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Regenerative effect of lyophilized
dental follicle mesenchymal stem
cells and platelet-rich fibrin in skin
wounds in geriatric and young rats

Osman Bulut®1™, Deniz Genc®?23, Cigdem Elif Demirci©®3, Leyla Tekin©®*,
Tolga Meri¢ Dimbek®? & Aziz BilbUI®?

The aim of this study was to investigate the regenerative effect of lyophilized dental follicle
mesenchymal stem cells (DF-MSCs) combined with rat platelet-rich fibrin (PRF) on geriatric skin
wounds. Human DF-MSCs which were isolated from the wisdom teeth of healthy donors and PRF
were mixed and incubated in a 37 °C incubator for 1-2 h containing 1 million cells in 150 mg PRF. The
mixture was suspended in a freeze-drying solution and then lyophilized. Wounds were created on the
back skin of Wistar albino rats using a 6 mm punch. Lyophilized DF-MSCs, PRF, or PRF + DF-MSCs were
applied to the wounds of rats. On the 15th day, the wound area was histopathologically evaluated in
rats. Blood samples from rats were analyzed for total antioxidant status (TAOS), and inflammatory
cytokine levels using ELISA. In both young and geriatric rats treated with lyophilized PRF + DF-MSCs,
wound area began to significantly decrease from the 10th day compared to the untreated group

(p <0.05). Histopathological examination revealed that in the lyophilized PRF + DF-MSCs treated
groups, epithelial integrity and scarless healing significantly increased compared to the untreated
groups (p<0.05). There were no significant differences in TAOS, total oxidant status (TOS), tumor
necrosis factor (TNF), interleukin-6 (IL6), and hydroxyproline levels in serum samples from young

rats on the 15th day. In geriatric rats, hydroxyproline (HYPS) levels were increased in the DF-MSC

and PRF + DF-MSC groups (p <0.01), TNF was significantly elevated in PRF geriatric group and IL6 was
increased in the PRF group compared to the control group (p=0.01). Lyophilized PRF + DF-MSCs, which
is a shelf-stable and ready-to-use product, hold promise, especially for traumatic wounds in geriatric
individuals with longer healing times.
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Abbreviations

DF-MSCs  Dental follicle mesenchymal stem cells
PRF Platelet-rich fibrin

TAOS Total antioxidant status

TOS Total oxidant status

TNF Tumor necrosis factor

IL-6 interleukin-6

PDGF Platelet-derived growth factor
MSC Mesenchymal stem cells

FGF Fibroblastic growth factor

VGEF Vascular endothelial growth factor
IGF Insulin-like growth factor

TGEF-B Transforming growth factor beta
EGF Epidermal growth factor
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PDEGF Platelet-derived epidermal growth factor

PDAF Platelet-derived angiogenesis factor
PF-4 Platelet factor 4

PVP40 Polyvinylpyrrolidone 40

DMEM Dulbecco’s modified eagle medium
FBS Fetal bovine serum

PBS Phosphate buffer solution

CO, Carbon dioxide

MFI Mean fluorescent intensity

SEM Scanning electron microscope
HYPR Hydroxyproline

ROS Reactive oxygen species

A wound is the loss of anatomical structure and function of living tissue due to various reasons, resulting in a
temporary loss of all or part of its existing biological and physical properties!. Studies have determined that the
response of wound endothelial cells to platelet-derived growth factor (PDGF) stimulation in geriatric animals
is less than that in young animals. It has been found that collagen synthesis and epithelialization in the wound
area decrease with age”.

Mesenchymal Stem Cells (MSC) are multipotent stromal cells of mesodermal origin that can self-renew,
regulate immune responses, and differentiate into other tissue cells®. MSC also expedites the tissue regeneration
process by secreting growth factors such as fibroblastic growth factor (FGF), vascular endothelial growth
factor (VEGF), and insulin-like growth factor (IGF)*. Among them, dental MSCs are potent candidates for the
treatment of inflammatory diseases due to their easily accessible source, ease of isolation, rapid proliferation
in culture, multipotent differentiation ability, and high immunomodulatory effects®. Dental follicle progenitor/
stem cells (DF-MSCs) have a multipotent differentiation capacity that resides in the dental follicle and originates
from the neural crest. More importantly, compared to other stem cells, they have advantages such as abundance
of cell number, active self-renewal ability and multiple differentiation capability, making them an attractive
candidate in the field of tissue engineering®®.

Platelet-rich fibrin (PRF) is a fibrin matrix that supports wound healing, bone regeneration, graft stabilization,
and hemostasis®. PRF creates a supportive microenvironment for wounds as it contains PDGE, transforming
growth factor beta (TGF-p), epidermal growth factor (EGF), VEGE, IGF, platelet-derived epidermal growth
factor (PDEGF), platelet-derived angiogenesis factor (PDAF), and platelet factor 4 (PF-4)”.

Many studies to date have demonstrated the regenerative effects of fresh PRF or MSCs on skin wounds,
musculoskeletal injuries, and bone wounds®-1°. Additionally, the study has shown that lyophilized PRF can
accelerate the healing process of wounds, similar to fresh-prepared PRF!!. Few studies have demonstrated
the effect of lyophilized MSCs on wound healing. In one study, researchers concluded that lyophilized MSCs
provided hemostasis without creating a thrombus after anastomosis'?. Recent studies have focused on cell-
based therapies that are easy to apply. In the present study, we developed a novel method for lyophilization of
MSCs with PRE. The lyophilization solution contains trehalose, and PVP40 (Polyvinylpyrrolidone 40) which are
combined with the cells suspension in PRE. This method for lyophilization increased the viability and preserved
the differentiation ability of MSCs.

