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ABSTRACT

Laboratory animals have frequently been used in scientific and preclinical
pharmaceutical drug safety and efficacy research. Although the
introduction of new in silico assays and computer modeling for drug
discovery has shown promise in reducing laboratory animal trials, there is
still a need to develop in vitro alternatives to in vivo animal models. The in
vitro spheroid wound model is one of the best options for developing
alternative techniques to animal research as it is the most widely used
laboratory animal model. The aim of the study is to using 3D in vitro wound
modeling as an alternative to in vivo wound healing assays. In the study, a
three-dimensional cell culture (organoid culture) with cell/cell and
cell/matrix junctions was generated using the most common Fibroblast and
HaCaT cell lines hanging drop technique to replicate the healing stages in
the injured skin area. After spheroid epidermal structures were formed,
inhibitors and activators were added to the culture medium and their effects
on the wound line and 3D cells produced were determined. It was noted
that the number of spheroid structures increased significantly and cell-cell
interactions became visible in the additional activator groups compared to
the control groups. When the inhibitor-treated group was compared with
the control groups, it was observed that the formed structures completely
disappeared or decreased in amount and cell-cell interactions could not be
established. In conclusion, this study offers an alternative to using
laboratory animals to evaluate potential medicines and/or extracts in wound
healing experiments.

INTRODUCTION

The wound is a phenomenon that will never lose its
importance as long as life exists, and the efforts to
understand healing and regeneration mechanisms have
been grown out of a long-held fascination and remain
current. The wound is the breakdown of living tissue's
anatomical and functional integrity (Robson et al., 2001).
Wound formation can be superficial or deep, depending on
the degree of the force applied to the tissue (Ekizoglu and
Arican, 2009). Continuous therapy research and
innovative applications for wound and wound healing
have been conducted utilizing various materials,
methodologies, and animal models. In vivo and in vitro
modeling are the most preferred ways for wound creation
and healing modeling. In vivo modeling can be defined as
the designation of the experimental mechanism for the
processing or development process of some physiological

or pathological phenomena using biological similarities
between animals and humans (Kaya and Cevik, 2011). The
animals used in animal experiments are generally mice,
rats, guinea pigs, rabbits, cats, dogs, chickens, sheep, and
pigs. The most preferred of these are mice, rats, and guinea
pigs. In vitro is a term that means in the laboratory or
artificial conditions, and in vitro modeling is created
outside of the living organism in a controlled environment,
usually using Petri dishes, flasks, or test tubes. In vitro
wound modeling involves cell and tissue cultures as with
3D matrices and is often used to assay intercellular
interactions and intracellular signal transduction (Jing et
al., 2014). Fibroblasts, endothelium and keratinocytes are
the most successful cells in wound healing, making them
the most widely used cell types in in vitro wound
modeling. In these models, the cells are employed
separately or in combination (Inan and Duman, 2020). The
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wound healing phenomena in experimental animals, which
is frequently utilized in vivo modeling for wound
formation and repair, differs from that in humans.
Contrarily, human wound healing is typified by the
production of granulation tissue, whereas experimental
animals rarely experience this type of healing; instead,
they have contraction. Pigs are the most closely related
experimental animal model to human physiology,
although they are not usually chosen because of the
challenges associated with study design, care, and
application. Since the healing process after wound
formation is a cellular phenomenon, the proliferation of
cells active in this process, cell-cell interactions,
intercellular signal pathways, cell-matrix interactions, and
the activities of cells in the region are evaluated. In vitro
wound healing modeling allows the observation of cellular
activities and gives a great advantage to see which cells
play an active role directly in the region. In vitro
experiment designs prevent ethical concerns in vivo
studies and animal use is reduced by acting in the light of
human experimental technique principles (4R Principles).

In this study, it is aimed to construct a 3D skin matrice
and to make it a valid in vitro healing model by testing the
effects of well-known healing inhibitor/activator
compounds. It is envisaged that this model can be
conveniently used in further wound experiments, without
the need for in-vivo experiments.

