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Abstract

Laminin-functionalized poly-D,L-lactic acid scaffolds were produced. Following this, mesenchymal stem cells and keratino-
cytes were seeded on biomaterials for the in vivo experiments, where the biomaterials with or without cells were
implanted. The analysis is comprised of the visual aspect and mean size of the lesion plus the histology and gene
expression. The results showed that the cells occupied all the structure of the scaffolds in all the groups. After nine
days of in vivo experiments, the defect size did not show statistical difference among the groups, although the groups
with the poly-D,L-lactic acid/Lam biomaterial had the lowest lesion size and presented the best visual aspect of the
wound. Gene expression analysis showed considerable increase of tumor growth factor beta | expression, increased
vascular endothelial growth factor and balance of the BAX/Bcl-2 ratio when compared to the lesion group. Histological
analysis showed well-formed tissue in the groups where the biomaterials and biomaterials plus cells were used. In some
animals, in which biomaterials and cells were used, the epidermis was formed throughout the length of the wound. In
conclusion, these biomaterials were found to be capable of providing support for the growth of cells and stimulated the
healing of the skin, which was improved by the use of cells.
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Introduction cells of the immune system, as well as a large portion of

The skin is the largest immunologically competent
organ of the body. This tissue is basically formed of
two layers: the epidermis and the dermis.

The epidermis is the outermost layer of the skin, it is
compact and practically impermeable, forming the first
physical barrier against external agents. It is composed
of a keratinized squamous epithelium of ectodermal
origin and consists of four distinct cell types, with the
keratinocytes being considered the most important cells
of the epidermis, accounting for 80% of the cells that
make up this epithelium.'

The dermis, derived from the mesoderm, consists of
a thick layer of connective tissue composed of large
amounts of elastin and collagen, on which the epider-
mis rests. Within it are some elastic and reticular fibers,
as well as many collagen fibers, where the blood and
lymphatic vessels are present, besides numerous nerve
endings. In the dermis are found endothelial cells,
smooth muscle cells, mast cells, fibroblasts, and other

the extracellular matrix. Fibroblasts are responsible for
the synthesis of different macromolecules that make
up the extracellular matrix and also have an intense
activity during the cicatrization process.”
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These layers range in thickness, strength, and flexi-
bility and thus provide the skin with a variety of func-
tions.® Because the skin serves as a protective barrier to
the outside world, any damage caused to it must be
quickly and efficiently repaired.

Burn injuries occur annually to over 11 million
people worldwide.

In cases of burns, high temperatures dilate the ves-
sels and make the liquid contained in them leave, form-
ing bubbles. These blisters can result in wounds, which
are vulnerable to infection. The severity of burns is
defined by the extent of damage to the victim.’

Furthermore, fibroblasts involved in tissue repair
have the ability of producing large amounts of collagen
but do not have the ability to organize these collagen
fibers. The final result of the repair of the dermis is the
disorganized deposition of collagen, which physically
appears as tissue healing.

The time for wound closure is closely related to
susceptibility to infections, duration of pain, hospital
stay, and incidence of scarring.® Therefore, research-
ers around the world are working to improve cur-
rently available treatments through the development
of new biomaterials for skin regeneration, bringing
together the use of bioactive molecules and cell ther-
apy,” with the aim of minimizing the occurrence of
infections and scarring. These equivalent treatments
can be categorized as epidermal, dermal, or compos-
ite, according to their structure and degree of func-
tional similarity to normal skin. The commercial
products commonly used are based on collagen,
chitin, and fibrin.> Also, artificially manufactured
products exist such as polylactic acid and polyglycolic
acid, for example.'®

In this work, poly-D,L-lactic acid (PDLLA) scaffolds
produced by the electrospinning technique and also
bound to laminin-332 protein (isoform a3p3y2) were
developed.

The polymer used in this project was PDLLA, a bio-
degradable and biocompatible polyester with an
amorphous structure.'! It has previously been shown
that PDLLA, pure or in a mixture, supports the
growth of various cell types.'> 13

To produce biomaterials by electrospinning, a
polymeric solution is produced and submitted to the
application of an electrical field, which promotes
solvent evaporation and the formation of solid fibers
that mimic the extracellular matrix structure. Following
this, some structural modifications can be made, such
as the adherence of a protein.

Laminin is the main protein found in the base mem-
brane of the skin and it is fundamental for keratinocyte
migration in the recovery of skin lesions.'¢'®

Several studies have demonstrated that this mol-
ecule is related not only to cell adhesion but also

to the spreading, migration, and stimulation of cell
growth rate, angiogenesis, healing, and neuronal
growth.'!

Moreover, as the cellular component of this future
skin substitute, mesenchymal stem cells were chosen in
order to fill the dermal part, as well as the keratinocytes
to comprise the epidermal layer of the skin. It was
therefore intended, through the construction of a bio-
compatible and biodegradable substitute and combined
with the advantages of using laminin protein and cells,
to develop a cutaneous substitute, which in future will
be capable of regenerating cutancous lesions of patients
suffering from burns, among other uses.

