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Abstract

Background: Large-scale production of mesenchymal stromal cells is essential for sufficient therapeutic doses in regenerative medicine.
However, long-term cultivation encounters limited cell growth and cellular aging. Therefore, an alternative cell culture approach that
promotes proliferation and attenuates cell senescence is required. Human platelet lysate (HPL) is a potent supplement for in vitro cell
expansion. Applying HPL as a coating material can potentially improve mesenchymal stromal cell cultures. Method: To examine the
capacity of HPL, it was used to pre-coat a tissue culture plate for in vitro adipose-derived mesenchymal stromal cell expansion. Alter-
ations in biological features of adipose-derived stem cells (ADSCs) were investigated, including cell adhesion assays, cell proliferation,
population doubling time, and cellular senescence. Results: ADSCs cultured on HPL-coated plates significantly increased cell adhe-
sion rate, shortened population doubling time, and stimulated cell growth. The senescent cells were significantly decreased in ADSCs
cultured in an HPL-coated plate, and the expression levels of senescence-associated genes, including p16, p21, and p53, were downreg-
ulated. Furthermore, Western blotting analysis revealed that HPL was enriched with fibronectin and vitronectin, essential cell adhesive
proteins. Conclusions: HPL was effectively used as a coating material for ADSC expansions. Cellular cultivation on the HPL coating
is an alternative approach for producing mesenchymal stromal cells.
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1. Introduction

Mesenchymal stromal cells (MSCs) offer great
promise as advanced therapy medicinal products in re-
generative medicine to repair or replace damaged tissues
and organs [1]. MSCs gain marked therapeutic properties,
such as high proliferation ability, multilineage differenti-
ation potential, and secretion of various biological com-
ponents, especially anti-inflammatory and immunomodu-
latory molecules [2,3]. MSCs have been successfully iso-
lated from several sources, including bone marrow and ges-
tational and adipose tissues [4]. According to the Interna-
tional Society for Cell and Gene Therapy (ISCT) criteria,
MSC characteristics are defined by their differentiation po-
tential and the expression of a set of stem cell markers [5,6].
MSCs express CD73, CD90, and CD105 on the surface, yet
they lack the expression of hematopoietic cell surfacemark-
ers: CD45, CD34, CD14, CD19, and HLA-DR. In addition,
MSCs can also differentiate into multi-lineage cells, such as
chondrocytes, osteocytes, and adipocytes.

Most clinical applications use extensive MSC num-
bers to achieve effective outcomes; thus, large-scale expan-

sion of MSCs in vitro is required to reach adequate thera-
peuticMSC doses [7]. AlthoughMSCs expand with ease as
conventional monolayer cultures, serially passaged MSCs
begin to form alterations in their biological features and
functions. After serial cell passaging, MSCs decrease in
replication rate, alter their morphology, and express distinct
transcriptome profiles [8]. In addition, late-passaged cells
usually undergo senescence [9,10]. These limitations make
optimizing the MSC culture system necessary to enhance
cell expansion and maintain cell functionalities.

MSCs are adherent cells that attach to the extracellu-
lar matrix or an artificial material of the cell culture sur-
face. Generally, the polystyrene surface of cell culture plas-
ticware is treated with corona discharge. This process gen-
erates a high-energy oxygen ion that allows the culture sur-
face to become hydrophilic and negatively charged [11,12].
In addition, the culture surface can be coated by various
biological materials, including extracellular matrix and ad-
hesion proteins, such as collagen, fibronectin, vitronectin,
and laminin [13–15]. Therefore, surface modification pos-
sibly improves cell adhesion, enhances cell proliferation,
and regulates cell behavior.
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At present, many studies have revealed the efficiency
of using human platelet lysates (HPLs) as supplements for
expanding MSC growth [16–18]: HPLs were superior to
fetal bovine serum (FBS) at enhancing higher growth rates
[16], cellular viability [17], and differentiation potential
[18]. HPL is derived from human platelets using repeated
freeze and thawing cycles to disrupt the cell membrane.
Increasing evidence has shown that HPL contains several
growth factors and adhesion molecules supporting cellular
adhesion and cell proliferation [19,20]. Substituting FBS
with xeno-free HPL can be an alternative nutrient for cell
culture and is also suitable for cell-based therapies. The
enrichment of several adhesion molecules in the HPL, in-
cluding fibronectin, vitronectin, and collagen, has been re-
ported [21]. Therefore, applying HPL to coat surfaces in
cell culture may establish an appropriate environment for
cell expansion [22].