MATERIALS AND METHODS

Fibroblast and keratinocyte cell lines were chosen to create
3D spheroid forms because they represent wound healing
and complete skin regeneration stages, respectively. Cell
lines L929 (NCTC clone 929) and Hacat (CLS; 300493)
were obtained from the cell culture archive of The Center
for Application and Research of Scientific and
Technological Researches (KUBTUAM) at Kirikkale
University. All cell culture work was performed in the
Class 1B biosafety cabinet in accordance with biosafety
regulations (Fig. 1). For the cultivation of the cells;
DMEM (Dulbecco's Modified Eagle's Medium, 4.5 g/L
Glucose, w/ Sodium Pyruvate, w/out L- Glutamine), 10%
polyline-streptomycin, 1% penicillin-streptomycin were
used. Briefly, 5ml culture medium was added, and
following the necessary warming to 37°C in an incubator,
Thawed cells were washed in PBS and following
centrifugation, the cell pellet was resuspended as being
their concentrations of 106/ml each cell culture suspension.
Each fibroblast and skin epithelia cell was cultured
indivudually at 37°C 5% CO2 and they were trypsinized
when their confluence reached 80%. Matrigel (Corning
Matrigel matrix) and platelet-rich plasma were used to
create 3D cytoskeletons and replicate the intercellular
matrix of the skin. PRP was prepared as follows; 10 ml
total blood was collected by venipuncture and the frozen
cells were transferred to the PRP kit tube (Rich Cell Prp
Kit 15cc; PRP15/Lot:316/2102-01) and centrifuged at
5709 -7 minutes according to the kit instructions. The
remaining platelet-rich plasma was collected into a
separate falcon tube using a syringe with a 21G needle.
Then 2 ml solution of 0.06 mM CaCl2 2H20 and 2%
penicillin/streptomycin were added. The gel was kept at
room temperature for two hours for gel formation.
Trentilin  Ampoule (active ingredient: Pentoxyfilin
100mg/5ml) was used by suspension at a rate of 10pg/ml
to increase cellular activity during wound healing. As an
inhibitor, 6% hydrogen peroxide was used at a rate of
0.4uM/L. In the study, spheroids were prepared using both

matrigel and PRP and were allocated into three groups
each as follows; control group, activator group, and
inhibitor group.

Figure 1. Stages of creating spheroids with the hanging
drop technique. A) Transfer from cell suspension to petri
dish for hanging drop technique. B) Inverting the petri dish
in which the cell suspension was transferred. C) View of
the petri dish after the formation of hanging drops

PRP-Fibroblast Group

Previously frozen fibroblast(L929) cells were thawed and
transferred into a T-75 flask and the study was initiated.
The culture medium was changed and the transplanted
cells were passaged until they covered 80% of the flask
surface. Fibroblast cells reaching 80% growth were
trypsinized and separated from the flask surface. 15ml was
taken into a flask and centrifuged. The medium formed at
the upper end was poured off and the cell pellet at the
bottom was diluted with 1 ml medium. To determine the
cell viability, cells were stained with trypan blue and live
cells were counted. The result was found to be 4.5x106.
Fibroblast cells (L929) were suspended 100l in 24-well
plates at 40,000 cells per well, 100ul was spilled into the
bottom of the first six wells and the plate was placed in an
oven (4% CO2 at 37°C for 2 hours). After removing the
plate from the oven, 100pL of PRP in gel form was added
to the fibroblasts in the first two wells of the plate and
100uL of PRP with 10pg/ml Trentilin was added to the
fibroblasts in the next 2 wells and the surface was covered.
The third two wells were closed by adding 100pL of PRP
to which 0.4uM/L hydrogen peroxide was added and after
this process, the study was terminated by adding another
100pL of fibroblast cell suspension to all wells. After the
procedure, fibroblasts were examined under a microscope
and photographed and recorded at 0, 24, 48, and 72 hours.
The spheroid diameters were measured with the 'Image J'
program and recorded and graphed in Microsoft Excel.
After the procedure, fibroblasts were examined under a
microscope and photographed and recorded at 0, 24, 48,
and 72 hours (Fig. 2). The resulting spheroid diameters
were measured with the 'Image J' program and recorded
and graphed in Microsoft Excel (Fig. 3).

