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Umbilical cord blood-derived platelet-rich ==

plasma as a coating substrate supporting cell
adhesion and biological activities of wound
healing
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Abstract

Background Platelet-rich plasma (PrP) is a blood derivative with positive roles in regenerative medicine, particu-
larly in wound healing. Evidence has been reported for using peripheral blood-derived PrP in disease treatments,
but umbilical cord blood (UCB)-derived PrP remains limited. Thus, we investigate the roles of UCB-derived PrP in cel-
lular behaviours in vitro and in wound healing in vivo models.

Methods We used 2D and 3D cell culture models to investigate the role of UCB-derived PrP gels in stimulating

the attachment, proliferation, migration, and spheroid formation of umbilical cord-derived mesenchymal stem cell
(UCMSC) and human dermal fibroblast (hFB). In addition, immunoassay and PCR were used to understand the enrich-
ment of growth factors in UCB-derived PrP and the change of ECM genes in PrP-treated cells. Finally, a rat model

was used to investigate the cutaneous wound healing process.

Results UCB-derived PrP gels were enriched with platelet-derived growth factor-BB (PDGF-BB) (3394.1 +2658.3 pg/
mL), vascular endothelial growth factor-A (VEGF-A) (282.0+53.0 pg/mL), hepatocyte growth factor (HFG)
(762.7+117.5 pg/mL), and fibroblast growth factor 2 (FGF-2) (17.734+8 pg/mL). In addition, these UCB-derived

PrP gels promoted cell attachment (> 154 % and > 117 % for UCMSCs and hFBs, respectively), proliferation (UCM-
SCs>121 % and hFBs > 117 % at all time points), migration increased by 27 % and 26 % for UCMSCs and hFBs,

and spheroid formation and fusion compared to the control. UCB-derived PrP gels also induced different expression
of ECM genes, including COL1, COL3, HAST, HAS2, HAS3, and ENL, in both UCMSCs and hFBs. Finally, this product
from UCBs could enhance the wound healing process in excised skin rat models by reducing the wound area by 80 %
compared to 27 % in controls after 14 days.

Conclusions UCB-derived PrP gels facilitate cell behaviours in vitro, including cell adhesion, growth, and migra-
tion. In addition, in animal models, UCB-derived PrP reduced the wound healing time and enhanced the completion
of skin tissues by increasing granulation tissue formation and reducing neutrophils at wound sites. These UCB-derived
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PrP gels will be used to support spheroid formation that will be used as biomaterials for 3D printing, engraftment,

and wound healing treatment.

Keywords UCB-derived PrP, Cell attachment, Surface coating, Wound healing, Spheroids, Proliferation, Migration

Introduction
Platelet-rich plasma (PrP) is an autologous blood prod-
uct acquired from part of the plasma fraction obtained
through the centrifugation of whole blood, which has a
higher platelet concentration than circulating blood [1].
Previous studies indicate that PrP exhibits antimicrobial
actions against various pathogens, including Candida
albicans, Cryptococcus neoformans, Escherichia coli,
and Staphylococcus aureus [2—4]. Besides that function,
PrP has been reported to be involved in regenerative
medicine due to their rich reservoir of bioactive compo-
nents, including growth factors, proteins and peptides,
chemokines, cytokines, and fibrin scaffolding, which
are all directly sourced from the patient’s blood [2]. The
prominent growth factors that are associated with regen-
eration pooling in PrP can be mentioned are PDGEF, epi-
dermal growth factor (EGF), FGF, transforming growth
factor beta 1 (TGF-B1), insulin growth factor-1 (IGF-1),
keratinocyte growth factor (KGF), VEGE, etc. [5]. Impor-
tantly, those factors, after being released, stimulate cell
migration, proliferation, and differentiation for the ini-
tiation of the healing of damaged tissues [5]. In addition,
PrP gels contain fibronectin, vitronectin, fibrinogen, and
sphingosine-1-phosphate, which are essential for the
remodeling phase of the wound healing process [6].
Using PrP technology in wound healing presents
many advantages, positioning it as an appealing option
in regenerative medicine. Notably, the methodology
associated with PrP is characterized by its simplicity,
safety, and cost-effectiveness [7]. Although periph-
eral autologous PrP has been demonstrated to be safe
and effective in wound healing and other disease con-
ditions, the use of UCB-derived PrP as a therapeu-
tic agent has some benefits in efficacy and large-scale
production and standardization. A widely available
resource of UCB for PrP production can be easily
obtained from donors; in addition, maintaining a con-
sistent, high-quality, and standardization of products
necessitates robust donor screening and the establish-
ment of efficient cord blood banking systems. Besides
that, UCB-PrP also owns its benefits of homologous
sources that are not linked to the physiological states
of patients [8]. The use of autologous PrP in elders,
newborns, children, or immune-diseased patients
who require blood collection repeats is not appropri-
ate in clinical practices. Moreover, it is proposed that
the preparation process could be further optimized to

control the dose of bioactive molecules provided by
PrP, which is essential for its therapeutic efficacy [5]. In
this regard, UCB-PrP contains higher levels of growth
factors and anti-inflammatory cytokines [8, 9], while
autologous PrP contains pro-inflammatory cytokines
[10]. Despite a few studies that have compared periph-
eral blood PrP and UCB-derived PrP, including their
components and efficacy for disease treatments [8, 9,
11], more applications of this potential UCB-derived
PrP are unclear. Finally, the demand for commercially
available off-the-shelf products enables the potential of
UCB-PrP in practice.

