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Abstract
Platelet-rich plasma (PRP) holds promise as a therapeutic modality for wound healing; how
ever, immediate utilization encounters challenges related to volume, concentration, and con
sistency. Cryopreservation emerges as a viable solution, preserving PRP’s bioactive 
components and extending its shelf life. This study explores the practicality and efficacy of 
cryopreserved platelet-rich plasma (cPRP) in wound healing, scrutinizing both cellular mechan
isms and clinical implications. Fresh PRP and cPRP post freeze-thaw underwent assessment in 
macrophage, fibroblast, and endothelial cell cultures. The impact of cPRP on active component 
release and cell behavior pertinent to wound healing was evaluated. Varied concentrations of 
cPRP (1%, 5%, 10%) were examined for their influence on cell polarization, migration, and 
proliferation. The results showed minimal changes in cPRP’s IL-1β levels, a slight decrease in 
PDGF-BB, and superior effects on macrophage M2 polarization and fibroblast migration, while 
no statistical significance was observed in endothelial cell angiogenesis and proliferation. 
Remarkably, 5% PRP exhibited the most significant stimulation among all cPRP concentrations, 
notably impacting cell proliferation, angiogenesis, and migration. The discussion underscores 
that cPRP maintains platelet phenotype and function over extended periods, with 5% cPRP 
offering the most favorable outcomes, providing a pragmatic approach for cold storage to 
extend post-thaw viability and amplify therapeutic effects.
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Plain Language Summary
What is the context? 
● Platelet-rich plasma (PRP) is a potential bioactive material for wound healing, but using it 

immediately faces issues like volume, concentration, and consistency.

● Low-temperature freezing is a method employed to preserve PRP. However, the current 
understanding of the effects of the freezing-thawing process on the components of PRP and 
its impact on cells relevant to wound healing remains unclear.

What is new?
● This study explores the feasibility and effectiveness of using cryopreserved PRP at −80°C for promot

ing wound healing. This research stands out for its focus on cellular responses and practical implica
tions in therapeutic contexts.

This article has been corrected with minor changes. These changes do not 
impact the academic content of the article.    

Correspondence: Zhao Pan, Zhejiang Cancer Hospital, Hangzhou 
Institute of Medicine (HIM), Chinese Academy of Sciences, Hangzhou, 
Zhejiang 310022, China. E-mail: panzhao@him.cas.cn 
Liang Dong, Zhejiang Cancer Hospital, Hangzhou Institute of Medicine 
(HIM), Chinese Academy of Sciences, Hangzhou, Zhejiang 310022, 
China. E-mail: dongliang@him.cas.cn 
Hui-Qin Wen, Department of Blood Transfusion, The First Affiliated 
Hospital of Anhui Medical University, Hefei 230022, China. E-mail: 
wenhuiqin@ahmu.edu.cn 
This is an Open Access article distributed under the terms of the Creative 
Commons Attribution-NonCommercial License (http://creativecommons. 
org/licenses/by-nc/4.0/), which permits unrestricted non-commercial use, 
distribution, and reproduction in any medium, provided the original work 
is properly cited. The terms on which this article has been published 
allow the posting of the Accepted Manuscript in a repository by the 
author(s) or with their consent.

http://www.tandfonline.com/iplt
ISSN: 0953-7104 (print), 1369-1635 (electronic)

Platelets, 2024; 35(1): 2347331
© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC. 

DOI: https://doi.org/10.1080/09537104.2024.2347331

http://orcid.org/0000-0001-9677-901X
http://orcid.org/0000-0002-5966-6777
https://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2024.2347331&domain=pdf&date_stamp=2024-12-04


● To understand their distinct impact on different cell types relevant to wound healing, the study 
meticulously examined various final concentrations of cPRP (1%, 5%, 10%).

● The study identified the superior effects of 5% cPRP on crucial cellular activities, notably in cell 
polarization, proliferation, angiogenesis, and migration.

