-
sectional diameter, from digitalized images. The images were captured using a digital camera attached to
a Leica microscope at 400x magnification and analyzed with LAS V3.7.0 software [9]

The quantification of the vessels was also performed by observing five fields per slide and six specimens
per group, at 200X magnification. The slides stained with picrosirius red were photographed with a DFC
295 camera attached to the optical microscope under polarized light (Leica DM 2000). Evaluation of type
I and Ill collagen fiber deposition was performed at the periphery of the biomaterials after light
polarization, allowing differentiation of type | (yellowish orange to orange and red birefringence) and type
1l (green or yellow-green birefringence) collagen. From each slide, 10 histological fields were selected and
photomicrographed at 400x magnification. The images were analyzed using the computational program
Photoshop to obtain the collagen percentage by automated particle analysis according to the selection
and measurement of the areas based on color. The values for each collagen type in Threshold Color were
standardized for all images.

2.6 Immunohistochemical analysis
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Immunohistochemical analyses for IBA-1, TGF-B and FGF were performed in CONTROL, PCL, and HA
groups by the streptavidin-biotin peroxidase method in formalin [10]. Tissue sections were fixed in
paraffin-embedded, cut four um thick, and prepared in poly-L-lysine-coated microscope slides. After
deparaffinization, antigenic recovery was performed with citrate buffer recovery solution (pH 6.0) for 20
minutes at 95°C. The endogenous peroxidase was blocked with 3% H202 for 10 minutes to reduce non-
specific binding. The sections were then incubated with anti-IBA-1 (dilution 1: 100; Santacruz
Biotechnology; California, USA), anti-TGF (dilution 1: 100; Santacruz Biotechnology; California, USA),
anti-FGF (dilution 1: 100; Santacruz Biotechnology; California, USA) diluted in DAKO antibody diluent for
1 h. The antibody binding sites were visualized by incubation with diaminobenzidine-H202 solution (DAB,
DAKO; California, USA). In parallel, negative control without the primary antibody was performed. The
slides were counterstained with hematoxylin, dehydrated in graded alcohol series, clarified in xylene, and
covered with a coverslip. Positivity for IBA-1, TGF-B, and FGF was determined by brown staining at the
cytoplasmic level in the connective tissue. Cytoplasmic quantification of immunolabeled cells was
performed on at least 6 slides per group. From each slide, 5 histological fields (400x magnification) were
selected and photomicrographed with a digital camera attached to an optical microscope (Leica DM
2000, Wetzlar, Germany). The images were analyzed using the computational program Photoshop 8.0 to
quantify the percentage of immunolabeled area. The percentage of the immunolabeled area was
calculated from the ratio between the immunolabeled area (in pixels) multiplied by 100 and the total area
(in pixels), as previously described [11]