Thus, this study aims to explore the potential of using
UCB-derived PrP gels in cell interaction in vitro and
wound healing. We hypothesize that UCB-derived PrP
will facilitate cell attachment, proliferation, and migra-
tion through different models employing human UCM-
SCs and FBs in 2D and 3D cultures. In addition, we
hypothesize that UCB-derived PrP gels will stimulate
wound closure and complete the healed tissues in vivo
excision wound model in rats.

Materials and methods

UCB-derived PrP preparation

UCB was drawn directly from the umbilical cord of the
infant right after the baby was born and preserved at
4 °C upon delivery. Collected cord blood was processed
within 8 h of the collection after disinfecting blood bags
with 70 % ethanol. Whole blood was transferred into
15 mL centrifuge tubes and centrifuged at 3000 RPM
for 20 min (80-2B Centrifuge, Jangsu Xinkang Medical,
China), resulting in three separate layers, including bot-
tom layer of hematocrit layer, intermediate buffy coat
layer, and top plasma layer. The middle layer, consid-
ered inactivated PrP, was collected (2 mL from 10 mL
UCB) and transferred into a new tube before being sup-
plemented with CaCl, and thrombin to activate plate-
lets. The mixture was then incubated at 4 °C for 30 min.
During this time, platelets in inactivated PrP were acti-
vated by CaCl, (10 %) and thrombin (8 %), and then
PrP was gradually transformed from liquid to gel. This
umbilical cord blood-derived PrP (UCB-PrP) gel was
stored at 4 °C for up to 2 h or - 80 °C for a longer time
for further evaluation. The density of platelets in the
whole blood and inactivated UCB-PrP was determined
on the hematology analyzer Model Z3 (Zybio, China).
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Growth factor analysis using Luminex assay

The amount of four growth factors, including FGF-2,
HGF, PDGF-BB, and VEGF-A, in UCB-PrP were meas-
ured by Luminex assay using ProcartaPlex Multiplex
Immunoassays (Human Custom ProcartaPlex 4-Plex Kit,
ThermoFisher, Massachusetts, US). Briefly, 50 pL Mag-
netic Beads were added into each well and washed using
a Wash Buffer. Then, 50 uL Antigen Standard, blank, and
PrP samples were added and incubated for 2 h before
being washed by washing buffer to remove unbound rea-
gents. Details of reagent preparation and procedures fol-
lowed the manufacturer’s instructions. The luminescent
signal, representing the growth factor’s concentrations,
was detected using the Luminex " 100/200" system with
xPONENT 3.1 software.

Cell culture and surface coating

Human fibroblasts (hFBs) and umbilical cord-derived
mesenchymal stem cells (UCMSCs) were cultured in
conventional media (DMEM/F12 supplemented with
10 % FBS) [12-14]. Non-coated plates used for cell cul-
tures were coated with surface coating solutions, includ-
ing either commercial product of CELLstart CTS™
(CELLstart) or UCB-PrP gel and non-coated plates were
used as the control. CELLstart’” CTS" was diluted at
1:100 with PBS (v:v). UCB-PrP gel was diluted with PBS
at different ratios (v:v) of 2:100 (2 %), 1:100 (1 %), and
0.3:100 (0.3 %). Surface coating solutions were applied
onto 96-well culture plates to cover the culture well sur-
face completely. The plates were incubated at 37 °C in a
humidified atmosphere of 5 % CO, for 1 h. Any excess
coating solutions were discarded before adding the cells.

Cell attachment and proliferation assays

An  MTT  (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphe-
nyltetrazolium Bromide) assay (Promega, Madison, WI,
USA) was performed to quantify the concentration of
cells attaching to the surface of culture flasks and cell
proliferation at different coating conditions. The meta-
bolic active cells convert MTT into a purple product of
insoluble formazan that is then solubilized by dimethyl
sulfoxide (DMSO) and can be quantified and correlated
with living cell number [15]. UCMSCs were plated on
pre-coated 96-well plates at 2800 cells per well and incu-
bated at 37 °C and 5 % CO,. Cell viability was examined
for cellular adhesion at a 4 h and cell proliferation at 4,
24, 48, and 72 h. After each assessment timepoint, 15 pL
of dye solution of the MTT labeling reagent (final con-
centration 0.5 mg/mL) was added to each well and incu-
bated at 37 °C for 4 h in a humidified CO, incubator.
Then, 100 pL of solubilization/stop solution was added to
each well, and the absorbance was measured at 570 nm

Page 3 of 14

using an ELISA plate reader (BioTech Power Wave XS,
Winooski, VT, USA). The experiments were performed
for three biological repeats.

Wound healing assay

Cells (n=3) were cultured in 24-well plates at a density
of 8000 cells/cm? (equivalent to 15,200 cells/well). When
cells expanded to cover the entire surface of the culture
plate (100 % confluency), mitomycin (10 pg/mL) was
added into each well for 2 h to inhibit cell proliferation
before scratch wounds were created using a scratcher
(SLP, Korea). The migration of cells to close the scratch
was observed and captured by optical microscopy at
time points of 0, 12, 24, 36, and 48 h. Image results were
analyzed using Image] software (version 1.46r).