Materials and methods
Production and functionalization of scaffolds

The construction of biodegradable biomaterials
(matrices) for cell adhesion was conducted by the elec-
trospinning method, as already demonstrated by
Steffens et al.>> The biomaterial was developed with
two different diameters of fibers and, therefore, two
polymer solutions were used: (1) PDLLA solution
(molecular weight 75,000-120,000) in chloroform
at a concentration of 30% (w/V) and (2) PDLLA
solution (molecular weight 75,000-120,000) in
dimethylformamide and tetrahydrofuran (1:1) at a
concentration of 25% (w/V). For the electrospinning,
the distance between the needle and the collector plate
was approximately 20 cm for both solutions. For solu-
tion 1, a needle with an internal diameter of 0.7 mm
was used, with a flow rate of I ml/h and electrical
voltage of 20kV. For the second solution, a needle
with an internal diameter of 0.45mm was used, with
flow rate 1.25ml/h and electrical voltage of 20kV.
The temperature to produce the scaffold was approxi-
mately 20°C. For the development of a bilayer scaf-
fold, the fibers from solution 2 were formed on the
upper surface of the matrix. After production of the
matrices, two groups of scaffolds were developed: (1)
PDLLA, as described above, without any change, and
(2) PDLLA/Lam, a PDLLA matrix with subsequent
hydrolysis of the fiber surface and binding of laminin
protein.

To hydrolyze the surface of the biomaterials in the
PDLLA/Lam group, a sodium hydroxide (NaOH)
solution was used. With the aim of binding the laminin
on the surface of the scaffolds in the PDLLA/Lam
group, the hydrolysis and drying process were
performed. A solution of ethyl (dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
was then added to the scaffolds followed by a solution
of laminin (Laminin 332, BioLamina®) 10 mg/ml and
kept for 24 h.
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Collection and cultivation of mesenchymal stem cells

For the present study, the MSCs were isolated from
tissue pulp from deciduous teeth, as already described
by Steffens et al.?® The teeth were extracted from healthy
children, enrolled on the Pediatric dentistry program of
the Faculty of Dentistry at UFRGS, after informed
written consent from the parents/guardians. After isola-
tion, the adherent cells were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM) culture medium
(D5523; Sigma Aldrich., St Louis, MO, USA) and sup-
plemented with 10% bovine fetal serum (Gibco BRL,
Grand Island, NY, USA) and 1% penicillin/strepto-
mycin (Gibco BRL, Grand Island, NY, USA), at 37°C
in a humid atmosphere of 5% CO,. The culture medium
was changed every three to four days. The passages were
performed as required and the cells were tested for adi-
pogenic, osteogenic, and chondrogenic differentiation as
well as immunophenotyping profile (data not shown).

Keratinocyte cultivation

Cell suspensions were obtained from skin fragments
devoid of breast subcutaneous tissue by serial enzym-
atic cell separation using a 0.05% trypsin/0.02%
ethylenediaminetetraacetic acid (EDTA) solution
(GIBCO-BRL Life Technologies, Rockville, MD,
USA). The cells were plated at high density
(5 x 10%cells/cm?) in 25 cm? culture flasks in which the
feeder-layer was previously cultivated.

The cell cultures were fed initially with a mixture of
60% DMEM (GIBCO-BRL Life Technologies), 30%
Ham F12 (GIBCO-BRL Life Technologies), and 10%
fetal bovine serum (HyClone™, GE Health Care Life
Sciences), supplemented with 4mM L-glutamine
(GIBCO-BRL LifeTechnologies), 0.18 mM adenine
(Sigma Chemical Co., St. Louis, MO, USA), 5pug/ml
insulin (Sigma), 0.4pug/ml hydrocortisone (Sigma),
0.1nM cholera toxin (Sigma), 2nM tri-iodothyronine
(Sigma), and 100IU/ml penicillin/100 pg/ml strepto-
mycin  antibiotic  solution (GIBCO-BRL Life
Technologies). The culture bottles were stored in a
5% CO, incubator at 37°C. At the first medium
change, the medium was further supplemented with
10 ng/ml epidermal growth factor (Sigma) and there-
after changed every 48 h.%*** These cells were cultivated
in irradiated mouse embryonic fibroblast cells (CCL-92,
ATCC®). The epidermal keratinocytes were used from
the first to the third passage in the experiments.*>

In vivo experiments

Incorporation of the cells in scaffolds for implantation in animal
models. For in vivo experiments, the cell culture was
maintained for seven days in an immersion culture

system. The MSCs were cocultured with keratinocytes
in the scaffolds. Initially, 100,000 MSCs were cultured
on the bottom of the scaffolds together with coarser
fibers. After 24 h, 100,000 keratinocytes were cultivated
on the opposite side of the scaffold, i.e., the upper side
(thinner fibers).

The use of human cells in biomaterials for subse-
quent application in mice was approved by the Ethics
Committee at Universidade Federal do Rio Grande do
Sul (No. CAAE 28783914.9.0000.5347). Animal experi-
mentation was also approved by the Ethics Committee
(No. 131/14) at Instituto de Pesquisas Energéticas
e Nucleares.