Taken together, cultivating MSCs on HPL-coated sur-
faces may improve cell expansion, augment cell adhe-
sion, and decrease cellular senescence in long-term cul-
tures. This study aimed to modify cell culture surfaces to
enrich adipose-derived stem cells (ADSCs) expansion in
vitro, using HPL as a biological coating material. Changes
in ADSC biological features such as cell adhesion, prolifer-
ation, and replicative senescence were determined. More-
over, the presence of key adhesive molecules in HPL sam-
ples, especially fibronectin and vitronectin, was identified
by Western blotting analysis. The finding of this study
could be applied to cell expansion during the manufactur-
ing of ADSCs, which promotes cost savings by reducing
the use of additional adhesion molecules or HPL volumes.

2. Materials and Methods
2.1 Isolation and Culture of Adipose-Derived Stem Cells

After receiving written informed consent, adipose tis-
sue samples were harvested from healthy subjects using
lipoaspiration. The Ethical Committee approved the pro-
cedure for Human Research on the Mahidol University
Central Institutional Review Board in accordance with the
Declaration of Helsinki (MU-CIRB 2018/202.1411). The
lipoaspirate was washed with pre-warmed in phosphate-
buffered saline (PBS) to remove blood and oil, followed
by digestion in 0.025% type I collagenase (Worthington
Biochemical Corporation, Lakewood, NJ, USA) at 37 °C
for one hour with shaking. To separate the stromal vascu-
lar fraction (SVF) containing ADSCs, the lipoaspirate was
centrifuged at 300 ×g for 5 minutes. The cell pellet was
resuspended in complete stromal medium containing Dul-
becco’s Modified Eagle Medium (DMEM-LG; #31600034,
Gibco, Carlsbad, CA, USA), 10% (v/v) fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin–
streptomycin (#15140122, Gibco, Carlsbad, CA, USA),
and 1% GlutaMAX (#35050061, Gibco, Carlsbad, CA,
USA). The cells were plated in tissue culture vessels at a
density of 103 cells/cm2 and incubated at 37 °C in 5% CO2

for 48 hours. After that, the non-adherent cells were re-
moved while the adherent cells were further maintained at
37 °C in 5% CO2until reaching 80–90% confluency. AD-
SCs were harvested by trypsinization using 0.25% trypsin–
EDTA (#25200072, Gibco, Carlsbad, CA, USA) for cell
expansion and cryopreservation. ADSCs were character-
ized according to the MSC characteristics using a previ-
ously published protocol [23]. Briefly, the expression of
positiveMSCmarkers (CD73, CD90, and CD105) and neg-
ative markers (CD34 and CD45) in ADSCs were investi-
gated by flow cytometry analysis. For osteogenic and adi-
pogenic differentiation, ADSCs were cultured in either an
osteogenic induction medium or an adipogenic induction
medium for 14–21 days. Osteoblast characteristics were
assessed by Alizarin Red S staining. Adipocyte differen-
tiation was determined by Oil Red O staining.

2.2 Human Platelet Lysate Preparation
The expired leukocyte-poor platelet concentrates (LP-

PCs) received from the blood bankwere used as a source for
human platelet lysate (HPL) preparation. The study was ap-
proved by the Ethical Committee for Human Research on
the Mahidol University Central Institutional Review Board
in accordance with the Declaration of Helsinki (MU-CIRB
2020/180.2307). HPLs were prepared using the freeze and
thawing technique. Briefly, frozen LPPC was thawed in a
37 °C water bath for 90 minutes with shaking every 15 min-
utes. Then, LPPC was frozen at –80 °C for 24 hours. The
freeze–thawing process was repeated to lyse the platelets
completely. For fibrin depletion, sterile 2 mM CaCl2H2O
was added to the platelet lysate and incubated at 37 °C for
120 minutes. The HPL was centrifuged at 4000 ×g and 4
°C for 30 minutes, then debris was removed by filtration
through a 0.45µm membrane filter. The HPL protein con-
centration was quantified by Bradford assay and equaled
6408.61 ± 1783.39 µg/mL.