Multicellular spheroid cultures

Hanging drop formation

Spheroids were formed using the hanging drop method
in 100 mm culture dishes, where 2.5x 10 cells/mL (cells
counted using trypan blue method) were divided into
equal volumes in 1.5 mL Eppendorf tubes with different
coating substrates to get the concentration of 1 % PrP and
1 % CELLstart . The bottom of the dish was filled with
PBS 1X to protect drops from evaporation. Turned the
lid upside down and deposited 20 yL drops containing
50,000 cells onto the lid. Afterward, the lid was inverted
onto the bottom of the dish filled with PBS 1X and incu-
bated at 37 °C and 5 % CO,. Spheroids were formed in
approximately 24 - 36 h. Experiments were performed for
five biological repeats.

Spheroid fusion
Quick and efficient spheroid fusion is one of the signifi-
cant factors for rapid tissue biofabrication, especially
through bioprinting. The 96-well U-bottomed plate was
coated with polyHEMA (2-hydroxyethyl methacrylate)
(Corning, USA) dissolved in an ethanol solution to pre-
vent cells from attaching to spheroids. 30 pL polyHEMA
solution was added into each well, and then the plate was
opened to evaporate under sterile conditions. Two sphe-
roids were placed in proximity to ensure an initial touch
to synchronize all distance conditions in each well. This
process, termed doublets fusion, was then observed with
an inverted microscopy and imaged by a digital camera.
The measurements of the spheroid fusion followed the
method described by Moor et al. [16]. The doublet fusion
capacity was determined based on the doublet length,
width, contact length, perimeter, and intersphere angle.
The squared aspect ratio of the contact length of doublet
(D) over the diameter of the spheroid (d) was calculated
to assess the spheroid fusion process. All measurements
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were performed for five biological repeats and conducted
using Image] software (Java).

Total RNA extraction and quantitative reverse
transcription-PCR

Cells were collected from 2 and 3D cultures in differ-
ent experimental conditions (#=3). Then, total RNA
was extracted following the phenol-chloroform method
using Trizol™" (Thermo Scientific, Massachusetts, USA).
The lysis mixture was added with chloroform and incu-
bated at RT for phase separation. The aqueous phase
was collected and incubated with isopropanol overnight
at - 20 °C. The resulting total RNA was pelleted through
centrifugation, subjected to two washes with RNase-free
75 % ethanol, air-dried, and then resuspended in RNase-
free water.

Quantified RNAs were used for cDNA preparation
using SuperScript" IV Reverse Transcriptase (Thermo
Scientific, Massachusetts, USA) following the manu-
facturer’s protocol. The resulting cDNA products were
then subjected to qPCR reaction, using specific-designed
primers targeting the respective RNAs of COL1, COL3,
HAS1, HAS2, HAS3, and Elastin. GAPDH served as an
internal control (primer sequences are listed in Table 1).
The reaction was run for 40 thermal cycles (denatura-
tion: 94 °C/15 s, annealing: 55 °C/30 s, and extension:
70 °C/34 s) and melt curve stage (95 °C/15 s, 60 °C/60 s,
95 °C/30 s, 60 °C/15 s). The 2744t method was applied to
calculate the relative fold gene expression of samples.

Animal model for skin wound healing

Wistar male rats (Rattus norvegicus) used for
wound healing examinations were provided by the

Table 1 Primer sequences

Gene name Primer Sequence Size (bp)

coLl Forward CCTGTCTGCTTCCTGTAAACTC 101
Reverse  GTTCAGTTTGGGTTGCTTGTC

coL3 Forward GAAGGGCAGGGAACAACTTG 243
Reverse  TTTGGCATGGTTCTGGCTTC

ELN Forward  GGCCATTCCTGGTGGAGTTCC 106
Reverse  AACTGGCTTAAGAGGTTTGCCTCCA

HAST Forward ACGTGCGGATCCTTAACCCT 136
Reverse  AGGCCTAGAGGACCGCTGAT

HAS2 Forward GTCATGGGCAGAGACAAATCAG 108
Reverse  CGTTACGTGTTGCGAGCTTTC

HAS3 Forward GGGCATTATCAAGGCCACCTA 137
Reverse  CAGATTTGTTGATGGTAGCAATGG

GAPDH Forward GGTGTGAACCATGAGAAGTATGA 123

Reverse  GAGTCCTTCCACGATACC AAAG
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Experimental Animal Center, Military Medical Acad-
emy. Rats were fed a standard diet with food and nor-
mal drinking water and housed in the laboratory at a
consistent condition of 25 °C, 55 % relative humidity,
and a 12 h/12 h light/dark cycle. Animals were anes-
thetized with an intraperitoneal injection of 60 mg/kg
body-weight ketamine HCI (Rotexmedica GmbH Arz-
neimittelwerk, Germany). The back skin was shaved and
sterilized, then drawn circles symmetrically across the
spine. A blade 11 was used to make a small 0.5 cm long
incision on the skin, and then Mayo scissors curved
14 cm long to cut the skin following the drawn line and
remove all layers of skin. Finally, two circular and full-
thickness 1.5 - 2.0 cm diameter cutaneous wounds were
symmetrically created across the spine, with one site
treated with 200 pL UCB-PrP gel and the other with
betadine as control. The wounded sites were kept 1 cm
away from the spine. Each rat was kept individually per
cage after making the wound model. Twenty-four rats
were randomly divided into three groups (n=7 per
group) corresponding to three time points of assess-
ment on days 3, 7, and 14 post-model creation. Photo-
graphs were taken at each assessment time point.