Verification of the incorporation of cells in scaffolds. To verify
the presence and morphology of the different cells in the
scaffolds, the samples were examined by confocal
microscopy. For this, three samples of PDLLA bioma-
terial and three samples of the PDLLA/Lam biomaterial
were fixed with paraformaldehyde for 1 h at room tem-
perature. Following, a solution of Triton in phosphate
buffer solution (PBS) (PBS/Triton) (0.1%) was left in
contact with the biomaterial for 30 min. Then phal-
loidin/rhodamine solution (200 pg/ml) in PBS/Triton
solution, to cytoskeleton stain, was added to the wells
containing the biomaterials for 40 min at room tempera-
ture and protected from light. After this period, the solu-
tion was removed and 4’,6-diamidino-2-phenylindole
(DAPI) was added for labeling the cell nuclei for a
period of 1 min at room temperature, protected from
light. Successive washes were performed and the bioma-
terials containing the labeled cells were kept refrigerated
and away from light until the time of analysis.

Assessment of the capacity of mesenchymal stem cells
and keratinocytes integrated in fiber scaffolds promote skin
regeneration in an animal model of skin defect. Ten-week-
old athymic mice were used, each weighing an average
of 30 g. The mice were obtained from the animal house
of the Instituto de Pesquisas Energéticas ¢ Nucleares, in
Sao Paulo.

In the presurgical period, the animals were kept for
seven days in collective cages (maximum five animals
per cage), having free access to water and feed, with
day/night cycles (12h/12h) and temperature of
22 +2°C. For surgery, the animals were anesthetized
with ketamine (1.16g/10ml) and xylazine (2.3g/
100ml), combined and diluted in saline (I ml keta-
mine 4+ 1 ml xylazine to 8 ml saline). Anesthetic solution
of 0.1 ml was used for each 10 mg of body weight intra-
peritoneally. In anesthesia conditions, a defect on the
back of 1.0 x 1.0 cm was produced by excision with sur-
gical scissors, removing all the skin to the muscle fascia,
under surgical techniques. This skin defect simulates a
third-degree burn.
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The skin defect was immediately covered by the
matrices, the size of which corresponding to the skin
defect of 1.0cm x 1.0 cm with approximately 200 pm in
thickness. The scaffolds were set alongside adjacent
normal skin by suture, a model described by Leonardi
et al.>> No further dressing was used on the graft since
the scaffold itself already works as a barrier.”> 2’ For
the experiments, the animals were housed in the animal
facility of IPEN in separate cages in the same condi-
tions as previously mentioned.

In addition, the animals subcutaneously received
saline containing the analgesic tramadol in a concentra-
tion of 10 mg/kg, immediately after implantation of the
scaffold and every 12 h after the surgery for one day.

After a period of nine days, the animals were eutha-
nized by anesthesia, using the same aforementioned
dilutions of anesthetic, but in doses three times the
usual anesthetic dose. All the animals were also sub-
jected to the same pattern of euthanasia.

The following groups were studied, comprising six
animals per group, except for group 1 and 6, where only
four animals were used: Group 1—Iesion control: ani-
mals with lesions where surgical gauze was used as a
coating material; group 2—PDLLA/Lam: animals
where the PDLLA/Lam scaffold was implanted with-
out cells; group 3—PDLLA: animals where the
PDLLA scaffold was implanted without cells; group
4—PDLLA/Lam +cells: animals where the PDLLA/
Lam scaffold was implanted with MSCs and keratino-
cytes; group 5—PDLLA +cells: animals where the
PDLLA scaffold was implanted with MSC cells and
keratinocytes; and, group 6—healthy control: skin
from the animals’ dorsum, where the skin lesion was
not performed. Used only for histology and gene
expression tests.

Histological analyses. After euthanasia, a fragment con-
taining the transition skin graft and the graft was
removed from each animal. Part of the fragment was
fixed in 10% buffered formalin (pH=7.4) for 24h.
Consecutively, the biological sample was stained with
hematoxylin—eosin for histological evaluation and kept
for 24h in 15% sucrose solution and then in 30%
sucrose solution until frozen and cut in a cryostat solu-
tion. On the euthanasia day, a healthy skin fragment
removed from the animals’ backs from the other groups
was also collected, corresponding to the healthy control
group (Group 6). From each piece fixed in 10% forma-
lin, two slides were prepared, each with five sections of
15 pum obtained in the cryostat.

Gene expression verification. The other half of the bio-
logical material was immediately placed in Trizol
(Life Technologies) and frozen at —80°C until RNA
extraction.

Total RNA for all the groups was extracted using
Trizol® reagent (Invitrogen), after nine days of animal
experimentation. Following this, all the RNA samples
were quantified and their level of purity analyzed by
spectrophotometry (NanoDrop). The cDNA was
synthesized using reverse transcriptase M-MLV kit
(Invitrogen), in accordance with the manufacturer’s
instructions.