In this study, we investigated the regenerative effects of lyophilized DF-MSCs, which were isolated from
healthy individuals, combined with rat PRF as a new therapeutic product on deep skin wounds in geriatric rats
with very slow healing processes. In the present study, rat PRF was used to avoid a hypersensitivity reaction
between species since it would be used in wounds created in rats. We also compared the wound healing results
of geriatric rats with those of young rats. The content of the lyophilization solution combined with PRF we used
in this study consists of ingredients we developed specifically to ensure that MSCs have a long shelf life in a
powder form.

Materials and methods

Ethics approval and consent to participate

Ethical approvalwas obtained from the ethics committee of Mugla Sitki Kogman University (Project title:
Regenerative Effect of Lyophilized Mesenchymal Stem Cells Combined with Platelet-Rich Fibrin in a Skin
Wound Model in Geriatric and Young Rats; Approval no. 39/22; Date of approval: 18/08/2022). In the study,
DF-MSCs were obtained from humans (19-24 years old) with an orthodontic indication for wisdom tooth
extraction, and informed consent forms were signed. This study was conducted and reported in accordance with
the ARRIVE guidelines. All methods were carried out in accordance with relevant guidelines and regulations.

Animals and wound creation

Thirty-six male Wistar albino rats aged 3-6 months (250-400 g) were classified as young rats, while thirty-six
male rats aged 18-24 months were classified as geriatric rats. The rats were housed under a a 12/12-hour light/
dark cycle at a temperature of 22+2 °C, with ad libitum water and food. The Mugla Sitki Kogman University
Experimental Animals Application and Research Center provided the rats and the experimental phase was
conducted at this center. The sample size was calculated using the G-Power program, considering an effect size
(0.50), a type-I error (0.05) and power (0.80) for eight groups (n=9).

The rats were divided into eight groups as follows: Group 1: Geriatric Wound, Group 2: Young Wound, Group 3:
Geriatric Wound +lyophilized PRF (in a powder form), Group 4: Young Wound +lyophilized PRF (in a powder
form), Group 5: Geriatric Wound +lyophilized MSCs (in a powder form), Group 6: Young Wound +lyophilized
MSCs (in a powder form), Group 7: Geriatric Wound +lyophilized PRF+MSCs (in a powder form), Group 8: Young
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Wound +lyophilized PRF+MSCs (in a powder form). Anesthesia was administered by intraperitoneal injection of
10 mg/kg Xylazine hydrochloride (Rompun, Bayer 23.32 mg/mL) followed by intraperitoneal injection of 70 mg/kg
Ketamine hydrochloride (Ketalar, Parke-Davis, 50 mg/mL). Rats’ backs were shaved, cleaned with povidone-iodine,
and a 6 mm punch created a full-thickness skin wound (1 mm depth). Post surgery, 10 mg/kg Enrofloxacin (Baytril,
Bavet, 100 mg/mL) and 5 mg/kg Carprofen (Rimadyl, Zoetis, 50 mg/mL) were administered for 3 days to manage
infection and pain. Euthanasia was performed 15 days post wounding by cervical dislocation under anesthesia.

Production and characterization of DF-MSCs

Human DF-MSCs which previously obtained from Mugla Sitki Kogman University Hospital of Dentistry, in the
stocks of Mugla Sitki Kocman University Stem Cell Laboratory, were cultured at the third passage with Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, Cat.No: 11885084, USA) supplemented with 10% fetal bovine serum
(FBS) (Sigma, Cat.No: F6765, USA) and 1% penicillin/streptomycin (10.000 U/mL, 10.000 pg/mL) (Gibco, Cat.No:
15140122, USA) until reaching 80-90% confluence. After the detachment of the cells with 0.25% trypsin-EDTA
(Sigma, Cat.No: SM-2003, USA), cells were washed two times with phosphate buffer solution (PBS) (Millipore,
Cat.No: 524650, USA). The cell pellet was obtained after centrifugation at 1200 rpm for 5 min. The cell pellet was
immediately used to prepare PRF and MSC combination.

100,000 cells were subjected to characterization analyses via flow cytometry. Cells were analyzed for the
positive markers for MSCs by staining with anti-CD29 (BD Pharmingen, Cat.No: 556049, USA), anti-CD73
(BD Pharmingen, Cat.No: 560847), anti-CD105 (BD Pharmingen, Cat.No: 561443, USA), and anti-CD90 (BD
Pharmingen, Cat.No: 561557, USA) and negative markers for MSCs by staining with anti-CD14 (BD Pharmingen,
Cat.No: 562691, USA), anti-CD45 (BD Pharmingen, Cat.No: 564105, USA), anti-CD34 (BD Pharmingen, Cat.
No: 340441, USA), and anti-HLADR (BD Pharmingen, Cat.No: 560944, USA).

DF-MSCs in the third passage were subjected to osteogenic, chondrogenic, and adipogenic differentiation
assays to prove that they had MSCs characteristics. In brief, the third passage cells were incubated in 6-well
plates for 48 h (2x10° cells/well) at 37 °C in a humidified chamber. After 48 h of incubation period cells
were cultured separately with Osteogenic Differentiation Medium (Gibco, StemPro™, Cat.No: A1007201,
USA), or Chondrogenic Differentiation Medium (Gibco, StemPro™, Cat.No: A1007101, USA), or Adipogenic
Differentiation Medium (Gibco, StemPro™, Cat.No: A1007001, USA) for 14-21 days. At the end of the culture
period, culture supernatants were removed and the cells were stained with Alizarin Red S (Sigma, Cat.No:
A5533, USA) for calcium deposits for osteogenic differentiation, Alcian Blue (Sigma, Cat.No: A5268, USA) for
proteoglycans for chondrogenic differentiation, and Oil Red O (Sigma, Cat.No: 01391, USA) for lipid droplets
for adipogenic differentiation.