The image analysis software (Image]) was used to
measure the closed wound area [17]. The follow-
ing equation determined the wound healing rate (%
of closed wound area): W % (Percent of closed wound
area) = (W0 — Wt)/W0x 100 %, where: W0isthe initial
wound area and Wtis the residual wound area.

On days 3, 7, and 14, whole back skin samples were
collected and fixed in 10 % formalin for 24 h and pro-
cessed for histological analysis. Briefly, specimens
underwent dehydration with 95 % and 70 % alcohol.
After embedding the paraffin blocks, samples were cut
into 3 - 4 um-thick sections and placed on glass slides
for H&E staining. Samples were stained with Hema-
toxylin for 10 min, then Eosin for 30 s, followed by a
lamen cover and observed under a Zeiss AxioPlan 2
Imaging Microscope (Carl Zeiss, Germany). The analy-
sis included evaluating the presence of ulcers, granula-
tion tissue, infiltrating leukocytes, and congested blood
capillaries.

Statistical analysis

Statistical analysis was performed using Microsoft Excel
2019 (Microsoft, United States) and GraphPad Prism
(v.8.4.3; GraphPad Software, San Diego, California). Data
were collected from at least three biological replicates.
The measurement data are presented as the Mean+ SD
and analyzed by one-way variance analysis (ANOVA),
followed by a Tukey multiple comparison test. p<0.05
was considered a statistically significant difference.
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Results

UCB-PrP gel characterization

UC-PrP gels generated from the inactivated PrP had a
platelet (PLT) concentration of 6.5+ 1.5x10°/mL, eight
times higher than that in the whole blood with a concen-
tration of 0.8+ 0.05x 10°/mL (Fig. 1A). The PLT recovery
efficiency was 95+ 1.2 %, indicating that our protocol is
efficient in harvesting and activating UCB-PrP gels.

In addition, we measured growth factors, includ-
ing FGF-2, HGE, PDGEF-BB, and VEGEF-A, presented
in UCB-PrP gels. Results showed that all four factors of
FGF-2, HGF, PDGEF-BB, and VEGF-A have been detected
with high levels in UCB-PrP gels. Among them, FGF-2
was detected with the lowest level (17.734+8 pg/mL),
followed by VEGF-A (282.0+53.0 pg/mL) and HGF
(762.7 £117.5 pg/mL), while PDGF-BB was detected with
the highest level (3394.1 +2658.3 pg/mL) (Fig. 1B). These
data indicated that UCB-PrP gels have potential as regen-
erative medicine.

UCB-PrP gels induced cell adhesion and proliferation

UCMSCs and hFBs are adherent cells that rely on sur-
face attachment for growth. Therefore, we evaluated the
impact of utilizing UCB-PrP gels as a coating material to
promote the adhesion of these cells to the culture flask
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surface. At 4 h post-seeding, most of the cells adhered
to the culture flasks, albeit with some cells remaining
floated in the culture medium (Fig. 2A). Quantitative
analysis revealed that UCB-PrP gels at concentrations of
1 % and 2 % functioned as effective coating substrates,
resulting in a higher number of adherent cells (UCMSCs:
154.9+17.3 % and 155.7 £19.3 %; hFBs: 121.3+6.7 % and
117.8 £8.2 %, respectively, PrP 1 % and 2 %) compared to
the non-coating control (100 %). However, a lower con-
centration of UCB-PrP (0.3 %) did not enhance the cell
attachment after 4 h of seeding (Fig. 2B).

Furthermore, the UCB-PrP gel-coating substrate
showed an ability to promote cell growth. Both UCMSCs
and hFBs expressed a superior proliferation compared to
the controls (100 %) across three assessment time points
at 24 h (UCMSCs: 124.5+8.5 % (PrP 0.3 %), 126.5+9.8 %
(PrP 1 %), 135+14.5 % (PrP 2 %); hFBs: 126.5+15.3 %
(PrP 0.3 %), 125+9.2 % (PrP 1 %), 120+ 7.5 % (PrP 2 %)),
48 h (UCMSCs: 129+10.2 % (PrP 0.3 %), 129+11.9 %
(PrP 1 %), 138.5+9.3 % (PrP 2 %); hFBs: 133.6+9.1 1%
(PrP 0.3 %), 132.5+13.6 % (PrP 1 %), 117.5+10.4 %
(PrP 2 %)), and 72 h (UCMSCs: 121.5+9.5 % (PrP
0.3 %), 127.5£9.7 % (PrP 1 %), 132.7+16.5 % (PrP 2 %);
hFBs: 127.9+14.8 % (PrP 0.3 %), 128.7+9.5 % (PrP 1 %),
125+12.3 % (PrP 2 %)) (Fig. 2C). However, the tendency
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Fig. 1 UCB-PrP gel characterization. A Recovery efficacy of platelet (PLT) from whole blood, where the concentration of PLT was eight times higher
in the inactivated UCB-PrP compared to whole blood sample (n=5). B Quantifying growth factors within UCB-PrP gels, including FGF-2, HGF,
PDGF-BB, and VEGF-A using Luminex assay (n=3). Notably, PDGF-BB exhibited the highest concentration. ***indicates p <0.001
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Fig. 2 UCB-PrP gels induced cellular adhesion and proliferation (n=3). A Morphology of UCMSCs after seeding on 2D culture surface with 0.3 %,
1%, and 2 % UCB-PrP gels at 4 h and 48 h in 2D cell cultures. B In 2D cell cultures, the adhesion capacity of UCMSCs and hFBs is induced