After cDNA synthesis, the reaction efficiencies for all
primers used were determined by optimizing the par-
ameters so that the efficiency was between 95% and
105%. For determining glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and type la pro-collagen
(Colla), 10l of SYBR green mix was used, 1ul of
primer mix, 0.5pul ROX (internal control of the reac-
tion), 1wl of bovine serum albumin (BSA), 6.5ul of
water, and 1ul of cDNA, producing a total of 20 ul
reaction solution. For the other primers, such as stro-
mal derived factor-1 (SDF-1), transforming growth
factor-beta 1 (TGF-B1), BAX, and Bcl-2, 10pul of
SYBR green mix, 0.8 ul of primer mix, 0.5pl of
ROX, 1ul of BSA, 6.7ul of water, and 1ul cDNA
was used, totalling 20ul per reaction. The analysis
was performed with StepOnePlus equipment (Life
Technologies). The reaction conditions were 50°C for
2min, 95°C for 10 min, followed by 40 cycles of 95°C
for 15s and 60°C for 30s. The melting curve was per-
formed for all the reactions to ensure the homogeneity
of the amplified product. The results were expressed as
a relative expression of the gene groups, determined by
the AACT method, using GAPDH as a housekeeping
gene. The reactions were performed in triplicate. The
primers were designed for use in mice (Mus musculus)
and described in Table 1.

Statistical analysis

Initially, all data were analyzed for normality. For the
in vivo size injury and gene expression tests, the one-
way analysis of variance (ANOVA) was applied, fol-
lowed by post hoc Tukey. The statistical program
used was SPSS (version 16.0—SPSS, Chicago, IL,
USA) and the significance level used in the study was
5% (p <0.05).

Results

The cells were seeded on the scaffolds for seven days
and following this the construction was used in animal
experiments with athymic mice. The analysis by con-
focal microscopy revealed the presence of MSCs on one
side of the biomaterial and keratinocytes on the other
side. MSCs can be recognized by their morphology,
with elongated cytoplasm in both types of scaffolds
tested (Figure 1(a) and (b)). The keratinocytes can
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Table 1. Primers used in real-time PCR.

Primer Forward sequence Reverse sequence

GAPDH?* AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Collal® GGTCTTGGTGGTTTTGTATTCG AACAGTCGCTTCACCTACAGC
TGF-p1% TATTTGGAGCCTGGACACAC CTTGCGACCCACGTAGTAGA
SDF-1% GTCTAAGCAGCGATGGGTTC GAATAAGAAAGCACACGCTGC
VEGF?¢ TGTACCTCCACCATGCCAAGT TGGAAGATGTCCACCAGGGT
BAX* CACAGCGTGGTGGTACCTTA TCTTCTGTACGGCGGTCTCT
Bcl-2*7 TCGCAGAGATGTCCAGTCAG ATGCCGGTTCAGGTACTCAG

GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

©

(1T
10pm

Figure |. Confocal microscopy analysis of the MSCs and keratinocytes after seven days of sowing on the scaffolds. (a) MSCs on
PDLLA matrix, (b) MSC on PDLLA/Lam matrix, (c) keratinocytes on PDLLA matrix, and (d) keratinocytes on PDLLA/Lam matrix.

also be recognized by their morphology in both bioma-
terials (Figure 1(c) and (d)). Thus, the scaffolds used in
animal PDLLA + cells and PDLLA/Lam + cells groups
showed both cell types at the time of implantation in
the athymic mice.

Surgeries were performed in 28 animals. A further
four animals were used as healthy controls. None of the
animals showed signs of infection throughout the ana-
lysis period. There was also no animal loss.

To measure the average size of the lesions after nine
days of surgery, five groups were tested: (1) lesion
control, (2) PDLLA/Lam, (3) PDLLA, (4) PDLLA/
Lam+cells, and (5) PDLLA +cells. Initially, all
the animals received the same lesion standard, and
after nine days the mean and standard devi-
ations for groups 1, 2, 3, 4, and 5 were 0.319+
0.040cm®,  0.31540.056cm®,  0.43940.117cm?,
0.342+0.110cm?, and 0.411£0.170cm?, respectively
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(Figure 2). There was no statistical difference between
the different groups (p =0.296), although groups 2 and
4 (PDLLA/Lam scaffolds without and with cells,
respectively) had a greater reduction in the injured

__ 157 [EA Lesion control
€ EZ3 PDLLA/Lam
‘;' B3 PDLLA
2 1.0 [0 PDLLA/Lam + cells
° PDLLA + cells
;'S_ Day 0
(o)
8 T
(] —
c
(]
[0}
=

1

Figure 2. Graph of mean size of the lesion after nine days of
surgery with total removal of skin. Day 0 corresponds to the size
of the injury immediately after the excision of the skin.

area when compared to groups 3 and 5 (PDLLA scaf-
folds without and with cells).

In the groups where the MSCs and keratinocytes
were previously seeded on the matrices (groups 4 and
5), it was still possible to visualize the entire scaffolds
on the injury after nine days of surgery. In three out of
six animals from group 3, it was also possible to view
some parts of the scaffolds (Figure 3).