2.7 Western blot analyses

First, 20ug of protein of each sample was prepared from frozen tissue by adding sample buffer (BioRad,
USA 65.8 mM Tris-HClI, pH 6.8; 26.3% glycerol; 2.1% SDS; 0.01% bromophenol blue) and
Bmercaptoethanoll (BioRad, USA) and vortexing for 10 seconds. Plus, heating in a water bath (95°C, 5
min) and spinning (10000 rpm, 4°C, 30s). Next, vertical polyacrylamide-SDS gel electrophoresis of
proteins (SDS-PAGE) was performed at 60 v for the first 15 min for deposition of samples at the bottom
of the well; and 120 v for the rest of the run, where 10% gel (FGF, and B-actin) and race buffer (25 mM Tris;
192 mM glycine; 1% SDS) were used. After the run, transfer of the proteins from the gel to the PVDF
membrane (BioRad, USA, Polyvinylidene Fluoride) was performed at 100-fold for two hours in transfer
buffer (25 mM Tris; 192 mM glycine; 20% methanol). After this step, the membranes were blocked for one
hour under constant agitation, to reduce nonspecific binding, with 5% BSA (Sigma-Aldrich, USA) diluted in
Tris-HCl saline buffer supplemented with Tween 20 (TBST- 20 mM Tris pH 7.5; 150 mM NaCl; 0.1% Tween
20). Next, the membranes were washed with TBST, with three washes for 10 min each. In the next step,
the membranes were incubated overnight at 4°C under constant agitation, with the FGF (1:100; Invitrogen,
USA) or anti-B-actin (1:200; Santa Cruz, USA) antibodies diluted in 1% BSA in TBST. After this step, three
washes of 10 min each with TBST were performed. The membranes were incubated with the HRP-goat
anti-rabbit secondary antibodies (1:1000; Invitrogen, USA) for two hours at room temperature. After this
time, the membranes were washed thrice with 10 min duration each, using TBST. Chemiluminescence
reagent (BioRad, USA, Clarity western ECL blotting substrate) was added, and the membranes were
shaken for 5 min. Images of the bands were captured by a ChemiDoc XRS system (BioRad, USA) or
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exposed to radiographic film. The density of the bands was measured using ImageJ software (NIH,
Bethesda, MD, USA).

2.8 Statistical analysis

Data are presented as mean + SEM. Analysis of variance (ANOVA) was followed by Tukey's test, using
GraphPrism (GraphPad 6.0 Software Inc., La Jolla, CA, USA). The significance level adopted was (p <
0.05%) for all analyses.

3 RESULTS

3.1 Visual inspection of changes induced by HA and PCL in
the skin of Wistarrats.

When the animal's posterior skin was folded (Fig. 1A), it was possible to macroscopically observe an
increase in tissue volume at the points where the fillers were applied, suggesting the presence of PCL
(Fig. 1B) and HA (Fig. 1C) in the subcutaneous tissue. The HA recipient point was nodular and
translucent, with an elastic consistency and a smooth surface. The surface was homogeneous and
elastic when the tissue was cut into two fragments. The spot that received PCL inoculation had irregular,
slightly raised, whitish edges with a firm consistency and a granular surface when cut.

3.2 Microscopic changes induced by HA and PCL in the skin
of Wistarrats.

The biological response to the administration of the biomaterials was examined histologically to
investigate the effects of HA and PCL. Figure 1D shows the stratification of the rodent skin with the
application of the biomaterials below the panniculus carnosus. Thirty days after the subcutaneous
administration, the HA group presented as an amorphous, slightly basophilic material, dissociating fat
lobes (Fig. 1F, 11). The biomaterial (HA) was also intercalated with connective tissue bundles. No
histologically apparent tissue reaction was observed, except for small, sporadic nuclear aggregates
compatible with foreign giant body cells and the presence of adipose tissue at the periphery of the
material, as illustrated in Fig. 10. In some areas, a discrete capillary proliferation was also observed,
always associated with the presence of the injected substance.

In the PCL samples, the marked cellular proliferation of cells with granular cytoplasm, nuclei mostly
eccentric, small, round, and with fine chromatin compatible with macrophages, was observed. The
increase of small vessels was observed, as well as loose connective tissue, with focal areas showing
thicker collagen bundles, demonstrating moderate fibrosis (Figs. 1G, 1J). This connective tissue was
found between the material particles at the periphery of the PCL mass. After sixty days, small capillaries
persisted in HA, but with a more regular distribution, without denoting considerable tissue reaction

(Fig. 1L). In the samples with PCL, there was less cellularity, fewer granular cells, more fibrous connective
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tissue between the material particles, and more closely spaced cells with bundles of collagen fibers
(Fig. TM). The presence of capillaries was maintained when compared to 30 days.