2.3 Surface Modification
To investigate the effects of HPL as a coating mate-

rial for in vitro ADSCs cultures, the experiments were di-
vided into two groups: ADSCs cultured on an uncoated sur-
face and those cultured on an HPL-coated surface. For the
HPL-coated group, a 35 mm polystyrene tissue culture dish
was pre-coated with 1 mL HPL and incubated at 37 °C in
5% CO2 overnight. After incubation, the excess HPL was
removed completely before the cell suspension was intro-
duced.

2.4 Cell Adhesion Assay
ADSCs at passage 5 were seeded at 1× 105 cells/well

in a 24-well plate coated with HPL in the complete stro-
mal medium containing DMEM-LG (#31600034, Gibco,
Carlsbad, CA, USA), 10% (v/v) fetal bovine serum (Sigma-
Aldrich, St. Louis, MO, USA), 1% penicillin–streptomycin
(#15140122, Gibco, Carlsbad, CA, USA), and 1% Gluta-
MAX (#35050061, Gibco, Carlsbad, CA, USA). ADSCs
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Table 1. Oligonucleotide primers.
Gene name Forward primer sequences Reverse primer sequences

GAPDH 5′-CAACTACATGGTTTACATGTTCCAA-3′ 5′-CAGCCTTCTCCATGGTGGT-3′

p16 5′-TGAGGGTTTTCGTGGTTCAC-3′ 5′-TGGTCTTCTAGGAAGCGGC-3′

p21 5′-GATGAGTTGGGAGGAGGCAG-3′ 5′-CTGAGAGTCTCCAGGTCCAC-3′

p53 5′-ATGATTTGATGCTGTCCCCG-3′ 5′-CAAGAAGCCCAGACGGAAAC-3′

cultured on the uncoated surface served as the control. The
cells were allowed to attach to the surface at 37 °C in a hu-
midified atmosphere containing 5% CO2 for 12 hours. Af-
ter which, the non-adherent cells were carefully removed
and discarded. To determine the cell adhesion number, the
adherent cells were washed twice with PBS and trypsiniza-
tion using 0.25% trypsin–EDTA (#25200072, Gibco, Carls-
bad, CA,USA). Cells were countedmanually using a hemo-
cytometer. The cell adhesion rate was calculated and pre-
sented as the cell adhesion percentage.

2.5 Proliferative Activity
To assess the effects of the HPL-coated surface on

cell growth, ADSCs were seeded at 1 × 105 cells in a
35 mm polystyrene tissue culture dish coated with HPL
in the complete stromal medium containing DMEM-LG
(#31600034, Gibco, Carlsbad, CA, USA), 10% (v/v) fe-
tal bovine serum (Sigma-Aldrich, St. Louis, MO, USA),
1% penicillin–streptomycin (#15140122, Gibco, Carlsbad,
CA, USA), and 1% GlutaMAX (#35050061, Gibco, Carls-
bad, CA, USA). Cells were grown until a confluency of
nearly 90% before being detached through trypsinization.
The trypan blue exclusion test was employed to evaluate the
number of live and dead cells in each culture. The prolif-
erative activity of the ADSCs was determined by the pop-
ulation doubling time (PDT), which was calculated using
the following formula. PDT = CT/PDN, where culture time
(CT) is the time of culture (hours). The population doubling
number (PDN) was calculated using the formula: PDN =
[logNH – logNI]/log2—where NI is the cell seeding num-
ber and NH is the harvested cell number. The PDT of the
cells cultured on the uncoated surface was set as the control
group.