What is the impact?
● Low-temperature freezing can be considered an effective method for PRP preservation.
● Some bioactive components in cPRP exhibit subtle changes; however, these changes result in 

better effects on certain cell types related to healing.
● The study illustrates that all concentrations of cPRP effectively enhance cell proliferation, 

migration, and differentiation, emphasizing the comparable efficacy of cryopreserved PRP to 
non-cryopreserved PRP.

Introduction

Platelet-rich plasma (PRP) has emerged as a promising therapeu
tic approach in the field of wound healing due to its regenerative 
properties and ability to accelerate tissue repair.1–3 Traditional 
methods of PRP preparation have certain limitations in terms of 
collection volume, platelet concentration, and consistency. With 
the emergence of automated systems such as the Com Tec blood 
component separation machine, substantial progress has been 
made in the processing of PRP.2,4 The utilization of the Com 
Tec machine provides several notable benefits, including the 
capacity to handle larger volumes of blood samples, leading to 
elevated platelet concentrations. Moreover, this advanced system 
enables precise control over the separation procedure, ensuring 
enhanced standardization in PRP preparation.5 Compared to 
immediate usage, cryopreserved platelet-rich plasma (cPRP) 
offers practical advantages to overcome limitations by providing 
longer shelf life, efficient inventory management, and standar
dized delivery.6–8 cPRP proves to be a promising alternative in 
various clinical settings, enhancing patient care and treatment 
outcomes.9–11

In recent years, cPRP has been the focus of extensive research 
due to its composition and clinical applications.12–14 Thorough 
analyses of the components in cPRP have been conducted utilizing 
diverse experimental techniques, such as cell counting, growth 
factor analysis, and proteomics.15–17 These investigations aim to 
evaluate the content and characteristics of platelets and other bioac
tive components present in cPRP.18–21 Furthermore, clinical studies 
have explored the utilization of cPRP in various fields, including 
orthopedics, dermatology, and dentistry.13,22,23 Combination thera
pies incorporating cPRP with stem cells, hyaluronic acid, or matrix- 
supported autologous cell transplantation have been investigated to 
enhance tissue repair and regeneration.24–26 To comprehend the 
potential of cPRP in wound healing, a thorough examination of its 
in vitro cellular mechanisms is imperative. Several cellular pro
cesses, including inflammation regulation, cell proliferation, and 
migration, play pivotal roles in wound healing.27,28 Research has 
demonstrated that cPRP retains its ability to release growth factors 
and cytokines, which are crucial for promoting wound healing.29,30 

A comprehensive understanding of these cellular mechanisms will 
provide valuable insights into the therapeutic potential of cPRP and 
its application in the context of wound healing. This article seeks to 
investigate the potential application of cPRP prepared using the 
Com Tec apheresis system, along with its underlying cellular 
mechanisms, in the context of wound healing.

Study design and methods

Study design

The study utilized a paired design to assess the impact of cryo
preservation on platelet hemostatic activity. Platelet (PLT) units 
were evaluated before freezing, after thawing, and during post- 
thaw storage. In vitro experiments involved THP-1 macrophages, 

L929 fibroblasts, and human umbilical vein endothelial cells 
(HUVECs). Different cPRP concentrations were examined for 
effects on cell behavior, gene expression, and cytokine release 
using ELISA assays.

PRP preparation

Whole blood samples were obtained from 21 male healthy volun
teers at the Department of Transfusion, The First Affiliated 
Hospital of Anhui Medical University, China. All healthy volun
teers provided informed consent in accordance with the protocols 
approved by the Ethics Committee of Anhui Medical University 
(license number: 2023570). The blood collection was performed 
using venipuncture, resulting in a platelet concentration of 206.27  
± 41.76 × 103/µL, a red blood cell concentration of 4.56 ± 0.56 ×  
106/µL, and a white blood cell concentration of 5.59 ± 1.44 × 103/ 
µL. Fresh PRP was prepared and purified using the Com Tec 
automated blood component separation machine (Fresenius Kabi, 
Germany), following the guidelines approved by the Ethics 
Committee of Anhui Medical University (License Number: 
2023570). Platelet count was measured on a hematology analyzer 
(Beckman Coulter LH 785, America), and the platelet concentra
tion was adjusted to 1381.57 × 103/µL. Compared to whole blood, 
there was a 6.70-fold increase in platelet concentration. 
Contaminating red and white blood cells were respectively 
below 0.10 × 106/µL and 0.11 × 103/µL.