3.3 Effect of biomaterials on cell proliferation and
neovascularization

The presence of nuclear aggregates and fusion of epithelioid cells, which is compatible with activated
macrophages, were observed by immunoglobulin analysis for IBA-1 (Fig. 2A), characterized by marking
cells with brownish staining in the skin of mice subjected to HA and PCL injection. After 30 days of
biomaterial administration, this analysis showed a significant increase in activated macrophages in HA
and PCL compared to the CONTROL group and a higher presence of activated macrophages in PCL
compared to HA (p < 0.05). After 60 days, the pattern of macrophage activity showed a slight reduction in
the treated groups, in which only the HA group had a significant decrease in its activity compared to the
30 and 60-day periods.

Immunohistochemical analysis showed, after 30 days, a significant increase in TGF-8
immunohistochemistry in the HA and PCL groups compared to the CONTROL group. Still, there was no
statistical difference between them. After 60 days, there was a significant decrease in immunolabeling in
the HA and PCL groups compared to the previous period (30 days). A statistical difference was observed
between the two treated groups, in which the PCL group had higher labeling than the HA group in the
same period, as illustrated in the graph in Fig. 2B.

The vascular proliferation observed on the HE-stained slides was quantified using Mallory's Trichrome
staining (Fig. 2C), which allowed the measurement of vessel area and number. As for the number of
vessels, after 30 days of the injection period, a statistically significant increase was observed in both the
HE and PCL groups compared to the control group. In addition, the PCL group showed an even more
substantial number of vessels than HA (p < 0.05). After 60 days, there was a reduction in the number of
vessels in the experimental groups, HA and PCL. However, there was still a significant increase in vessels
in these groups when compared to the CONTROL group, which can be seen in the graph in Fig. 2C.
However, no effect of biomaterials on vessel area was observed in any of the periods studied, as seen in
the graph and illustrated in the images (Fig. 2C).

The histopathological analysis also showed an increase in the number of fibroblasts and fibrocytes,
especially in the first 30 days after the injection of the biomaterials. The increase was significant for both
cell types in the HA and PCL groups compared to CONTROL (p < 0.05). A more significant number of
these cells was observed in the PCL group compared to -HA (p < 0.05) in both periods, followed in Fig. 3B.

A. Immunostaining for FGF at 30 and 60 days and quantification of 1 expressed in the graph. B. Fibrocyte
and fibroblast count at 30 and 60 days represented in the graph. C. lllustrative image of the fibrocyte and
fibroblast in the connective tissue adjacent to the biomaterial. Bars show mean + SEM of 6 animals per
group. * represents the significant difference of HA and PCL when compared to CONTROL, at 30 and 60
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days. # represents the significant difference between PCL and HA. (*p <0.001), ANOVA followed by
Tukey's test).

The immunohistochemical analysis for FGF showed that after 30 days, there was a significant increase
in the immunoexpression of this cytokine in the PCL group when compared to CONTROL and HA, as can
be seen in Fig. 3C and confirmed in the representative images of brownish staining in the cytoplasm of
the fibroblasts. As for the 60 days, the immunostaining for FGF became higher in both treated groups
compared to CONTROL. However, no statistical difference was observed between them, which can be
seen in the graph of Fig. 3A, which shows the quantification of these cells and the protein expression of
FGF.

Collagen deposition in the biomaterial-treated skin was evaluated after 30 and 60 days using histological
sections stained with picrosirius red, observed under a polarized light microscope. No significant
difference was observed in the deposition of type | collagen in the periods evaluated, nor between the
groups. Organized reddish-yellow fibers represent this collagen in both HA and PCL groups (p <0.001)
(Fig. 4) In these groups, a dominance of type Ill collagen, represented by green fibers, was observed, as
shown in the illustrations and confirmed in the graphs quantifying the areas marked in red and green,
representing type | and Ill collagen, respectively.