Figure 2. PRP — Fibroblast (L929) Group Spheroid
formation Inverted Microscope Image (100 pm) Indicator
group B) Control group C) Activator group
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Figure 3. Images of measurement in ‘Image J’

Matrigel - Fibroblast Group

Previously frozen fibroblast(L929) cells were thawed and
transferred to a T-75 flask and the study was started. The
culture medium was changed and passaged until the
transplanted cells covered 80% of the flask surface.
Fibroblast cells reaching 80% growth were trypsinized and
separated from the flask surface. After staining with trypan
blue, viability determinations, and cell counts were
performed. The result was found to be 3.9 x 108. After cell
counting, the cell suspension was diluted to 1.25 x 105 in
20 pL with the addition of a culture medium. Using the
resulting cell suspension, 20 pL droplets were added to the
lid of a 10 cm diameter sterile petri dish to form spheroids
by the hanging droplet method. 5ml PBS was added to the
petri dish bottom to maintain ambient humidity during the
propagation of the cell clusters. The lid was quickly
inverted and closed without deteriorating the drop
structure and left to reproduce for 72 hours in a study with
4% CO2 at 37°C. For this, the matrigel matrix at -20 °C
was replaced to +4°C the night before. The pipette tips to
be used before the procedure were cooled sterile at -20 °C
for 10 minutes and all procedures with the matrigel matrix
were performed on an ice battery. The wells to be used on
the plate with 24 wells were marked and placed on the base
with a 100 uL matrix pipette, and the plate 37 °C was
removed and waited for 30min. Thus, the matrix was
gelled, which is found in liquid form in a cold
environment. At the end of 30 minutes, the spheroids in
the Petri dishes we had prepared before were taken with a
21G needle tip and placed in the middle of the gelled
matrigels, taking care not to form bubbles. The second
spheroid was added just above the previous spheroid
following the same steps as before. Added to the control
wells; 500uL of Trentilin Ampoule (Trentilin Ampoule:
Pentoxyfilin 100mg/5ml) suspended with 10pg/ml
standard culture medium. Added to the migration
activation group 500uL of %6 H202 suspended at
0.4uM/L was added to the migration inhibition group. The
areas of the spheroid structures formed were photographed
during the 0, 24, 48, and 72 hours (Fig. 4). The
photographs taken were measured and graphed with the
'Image J' program (Fig. 3).

Figure 4. Matrigel-Fibroblast (L929) Control Group
Spheroid formation Inverted Microscope Image (100 pm)
A) Indicator group B) Control group C) Activator group

PRP-Fibroblast-HaCaT Group

Previously frozen HaCaT and fibroblast (L929) cells were
dissolved in a hot water bath and cultured in T-75 flasks.
Cells that reached 80% proliferation were trypsinized, and
cell counts were 3.6 x 10® for HaCaT; and 4.9x108 for
fibroblast (L929). L929 fibroblast cells and HaCaT cells
were previously passaged and were dissolved and
transferred into T-75 flasks and the process started. The
stock cells at -80°C were removed and dissolved in 37°C
water bath. The previous cell transfer procedure was
followed, and nd suspended when they reached 80%
proliferation; the viability of the cells was measured.
Trypan blue was used for vitality measurement and cell
count. 10ul of HaCaT cell suspension and 10pl of trypan
blue were taken into an Eppendorf tube. 10pl were taken
from the new suspension and added to the ‘A’ compartment
of the cell, counting slide and counting with a
hemocytometer (3.6 x 10°). At the same procedure was
performed with the L929 fibroblast cell line (4.9 x 109).
For 24 well plates, new cell suspensions were prepared
with 40,000 cells per well, and 100uL of the fibroblast
suspension was added to the desired wells in the plate, and
the plate was incubated at 37 °C for 2 hours. The cell
surfaces were coated by adding 100 pL each of the
previously used PRP Activator- inhibitor and control
group. 100uL of HaCaT cell suspension was added. The
diameters of the spheroids were evaluated by
photographing the hours 0, 24, 48, and 72. Measurements
were made with the 'Image J' program, graphed the results.
The photographing and examination of the spheroid
structures were carried out with an inverted microscope
(Marka: Leica Model: DMI 4000 B) (Fig. 5). Spheroid
density measurement and graphing in a microscopic field
were performed with the " Image J " program (Fig. 3). The
areas and environments of the spheroids were measured as
quantitative evaluation criteria. The measurements were
recorded in Microsoft Excel and compared (Fig. 6 and Fig.
7).
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Figure 5. Fibroblast (L929)-PRP-HaCaT Control Group
Spheroid formation Inverted Microscope Image. A)
Indicator group B) Control group C) Activator group
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Figure 6. Area measurements were calculated and
tabulated in micrometersquare with the ‘Image j’ program
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CONTROL  GROUP 238761 298.451 263.894
PRP-FiBROBLAST