Fluorescent labeling of DF-MSCs

To analyze whether DFMSC differentiated into epithelial cells in the wound tissue after the application of
PRF + MSCs in the experimental wound model, the cells were labeled with the Qdot labeling kit (Qtracker 655
Cell Labeling Kit, Thermofisher, Cat.No: Q25029, USA). In summary, after the DEMSC at the third passage, were
suspended in DMEM containing 10% FBS and 5 nmol/L Qdot for each 1 x 10° cell and incubated for 1 h at 37 °C
in a 5% carbon dioxide (COZ) chamber. For analysis, 10,000 MSCs were separated from the cells and analyzed
in the FL3 channel of the flow cytometry device (BD Accuri C6 Plus, USA) for Qdot signaling. The data was
expressed as mean fluorescent intensity (MFI).

Isolation of platelet-rich fibrin

PRF was isolated from cardiac puncture of rats as described previously'®. Blood was taken from 15 male Wistar
rats, aged 6-12 months and weighing 220 gr-420 gr, under general anesthesia with a 10-12 ml cardiac puncture.
Briefly, whole blood samples were collected in 15 mL falcon tubes and centrifuged at 3000 rpm for 12 min. PRF
was collected from the bottom fraction of centrifuged blood. The fresh PRF was analyzed for platelet count and
growth factors, and the lyophilized PRF was analyzed for growth factors using flow cytometry.

Lyophilization of DF-MSCs and PRF

The lyophilization process of DE-MSCs or PRF was conducted as previously described”!. Briefly, MSCs (1 x 10°
cells) were mixed with 100 mM trehalose and 30% PVP40 in a total volume of 1 mL. The cell suspension was
frozen at -80 °C before lyophilization. Fresh PRF was directly frozen at -80 °C before the lyophilization process.
The fabrication of lyophilized PRF with DF-MSCs was done as previously described with some modifications.
Briefly, freshly prepared DF-MSCs (1 x 10° cells) were transferred to 150 mg of fresh PRF and mixed with a tissue
mixer for 5 min at 37 °C. Then the PRF and cell mixture was incubated at 37 °C in a 5% CO, incubator for 1-2 h.
PRF containing DF-MSCs were transferred to a 15 mL sterile falcon tube and the volume was completed to 1 mL
with 100 mM trehalose (Millipore, Cat.No: 625625, USA) containing 30% PVP40 (Sigma, Cat.No: P0930, USA).
The mixture was then frozen at -80 °C until lyophilization. MSCs, PRF or PRF with MSCs were subjected to a
lyophilization process at -100 °C between 2 and 5 Pa for 24 h (Yamato DC-801 Freezer Dryer, Japan). The scanning
electron microscope (SEM) (ZEISS, EVO LS10, Germany) images of lyophilized MSCs, PRF, and MSCs combined
with PRF are shown in Fig. la.

Cell survival analysis after lyophilization

DF-MSCs were analyzed for cell survival after the lyophilization process before animal experiments. The survival
analysis of DF-MSCs were performed as previously described with some modifications'®. For the cell survival
analysis, lyophilized DF-MSCs or DF-MSCs in PRF was diluted with DMEM supplemented with 20% FBS. After
one hours of incubation period, cells were washed with PBS and the pellet was stained with Annexin V-7AAD
antibodies, each 5 pL in a 100 pL staining buffer (BD Pharmingen, Cat.No: 559763, USA), for the cell survival
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Fig. 1. (a) Scanning electron microscope images of lyophilized DEMSC, lyophilized PREF, and lyophilized
DFMSC with PRE. The cells are shown with red arrows. (b) Cell survival analysis of lyophilized MSCs after
thawing via flow cytometry. Lower left quadrant: living cells.

analysis via flow cytometry. The lower left quadrant was analyzed for the living cells. The data was presented as
the percentage (%) of the cells.

Macroscopic examination of wound healing
To examine wound healing macroscopically for the observation of gross effect, measurements were made in the
wound area.

Wound contraction: Percentage of wound area (in X days)=Wound area on day X (mm?) / Wound area on
day 0 (mm?) x 100.

Wound healing: Healing Percentage = Healing area on day X (mm?) / Healing area on day 0 (mm?) x 100.

Healing area: Non-healing area compared to the wound area on day 0 (mm?) = Proliferation tissue on day X
(mm?) / Wound area on day 0 (mm?) x 100°.

To evaluate the healing of the wound area, a ruler was placed next to the wound area to facilitate evaluation
and photographs were taken. The skin wound surface areas were calculated by transferring the photographs to
the “Image j” program in the computer environment. Total wound healing was found by looking at the difference
between days in terms of wound areas.

Histopathological analysis

The tissue samples were taken on the 15th day after euthanasia, placed in 10% formaldehyde solution, embedded
in paraffin, and 4-5 micron thick sections were prepared. After deparaffinization, the sections were stained
with hematoxylin-eosin (Abcam, Cat.No: ab245880, USA) and epithelial cell morphology, tissue integrity, and
lymphocytic infiltration were examined. Tissue integrity refers to the preservation of the normal structure and
function of the tissue after injury or wounding. It is characterized by the restoration of the tissue architecture
without significant fibrosis or scarring. Scoring was done as follows; tissue integrity present:1, absent:0,
lymphocytic infiltration/inflammation severe:3, moderate:2, mild:1, absent:0, scarless mature healing present:1,
absent:0, epithelialization severe:3, moderate:2, mild:1, absent:0, fibroblastic proliferation severe:3, moderate:2,
mild:1, absent:0. One pathologist and one immunologist examined the tissue sections after hematoxylin-eosin
staining.