To determine the growth curve of the ADSCs cultured
on the HPL-coated surface, the ADSCs were seeded at 1.5
× 104 cells/well in a 24-well plate and cultured for 7 days
at 37 °C in a humidified atmosphere containing 5% CO2.
The culture medium was divided into two conditions: com-
plete stromal medium supplemented with 10% FBS and
stromal medium supplemented with 10% HPL. After incu-
bating for 7 days, cells were detached by treatment with
0.25% trypsin–EDTA (#25200072, Gibco, Carlsbad, CA,
USA). The total numbers of cells in each day were man-
ually counted using a hemocytometer and used to plot the
growth curve.

2.6 Senescence-Associated β-Galactosidase Staining
For the cellular senescence assay and senescence-

associated gene expression, 1 × 105 ADSCs at passage 2
(P2) were seeded in HPL-coated plates containing complete
stromal medium and cultivated at 37 °C in 5% CO2 until
the cells reached passage 5 (P5) and 10 (P10), respectively.
ADSCs were maintained in HPL-coated plates throughout
the cell culture period. Meanwhile, ADSCs at P2 were
cultured in plates with uncoated surfaces until P5 and P10
served as the respective control groups. The biological ac-
tivities of the ADSCs were investigated using the cellular
senescence assay and senescence-associated gene expres-
sion of individual conditions.

To assess whether the HPL-coated surface af-
fected cellular senescence, the senescence-associated β-
galactosidase (SA-β-gal) activity was detected by staining
with the senescence cell staining kit (#9860, Cell Signaling
Technology, Danvers, MA, USA). Briefly, 3× 104 ADSCs
at passages 5 and 10 were seeded in HPL-pre-coated 35 mm
polystyrene dishes and cultured at 37 °C in a humidified at-
mosphere containing 5% CO2. After the cultures reached
60% confluency, the cells were washed with PBS and fixed
at room temperature for 15 minutes. Then, the cells were
stained with SA-β-gal staining solution in a dry incubator
at 37 °C for 16–18 hours. The development of a blue color,
which represented senescent positive cells, was observed
using an inverted microscope (Olympus, Shinjuku, Tokyo,
Japan). The number of positives was counted from a total
of 103 cells and presented as the percentage of the SA-β-gal
activity.

2.7 RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction

ADSCs were cultured in individual conditions until
passages 5 and 10, as described previously, were harvested
for RNA extraction. RNA was collected using TRIzol
reagent (#15596026, Invitrogen, Waltham, MA, USA) and
extracted through the phenol–chloroform procedure. The
RNA concentration was assessed using a nanodrop spec-
trometer (Thermo Scientific, Waltham, MA, USA). The
cDNA was synthesized from 1 µg of RNA using iScript re-
verse transcription (#170-8841, Bio-Rad Laboratories, CA,
USA). The p16, p21, and p53 mRNA levels were investi-
gated using quantitative real-time PCR. Each cDNA sample
was mixed with the PCR master mix, containing forward
and reverse primers of the target genes (Table 1), nuclease-
free water, and SYBR FAST qPCR master mix (#KK4600,
KAPA Biosystem, Wilmington, MA, USA). The expres-
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Fig. 1. Adipose-derived stem cell characteristics. (A) Adipose-derived stem cells (ADSCs) displayed a fibroblast-like morphology. (B)
Osteogenic differentiation of ADSCs after 21 days of differentiating—positive for Alizarin Red S staining. (C) Adipogenic differentiation
of ADSCs after 14 days—positive for Oil Red O staining (scale bar = 200 µm). (D) Immunophenotyping of ADSCs demonstrated ex-
pressions of CD90, CD105, and CD73. PE-A, phycoerythrin; PE-Cy7-A, phycoerythrin-Cyanine7; FITC-A, fluorescein isothiocyanate;
APC-A, allophycocyanin.

sion levels of the genes of interest were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an
internal reference control. The difference in transcript lev-
els of the senescence-associated genes was calculated using
the comparative CT method (2−∆∆Ct) and presented as a
relative gene expression to the control group.