Regarding the visual aspect of the wound bed, group
2 (PDLLA/Lam) presented the greatest visual aspect,
without the formation of a coarse wound. However,
group 1, lesion control, showed the worst aspect in
the injury bed (Figure 4). Furthermore, the area
removed for analysis only comprised the wound site,
thus, the second group appeared to present the smallest
wound contraction because, after removal of the
damaged area, it was the group with the smallest size
injury, that is, there was no expansion of the injured
area after removal of the scar tissue (Figure 4).

Figure 3. Photographs of the cutaneous lesions of the animals nine days after surgery. (a) Lesion control, (b) PDLLA/Lam,
(c) PDLLA, (d) PDLLA/Lam + cells, and (e) PDLLA + cells. The scale bar corresponds to | cm.
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Figure 4. Photographs of the skin lesion bed on the day of surgery (a) and post nine days surgery. (b) Lesion control, (c) PDLLA/
Lam, (d) PDLLA, (e) PDLLA/Lam + cells, and (f) PDLLA + cells. The scale bar corresponds to | cm.

Gene expression was performed comparing the eval-
uated genes between the tested groups (Figure 5).

Regarding the Bcl-2 gene, the PDLLA,
PDLLA +cells, and healthy control groups showed
an increase in gene expression compared to the lesion
control group, with statistically significant difference
(»p=0.012, p<0.001, and p=0.041, respectively). The
others groups did not differ, although the PDLLA/Lam
group presented a trend toward statistical difference
(»=0.072).

All the groups showed an upregulation of vascular
endothelial growth factor (VEGF) when compared to
the lesion control group. The fourth group (PDLLA/
Lam +cells) showed the highest gene expression of
VEGF, which was statistically different from group 1
(control lesion; p <0.001), 3 (PDLLA; p=0.039), 5
(PDLLA +cells; p=0.003), and 6 (healthy control;
p=0.011), and similar to group 2 (PDLLA/Lam;

p=0.1).

In the gene expression of TGFf1, all the groups that
had implanted biomaterials were statistically different
from the control group (p <0.014 for all comparisons)
and expressed considerably more TGFp1.

For the gene of type I pro-collagen, only group 6
(healthy control) was different to the lesion control
group (p=0.007). Groups 2 and 5 showed no statis-
tical difference when compared to group 6 in terms of
gene expression (p=0.056 and  p=0.822,
respectively).

In the SDF-1 expression, group 3 showed the highest
expression, presenting statistical difference with the
lesion control group and the other groups (p <0.001
in all cases).

There was no statistical difference between all the
groups tested and the healthy control in terms of gene
expression of BAX. When comparing the groups where
biomaterials were implanted in the lesion control group,
the difference only occurred between groups 4 and 5
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Figure 5. Gene expression of the different groups tested for Bcl-2, VEGF, TGFBI, Collal, SDF-I, and BAX genes. # Refers to the
comparison to the lesion control group. The letters refer to the comparisons made between the other groups for the same gene in
question. GAPDH was used as a housekeeping gene and all the data were normalized against the housekeeping gene.

(»=0.001 and p=0.015, respectively). The control
group had the lowest injury levels of BAX expression.

Histological analysis was performed in the same
groups analyzed for gene expression and photomicro-
graphs can be seen in Figure 6. The skin appendages,
such as sebaceous glands and hair follicles, were not
observed in any of the animals tested, except for the
healthy animals (Figure 6(o) and (p)).

Through Figure 6(a), it is possible to see that the
control group showed a more disorganized injury in
the lesion area after nine days. The dermis presented
blood vessels, as well as a large inflammatory infiltrate
(Figure 6(b)). Although blood vessels are observed in
the images relating to the animals of the lesion control
group, the groups in which the biomaterials were used

visually present an increased vascularization, with the
distribution of red blood cells throughout the tissue.

In the PDLLA/Lam (Figure 6(c) to (¢)) and PDLLA
(Figure 6(f) to (h)) groups, a similarity in the histo-
logical organization is observed, with well-formed and
arranged dermis, both near the edges of the lesion and
the central region. The epidermis in these two groups is
well-formed near the edges, but not in the central
region, where it was still possible to verify the presence
of granulation tissue with inflammatory infiltrate
(Figure 6(e) and (g)). In Figure 6(e), the place the
inflammatory cells was occupying is similar to the scaf-
fold structure, already in an advanced state of degrad-
ation. In Figure 6(h) it is still possible to view the whole
PDLLA scaffold above the injury.
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Figure 6. Photomicrographs of histological analysis of tissue related to the in vivo experiments. The samples were stained with
hematoxylin—eosin stains. (a) and (b) refer to the lesion control group. (a) Appearance of injury nine days after the experiment, with
the disorganized dermis and absence of epidermis; (b) inflammatory infiltrate present in the wound bed. (c—e) Correspond to the
PDLLA/Lam group. (c) Well-formed dermis and epidermis next to the edge of the lesion; (d) magnification of the same region of
partfigure (c), where the epidermis is most prominent with the presence of stratum corneum; (e) central region of the lesion with
partially formed dermis and the formation of the epidermis with the presence of granulation tissue. (f)—(h) Refer to the PDLLA group.
(f) Region next to the edge of the lesion in which can be viewed well-formed dermis and epidermis; (g) central region with prominent
granulation tissue and presence of inflammatory cells; (h) view of non-degraded scaffold on the skin lesion. (i)—(k) Correspond to the
PDLLA/Lam + cells group. (i) Portion of the central region of the lesion displaying well-formed epidermis and dermis, with some
granulation tissue and presence of inflammatory infiltrate; (j) central region where the formation of the epidermis is observable and
with complete dermis; (k) central region of the lesion where the dermis and especially epidermis are in formation. (I)—(n) Refer to the
PDLLA + cells group. (I) Image obtained from the central region of the lesion, with the dermis and the epidermis well formed; (m)
presence of large inflammatory infiltrate in the region adjacent to the lesion; (n) formed dermis and epidermis in formation in the
central region of the injury. (o) and (p) Correspond to the healthy control group. (o) Aspect of healthy skin, with the presence of the
epidermis, dermis, and its annexes, as well as muscle tissue; (p) greater detail in the photomicrograph, where the hair follicles, the
sebaceous glands, the epidermis with the stratum corneum, dermis, and below, the muscle tissue are displayed. The asterisk cor-
responds to the epidermis. The dermis is highlighted by the arrow. The star shows the scaffold. Scale bar: 20 um.