Immunofluorescent labeling

Immunofluorescent labeling was performed to examine epithelial cell regeneration in skin sections. To observe
whether MSCs directly participate in tissue repair, tissue sections were labeled with anti-SMA (Abcam, Cat.No:
ab5694, USA) for alpha-smooth muscle actin, which is expressed on myofibroblasts, and the nucleus was labeled
with DAPL For a-SMA labeled cells, the secondary antibody Alexa Fluor'488 (green) antibody was used. The
distribution of Qdot-labeled MSCs (red fluorescent) in the tissue area was evaluated alongside a-SMA labelled
cells under a fluorescent microscope.
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Immunohistochemical analyses

The growth factors (FGE EGE, VEGF) were analyzed by staining tissue sections with anti-FGF (Abcam, Cat.
No: ab207321, USA), anti-EGF (Abcam, Cat.No: ab184265, USA) and anti-VEGF (Abcam, Cat.No: ab214424,
USA) as previously described!”. EGF is a granular cytoplasmic marker, and VEGF and FGF are membranous
and cytoplasmic markers. Briefly, 4 um thick paraffin sections were mounted on poly-L-lysine slides. The tissue
sections were blocked by preincubation with normal serum diluted in PBS (1:30) for 30 min. Primary antibody
staining was performed for 24 h overnight, and secondary antibody staining was done for 1 h. The protein
expressions were assessed as follows; absent:0, mild:1, moderate:2, marked:3.

Biochemical analysis

In all groups, blood was collected intracardially into tubes without anticoagulant on the 15th day of the study,
before euthanasia, and serum was obtained. The levels of interleukin-6 (IL-6) (AD3249Ra, Andy Gene, Beijing,
China), Tumor necrosis factor (TNF-a) (E0764Ra, Bioassay Technology Laboratory, Shanghai, China), total
antioxidant status (TAOS) (AD3283Ra Andygene, Beijing, China), total oxidant status (TOS) (E1512Ra;
Bioassay Technology Laboratory, Shanghai, China), hydroxyproline (HYPR) (EA0040Ra, Bioassay Technology
Laboratory, Shanghai, China) in serum samples were measured using a MVGt Lambda Scan 200 ELISA reader
(Bio -Tek Instrument, VT) and Rat ELISA kits (Table 1).

Statistical analysis

Data analysis was performed using the GraphPad Prism 8.0 program (GraphPad Software). Data were presented
as mean (Mean) + standard deviation (SD) (minimum-maximum) values in each group. The normality of the
variables was assessed using analytical methods (Kolmogorov-Smirnov/Shapiro-Wilk tests). The one-way
Analysis of Variance (ANOVA) test was applied for group comparisons of normally distributed variables for
biochemical data. Pairwise post-hoc comparisons were conducted using the Tukey test. The Independent
T-test (Student T-test) was employed to compare geriatric and young animals. Kruskal-Wallis test was used for
pathological scores. For non-normally distributed variables, pairwise comparisons were conducted using the
Mann-Whitney U test and evaluated with Bonferroni correction. A P-value of less than 0.05 was considered
statistically significant.

Results

DF-MSCs comply with MSCs criteria

DF-MSCs in the third passage were positive for CD29 (98.3+0.7), CD73 (99.4£0.3), CD90 (97.9+0.8), and
CD105 (96.0+0.4), and negative for CD14 (0.9 £0.4), CD34 (0.7 £0.5), CD45 (1.3 £ 0.6), and HLA-DR (0.4 £0.3).
DF-MSCs were differentiated to three lineages (osteogenic, chondrogenic, and adipogenic).

Analysis of fresh and lyophilized PRF

The platelet count was between 2.8 x 10%/uL and 3.4 x 10%/pL in fresh PRE. Fresh and lyophilized PRF were analyzed
for platelet derived growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming growth factor
beta (TGF-), and fibroblast growth factor 2 (FGF-2) via flow cytometer. PDGF was 46.118 £9.873 pg/mL in fresh
PRE and 43.452 +12.384 pg/mL in lyophilized PRF. VEGF was 7.019 + 886 pg/mL in fresh PRE and 8.238 452 pg/
mL in lyophilized PRE TGF- was 14.326 +2.845 pg/mL in fresh PRE and 10.453 +3.048 pg/mL in lyophilized PRE
FGF-2 was 2.183+746 pg/mL in fresh PRF, and 3.026 +256 pg/mL in lyophilized PRE.

Control L-PRF L-DFMSC | L- PRF+DEMSC | P value
G | 0.64+0.06 |0.86+0.05 |0.71+0.11 0.82+0.10 N.S
TAOS,U/ml | Y | 1.31+£0.10 | 1.32+£0.06 |1.21+0.04 1.30+0.07 N.S
P<0.001 P<0.01 P<0.01 P<0.01 N.S
G | 4.56+0.20 |4.06+0.17 |4.60+0.26 4.72+0.11 N.S
TOS,U/ml |Y |3.19+0,13 [3.09£023 |3.18+0.16 3.05+0.15 N.S
P<0.001 P<0.01 P<0.001 P<0.001 N.S
G |67.11+881 |79.61+12.47 |51.07+7.26 |48.09+5.47 N.S
TNF-ang/L |Y |60.55+3.71 |44.95+4.15 |67.33£11.92 |66.02+11.12 N.S
0.503 P<0.05 0.261 0.167 N.S

G | 41.63+£1.27° | 48.19+0.97* | 41.85+1.56" | 44.23+1.84% P<0.01
IL6, ng/L Y |3201£1.06 |31.78+1.18 |31.4767+2.04 | 28.99+1.01 N.S
P<0.001 P<0.001 P<0.01 P<0.001 N.S