by different concentrations of UCB-PrP gels. The 1 % and 2 % UCB-PrP gels reached the largest proportion of cells attached to the surface of culture
dishes, and there was no difference between these two doses. C Cell proliferation of UCMSCs and hFBs using MTT assay induced by different
concentrations of UCB-PrP gels as a coating substance. The concentration of 1 % UCB-PrP showed the best and most stable effects on both cell
types. D Cell proliferation of UCMSCs and hFBs using the population doubling time (PDT) induced by 1 % UCB-PrP gels to coat the surface of cell
culture flasks. Both cell types significantly doubled faster in the 1 % CB-PrP coated condition. CS: CELLStart™; *indicates p < 0.05; **indicates p <0.01;

***indicates p<0.001; ****indicates p < 0.0001

of dose-response growth curves was contrary between
the two cell types, with the decrease in the UCB-PrP
concentrations aligned with the increase of UCMSC
growth (except the dose of 0.1 %) and the reduction of
hFBs (Fig. 2C). These data indicated that UCB-PrP gels

promoted the attachment and expansion of UCMSCs
and hFBs. In both cell types, the 1% and 2 % CB-PrP gel
concentrations displayed similar effects. Considering
both efficacy and cost, we chose a dose of 1 % UCB-PrP
gels for the subsequent evaluations.
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Cell population doubling time (PDT) also indicates cell
proliferation, where the lower the PDT, the higher the
proliferation rate. The PDTs of UCMSCs (24.6+4.1 h)
and hFBs (25.6+3.2 h) were significantly lower in the
presence of 1% UCB-PrP gel coating substrate compared
to the control of commercial CELLstart™ (29.5+7.1 h
and 30.7 £ 1.4 h, respectively) (Fig. 2D). These data imply
that UCB-PrP gels could induce the growth of UCMSCs
and hFBs. PDT results were consistent with the cell pro-
liferation assessment using the MTT assay, as reported
above.

UCB-PrP gels induced the alteration of the expression

of some significant ECM-related genes

The cells’ adherent capacity involves the production of
extracellular matrix proteins. Thus, we next evaluated the
mRNA expression of COLI, COL3, HASI, HA2, HAS3,
and ELN in UCMSCs and hFBs growing on different
coating conditions. The results showed that the effects of
UCB-PrP gels varied among these genes in two types of
cells (Fig. 3).

A
25—
UCMSCs - 2D culture
= 20_ P
[*]
s 157 '
(7}
<
o
x
[}
Q
2
8
(]
74

(@)

Relative expression

Hl Control

mEm CS

Page 7 of 14

Regarding UCMSCs, using UCB-PrP gels as a coating
substrate significantly induced the expression of HAS2
and Elastin genes compared to the controls and CELL-
start " in both 2D and 3D cultures. The higher expression
of ELN was observed only in UCMSCs 2D (18.67+0.72
fold change) and 3D (17.21+1.65 fold change) cultures
related to UCB-PrP gels, while HAS2 was expressed
higher in UCMSC monolayer associated with both
UCB-PrP gels (6.75+0.08 fold change) and CELLstart
(5.81+0.54 fold change) and UCMSC spheroids were
62.67 +23.5 fold change compared to those related to the
controls, respectively (p<0.05 and p<0.0001). UCB-PrP
gel did not induce the expression of HAS3 in 3D culture.
However, expression of COL1 and COL3 genes was also
elevated in UCMSCs associated with CELLstart" treat-
ment (p<0.05) compared to UCB-PrP gel treatment in
both 2D and 3D cultures. However, HASI was down-
regulated in 2D cultures but up-regulated in 3D cultures
in association with CELLstart" treatment compared to
UCB-PrP (2D: 0.53+0.07 fold change vs 0.75+0.1 fold
change, 3D: 1.21+0.08 fold change vs 0.73+0.07 fold
change, respectively) (Fig. 3 A, B).
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Fig. 3 Analysis of ECM-related gene expression in the UCB-PrP gel-treating conditions using gRT-PCR (n=3). A, B Differential expression