In the groups where the MSCs and keratinocytes
were seeded onto the scaffolds prior to implantation
in the injury, it was possible to visualize the formation
of the epidermis in the central region of the wound in
two animals of each group (Figure 6(i) and (1), respect-
ively for PDLLA/Lam+cells and PDLLA +cells

groups). In the other animals from these groups, the
central part of the injury resembles that found in the
groups where the biomaterials were implanted without
the cells (group PDLLA/Lam and PDLLA), as can be
seen in Figure 6(k) and (n). Furthermore, one animal of
the PDLLA/Lam group also showed the initial
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formation of the epidermis in the central area, as dis-
played in Figure 6(j). A large inflammatory infiltrate
was observed in the PDLLA + cell group (Figure 6(f)).

Discussion

The skin is the body’s largest organ of vertebrates,
being composed of epidermis and dermis. In this
work, a bilayer biomaterial was produced for use as a
skin substitute with the aim of mimicking conventional
histology of the entire skin. The development of a bio-
material with different fiber morphologies at the top
and bottom was possible and has already been charac-
terized in a previous study.?> The purpose of the con-
struction of both fibers was to set different topologies to
mimic the epidermis and dermis, or a bilayer generated
by tissue engineering. Moreover, the linkage of a pro-
tein naturally encountered in skin, the laminin-332,
was performed. Following this, keratinocytes were
cocultured with MSCs in a nano- and micro-structured
scaffold from a PDLLA polymer, mimicking the epi-
dermis and dermis, respectively. In this work, it was
demonstrated that the biomaterials behave well, being
noncytotoxic, and provided a good environment for
growth of the MSCs and keratinocytes. Moreover, it
was also shown that these cells occupied all the struc-
ture of the scaffolds in a tridimensional architecture.?

The use of cells in tissue engineering is part of the
triad for the development of materials. Thus, the MSCs
were selected as the cellular component of the dermal
substitute because of their ability to differentiate. The
immunomodulatory capability of these cells has been
reported in several studies,”®>° which may be an
advantage for their use, especially in severe conditions,
such as with burn patients, although recently this prop-
erty has been questioned.’' ** Keratinocytes were the
most predominant cells in the epidermis and they are
responsible for the impermeability of the skin.

As the results for physicochemical and biological
analysis were satisfactory for the biomaterials,”® the
next stage was to evaluate them in a skin loss animal
model. Athymic mice were used because they lack
mature T lymphocytes and thus they are not able to
develop transplant rejection in other species,™® as
human cells used in this study.

The choice for using scaffolds with cells seven days
after immersed cultivation for implantation in animals
was taken in relation to results obtained in the previous
study that showed that in this period it is possible to
view the MSCs at the bottom and keratinocytes at the
top of the matrices. After this time, the differentiation
between the cells was no longer possible as they occu-
pied all the structure.

The time of the in vivo experiments was based on the
daily monitoring of the animals. Nine days after

surgery, only the scaffolds where the cells had been
seeded still showed themselves to be intact with no
signs of degradation.

Regarding the size of the lesion after nine days, there
was no statistical difference between the five groups
tested; however, the groups of PDLLA/Lam, with or
without cells, showed the most visual reduction of
lesion size. These scaffolds without cells also showed
the best appearance of the wound bed after the with-
drawal of the newly formed tissue. The visual size
analysis of all the animals after the withdrawal of the
new tissue showed that the PDLLA/Lam group had the
most attractive appearance of the injury, with no
bloody area. Moreover, after the removal of the sur-
roundings of the newly formed tissue, this group
showed the lowest expansion of the lesion size com-
pared with the lesion size where the skin was not
removed in the regeneration process.