4. DISCUSSION

Fillers are the most widely used substances in aesthetic medicine [12] and are a viable alternative to
surgery for patients seeking a safe, minimally invasive, and affordable means of maintaining a youthful
appearance and correcting facial contour deficiencies[13]. These products have become a staple in
aesthetic and medical procedures. A wide variety of options are available on the market, but the
mechanisms associated with their effects still need to be fully understood [14]

It is known that the physiological reactions induced by these biomaterials are conditioned by their
physical and biochemical properties, patient characteristics, and the injection technique used [15]. To
better understand the biological interaction played by fillers, rodent models have proven to be a helpful
tool, assessing, in addition to morphological changes in the skin, the lifting capacity, and the resistance to
tissue deformation [16].

Traditionally, these experimental models inoculate the biomaterials into the dermal layer [17-20], one of
the injection planes used to apply fillers. However, for safety purposes, most practitioners in the clinic use
blunt cannulas for the injections, making filling at the dermal level impractical. The injection plane
becomes subcutaneous with a blunt cannula, a trend in use today [21]. For this reason, the experimental
model standardized in the present study evaluates the effects of the subcutaneous application of fillers.

Rodent skin differs from human skin, which must be considered in experimental studies. In rodents, the
epidermis is thin and has a high density of hair follicles. The dermal white adipose tissue is delicate and
lies directly beneath the reticular dermis, clearly separated from the subcutaneous white adipose tissue

Page 8/20



by a muscular layer called the panniculus carnosus [22]. Although many other mammals, including
humans, do not have the panniculus carnosus, layers of adipose tissue exist beneath the reticular dermis
in several species, including pigs and humans [23]

Considering the proposal of applying fillers at the subcutaneous level, we initiated the development and
standardization of our experimental model, evaluating morphological changes in Wistar rats' skin after
using hyaluronic acid (HA) and polycaprolactone (PCL). The increasing worldwide demand for soft tissue
fillers motivated us to investigate the direct action of these materials on intimal tissue.

Visual inspection of the rat’s skin after euthanasia and histopathological analysis in both periods
evaluated confirmed the biocompatibility with no clinical, macro, or microscopic signs of inflammation.
The folded skin showed that the HA had a nodular appearance, and its volume appeared to increase after
30 days of biomaterial inoculation. In tissues with PCL, there was volume loss after 30 and 60 days,
visually observed right after the Ellansé application. With 70% CMC in its composition, Ellansé, presents a
general decrease in volume due to the reabsorption of this vehicle after one month. Connective tissue and
neoformed vessels replace approximately 50% of the original CMC volume. The key to maintaining
volume after injection of PCL-based filler is the formation of new vessels and collagen deposition [24], as
observed in the present study, suggesting the volumizing capacity of PCL is smaller than hyaluronic
acid’s capacity.