of ECM-related genes by UCMSCs in 2D and 3D cultures related to the surface coating culture flasks using UCB-PrP gels. C, D Differential expression
of ECM-related genes by hFBs in 2D and 3D cultures related to the surface coating culture flasks using UCB-PrP gels. *indicates p < 0.05; **indicates
p<0.01; *indicates p <0.001; **indicates p < 0.0001; findicates p < 0.00001
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Regarding hFB cultures, UCB-PrP gels only induced
the higher expression of ELN (4.16+0.11 fold change
related to 2D cultures and 5.57 + 0.07 fold change related
to 3D) compared to the control and CELLstart" in both
2D cultures (1.56+0.12 fold change) and 3D cultures
(2.13+0.076 fold change) (p<0.001) (Fig. 3C, D). Inter-
estingly, in a 3D culture of hFBs, UCB-PrP gels promoted
the expression of COL3 (1.78+0.07 fold change) and
HAS2 (1.12+0.05 fold change) (p<0.01) but reduced the
expression of HASI (0.75+0.03 fold change), and HAS3
(0.35+£0.04 fold change) in comparison with the con-
trol group (p<0.001) (Fig. 3D). Meanwhile, compared to
the control group, CELLstart " induced the mRNA lev-
els of COL3 and ELN in both 2D (COL3: 1.57+0.11 fold
change, ELN: 1.56+0.12 fold change) and 3D (COL3:
1.56+0.12 fold change, ELN: 2.13+0.076 fold change)
culture conditions (p<0.01) and HAS1 in 3D spheroids
(1.21+£0.04 fold change) (p<0.001) but inhibited the
expression of HSA2 and HSA3 (p<0.001) in both two
culture conditions (Fig. 3C, D).

The data indicated that UCB-PrP gels could induce
the expression of ECM-related genes, especially ELN
and HAS2. The induction activities of UCB-PrP gels
depended on the cell types and culture conditions.

UCB-PrP gels induced the multicellular spheroid fusion

The 3D culture represented the multi-interaction of
cell-cell and cell-extracellular matrix (ECM). This model
could perfectly reflect the capacity of UCB-PrP gels
to promote cell adherence and ECM production. Data
showed that the efficacy of spheroid formation in both
UCMSCs (90 %) and hFBs (92 %) was significantly ele-
vated associated with UCB-PrP gel-supplement cultures
compared to the controls (UCMSC control: 62 %; hFB
control: 70 %) (Fig. 4A). However, this efficacy was not
different between UCB-PrP and commercial CELLstart "
In addition, the fusion of two spheroids when co-cultured
in 3D conditions was also promoted using UCB-PrP gel
(Fig. 4B, C). The quantitative evaluation of the fusion was
based on the doublet length and doublet perimeter, as the
less doublet length and perimeter indicated more fusion
of spheroids. The data showed that in the UCB-PrP gel
treatment, the doublets’ length (UCMSCs: 66.28 +4.99 %,
hFBs: 63.75+5.71 %, at 72 h) (Fig. 4C) and perim-
eter (UCMSCs: 55.77+3.63 %, hFBs: 55.52+11.29 %,
at 72 h) (Fig. 4D) were the lowest compared to that in
CELLstart" (doublets’ length, UCMSCs: 73.78 +3.17 %,
hFBs: 73.37+7.0 %, at 72 h; perimeter, UCMSCs:
62.46+5.19 %, hFBs: 81.79+11.99 %, at 72 h) or the
control (doublets’ length, UCMSCs: 72.349+3.21 %,
hFBs: 75.59+3.68.29 %, at 72 h; perimeter, UCMSCs:
64.17 +2.61 %, hFBs: 78.15+4.66 %, at 72 h). These data
indicate that supplementary UCB-PrP gels into the cell
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culture medium promoted the merging of the two adja-
cent spheroids.

UCB-PrP gels induced cell migration to close wounds

in vitro

Based on cell adhesion and ECM gene expression
results, we proposed the hypothesis that UCB-PrP gels
may induce cell migration. Therefore, we performed the
scratch assay in both hFBs and UCMSCs. The results
showed that both UCMSCs and hFBs could migrate
to close the scratch better related to using coating sub-
stance of UCB-PrP gels (UCMSCs: 98.5+8.4 %, hFBs:
96.3£6.4 %) and CELLstart” (UCMSCs: 95.7+12 %,
hFBs: 92.7+8.5 %) compared to the control (UCMSCs:
71.5+7.2 %, hFBs: 62.8+6.8 %) (p<0.05 and p<0.01) at
48 h. However, we observed that hFBs started migrating
to close the wound faster from 24 h when they reached
66.7 + 28.9 % associated with UCB-PrP gels (Fig. 5). These
data indicate that the cell migration capacity of UCMSCs
and hFBs was promoted by UCB-PrP gel that was treated
as a coating substrate.

UCB-PrP gels induced skin wound healing in vivo

From the promising result of the in vitro scratching
assay and spheroid combination, we investigated UCB-
PrP gel’s ability to support wound healing in the in vivo
model. At 8 weeks, male rats were modeled with two
similar wounded areas on their backs, one for UCB-PrP
gel treatment and the other for betadine treatment as the
control (Table 2). All rats were alive until the scheduled
sacrifice for evaluation.

Daily observations showed that the UCB-PrP gel-
treated wounds exhibited skin temperatures ranging
from 37 °C to 37.5 °C, the skin color remained pink, the
wound edges were dry and completely healed, and the
incision surface was dry and covered in UCB-PrP gel-
treated ones. In contrast, at wounded sites of the control
group, the skin color turned dark, and wound edges were
wet and not sealed at the end of the experiment. Moreo-
ver, ulcers were developed till day 14 in the control ones.
The incision areas were quantitatively measured at days
3, 7, and 14 post-creation, and the results showed that
the wounded area was significantly reduced in the UCB-
PrP gel-treated groups compared to the controls. By day
14, the percentage of wound closure in UCB-PrP gel-
treated wounds reached nearly 80 %, which was three
times higher than the 27 % closure observed in controls
(Fig. 6A).