1.45+0.04> | 1.4940.05° | 1.73£0.09° 1.73+0.07* P<0.01
Hypr,ng/ml | Y | 1.79+0.06 |1.85+0.06 | 1.84%0.04 1.91+0.174 N.S
P<0.001 P<0.001 0.319 0.356 N.S

Table 1. The biochemical parameters on the 15th day of the study and their results. * PDifferent letters in the
same line are statistically significant (P <0.05). G geriatric, Y young, TAOS total antioxidant status, TOS total
oxidant status, TNF tumor necrosis factor, IL interleukin, Hypr Hydroxyproline. N.S: Not significant.
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GROUP 3

GROUP 7

GROUP 8

Mesenchymal stem cells showed viability after rehydration alone or with PRF

After the rehydration process of DF-MSCs combined with PRE, the proportion of living cells was calculated
as 85-90% under the microscope. The count of living cells was 83-87% for MSCs alone after the rehydration
process. Flow cytometry analysis showed an average of 88.3% (88.3 £4.9%) of living cells after the rehydration
process of lyophilized MSCs combined with PRE, and the average of living cells was 89.1% (89.1+7.3%) for
lyophilized MSCs alone (Fig. 1b).

Lyophilized MSCs combined with PRF accelerated wound healing

Inboth geriatric and young rats, 100% recovery was observed on the 15th day in all trial groups. Macroscopic evaluation
of the wound area showed early healing of wounds in treatment groups with lyophilized MSCs and lyophilized
MSCs with PRF compared to untreated groups. According to statistical analysis, the wound area (mm?2) significantly
decreased in young rats (Group 2) compared to geriatric rats (Group 1) (P<0.05). In wound area measurements, on
the 3th day, the wound area in Group 7 decreased significantly compared to Group 1 (P<0.05). Compared to Group
2 rats, the wound area notably decreased in Group 6 (Iyophilized MSCs application to young rats) (P<0.05). On the
7th day, the wound area significantly decreased in the rats in Group 3, Group 5, and Group 7 compared to Group 1
(P<0.05), and decreased in the rats in Group 4, Group 6, and Group 8 compared to Group 2 (P<0.05). In the wound
area measurements on the 7th day and 15th day, there was a significant decrease in Group 8, Group 4 and Group 6
compared to other groups (P<0.05). The images are given in Fig. 2a.

The recovery rate in young groups has been determined to be higher than that in geriatric animals. In both
geriatric and young rats, DF-MSCs application and DF-MSCs with PRF resulted in almost no wound area around
the 10th day, indicating the fastest wound healing. Within the first 3 days after the experimental creation of the
wound area, it was determined that in geriatric groups, combined applications of DF-MSCs and PRF showed rapid
healing compared to those in young rats, while in individual applications. In young rats, similarly, the combination
of PRF with DF-MSCs showed a significantly dominant effect in the first 3 days. In addition, the application of
lyophilized DF-MSCs with PRF in young rats (Group 8) showed significant decrease in wound area compared to
those in geriatric rats (Group 7) (P<0.05), and the application of Iyophilized DF-MSCs showed significant decrease
in wound area in young rats (Group 6) compared to those in geriatric rats (Group 5) (P<0.05). The results are given
in Fig. 2b, and Table 2.

Lyophilized MSCs with PRF achieved scar-free wound healing

Tissue samples were examined for tissue integrity, epithelial regeneration, scarring, inflammatory cells,
and fibroblastic proliferation after hematoxylin-eosin staining. In rats in Group 1 and Group 2 (untreated
rats), incomplete tissue integrity, granulation tissue, and epithelial loss were observed. Scar-free healing and
epithelialization significantly increased in the DF-MSCs with PRF-applied groups (Group 7 and Group 8)
compared to the other groups (P<0.05). Tissue integrity was significantly increased in Group 4 (0.6 +0.5), Group
5(0.6+0.5), Group 6 (0.8+0.4), Group 7 (1.0£0.0), and Group 8 (1.0+0.0) compared to Group 1 (0.0+0.0),

Untreated Geriatric
Wound

Wound Contraction
(mm2)
I b. in Geriatric Rats

| Wound
Geriatricwound +L-PRF \\\\_,_

Young wound +L-PRF Day 0 1 3 5 7 10 15

(mm2) Wound Contraction
in Young Rats

Geriatricwound +L-MSC

Young wound + L-MSC

s i Geriaticwound +L-
PRF+MSC

&

Youngwound +L-
PRF+MSC

Fig. 2. Macroscopic evaluation of wound healing. (a) Images of wound area beginning from day 0 to day 15.
(b) Wound contraction graphics for young and geriatric rats between day 0 and day 15.
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Groups | Day1 Day 3 Day 5 Day 7 Day 10 Day 15

Group 1 | 19.11+2.81 | 18.75+2.26 | 17.04+£3.45 | 12.47+3.61* | 6.38+2.11* | 1.42+0.61*

Group 2 | 16.57+3.47 | 1526+3.11 | 13.87+4.23 | 11.02+3.49® | 4.55+2.18" | 0.83+0.22°

Group 3 | 18.16+4.12 | 15.93+5.38 | 14.52+2.89 | 8.27+2.36> | 3.60+1.29" | 0.76+0.28"

Group 4 | 15.12+2.29 | 13.94+1.19 | 13.20+1.69 | 8.08+4.12> | 1.55+0.27° | 0.00+0.00°

Group 5 | 19.05+3.67 | 15.16+4.41 | 1533£1.76 | 10.03+1.14* | 3.89+1.15" | 0.33+0.67¢

Group 6 | 18.93+4.26 | 16.78+4.81 | 14.99+5.56 | 8.12+2.47° 1.65+0.85° | 0.00+0.00°