2.8 Western Blotting Analysis

For the Western blotting analysis, an equal amount
of protein (20 µg) was separated on a 7% polyacrylamide
gel and transferred to an immobilon P transfer mem-
brane (Merck Millipore, Burlington, MA, USA) using
the Mini-Protean© system (Bio-Rad Laboratories, Feld-

kirchen, Germany). The membranes were incubated in 5%
skimmed milk (Merck, Darmstadt, Germany) for 2 hours to
block any non-specific binding sites, followed by incuba-
tion with anti-fibronectin (Ab268020) and anti-vitronectin
(Ab45139) antibodies (Abcam, Cambridge, UK) at 4 °C
overnight. β-actin (MAB1501, Merck, Germany) was used
as a loading control to normalize protein expressions. The
membranes were incubated with the required secondary
antibodies, such as anti-mouse IgG-HRP (#7074P2) and
anti-rabbit IgG-HRP (#7076S) (Cell Signaling Technology,
Danvers, MA, USA) at room temperature for 2 hours, fol-
lowed by incubation with an ECL Prime Western Blotting
Detection reagent (#RPN2232, GE Healthcare, Bucking-
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Fig. 2. Effects of human platelet lysate (HPL) coating on cell adhesion and the expression of adhesive molecules. (A) The ADSC
cell adhesion percentage when cultured on HPL (HPL group) for 12 hours compared to ADSCs cultured on an uncoated surface (control
group). Data are presented as the mean± standard deviation (SD) from four individual experiments. **p< 0.01 as analyzed by unpaired
t-test. (B) The presence of adhesive molecules, fibronectin, and vitronectin, from four individual HPL samples, as detected by Western
blotting. (C) Representative quantification of fibronectin and vitronectin levels relative to β-actin. Data are presented as the mean± SD
from four individual HPL samples.

hamshire, UK). The signal was detected and analyzed using
the ChemiDoc™ MP imaging system (Bio-Rad Laborato-
ries, Los Angeles, CA, USA).

2.9 Statistical Analysis

All data are presented as mean ± standard deviation
(SD) from at least three individual experiments. Statistical
comparisons of the observed data were assessed using the
unpaired Student’s t-test of GraphPad Prism 9.0 software,
(GraphPad Software, San Diego, CA, USA). A p-value less
than 0.05 was determined as statistical significance.

3. Results
3.1 Characteristics of Adipose-Derived Stem Cells

In vitro cultivation of adipose-derived stem cells (AD-
SCs) exhibited a spindle-shaped morphology with plastic
adherent capacity (Fig. 1A). Multi-lineage differentiation

properties of the ADSCs were evaluated by culturing the
cells in osteogenic inductionmedium and adipogenic induc-
tion medium. The results showed that ADSCs could differ-
entiate toward an osteoblast and adipocyte, as shown by the
positive staining for Alizarin Red S (Fig. 1B) and Oil Red
O staining (Fig. 1C), respectively. Immunophenotyping
demonstrated that more than 95% of the ADSCs expressed
mesenchymal stem cell surface markers, including CD105,
CD90, and CD73. However, the cells rarely expressed both
CD34 and CD45 hematopoietic markers (Fig. 1D).

3.2 Effect of HPL Coating on ADSC Adhesion

A cell adhesion assay was performed to investigate
the alteration in the biological features of ADSCs after be-
ing cultured on an HPL-pre-coated surface. The ability
of ADSCs to attach to HPL-coated surfaces was investi-
gated after being incubated for 12 hours. As shown in
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Fig. 3. Population doubling time (PDT) and growth curve of ADSCs cultured on HPL coating. (A) The population doubling time
(PDT) of ADSCs derived from the HPL coating group compared to the control group. (B) The growth curve of ADSCs was maintained
on an HPL-coated surface (group B) for 7 days, compared to an uncoated surface (group A). Cells in both groups were supplemented with
stromal medium and 10% FBS (fetal bovine serum). (C) The growth curve of ADSCs was maintained on an HPL-coated surface (group
D) compared to those cultured on an uncoated surface (group C), although both had FBS substituted for 10% HPL. Data are presented
as mean ± SD (n = 3). *p < 0.05 and **p < 0.01 vs. the control group.