In order to verify the skin regeneration process in
terms of gene expression, several genes were evaluated.
Among these, the VEGF and stromal cell-derived
factor 1 (SDF-1) related to vasculogenesis; TGFp1
and type I procollagen (Collal), as fibrotic genes;
and the genes of the Bcl family, such as Bcl-2, an anti-
apoptotic gene, and BAX, a proapoptotic gene were
analyzed in the animal tissue.

During the process of formation and/or regeneration
of tissue, angiogenesis is a critical process. It ensures the
delivery of the required nutrients and oxygen at the
lesion site, thus allowing for the formation of the
granulation tissue. Two growth factors are therefore
mutually related. VEGF is known to be the most
responsible gene for angiogenesis. It is known that
this factor is increased in the acute phase of the injury
and its expression is induced within 24h after skin
injury, with a maximum peak at two to three days,
declining to baseline levels after seven days.*>>” In
experiments conducted by Fronza et al.,*® increased
presence of VEGF after two days in rats with skin
lesion was found, followed by decline thereafter.
These animals were also accompanied for 21 days and
increased vascularity was observed only seven days
after performing the injury in the animals, i.e., after
the elevation of VEGF.*®

Another growth factor that has been drawing atten-
tion in recent years for its potential angiogenic capacity
is the SDF-1. It has some similarities to VEGF, such as
its chemotactic properties, its action on hematopoietic
stem cells, endothelial progenitor cells, and mature
endothelial cells’>** and the fact that it can also be
produced by tumors and injured organs.
Furthermore, both factors can regulate each other,
increasing their expressions.*

Regarding the expression of these genes, VEGF
showed the largest upregulation. When comparing the
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different groups, the animals where biomaterials were
implanted had higher VEGF expression when com-
pared to the healthy control group, which was an
expected result because the injured animals are in
intense angiogenic process and thus a higher level of
VEGEF is required. In this context, the biomaterials
appear to have had an advantage over the lesion con-
trol group, as more angiogenic activity was taking
place, the healing became easier and aesthetically
better. Previous studies show that low rates of oxygen
due to microcirculatory abnormalities present in skin
lesions induce increased TGF1 gene expression, a gene
that when overexpressed can lead to the formation of
hypertrophic scars and keloids.*' On the other hand,
the level of SDF-1 did not change much between the
different groups, although there was statistical differ-
ence between the lesion control group and PDLLA
group, with the greatest expression in the latter
group. The previous presence of cells in the biomater-
ials does not seem to have affected the stimulation of
expression of the vasculogenic genes.

Type I collagen synthesis is highly regulated by dif-
ferent cytokines at the transcriptional level. Especially
TGFB1 and TGF2, isoforms members of TGF family,
which increases the expression of type I collagen gene
and have a determining effect on wound healing and
fibrosis.** Regarding the TGF, there was a substantial
increase in all the tested groups compared to the lesion
and healthy control groups. Compared with the healthy
control group, this response was expected because the
damage to the animals caused fibrotic effects in an
attempt to close the caused injury, which did not
occur to the healthy control animals. The increase of
TGFB1 in the animals in which the biomaterial was
implanted was statistically different compared to the
lesion control group. One possibility is the higher
organization of the cells in these animals as the matrices
could be acting as a bridge where cells are anchored
and, thus, the beginning of the synthesis of collagen
and consequent healing is faster. The initial presence
of cells in the biomaterials does not seem to have
affected, either positively or negatively, the stimulation
of TGFB1 gene expression.

Also in terms of wound healing, collagen is a major
component of connective tissue. Thus, the healing pro-
cess depends on its regulation, production, deposition,
and subsequent maturation. The correct balance
between synthesis and catabolism is important to pre-
vent the formation of hypertrophic scars and keloids.*
Moreover, in the initial stage of regeneration of skin
lesions, collagen synthesis and deposition are essential,
as Lu et al. demonstrated, using an anti-TGFP at this
stage, delaying the healing process.** On gene expres-
sion, Collal only presented statistical difference in the
healthy and lesion control groups. This absence

of substantial increase in the tested groups may have
been caused by the early timing of analysis. It is known
that following injury, the TGFf1 has an increase in its
expression, which results in increased expression of the
Col3al and Collal genes, in sequence, respectively.*’
Thus, type I collagen is a later collagen to appear and it
may have been the explanation for not having a sub-
stantial increase. Witte and Barbul demonstrated in
their review on dermal regeneration progression that
the deposition of type III collagen occurs hours after
injury, whereas the type I collagen only starts to be
deposited on the second day of injury. However, from
the third-day post-injury, the synthesis of collagen type
I already exceeds the type III collagen.*® Regardless of
this the PDLLA/Lam and PDLLA + cells groups pre-
sented statistically similar gene expression in compari-
son with the healthy control group, showing a healthy
level of expression of this gene, although it was
expected that all the groups would present a greater
need for producing collagen fibers, and therefore upre-
gulation of this gene.