CONTROL GROUP  436.123  539.886  489.230
FIBROBLAST-
MATRIGEL

CONTROL GROUP 571.770 361.283 559.203
FiBROBLAST-PRP-
HACAT

ACTIVATOR 296.881 549.779 289.027
PRP-FiBROBLAST

ACTIVATOR 543.035 930.224  858.649
FiBROBLAST-
MATRIGEL

ACTIVATOR 427257 348.717  259.181
FiBROBLAST-PRP-
HACAT

Figure 7. Environmental measurements were calculated
and tabulated in micrometers with the ‘Image j° program

RESULTS

Microscopic examination showed that cell-cell complex
structures formed spheroids in all three methods. It was
also revealed whether the formed spheroid structures
increased or not by using activators and inhibitors.
Activator and inhibitor substances were selected from
substances that promote and inhibit healing in the wound
healing process. Spheroid structures (spherules) formed by
the proliferation of cells and their interaction with each
other were significantly increased and enlarged in the
activator groups using the preparation that clinically
activates wound healing. In the inhibitor groups, spheroid
formation was seen in some groups, but in small numbers
and in small shapes, while in some groups it was seen in
very small structures or not seen because it disrupted the
structure that would form a skeleton for the cells used and
caused death in the cells. Since our aim was not to measure
the drug effect, no further evaluation was made on this
issue.

As seen in the microscopic examination, it was seen
that activator and inhibitor substances that promote wound
healing can increase or decrease the formation of cell-cell
complex structures in 3D cell culture and increase or
decrease migration to the wound site. The area and
perimeter measurements of the spheroid structures formed
in our study were made with ‘Image J'.

The results were compared graphically. In this
comparison, the results showed that spheroid formation
occurred in the groups in which the gel form of PRP was
used as a cell support network, but spheroid structures
were not as large as in the groups in which matrigel was
used as a cell support network. Although smaller spheroids
were formed in the groups using PRP compared to the
groups using matrigel, it has an advantage over matrigel,
which is that spheroid structures are formed and prominent
in the inhibitor groups in the groups using PRP.

In our study, fibroblast and keratinocyte cells, which
are most effective in wound healing, were used and the
spheroid structures formed by them were examined. The
size and multiplicity of the spheroid structures formed give
us information about the speed and formation of the
migration phenomenon. PRP and Matrigel used in the

study form a skeleton for the cells to form a complex
structure. Matrigel fills the cavity of the colloagin and PRP
contains platelets that accelerate cell migration to the
wound area. The activator and inhibitor substances used
are clinically used materials.

When the control groups were examined, it was
observed that spheroid formations were present but not as
large and prominent as in the matrigel control group.
Another difference between the control groups was that the
spheroid structures formed in the study with HaCat were
more prominent and larger than the fibroblasts in the study
with fibroblasts only. It was observed that the spheroids
formed in the activator groups were small but numerous at
the 72nd hour, while at the 24th and 48th hours, the
formations had just started and larger structures were also
observed. In the inhibitor group studies, no results could
not be reached because the inhibitor we used in the
matrigel group disrupted the matrigel form, but in studies
with fibroblast and keratinocyte cells, spheroid formations
were observed at 24 and 48 hours, but the spheroid
structures formed were small structures. At 72 hours, no
spheroid structures were observed and the structures
formed were observed to be disrupted.

DISCUSSION AND CONCLUSION

Wound formation, the healing mechanism, and the quest
for healing treatment approaches are among the most
frequently investigated and experienced issues worldwide
(Daunton et al., 2012). Wound modeling uses a variety of
models, including in vivo, in silico, ex vivo, and in vitro
(Ud-Din and Bayat, 2017).