Group 7 | 18.49+3.96 | 17.16+2.89 | 13.86£2.75 | 7.97£3.06> | 1.97+0.76° | 0.33+£0.67°

Group 8 | 17.18+4.13 | 15.65+£3.21 | 14.49+3.28 | 5.54+1.68° 0.00+0.00¢ | 0.00+0.00°

Pvalue |N.S N.S N.S P<0.01 P<0.001 P<0.001

Table 2. Average wound area values (mm?). ® be dDjfferent letters in the same column are statistically
significant (P <0.05). N.S: Not significant.
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Fig. 3. Histopathological evaluation of wounds at 15 days (x100 magnification). (a) Group 1, loss of tissue
integrity, granulation tissue, inflammatory cells, loss of epithelium is observed, (b) Group 2, loss of tissue
integrity, granulation tissue, inflammatory cells, the epithelial loss is observed, (c) Group 3, tissue integrity

is partial, low epithelialization, (d) Group 4, and (e) Group 5, high rate of epithelialization, tissue integrity is
largely maintained, mild granulation tissue, (f) Group 6, high level of epithelialization where tissue integrity
is largely maintained, (g) Group 7, complete epithelialization, full tissue integrity, (h) Group 8, full tissue
integrity, complete epithelialization was observed with hematoxylin-eosin staining microscope images. (i)
Statistical analysis for inflammatory cells scoring. (j) Statistical analysis for epithelization scoring. (k) Statistical
analysis for fibroblastic proliferation scoring. (1) Statistical analysis for scar-free healing. Arrows show
fibroblastic proliferation, and stars show granulation tissue. In the bar chart red stars indicate the significance,
triangles, squares or circles are distribution of individuals. The significance level of study groups is calculated
based on SD.

Group 2 (0.2£0.4), Group 3 (0.4£0.5) (p<0.05). Inflammatory cell infiltrate decreased significantly in Group 6,
Group 7, and Group 8 compared to the other groups (P <0.05). Fibroblastic proliferation decreased significantly
in Group 5, Group 7, and Group 8 compared to other groups (P<0.05). Scar free healing was significant in
Group 5, Group 6, Group 7, and Group 8 (P<0.05). The results may prove that lyophilized DF-MSCs may have
a regenerative effect as well as a regulatory effect on the inflammatory process in wound tissue. In addition, the
application of lyophilized DF-MSCs with PRF not only reduces the inflammatory infiltrate but also supports
scar-free healing (Fig. 3).
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Lyophilized DF-MSCs contributed to epithelial regeneration at the wound site

To determine whether lyophilized DF-MSCs directly participates in tissue repair, tissue sections were labeled
with anti-SMA for alpha-smooth muscle actin, which is co-expressed on epithelial cells. The distribution of
Qdot labeled DF-MSCs (red) in the tissue sections was evaluated under a fluorescent microscope. The rate
of Qdot*SMA*cells was found to be 52.7+8.3% in Group 5, while it was 48.4+7.1% in Group 7. The ratio of
Qdot*SMA*cells was found to be 53.2+6.4% in Group 6 while the ratio of Qdot*SMA*cells was 51.8+5.9% in
Group 8. According to the results, lyophilized DFMSC contributes to epithelial regeneration in the wound area
(Fig. 4).

Lyophilized DF-MSCs with PRF synergistically increased VEGF expression

MSCs can also contribute to the regeneration of the wound area by increasing the secretion of EGE, and FGF
growth factors from other tissue cells'®. In this study, we analyzed the expression of growth factors in geriatric
groups with difficult wound healing. The results of immunohistochemical staining demonstrated that lyophilized
DEF-MSCs significantly decreased the expression of FGF in Group 5 (0.4+0.6), and Group 7 (0.2+0.3) compared
to untreated (Group 1: 1.2+0.8) and lyophilized PRF treatment group (Group 3: 1.2+0.8) (P<0.05). The
expression of EGF notably increased in Group 5 (1.2£0.8), and Group 7 (1.4+0.6) compared to the untreated
(Group 1: 0.6 £0.4) and lyophilized PRF treatment group (Group 3: 0.2+0.6) (P<0.05). VEGF expression was
significantly increased in Group 3 (0.7 +0.8), Group 5 (1.3+0.5), and Group 7 (1.3+0.5) compared to Group 1
(0.0£0.0) (P<0.05). The expression of VEGF was significantly high in Group 7 when compared with Group 3
and Group 5 (P<0.05). Lyophilized DF-MSCs alone and in combination with PRF significantly decreased the

Fig. 4. Fluorescent microscope image of Qdot labeled cells expressing a-SMA in the skin section. (a) In the
tissue section labeled with a-SMA antibody, cells expressing a-SMA are seen in green. (b) After staining the
cell nucleus with DAPI, the blue nucleus appears in the tissue section. (c) The image of Qdot labeled cells in the
tissue section appears bright red/bright orange (x200 magnification). (d) The merged image of Qdot-labeled
cells expressing a-SMA in a skin section (x1000 magnification). Fluorescence microscope intensity analysis of
the cells shows that Qdot labeled cells express a-SMA at an average rate of 58%.
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Fig. 5. Immunohistochemical staining (15th day) (x100 magnification). The EGF and VEGF expressions
significantly increased (red arrows) and FGF expression notably downregulated in geriatric rats treated with
lyophilized PRF and MSCs.

expression of FGF in Group 6 (0.6+0.6), and Group 8 (0.0 +0.0) compared to untreated (Group 2: 1.4+0.6) and
lyophilized PRF treatment group (Group 3: 1.2£0.8) (P <0.05). The expression of EGF significantly increased in
Group 4 (0.7£0.6), Group 6 (1.6+0.7), and Group 8 (1.7 £0.6) compared to the untreated (Group 2: 0.2+0.4)
(P<0.05). The expression of VEGF significantly increased in Group 6 (1.1+0.3) and Group 8 (1.4+0.6) when
compared with Group 2 (0.2+0.4) and Group 4 (0.5+0.6) (P<0.05). The data indicate that DF-MSCs with PRF
may have a synergic effect on VEGF expression (Fig. 5).