Fig. 2A, ADSCs cultured on HPL-coated surfaces had sig-
nificantly higher cell adhesion rates than those cultured on
the uncoated surfaces (96.49% ± 2.63% vs. 82.03% ±
6.12%, p < 0.01). Moreover, the roles of HPL in pro-
moting ADSC adhesion were comparable with those cul-
tured on fibronectin and vitronectin coatings. The adhe-
sion rates of the ADSCs significantly increased when cul-
tured on HPL (98.32% ± 6.90%), fibronectin (92.55% ±
5.12%), and vitronectin-coated (89.34%± 9.55%) surfaces
compared to the uncoated control (80.52% ± 9.74) (p <

0.05) (Supplementary Fig. 1). Therefore, HPLs possi-

bly contain adhesive molecules that regulate cell behav-
ior. Additionally, Western blotting analysis revealed that
the HPLs were enriched with the cell adhesive proteins fi-
bronectin and vitronectin (Fig. 2B). The semi-quantitative
levels of fibronectin and vitronectin expressions were 0.976
and 1.416, respectively, relative to β-actin (Fig. 2C). Col-
lectively, HPL facilitated ADSC attachment partly due to
the presence of these cell adhesion molecules.
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3.3 Effect of HPL Coating on ADSC Proliferation
To investigate the effect of HPL coating on the growth

rate, the ADSC population doubling times (PDTs) when
cultured in the presence or absence of HPL were evaluated.
Analysis of the PDTs revealed that HPL coating signifi-
cantly decreased the PDT of ADSCs to 44.17± 8.49 hours,
whereas the ADSC control group PDT was 98.65 ± 7.64
hours (Fig. 3A). Furthermore, the ADSC PDT was signifi-
cantly reduced when cultured in the HPL, fibronectin, and
vitronectin coating substances (Supplementary Fig. 2). A
marked decline in PDT was observed in cells grown on the
HPL coating compared with the other coating substances.
Thus, HPL coating increases robust ADSC growth by short-
ening the PDT. In addition, the population growth curve of
ADSCs cultured with or without HPL coating for 7 days
was examined by counting the cells at a specific time point.
On day 1, ADSCs cultured on HPL-coated surfaces in stro-
mal culture media containing 10% FBS (group B) were in
the lag phase. After that, the cells gradually increased over
time and reached the highest levels on day 7 (Fig. 3B). The
number of cells in the group B condition was significantly
higher than those grown on uncoated surfaces (group A) at
days 5–7. We investigated whether substituting FBS with
HPL and culturing on an HPL coating would further en-
hance ADSC expansion. The results demonstrated that the
growth curve pattern of ADSCs cultured on HPL-coated
surfaces in a stromal medium containing 10% HPL (group
D) was similar to those cultured in 10% HPL supplements
on the uncoated surface (group C). On days 0–2, the cell
numbers began to gradually increase before proliferating to
the highest levels on day 7 (Fig. 3C). Although there was no
difference in the proliferation rates between the two groups,
the results suggested that HPL contains growth factors nec-
essary for supporting ADSC expansion in vitro.

3.4 Effect of HPL Coating on Cellular Senescence in
ADSC Cultures

To determine whether HPL coating affects ADSC
senescence rates after serial passage, senescent cells were
visualized using senescence-associated beta-galactosidase
(SA-β-gal) staining. ADSCs were continually maintained
in the presence or absence of HPL coating from P2 to P5
and P2 to P10. The results showed that the morphologies of
the ADSCs cultured on HPL-coated surfaces differed from
those cultured in the control group. Without HPL coating,
ADSCs were large and flat in appearance and contained
more granules than those cultured on HPL-coated surfaces
(Fig. 4A). The SA-β-gal staining demonstrated that the
number of senescent ADSCs cultured in the control group
was higher than in the HPL-coating group (Fig. 4A,B). The
number of senescent cells was significantly decreased in the
HPL-coated surface group for ADSCs cultured from P2 to
P5 (9.61± 3.23%) compared to the control group (23.97±
3.59%). Similarly, the number of senescent ADSCs at P10
was significantly lower in the HPL-coating group (13.28
± 1.52%) compared to the control group (45.97 ± 5.83%)

(Fig. 4B). The results indicated that HPL coating could pro-
tect the ADSCs from undergoing senescence during in vitro
expansion over a long period of culturing.