In vivo modeling is the method of preference for
studying complicated events in wound healing. Although
in vivo investigations are favored, the skin structures of
experimental animals do not demonstrate physiology in
wound formation and healing in people because they are
not similar to those in humans, and the cases that arise
during the healing process differ from humans
(Greenhalgh, 2005).

The group of rodents that are often studied are
creatures because they are easy to produce and durable,
partly because of the ease of modeling. The fact that
wound healing in rodents is by contraction, which does not
develop granulation tissue as in humans, as well as the
different placement of skin add-on glands and layers, has
a negative impact on the study's results (Dorsett-Martin,
2004) Its skin composition is the closest to that of a living
pig. The dermis and epidermis are thick in humans and
pigs, but thin in rodents. In rodents, wound healing is
accomplished by contraction; in humans and pigs, it is
accomplished by granulation and epithelialization.
Although the architecture of human and pig hair follicles
are similar, one feature that sets rodents apart from humans
is the abundance of hair follicles. While apocrine sweat
glands are confined to the udder in rodents, they are widely
distributed throughout the human perineal and axillae
(Dorsett-Martin, 2004; Sulivan et al., 2001; Wong et al.,
2011). When Google Scholar searches based on the last 5
years, it is seen that there are 18,800 results under the name
of ‘wound healing mouse model', 19,200 results in the
‘wound healing rat model' search, 18,200 results in the
‘wound healing rabbit model' search and 17,700 results in
the wound healing pig model search. The use of animals in
studies brings ethical problems and causes undesirable
situations to develop during studies. In the interventions
performed during the study, the development of sepsis in
animals, shock development during the intervention, or
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interventions do not have the desired effects on the animal,
and the intervention is completely tolerated by the animal
(Kaya and Cevik, 2011). Situations such as the care and
feeding of animals, the replacement of dead animals, and
the repetition of work require extra time and extra-
economic burden (Yegen and Goren, 2005). Sauer and his
friends, in their study, argued that animal experiments
should be applied after all alternative methods have been
tried. In experimental animal modeling, the inability to
prevent the animal from being affected by environmental
conditions, the fact that the drug applied in drug
applications is metabolized first, and the full effect cannot
be clearly demonstrated, the animals’ reactions to the
applications are restrictive factors in studies. In light of all
this, the use and development of cell cultures reflect all the
characteristics of human tissues, and cells have started to
come to the fore in recent years. Considering the ethical
concerns in animal studies and the Principles of Human
Experimental Technique (4R Principle), the move of the
experiments to cell culture eliminates these concerns. Cell
culture studies dating back a long time are used in 2D to
study the activities, structures, and development of cells in
living tissue (Duval et al., 2017). Cell culture studies used
in many different fields such as toxicological,
pharmacological, microbiological, and oncological
examinations and paving the way for important
developments in living life are also used in wound
modeling and the study of cellular activities developing in
wound healing (Huh et al., 2011; Duval et al., 2017). Until
recent years, these studies have been modeled in 2D cell
culture, first causing mechanical damage to the cells
covered in the base to characterize wound formation, and
then looking at the migration of cells to this region, the
cellular effects of drugs used or developed, whether they
are toxic, and cellular responses to mechanical injuries
(Liang et al., 2007; Jonkman et al., 2014). Although
measurable results were obtained through these studies, it
was concluded that 2D cell cultures are alternatives in
terms of easy repeatability to animal experiments, control
of environmental conditions, and economics, but are
incomplete in reflecting the complex event developing in
the in vivo environment (Mazzoleni et al., 2009). The fact
that cell reproduction is limited to the media in the culture
dish and the base in the culture container and the limited
cell and cell ECM interaction is one of the limitations of
2D cell cultures in reflecting the organoid structure in life
(Bonnier et al., 2015; Choi et al., 2010). As a result of the
elimination of these limitations and the increase of studies
on in vivo organoid structure and reactions, and as a result
of developing research techniques, 3D cell cultures were
started to be made (Duval et al., 2017). As a result of cell-
cell and cell-ECM interactions in spheroid structures
formed in 3D cell cultures, it has been observed that many
cellular behaviors such as proliferation, polarization gene,
and protein expressions provide traceability as in vivo
conditions (Steinwechs et al., 2016; Marby et al., 2016).
The basis of 3D cell culture is the secretion of structural
proteins and molecules in vivo conditions of spheroids
formed in an extracellular matrix-like structure (liquid,
solid) (Weaver et al., 1997; Lin et al., 2008). In many
studies using 3D cell cultures, 3D cell cultures were closer
to in vivo cases than 2D cell cultures, and the results were
close to the results of experimental animal studies (Polat,
2020). In light of these studies, this study was carried out
to investigate whether 3D wound modeling can be
performed and how the cells that play an active role in
wound healing will react to the factors used in wound