According to the literature, HA promotes volumization and has an essential hygroscopic function,
contributing to volume gain[25]. Histological analysis confirmed the presence of the biomaterials in the
subcutaneous tissue below the panniculus carnosus skeletal muscle layer. The HA group showed mild
neovascularization and an apparent increase in adipose tissue in the peri-implant region. Some authors
consider HA to be minimally immunogenic, making it the most commonly used temporary filler with
clinically satisfactory results in terms of volume. In the present study, this fact is corroborated by the
increase in the volume of the area that received HA, 30 and 60 days after application. Hyaluronic acid
dermal fillers are now considered the preferred material for minimally invasive cosmetic interventions
[26]. Because HA does not show specificity for any organ or species, HA is considered immunologically
inert [27, 28]. According to papers published in the literature, once injected into the skin, HA causes a mild
inflammatory reaction at the host tissue boundary followed by a gradual fibrous growth, which anchors
the gel to the surrounding host tissue, preventing product migration [29]. Our macroscopic and
histological analyses after 30 and 60 days did not detect any evidence of acute inflammation. We
observed that HA induces a discrete formation of fibrous connective tissue, which probably contributes to
preventing material displacement. In addition, we observed an increase in adipose tissue at the periphery
of the HA; however, no measurements were taken, and further studies are needed to confirm this finding.
In 2020, Nadra and colleagues demonstrated in in vitro studies that treatment with cross-linked HA
showed beneficial effects on cell adhesion and survival and reduced basal and induced lipolysis in fully
mature adipocytes.
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In this work, cross-linked HA promoted cell adhesion and preserved the adipogenic capacity of pre-
adipocytes during prolonged cell culture, bringing additional evidence of the beneficial role of cross-linked
HA-based fillers in maintaining subcutaneous fat. On the other hand, another paper published in 2017
demonstrated that HA promoted the proliferation of adipose tissue-derived stem cells and the
differentiation of these cells into adipocytes, suggesting an action of HA related to increasing the number
of adipocytes [30]. The presence of adipose tissue associated with PCL, appeared less evident when
compared to HA and more apparent when compared to CONTROL. However, further studies are needed to
confirm this finding. We found no evidence in the literature to support this finding. When analyzing the
PCL samples, we identified, among the particles of the material, intense cell proliferation, and
neovascularization, besides deposition of extracellular matrix between the particles and discrete collagen
deposition. Some foci of the CMC carrier were also observed at 30 and 60 days. After 60 days, the
cellularity decreased, showing an apparent increase in collagen deposition between the particles when
compared to the 30-day analysis. There are reports in the literature that the CMC itself, the carrier of the
PCL particles, seems to stimulate the tissue reaction until the complete resorption of the biomaterial is
found in some giant cells in its periphery [31]. It is well established in the literature that the presence of
biomaterial can induce a foreign body reaction, where monocytes migrate into the tissue, becoming
macrophages, which, together with platelets, synthesize platelet-derived growth factor (PDGF) and
transforming growth factor beta (TGF), which promote the migration of fibroblasts [32]. It was observed,
through immunohistochemistry for IBA-1, the appearance of a higher number of activated macrophages
in the experimental HA and PCL groups when compared to the control group (CONTROL). This increase
was more expressive in the 30-day evaluation, with a more significant number of activated macrophages
in the samples with PCL compared to HA, and both (HA and PCL) showed greater immunolabeling for
IBA-1 when compared to the CONTROL group. There was a significant reduction of activated
macrophages in the HA group at 60 days, but the statistical difference concerning the CONTROL group
was maintained. The number of activated macrophages in the PCL group remained high after 60 days,
and there was no significant difference in IBA-1 immunolabeling between the 30 and 60-day analyses.
The higher number of macrophages in this group is probably related to the physical characteristics of the
polycaprolactone, which presents as immunologically inert microspheres large enough to induce
macrophage aggregation.

As mentioned earlier, macrophages release TGF-, regulating cell behavior. TGF- is known to be a potent
chemoattractant for endothelial cells and fibroblasts, as well as for cells of innate immunity, such as
neutrophils and monocytes[33], TGF-B can be considered an essential physiological regulator both for the
maintenance of the extracellular matrix and also in tissue repair processes [34]. In the present study, we
observed significant differences in immunostaining for TGF-B between the HA and PCL groups compared
to the CONTROL group in the 30 and 60-day analyses. A substantial increase in TGF-$ expression was
observed in the 60-day analyses in the PCL group compared to HA, which was not observed at 30 days.
Immunolabeling was observed mainly in the cytoplasm of macrophages. The significant increase in TGF-
B immunolabeling in the PCL group compared to HA after 60 days is related to the higher expression of
IBA-1 observed in PCL since the expression of TGF-B by macrophages is well established in the literature.
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Moreover, the significant increase of fibroblasts in HA and PCL groups, compared to CONTROL, also
contributes to understanding the higher expression of TGF-B in these groups. Although macrophages are
the primary source of TGF-B, studies demonstrate fibroblasts' expression of this growth factor, especially
during repair processes [35], closing a cycle in which TGF-B expressed by macrophages is a potent
chemoattractant for fibroblasts, which in turn can express TGF-B.