3.5 HPL Coating Downregulates Senescence-Associated
Gene Expressions during ADSC Cultivation

The previous results demonstrated a decrease in the
number of senescent ADSCsmaintained on the HPL-coated
surface. Thus, to clarify whether HPL coating influenced
the activation of the senescence signaling pathway during
cellular aging, the transcription levels of p16, p21, and p53
were investigated in P5 and P10 ADSCs. Gene expression
analysis showed that the p16, p21, and p53 mRNA lev-
els were significantly downregulated in ADSCs cultured on
HPL-coated plates for five passages compared to the control
group (0.501 ± 0.153, 0.333 ± 0.138 and 0.428 ± 0.325-
fold of the control, respectively) (Fig. 5A). In addition, the
p16, p21, and p53 transcription levels were significantly
decreased in ADSCs maintained on HPL-coated surfaces
for 10 passages compared with the control group (0.674 ±
0.285, 0.486± 0.223, 0.253± 0.042-fold of the control, re-
spectively) (Fig. 5B). The results suggested that HPL coat-
ing downregulates the activation of the p16, p21, and p53
signaling pathway in ADSCs during in vitro expansion.

4. Discussion
This study demonstrated the role of HPL as a coating

material in supporting in vitro ADSC expansion. Changes
in the biological features of ADSCs, including cell adhe-
sion, cell proliferation, and cellular senescence, were inves-
tigated at different periods of ADSC growth on pre-coated
HPL plates. HPL supplements have beneficial effects on
MSC growth; however, the cells had difficulty attaching to
the plastic surface of tissue culture vessels. According to
a recent study, MSCs cultured in FBS medium interacted
more with the tissue culture vessel than those cultured in
HPL [24]. The MSCs cultured in FBS had a significantly
higher amount of focal adhesion than those cultured in the
HPL additive.

In cell-based therapy, expanding ADSCs holds sig-
nificance in cell manufacturing procedures. An alterna-
tive approach to enhancing growth during this process in-
volves surface coating with adhesion molecules. Notably,
utilizing HPL coating has emerged as a strategic method for
MSC expansion [25], one which closely mimics the natural
cellular environment through the enrichment of adhesion
molecules [19,20]. Interestingly, the findings in our recent
study clearly showed that HPL coating could promote the
adhesion of ADSCs. Western blot analysis of the HPL sam-
ples indicated that they possess key adhesive molecules,
including fibronectin and vitronectin. This finding agrees
with those in prior studies, which showed that HPL has a
biological richness and contains various growth factors, cy-
tokines, and extracellular matrix proteins that can positively
influence cell behavior, which is crucial for cell growth and
differentiation [26–28]. Moreover, recent studies that thor-
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Fig. 4. Effects of HPL coating on ADSCs senescence after serial passages. (A) Positive β-galactosidase stained ADSCs cultured with
or without HPL coating—depicted in blue (scale bar = 200 µm). (B) The number of senescent ADSCs at P5 and P10 were counted and
calculated as percentages of β-galactosidase activity compared to the control. Data are presented as mean± SD (n = 3). **p< 0.01 and
***p < 0.001 vs. the control group.

oughly characterized protein contents of HPL samples fol-
lowing proteomic analysis revealed a remarkable richness
in multiple growth factors and adhesion molecules [19,20].
Adhesive molecules, such as laminin, vitronectin, and fi-
bronectin, have been shown to play roles in improving cel-
lular adhesion and promoting colony formation [29,30].
Thus, it seems possible that the increase in the cell adhesion
ability of ADSCs cultured on HPL-coated plates is partly
due to the presence of key adhesive molecules in the HPL
samples, including fibronectin and vitronectin.