Subsequently, the PRP was aliquoted aseptically, followed by 
cryopreservation at −80°C in an ultra-low temperature freezer. 
Prior to each use, the PRP was thawed in a 37°C water bath, and 
all PRP used in this research has been stored less than 3 months. 
In addition, the PRP samples was diluted with cell culture med
ium to obtain different concentrations (1%, 5%, 10%) in experi
mental groups.

Cell culture

THP-1 cells, derived from human monocytes, L929 fibroblast 
cells from mice, and HUVEC endothelial cells from human 
umbilical veins were obtained from the American Type Culture 
Collection (ATCC) (Manassas, VA, United States). THP-1 cells 
were cultured in RPMI 1640 medium, L929 cells in high-glucose 
DMEM, and HUVECs in DMEM/F12 medium (Gibco, America). 
The culture media were supplemented with 10% fetal bovine 
serum and 1% penicillin-streptomycin, and cells were maintained 
at 37°C in a 5% CO2 humidified incubator. The media were 
refreshed every three days, and cells were passaged 2–3 times 
per week.

Differentiation of THP-1 macrophages

THP-1 cells, derived from human monocytes, were used for 
macrophage differentiation. Cells were cultured in RPMI 1640 
basal medium containing 10% fetal bovine serum and 1% 
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penicillin-streptomycin at 37°C in a 5% CO2 incubator. THP-1 
cells were seeded in a 6-well cell culture plate at a density of 8 ×  
105 cells/mL, and macrophage differentiation toward the M0 
phenotype was induced by adding 100 ng/mL of phorbol 12- 
myristate 13-acetate (PMA) (Sigma, America) to the complete 
culture medium. After reaching the M0 phenotype, cells were 
further cultured and differentiated toward the M1 phenotype by 
adding 100 ng/mL lipopolysaccharide (LPS) (Sigma, America) to 
the complete culture medium. Cells were observed for morpho
logical changes after 48 hours of incubation. For differentiation 
toward the M2 phenotype, 20 ng/mL of interleukin-4 (IL-4) and 
20 ng/mL of interleukin-13 (IL-13) (Proteintech, America) were 
added to the complete culture medium, and cells were observed 
for morphological changes after 48 hours of incubation at 37°C.

Platelet activity assay

Fresh PRP (5 mL) and cPRP (5 mL), with a concentration of 
1381.57 × 103/µL, were activated with a 250 U/mL thrombin 
activator by combining thrombin and calcium gluconate, and 
then placed in 10 mL of PBS buffer. Following the addition of 
thrombin and calcium gluconate, a fibrin clot was formed, 
signifying the activation of PRP and the initiation of growth 
factor release. The samples were shaken on a shaking platform 
at 37°C and 100 rpm. At predefined time intervals, 1 mL of 
PBS was collected, and an equal volume of fresh PBS was 
added. The concentrations of the growth factor PDGF-BB and 
the cytokine IL-1β released from platelets in fresh and cPRP 
were evaluated using an ELISA assay (R&D Systems, 
America) to assess the activity levels before and after 
cryopreservation.

Quantifying cytokine levels in fresh PRP and cPRP

The assessment of fresh PRP and cPRP utilizing the ELISA assay 
(R&D Systems, America) was performed strictly in accordance 
with the manufacturer’s instructions.