Due to the use of different materials and different
cells in the animal model, it generated an inquiry if
these biomaterials could not influence the cellular activ-
ity of the animal cells, stimulating apoptosis, for exam-
ple. Thus, the Bcl gene family was investigated.
Intracellularly, induction of apoptosis is partly
mediated by several genes, such as p53, Bcl-2, Bax,
and p21. It is known that increasing the expression of
Bcl-2 inhibits apoptosis induced by a variety of stimuli,
whereas BAX predominance on Bcl-2 accelerates apop-
tosis upon apoptotic stimuli.** Furthermore, the
BAX/Bcl-2 ratio determines the susceptibility of cells
to apoptosis, i.e., the greater the amount of BAX
and/or the smaller the amount of Bcl-2, the more sus-
ceptible the cell will be to apoptosis.*! As can be seen in
Figure 5, with respect to the expression of both genes,
there was no statistical difference between the groups
with biomaterials and the healthy control group. The
BAX/Bcl-2 ratio also became quite similar, which can
be observed by the similarity in the expression level
between these genes in the groups with the biomaterials
and the healthy control group. Moreover, the groups in
which the cells were seeded on the scaffolds also showed
no difference, indicating that they are not harmful in
terms of cellular apoptosis. On the other hand, the
lesion control group had much lower expression of
both genes in comparison with all the other groups,
although there was no statistical difference for all the
comparisons.

Histological analysis of the different groups corro-
borated some results of gene expression analysis, as will
be discussed below.

The lesion control group had the lowest levels
of VEGF and Collal expression and the largest
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BAX/Bcl-2 imbalance, as well as showed the most dis-
organized tissue, with no observation of the formation
of epidermis in any animal, contrary to what occurred
in all the other groups. The lower vascularization prob-
ably favored the formation of a more aesthetically
coarse wound. Furthermore, the great inflammatory
infiltrate still present after nine days in the wound bed
showed that this tissue was still in early stages of tissue
regeneration.*®

Although the formation of an epidermal layer near
the edges of the skin defect in the PDLLA and
PDLLA/Lam groups and also in the central region
in the PDLLA/Lam+cells and PDLLA +cells
groups in all the animals with biomaterials and bio-
materials with cells was evident, the presence of skin
attachments was not visualized, as in the healthy skin,
indicating that, although there was skin regeneration,
this was not structurally complete. In a separate work,
Dearman and Lorden also demonstrated tissue regen-
eration with biomaterials with newly formed vascular-
ized tissue in 7-10 days after the skin lesion, without
the formation of skin attachments.*’*® Dearman also
observed in histological analysis in pigs after 21 days
of experimentation a complete formation of the epi-
dermis and on this the presence of a carapace com-
posed of the implanted biomaterial along with
keratinocytes and fibroblasts.*’ In the present study,
the same was observed in the athymic mice in which
were applied biomaterials + cells. As can be seen in
Figures 3 and 6, in some animals, all the biomaterials
were present on the injury, but in some of them, it was
possible to view the epidermis in the full extent of the
wound.

The cells seeded on the biomaterials, in this context,
appeared to have had a beneficial effect on wound
healing because they stimulated the production of a
complete epidermal layer in some of the animals, as
can be observed in the PDLLA/Lam +cells and
PDLLA +cells groups. This fact offers an advantage
in relation to their use in burn patients because they
might thereby be less exposed to the external environ-
ment and hence less susceptible to infections.

In terms of regeneration of the dermal layer, there
was no difference between the different animals treated
with biomaterials and biomaterials + cells as they all
had well-formed dermis. This ultimately demonstrates
the ability of the scaffold to act as a bridge, where the
cells from the receptor may anchor to produce new
tissue considering that even biomaterials in which the
cells were not previously seeded were capable of produ-
cing histologically homogeneous tissue.

In some biomaterials, it was also possible to verify
the presence of inflammatory cells, especially in places
where regeneration was still occurring. This phenom-
enon took place less in the groups with biomaterials

compared to that found in the lesion control group,
which demonstrates that granulation tissue was being
generated or had already been generated, and the for-
mation of the new tissue was the next step to occur. In a
paper developed by Lorden et al., using wild-type mice,
it was also possible to verify the presence of moderate
inflammatory infiltrate after 30 days of the skin lesion,
as a part of the acute inflammatory response to guide
skin regeneration.*® Thus, mild inflammation appears
to be required for the correct regeneration process as
opposed to the injury which occurred in the lesion
group, where the more pronounced inflammation
seemed to cause a heterogeneous healing, forming a
disorganized tissue.

Hence, by the results obtained in the gene expression
and histological analysis, it was not possible to deter-
mine a possible advantage in the use of laminin protein
in PDLLA/Lam biomaterials compared to PDLLA
biomaterials, although through visual analysis and
wound size, this protein has shown noticeable
advantages.

Conclusion

Due to the results obtained in this study, the intention
is to conduct further animal experiments and track the
same analysis for a longer period of time, checking the
wound closure in all the animals for gene expression
tests and histological analysis to then be carried
out; the aim of this being to have a real view of the
effects of laminin on the healing of the animals.
However, with the results presented here, it was ver-
ified that the produced biomaterials were effective in
tissue healing and showed real advantages compared
to the lesion control group, which presents them as
potential biomaterials for use in skin tissue
engineering.
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