Evidence supporting the substitution of FBSwith HPL
supplements could enhance MSC proliferation [16,31] and
facilitate MSC differentiation [18]. We further investigated
whether minimal amounts of HPL that remained as a coat-
ing substance could promote ADSC growth. Our finding
first reported that the PDT of ADSCs cultured on HPL-
coated plates was reduced, which led to robust increases
in ADSC growth. Likewise, the growth curve of the AD-
SCs cultured in HPL-coated plates demonstrated a signif-
icant increase in ADSC numbers [32]. HPL as a coat-
ing material successfully enhanced in vitro ADSC expan-
sion. Moreover, adding HPL supplements to HPL-coated
plates slightly increased ADSC numbers. However, no sig-
nificant differences were found. HPL is enriched with an
abundance of growth factors, such as insulin-like growth
factor 1 (IGF-1), platelet-derived growth factor (PDGF),
transforming growth factor-beta (TGF-β), and vascular en-
dothelial growth factor (VEGF) [19,33]; therefore, the ad-
dition of high concentrations of HPL supplements possibly
concealed the effects of the HPL coating. Additionally, a
study was conducted that indicated the use of HPL as a
standalone supplement was ineffective. However, cell ad-

hesion and proliferation were improved for cells grown on
laminin-coated surfaces and cultured with the HPL supple-
ment. This enhancement can potentially reduce the neces-
sity for HPL supplementation for specific cell culture appli-
cations [34]. In this investigation, applying an HPL coat-
ing holds promise in potentially lowering the required HPL
volume from 10% to 5%. This improvement reduces the
supplement volume required during the expansion of AD-
SCs, promoting cost-effective practices throughout the cul-
ture process and resulting in overall cost reductions.

Serial cell expansions and prolonged cell culture times
usually lead to cellular aging [35]. However, cellular senes-
cence is induced by repetitive passaging and high glucose
levels [36]. The alterations in cellular behaviors during
senescence can be demonstrated by morphological changes
and increased senescence-associated β-galactosidase (SA-
β-gal) expressions [37,38]. Indeed, this study clearly
demonstrated that HPL coating delayed the senescence of
ADSCs after long-term cell expansion. SA-β-gal positive
cells were initially found in early-passage ADSCs (passage
5) and were massively increased in cells of high passages
(passage 10). In addition, the ADSC morphologies altered
from spindle-shaped cells to cells of enlarged sizes, espe-
cially after a high number of passages. This finding is
comparable to prior studies that reported a change in cell
morphologies following serial passaging and cellular aging
[39,40]. Cultivating ADSCs on HPL-coated surfaces di-
minished cells preceding senescence even at late passages
(passage 10). The appearance of high passage ADSCs
maintained on HPL-coated surfaces displayed fibroblast-
like morphologies similar to early-passage ADSCs. The
results indicated that HPL coating effectively reduced the
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Fig. 5. Alteration of senescent-associated gene expressions in ADSCs cultured on HPL coating. (A) Passage 5 and (B) passage 10
populations maintained on HPL-coated surfaces. Data are presented as mean ± SD from four individual experiments. *p < 0.05 and
**p < 0.01 vs. the control group.

number of senescent ADSCs and maintained ADSC mor-
phologies in long-term cultures. These results support the
previous observation that small amounts of HPL being sup-
plemented (2–5% HPL) into the culture medium could at-
tenuate MSC senescence and rejuvenate aged MSCs [40].
The p53/p21/p16 pathway plays a major role in regulat-
ing the cell cycle and cellular senescence, whereby acti-

vating the p53/p21/p16 pathway leads to cell cycle exit
[41–43]. Our results demonstrated that the transcript lev-
els of senescence-associated genes, including p53, p21, and
p16, in ADSCs cultured on HPL-coated plates were signifi-
cantly downregulated. Collectively, the results implied that
HPL coating altered the expression profiles of senescence-
associated genes in ADSCs, alleviating cellular senescence
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during serial passaging. These findings align with a previ-
ous study showing that p21 expression was reduced in AD-
SCs cultured in a medium containing HPL [44].

5. Conclusions
Our experiments demonstrated the beneficial effects

of HPL coating on ADSC expansion. Culturing ADSCs
using an HPL-coating system resulted in increased cell ad-
hesion, enhanced cell proliferation, and reduced cellular
senescence. This study has also identified the presence of
key adhesive molecules in HPL. This study strengthens the
idea that cell culture surface modification by HPL coat-
ing would be an additional method for expanding in vitro
ADSC growth. Minimal HPL volumes are required to im-
prove ADSC growth during long periods of in vitro cell cul-
ture.
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