Histological analysis indicated that, in both the UCB-
PrP gels and controls, on day 3, the skin had a sizeable,
ulcerated area with the surface a thick layer of necrotic
pus tissue (yellow arrow), many neutrophils, and fibrin
fibers (Fig. 6B). The ulcer base had a thin granulation
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tissue with congested blood capillaries (black arrows),
few fibroblasts, and many infiltrating neutrophils (red
arrows). However, this status was maintained in the con-
trols on day 7 and even day 14, accompanied by wound
infection phenomenon in some cases. Interestingly, there

Table 2 General information on experimented rats

Value (Mean +SD)

Gender Male
Age (weeks) 82+0.2
Body weight (gram) 125.6+6.1
Average wounded area (cm?)
The control sites 3.0£0.1
UCB-PrP gel-treated sites 30+02
Alive rate (%) 100

was a significant change in the UCB-PrP gel treatment
on day 7, with the narrowing of the ulcerated skin area.
The ulcer surface had thin necrosis, and the bottom had
a thick layer of granulation tissue, fibroblasts, and lit-
tle infiltrating neutrophils. On day 14, the ulcerated area
almost disappeared, with only a few infiltrated leukocytes
(Fig. 6B). Taken together, the results demonstrated that
UCB-PrP gel treatment significantly accelerated skin
wound healing.

Discussion

The PrP gel is a well-known product that contains many
growth factors and cytokines supporting cell develop-
ment. Because of the ease of preparation, low immuno-
genicity, and high regenerative activities, PrP gels have
been widely applied for treatment to support the healing
of surgical operations and the treatment of degenerative
diseases [1]. In addition, PrP facilitated cell attachment,
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proliferation, migration, and differentiation in 2D cul-
tures has been reported [18, 19]. These achievements may
be due to the PrP gels carrying bioactive factors that sup-
port the ability of cells to attach to the plastic surface.
This means that PrP works as a coating substrate, allow-
ing cell development. Thus, we examined UCB-PrP gels
as a coating substrate for two adherent cell types, includ-
ing hFBs and UCMSCs. Our data indicated that UCB-
derived PrP gels enhanced cell adhesion, proliferation,
and migration to close the scratched wounds in 2D cul-
tures. This is similar to a previous report that using UCB-
PrP gels as a supplement for cell cultures could enhance
cell expansion and development [20]. In addition, cryo-
preserved UCB-PrP gels also induced the expression of
bone morphogenetic protein-2 and osteoblastic differ-
entiation by UCMSCs [21]. However, the use of PrP gels
from peripheral blood and UCB as a substrate for plastic
surface coating has yet to be investigated well, although
many coating substrates based on ECM proteins have

been commercialized for a particular or several cell types
[22, 23].

As spheroids facilitate their functions, survivals, and
efficacy regarding cell-based therapies or tissue engi-
neering compared to single cells [24], forming spheroids
is essential for the effectiveness of such types of therapy.
Compared to single MSCs, MSC spheroids can survive
better in harsh milieus and maintain their stemness [25],
which differentiates into bone after being transfected into
bone defects [26]. In addition, the chondrocyte sphe-
roid is an appropriate biomaterial for 3D bioprinting
to form 3D cartilage microtissues and may be used for
vivo implantation [16]. Thus, if UCB-PrP gels can sup-
port spheroid formation, it will be an excellent solution
for spheroid preparation for 3D printing or implantation
because PRP gels are more biocompatible. Herein, we
demonstrated that UCB-PrP gels enhanced spheroid for-
mation and spheroid fusion by both hFBs and UCMSCs
(Fig. 4). Thus, UCB-PrP gels, in general, and prepared by
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the protocol described in this study, are potential can-
didates to improve spheroid formation. However, this
product should be further examined for its functions in
particular applications.

Interestingly, PrP gels could change gene expression, as
previously mentioned [27, 28]. Using sequencing tech-
nique, Shen et al. reported that PrP gels upregulated cyc-
lin-dependent kinase 1, polo-like kinase 1, cell division
cycle 20, cyclin B1, aurora kinase B, and cyclin-dependent
kinase 2, and downregulated v-myc avian myelocytoma-
tosis viral oncogene homolog in human dermal papilla
cells [27]. Autologous PrP gels could decrease COLI
and COL3 gene expression without affecting the COL3/
COLI ratio and increase MMP1 and MMP3 expression
by human tenocytes [28]. In the wounding context, PrP
upregulated Notch pathway-related genes’ expression,
which plays a key role in the proliferation and differen-
tiation of stem cells and angiogenesis in endothelial pro-
genitor cells [29]. Different cells may respond differently
to PrP, depending on the physiological conditions. In
this study, we reported that UCB-PrP gels induced the
expression of several ECM genes by hFBs and UCMSCs
cultured in 2D and 3D conditions. The significance is
that ELN mRNA was increased in all culture conditions
and all cell types. However, other genes, such as COLI,
COL3, HAS1, HAS2, and HAS3, responded to UCB-PrP
treatment differently related to culture conditions and
cell types. The current situation in which different cells
respond variously to PrP observed in this study is super-
ficial, and it requires more investigation on the factor
triggering the expression of interested genes in the target
cells, in addition to the downstream pathways in an asso-
ciation of cellular physiological properties and extracel-
lular environments.