The present study observed a significant increase in fibroblasts and fibrocytes in the HA and PCL groups
compared to CONTROL at the evaluated periods. Fibroblasts are the most abundant cells in the dermis.
These cells' essential characteristics are their ability to synthesize and remodel ECM. In a repair process,
fillers work as a framework for the proliferation of these cells, which are the primary basis for fibrogenesis
[36]. The literature further describes the chemoattractant role of TGF-8 for endothelial cells [37]. Our study
observed a significant increase in small vessels and capillaries in the HA and PCL groups, 30 days after
inoculations compared to CONTROL. In contrast to that observed in HA, The number of vessels in the PCL
group remained significantly higher compared to CONTROL even after 60 days. This result can be
justified, at least in part, by the maintenance of high TGF-B expression observed in the PCL group even
after 60 days. Despite the more significant number of vessels observed in the HA and PCL groups, there
were no statistical differences regarding vessel area between the experimental groups, probably due to
the small cross-section of the capillaries. We observed increased protein expression, by
immunohistochemistry and Western Blot, for fibroblast growth factor (FGF) in both HA and PCL groups
compared to the CONTROL group. Fibroblast growth factors (FGFs) are broad-spectrum mitogens and
regulate cellular functions, including migration, proliferation, differentiation, and survival. FGF signaling is
essential in tissue development, metabolism, and homeostasis [38]. FGF family members increase
fibroblast proliferation and activation, stimulating collagen accumulation and angiogenesis, and are
essential in tissue repair [39-41].

Our data reinforce these studies since the higher protein expression of FGF was accompanied by a
significant increase in fibroblasts, blood vessels, and collagen in tissue inoculated by both fillers
evaluated. Collagen deposition was assessed in the connective tissue adjacent to the HA and PCL mass
by Picrosirius Red staining under polarized light. There was a more significant deposition of collagen Ili,
at 30 days, in PCL compared to HA, probably related to the increase of FGF already in this period. In 60
days, there was a significant reduction of collagen Il in groups HA and PCL compared to the previous
period, with no significant difference between HA and PCL. When type | collagen was evaluated, there
were no differences between HA and PCL in the periods considered. It is known that collagen is the
dominant component of the ECM in the dermis and accounts for approximately 70% of its dry weight.

Furthermore, in intact adult skin, the ratio of collagen | to collagen Il is approximately 4: 1. The amount of
collagen lll increases temporarily when the skin is injured and during neoderm formation. In freshly
healed human skin, the ratio of collagen | to collagen Ill is about 1: 1, as in neonatal skin. At the same
time, in response to a wound, the skin may have a higher amount of collagen Ill and hyaluronic acid and
a lower amount of collagen | [42)]. The higher amount of collagen lll observed in our analyses is probably
associated with the natural tissue repair and healing process, which initially forms collagen llI.
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In 2014, Kim and colleagues investigated whether PCL-based dermal filler induced neocollagenesis in
human tissue in a pilot study by histological analysis. Two patients indicated for temple lift surgery were
included in the study. PCL was injected intradermally into the temporal region, just below the hairline,
which would be included in lift surgery, 13 months after injection. Tissue collected after surgery showed
collagen formation around the PCL particles, maintained even 13 months after injection [31].

Another study compared neocollagenesis and elastin production stimulated by Radiesse® (calcium
hydroxylapatite; CHAA, Merz Pharmaceuticals GmbH) and Juvéderm® VOLUMA®, the same HA used in
the present study. Twenty-four women received subperiosteal injections in the retroauricular region, and
punch biopsies were performed 4 and 9 months after the injections. The authors noted that type |
collagen gradually replaced type Ill collagen after 9 months of injection [43]. An animal study using
Ellansé showed the formation of type lll and type | collagen after nine months of biomaterial injection.
After 21 months, the predominance of type | collagen deposited around the PCL microspheres suggests
that type | collagen replaces type lll collagen in the long term, such as in wound healing [20]. Based on
these studies, we can deduce that with a more extended observation of the inoculated animals, we would
detect a more significant amount of collagen | in our samples.