Detection of the effects of cPRP on macrophage polarization

Immunofluorescence staining of CD206/DAPI to assess the 
impact of PRP on macrophage M1/M2 polarization: THP-1 cells 
were seeded in confocal culture dishes and induced into M0 
phenotype, then co-cultured with the different samples for 3  
days. After washing twice with PBS, the cells were blocked for 
1 hour and then stained overnight at 4°C with the primary anti
body CD206 (Cell Signaling, America). Following three washes 
with PBS, the cells were incubated with Alexa Fluor 488- 
conjugated goat anti-rabbit IgG (1:500) for 2 hours. After three 
washes with PBS, the cells were stained with DAPI-containing 
mounting medium. Finally, confocal images were obtained, and 
the fluorescence intensity of positive expression was measured 
using ImageJ software.

qPCR analysis of the expression of macrophage 
differentiation-related genes

M0 macrophages were co-cultured with the different samples 
mentioned above. After 3 and 5 days of culture, cells were col
lected, and RNA was extracted following the manufacturer’s 
instructions. The RNA concentration was determined using 
a Nanodrop, and RT-PCR was performed to reverse transcribe 
RNA into cDNA. The relative expression levels of macrophage 
polarization-related genes (IL-6 and IL-10) were then measured 
using qPCR with the respective templates (Table I).

Flow cytometry analysis of macrophage surface marker 
expression

M0 macrophages were co-cultured with cPRP at different final 
concentrations in macrophage culture medium for 3 days. Cells 
were collected, resuspended in PBS buffer, centrifuged at 
1500 rpm for 3 minutes, and washed. After adjusting the cell 
concentration, cells were incubated with V450 PB-CD80 and 
PC7-CD163 fluorescent antibodies in the dark at 4°C for 30  
minutes. After washing the cells with PBS, they were fixed 
with 200 μL of IC fixation buffer and incubated in the dark at 
4°C for 1 hour. Following two washes with permeabilization 
buffer, 100 μL of permeabilization buffer was added to resus
pend the cells, and APC-CD206 fluorescent antibody was 
added. After further incubation, the cells were washed with 
PBS, resuspended in 400 μL of PBS, filtered through a 300- 
mesh filter, and analyzed using flow cytometry.

Impact of cPRP on L929 cell migration

Scratch assay

L929 cells were seeded in a 6-well plate at a density of 1 × 106 cells 
per well. After pre-culturing overnight, a scratch was made when the 
cells reached 80% confluence. After washing the cells with PBS three 
times to remove floating cells, the medium containing 5% cPRP or 
different final concentrations of cPRP was added for further incuba
tion. The cells were imaged at 0 and 12 hours using a microscope, and 
the migration area was analyzed using ImageJ software.

Impact of cPRP on HUVECs angiogenic ability

In vitro angiogenesis assay

Pre-chilled matrigel matrix gel (Corning, America) was added to 
a 24-well plate at 250 μL per well and allowed to solidify at 37°C 
and 5% CO2 for 1 hour. Starved HUVECs were digested and 
seeded at a density of 5 × 105 cells/mL. Then, 5% cPRP or 
different final concentrations of cPRP were added. The control 
group received HUVECs complete culture medium. Each well 
was supplemented with 500 μL of cell suspension and incubated 
at 37°C and 5% CO2 for 4 hours. The formation of endothelial cell 
tubules, number of tubules, and tubule length were recorded using 
a microscope and analyzed using ImageJ software.

VEGF gene expression analysis

HUVECs were seeded in a 6-well plate at a density of 1 × 104 

cells per well. After pre-culturing overnight, 5% cPRP or 
different final concentrations of cPRP were added. The control 
group received L929 complete culture medium. After co- 
culturing for 3, 5, and 7 days, RNA was extracted for RT- 
PCR and qPCR analysis to determine the expression levels of 
the VEGF gene.

Table I. Related gene primer sequences for RT-PCR and qPCR analysis.