In addition to working as a substrate for plastic surface
coating, UCB-derived PrP enriched with factors, includ-
ing PDGF-BB, HGF, VEGEF-A, and FGF-2 (Fig. 1B), that
may be the additional reason for the better prolifera-
tion and migration of MSCs and hFBs. Previously, Tian
et al. compared the growth factor expression levels in
UCB-derived PrP and peripheral blood showed that
a higher expression of VEGF-A and TIMP but lower
expression of IGF, FGF-2, PDGF-AA/BB, and RANTES
in UCB-derived PrP compared to the other PrP [30]. In
addition, Lee et al. reported that the levels of PDGF-AB
and TGF-B1 in UCB-derived PrP are higher than those
in peripheral blood-derived PrP [20]. Thus, a compari-
son in the efficacy of PrP for osteoarthritis treatment
has indicated that UCB-derived PrP gels improved the
short term regarding VAS and HHS for 2 months [11].
The improvement score correlates to the disease sever-
ity, where the lower the osteoarthritis grade, the higher
HHS improvement [11]. This may be due to the different

Page 12 of 14

levels of bioactive molecules in UCB-derived PrP gels, as
described in the above study and this study. However, in
this study, only several growth factors were investigated,
and there was a lack of whole proteomic content. Inves-
tigating proteomics and metabolites in PRP is crucial for
understanding its complex biological composition and
identifying key proteins and bioactive molecules that
drive its therapeutic effects. This knowledge enables sci-
entists to standardize PRP formulations, optimize its effi-
cacy for specific clinical applications, and uncover new
mechanisms of action.

Previously, PrP has been investigated for the heal-
ing induction in vivo models. This biological product
was safe and promoted wound healing through different
mechanisms, for example, increasing re-epithelialization,
angiogenesis, proliferation, and phagocytotic activities
[7,17, 31, 32]. In this study, UCB-derived PrP gels clearly
promoted the wound healing process, both in vitro and
in vivo models, and the repaired tissues were better com-
pleted (Figs. 5 and 6). UCB plasma derivatives have been
investigated for regenerative applications, and then it
suggested that UCB-derived plasma containing high lev-
els of soluble factor of NKG2D ligands that reduced the
production of INFy by peripheral blood mononuclear
cells and NKG2D and CD107a by immune cells [33].
Thus, UCB-derived PrP gels have been suggested for skin
wound patches, while UCB-derived platelets and platelet
poor plasma (PPP) have been proposed for severe ocular
surface pathologies and inflammatory conditions, such as
corneal ulcers or severe dry eye disease [33].

Few studies have compared autologous PrP and UCB-
PrP for their efficacy in different diseases and their con-
sistent and potential large-scale use. The main advantage
of autologous PRP is its immunotolerant nature, but the
quality varies depending on the patient’s physiological
conditions [34]. On the other hand, UCB-PrP is derived
from women during reproductive age, which has reli-
able, safe, and more consistent therapeutic effects [35].
In this regard, the optimal impact of human PrP therapy
is achievable when the plasma is obtained from younger
women and blood sample processing is commercially
standardized [36]. Indeed, compared to adult plasma,
UCB plasma releases more growth factors and less pro-
inflammatory cytokines [37-39]; in addition to a better
improvement in human gingival and dermal fibroblast
proliferation and migration in vitro, ovarian function in
mice, endometrial damage in murine models, and osteo-
arthritis patients for the short term and patients with low
osteoarthritic grade [11, 38, 40, 41]. Despite the reports
on using PrP for clinical trials, there is a lack of direct
comparison of the efficacy of UCB-PrP and autologous
PrP, including this current study. In addition, there was
a lack of an in-depth investigation of the mechanisms
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herein. Thus, it requires a more comprehensive and con-
textualization of the effect of PrP on the biological activ-
ity of cells and in vivo models related to PrP sources. In
addition, to advance the UCB-derived PrP product pre-
pared in this study toward practical application, it should
be evaluated in human tissues and clinical trials.

Conclusion

Data from this study showed that UCB-derived PrP gels
enriched with growth factors and then facilitated cell
attachment and spheroid formation. That UCB-derived
PrP gels increased the spheroid formation and fusion by
both UCMSCs and hFBs reveals the novel application of
these PrP gels as a substrate to prepare effectively bioma-
terial spheroids for 3D printing or engraftment. In addi-
tion, UCB-derived PrP gels promote UCMSC and hFB
proliferation and migration in vitro and wound healing in
animal models. These data indicate that UCB-derived PrP
gels may be a potential alternative to autologous periph-
eral blood-derived PrP gels for wound healing treatment.
Despite the limitation of this study is the un-fully char-
acterization of UCB-derived PrP gels regarding their
bioactive components and mechanism under their func-
tions, the data confirm the role of PrP in wound healing
in addition to the novel application of UCB-derived PrP
as a substrate for cell attachment for other medication
applications.
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