healing that accelerate healing. The culture of the cells
most involved in wound healing in 3D in three different
cell collections created using two different scaffoldings
and the effect of substances that accelerate and inhibit
wound healing were examined. The multiplicity and size
of spheroid structures formed in the evaluation of the study
groups were evaluated. Since the migration and
proliferation of fibroblasts in wound healing were related
to activation, the evaluation was accurately proportioned
with the number and size of spheroids. The fact that while
the number of spheroids was evaluated qualitatively, the
area and environment measurements of the spheroid
structures were evaluated quantitatively with the 'Image J'
program (Fig. 8-13). The more spheroid structures formed
or larger, the more fibroblast activity they had and were
evaluated as migration. The PRP part of the blood used in
this study increased the activation of fibroblast cells and
acted as a skeleton for cell connections (Fig. 10). PRP has
been shown in studies with positive effects on wound
healing (Hudgens et al., 2016). Spheroid formation was
observed in this 3D cell culture study, and fibroblast
migration increased with the activator (Fig.11and Fig. 13).
PRP- HaCaT- It was observed that the size and number of
spheroid structures formed in the fibroblast group were
more intense than in the study in the fibroblast —-PRP
group. It was thought that the source of this may be the
formation of cross-bonds between the HaCat and
fibroblast cells that allow scar formation (Ghahary and
Ghaffari, 2007). The group where fibroblast migration is
best evaluated and seen is the working group with matrigel
(Fig. 12 and Fig. 13). Spheroid formation was seen in other
groups, but it was not as pronounced in size and number as
in the matrix. When scratch modeling was required to be
performed for wound work and to see the migration on this
line, the cells were collected at the edges due to the gel-
shaped structures, and this study could not be done due to
the deterioration of the gel form. The environment and
areas of the spheroid structures formed in the study were
calculated, and it was observed that the matrigel group also
stood out compared to these (Fig. 6 and Fig. 7). In the case
of migration in the wound, it was considered acceptable as
a model used before experimental animal modeling to
examine cell connections, cell-matrix connections, and
fibroblast activation. Cell-cell connections that play an
active role in wound healing and cell ECM can be used in
the examination of both 2D and in vivo studies as an
alternative study; since activators and inhibitory
substances to be used in wound healing can be used as
preferable modeling in the study of cases in cell-cell
interactions and ligaments, and alternative to 2D cell
culture for the study of fibroblast and keratinocyte
activation involved in wound healing, there may be an
alternative preliminary study to experimental animal
studies, both economically and recurrent before applying
to the experimental animal study. Considering the study
construction and evaluation stages, it is thought that the
study can be expanded using different cell skeleton
structures and using different cells. Studies can be carried
out where complex phenomena can be examined by
making more complex 3D cultures and showing cells and
cellular interactions. When the materials used in the study
were evaluated, it was observed that the matrix better
mimics ECM in the cell and retains spheroid structures for
longer when preferred as a cell skeleton. The formation
continues for a long time. It is thought to be preferable as
a working material when the chronic wound healing
process is examined.
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Figure 11. While there was an increase in the spheroid
area and circumference measurements until the 48th hour
due to the administration of a single dose of the drug to the
groups to which the activator substance was added, there
was a decrease in these results as the activator effect
decreased at the 72nd hour measurements
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Figure 13. Matrigel fibroblast and prp fibroblast groups
were compared because they contain the same cell lines.
In the comparison of activator groups between the groups,
the matrigel-fibroblast group stands out as the area, while
the prp-fibroblast group stands out in the measurement of
the circumference
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