Biochemical analysis results

On the 15th day, in geriatric rats, hydroxyproline levels increased in the DF-MSCs and DF-MSCs with PRF
groups (P<0.01), and IL6 increased in the PRF group compared to the control group (P<0.01). No differences
were found among groups in TAOS and TOS values in geriatric rats (P<0.05). Furthermore, in geriatric rats,
TNF was found to increase in the PRF group compared to the DF-MSCs and PRF + DF-MSCs groups (P <0.05).
In the control group, geriatric rats exhibited lower serum hydroxyproline and TAOS levels (P<0.001) and higher
TOS and IL6 levels (P <0.001) compared to young rats. However, no difference was observed in hydroxyproline
levels between young and geriatric animals in the MSC and PRF + MSC groups (P <0.05). Additionally, TNF was
found to be higher in the PRF group in geriatric rats compared to young rats (P <0.05). The results are given in
the Table 1.

Discussion

In this study, PRF and MSCs, known to contribute to the healing process in cutaneous wounds, were lyophilized
to obtain a shelf-stable product. The effect of lyophilized MSCs with PRF on the regeneration process was
investigated by applying it to traumatic cutaneous wounds created in geriatric rats, which are difficult to heal.
These results were then compared with the wound healing in young rats. The results of the present study
demonstrated that cutaneous wounds in geriatric rats healed slower than in young rats. However, the topical
application of lyophilized DF-MSCs alone or with PRF promoted wound healing in geriatric rats to a level
similar to that in young rats. In this study, rat PRF was used for lyophilization of human DF-MSCs, as lyophilized
PRF alone or together with DF-MSCs was used in rat skin wounds to avoid causing hypersensitivity reaction
between different species.

MSCs are promising cell types for clinical applications due to their ability to differentiate into multiple cell
types'®, however the most common challenge of MSCs in clinical applications is the freezing, thawing, and
transportation of the cells?’. Therefore, there is still a need for the production of MSCs in a shelf-stable form that
will enable their rapid use in clinical applications.
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PREF is a fibrin matrix that can act as a resorbable membrane. This membrane retains platelet cytokines,
growth factors, and cells?!. Additionally, PRF can promote the survival and regenerative capacity of MSCs,
creating a protective microenvironment for MSCs ex vivo?.

Trehalose is a non-toxic disaccharide composed of two molecules of glucose. It is known that MSCs can be
protected from freezing, dehydration, or other environmental conditions by loading them with trehalose!*. In
the present study, we aimed to prepare MSCs with a new combination as a therapeutic agent for skin wounds,
preserving their viability and functionality while also keeping them in a shelf-stable state. Therefore, as a new
methodology, we incubated MSCs with PRF for 1-2 h at 37 °C and then mixed with 100 mM trehalose before
freeze-drying.

In this study, we observed that the healing of lyophilized DF-MSCs applied to the wound area in both geriatric
and young rats was rapid when combined with PRF with increased epithelialization, tissue integrity, and scar-
free healing in the wound area. Therefore, we investigated the regeneration mechanism of lyophilized DF-MSCs
and PRF by analyzing fluorescently labeled cells and growth factors in wound tissue. The fluorescent-labeled
lyophilized DF-MSCs differentiated into epithelial cells at a ratio of 48-53%. In previous studies, it was reported
that freshly prepared MSCs can differentiate into non-mesodermal cell types such as epithelial, hepatocyte, and
renal tubular cells?*?*. The data showed that lyophilized DF-MSCs can differentiate to epithelial cells after being
transferred to the wound site.

MSCs facilitate the regeneration of damaged tissue largely with the growth factors they secrete?®. FGF, a tissue
regenerative mediator, is also secreted by MSCs and tissue cells at the wound site by triggering the activation
of alternative macrophages and fibroblasts that play a role in tissue regeneration®. FGF is an immature healing
marker for wound healing. In a scar-free healing as healing is completed, fibroblasts decrease since they return
to normal tissue volume®®. EGF has been shown to induce the differentiation of MSCs into dermal cells and
increase the wound healing rate?”-?8. VEGF stimulates angiogenesis at the wound site and also affects wound
closure and epidermal repair, granulation tissue formation, both in terms of the strength of the healing wound
and the amount of scar tissue accumulated?®. In this study, lyophilized DF-MSCs increased the expressions of
VEGF and EGF at the wound site in groups treated with lyophilized MSCs. The expressions of FGF or EGF were
similar in the lyophilized DF-MSCs and DF-MSCs with PRF groups, but the expression of VEGF or EGF did
not change in the lyophilized PRF alone groups. Data show that lyophilized MSCs can secrete growth factors,
thereby accelerating wound healing. Interestingly, lyophilized PRF was tended to increase VEGF expression at
the wound site, but VEGF expression was further increased by the application of DF-MSCs with PRE. These data
indicate the synergistic effect of lyophilized DFMSC and PRF on wound healing.