Our data reinforce literature studies showing the benefits of temporary fillers in maintaining skin volume.
Although HA had a more significant volumizing effect, PCL stimulated greater collagen deposition after
30 days compared to HA. This result is reinforced by the higher number of fibroblasts observed in the PCL
group. Therefore, we speculate that the greater volumization observed in the HA group is mainly due to its
hygroscopic action, an already well-established effect in the literature. Ideally, in applying biocompatible
materials, no exacerbated tissue reaction should be adjacent to the injected product. Mild, controlled,
subclinical inflammation is expected to prolong the product's longevity. The local response of the tissue
to the foreign body, through phagocytosis, is the most critical factor in determining the filler's longevity. In
this process, some enzymes are present in the tissue, and free radicals break the filler into fragments that
are removed by circulating macrophages and, subsequently, by lymphatic channels [44].

5. CONCLUSION

The standardized model for evaluating subcutaneous fillers proved viable, mimicking the injection plan
used in humans and allowing the analysis of the cellular and morphological alterations proposed in this
study. Our morphological findings demonstrate the stimulation of fibroblast activity and a related active
regeneration of the connective tissue, with increased vascular proliferation and expression of markers
FGF and TGF-B, related to tissue proliferation, especially in the PCL group. We observed increased
adipose tissue related to the treated groups. However, no quantification was done to measure this
increase, and further studies are needed to confirm this finding and investigate the role of the adipose
tissue when in contact with HA and PCL. The study indicates the period evaluated induced collagen
deposition, mainly type lIl.
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Figure 1

Macroscopy and microscopy of rat skin after injection of PCL (#) and HA (*). A, The animal's skin reveals
muscle tissue (MT) B, Visual inspection of PCL. C, Visual inspection of HA. D, Microscopic topography of
the mouse skin highlights panniculus carnosus (40x magnification). E, H, Kare photomicrographs of
untreated skin at 30 and 60 days (CONTROL group). Fl, and L are photomicrographs of HA-treated skin.
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G, J, and M are photomicrographs of PCL-treated skin. N, O, and Pshow the presence of adipose tissue
(AT) in the loose connective tissue (CT), below the panniculus carnosus, in the HA and PCL groups.
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Figure 2

Immunohistochemistry for IBA-1, TGF-B, and analysis of neovascularization using Mallory's Trichrome. A.
Immunostaining for IBA-1 at 30 and 60 days and quantifying activated macrophages. B. immunostaining
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for TGF-B at 30 and 60 days and quantification expressed in the graph. C. Measurement of the area of the
vessels on the periphery of the biomaterials and quantification of vessels after 30 and 60 days. Bars
show mean + SEM of 6 animals per group. * Represents the significant difference in HA and PCL
compared to CONTROL at 30 and 60 days. # Represents the significant difference between PCL and HA.
(*p< 0.001), ANOVA followed by Tukey's test).
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Figure 3

Number of fibroblasts / fibrocytes, immunostaining and FGF protein expression.

A. Immunostaining for FGF at 30 and 60 days and quantification of 1 expressed in the graph. B.Fibrocyte
and fibroblast count at 30 and 60 days represented in the graph. C.lllustrative image of the fibrocyte and
fibroblast in the connective tissue adjacent to the biomaterial. Bars show mean + SEM of 6 animals per
group. * represents the significant difference of HA and PCL when compared to CONTROL, at 30 and 60
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days. # represents the significant difference between PCL and HA. (*p< 0.001), ANOVA followed by
Tukey's test).
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Figure 4

Graph representing the quantification of type | and Il collagen fibers stained with Picrosirius Red and
photomicrography of the skin of rats in the HA and PCL experimental groups. * Represents a significant
difference in PCL compared to HA at 30 days. (*p< 0.001), ANOVA followed by Tukey's test. It is possible
to observe the presence of collagen type | (red) and Ill (green). 400x magnification.
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