An increase or decrease in TOS and TAOS can significantly impact wound healing. Increase in TOS
leads to higher oxidative stress, causing tissue damage, delayed healing, and prolonged inflammation, which
interferes with fibroblast activity and collagen synthesis. Decrease in TOS reduces oxidative stress, promoting
faster tissue repair, balanced inflammation, and smoother wound healing. Increase in TAOS boosts antioxidant
defenses, protecting cells, enhancing tissue regeneration, and reducing chronic inflammation, supporting
quicker recovery. Decrease in TAOS weakens antioxidant defenses, leading to more oxidative damage, slowed
healing, and a higher risk of chronic, non-healing wounds. The balance between TOS and TAOS is critical for
efficient wound healing. Elevated TOS can delay or complicate healing, while higher TAOS supports recovery
by mitigating oxidative stress?*. In this study, it was observed that the serum TOS level of geriatric rats increased
in all groups, while the TAOS level decreased, thus increasing oxidative stress. It was determined that PRF and
MSC applications did not have effect on TOS and TAOS. Oxidative stress occurs when there is an imbalance
between the concentration of reactive oxygen species (ROS) and the capacity of the antioxidative system to
neutralize ROS. Aging and cellular senescence are characterized by prolonged activation of inflammatory
pathways and increased oxidative stress®>3!. It has been observed that as cells age, they sustain more DNA
damage from oxidants®>33. IL-6 is essential in both initiating and resolving inflammation, promoting fibroblast
activity and angiogenesis, and aiding in tissue regeneration. TNF-a, while crucial for the initial inflammatory
response and pathogen clearance, can lead to chronic inflammation and fibrosis if uncontrolled, negatively
impacting wound healing. Together, these cytokines are critical regulators of the wound healing process, with
IL-6 favoring repair and regeneration, while TNF-a can complicate healing if not properly balanced®*. In this
study, serum IL6 and TNF levels increased in geriatric rats. Cytokines are produced by various cell types, such
as macrophages, platelets, and keratinocytes. They mediate many functions, including the initiation or influence
of many biological processes such as inflammation and wound healing®*-*°. PRF has been shown in numerous
studies to have substantial anti-inflammatory properties®®. The rise in TNF-a and IL-6 after PRF application
reflects the activation of the inflammatory phase, which is necessary for wound healing. The additional increase
in IL-6 in the combination group suggests a complex interplay where both inflammation and regeneration are
being actively promoted, especially important in the context of geriatric healing, where immune function is
often compromised!>*”. The results of this study demonstrated that PRF application in geriatric rats increased
the levels of TNF and IL6. Although allogeneic PRF is recommended to be used, especially in wound treatment,
it is reported that more research is needed regarding its safety*. Presumably, the allogeneic nature of the PRF
used in this study caused an increase in IL6 and TNF levels in geriatric animals.

The aging process exerts a detrimental influence on the typical mechanisms involved in wound healing. The
extracellular matrix undergoes structural and functional changes with age, along with alterations in the release
of growth factors. These changes play a role in the development of chronic wounds®®. Aged skin has reduced
collagen synthesis and the breakdown of collagen generates free HYPR3*40, HYPR levels serve as an important
indicator of the state of collagen metabolism in the wound healing process, with increased levels signifying
collagen breakdown and decreased levels suggesting a shift towards repair and new collagen formation?!. Similar
to prior investigations, the HYPR level in the geriatric control group was lower than that of the young group.
Nevertheless, the serum HYPR level increased following the treatment with DF-MSCs and DF-MSCs with PRE.
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These results suggested that the lyophilized MSC used in the current study might encourage wound healing by
stimulating collagen synthesis in the tissue.

In addition, the lyophilization process is the removal of the water content of the cells to preserve the cells dry
for a long time. Quantum dot (Qdot) nanoparticles can also be preserved for a long time by freeze-drying*:42.
In vivo observations in this study showed that MSCs can also contain Qdot fluorescent nanoparticles after the
lyophilization process. According to our results, it has been observed that Qdot labeled cells before Iyophilization
for tracking MSCs in vivo can still provide fluorescence in the tissue. These results may indicate that lyophilized
cells do not lose the fluorescent nanoparticles they contain, as reported by the previous studies*>**. There are
various methods for lyophilization of cells; some contain only disaccharides such as trehalose or sucrose, or
serum albumin or combinations of similar ingredients“. However, there are few studies on freeze-dried MSCs.
In a study, lyophilized administration of human umbilical cord MSCs with a solution containing PVP, trehalose,
and sucrose resulted in increased vascular regeneration but resulted in thrombus formation, morphological
changes, and inflammation®*. For this reason, the lyophilization process is important in keeping the cells without
losing their functionality.

Secretory products of MSCs can heal the wound, but MSCs are important in the healing process as they
carry out tissue regeneration through cell-cell contact. Additionally, MSCs can accelerate the healing process by
differentiating into other cells in the wound*®. Therefore, the viability and differentiation or tissue regeneration
ability of the cells must be preserved after the lyophilization process. In this study, the experimental results of
the formulation we developed for the lyophilization of MSCs show that the differentiation abilities of MSCs and
their functionality in secreting paracrine factors required for tissue repair are preserved.

Conclusions
The main purpose of this study was to investigate the effects of lyophilized MSCs in the skin wound niche.
Skin wounds have a microenvironment composed of inflammatory cells such as macrophages, neutrophils,
lymphocytes, injured epithelium, and exudates containing proteinaceous fluid®#%-%%. On the other hand, we
analyzed MSCs for cell survival after lyophilization by dissolving them in a DMEM medium to simulate an
aqueous environment. The analysis showed that the lyophilized cells were able to return to a living state by
gaining cytoplasm and continuing to heal the wound. Therefore, lyophilized MSCs shown to be not destroyed
after the lyophilization process.

In conclusion, while lyophilized MSCs alone can accelerate wound healing in geriatric rats, their application
in combination with PRF further increases the healing rate. Moreover, lyophilized MSCs maintain their viability
and functionality for wound healing when freeze-dried in combination with PRE.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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