Gene Primer (F: Forward Primer; R: Reverse) MW

IL-6 F:5’-CACTGGCAGAAAACAACCTGA-3’ 6418.27
R:5’-GATTTTCACCAGGCAAGTCTCC-3’ 6671.42

IL-10 F:5’-AAGCCTTGTCTGAGATGATCCA-3’ 6735.46
R:5’-AAATCGATGACAGCGCCGTA-3’ 6136.07

GAPDH F:5’-GCACCGTCAAGGCTGAGAAC-3’ 6137.06
R:5’-TGGTGAAGACGCCAGTGGA-3’ 5918.9

VEGF F:5’-TGCGGATCAAACCTCACCA-3’ 5742.82
R:5’-CAGGGATTTTTCTTGTCTTGCT-3’ 6714.43
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Impact of PRP on L929 and HUVECs proliferation

L929 and HUVECs were respectively seeded in a 96-well plate at 
a density of 5 × 103 cells per well. After pre-culturing overnight, 
5% cPRP or different final concentrations of cPRP were added. At 
1, 3, and 5 days, 10 μL of CCK-8 solution was added to each well, 
followed by incubation at 37°C. The optical density (OD) at 450  
nm was measured. Each time point had three replicates and 
included blank controls and negative controls.

Statistics analysis

All data are presented as mean ± standard deviation (SD). 
GraphPad Prism 6.0 was used for data visualization and ana
lysis. The significance of differences between the fresh and 
post-cPRP treatment groups was assessed using a two-tailed 
t-test. For comparisons among three or more groups, one-way 
analysis of variance (ANOVA) was performed. A p-value of 
less than 0.05 was considered statistically significant, indicat
ing meaningful results.

Results

Differences in appearance and release of bioactive 
components between fresh PRP and cPRP

PRP collected through the Com Tec apheresis system (Figure 1a) 
was cryopreserved at −80°C to obtain cPRP (Figure 1b). Upon 
thawing, Visual analysis of PRP assessed for signs of precipitation 
(Figure 1c), stratification (visible layer separation), and deteriora
tion (e.g., color changes, clot formation, particulate presence), with 
no significant differences observed. Subsequently, we assessed the 
differential release of cytokines (IL-1β) and growth factors (PDGF- 
BB) from platelets in the two sample groups by ELISA analysis. 
As shown in Figure 1d, there was no significant difference in the 
release of IL-1β between the two sample groups within 72 hours. 
Regarding PDGF-BB (Figure 1e), the cumulative release was 
comparable within the first 6 hours but differed after 12 hours. At 

72 hours, the cumulative release of PDGF-BB in fresh PRP was 12  
212.25 ± 1041.21 pg/mL, while in cPRP, it was 8040.01 ± 333.87  
pg/mL. This difference may be attributed to the slight structural or 
functional impact of cryopreservation on PDGF-BB; nevertheless, 
cPRP still exhibited a relatively high release capacity.

Quantifying cytokine levels in fresh PRP and cPRP

ELISA quantification assessed factor concentrations in pre- 
collection plasma, Fresh PRP, and cPRP. The results demonstrated 
that compared to pre-collection plasma, fresh PRP exhibited a more 
than twofold increase in enriched concentrations of various cyto
kines. Additionally, the concentrations of PDGF-BB and VEGF in 
cPRP significantly increased, reaching 3226.87 ± 194.90 pg/mL 
and 357.02 ± 30.85 pg/mL, respectively, markedly higher than the 
levels in fresh PRP. This might be due to cryopreservation process 
subjected PRP platelets to physical stimulation, resulting in struc
tural breakdown and subsequent release of intracellular bioactive 
substances, notably causing significant release of cytokines PDGF- 
BB (Figure 2a), VEGF (Figure 2b), and growth factor IL-10 
(Figure 2c) in cPRP. These experimental outcomes further validate 
the concentration of growth factors and cytokines in PRP compared 
to pre-collection plasma, emphasizing the enhanced release of 
these biological components in PRP following the freezing- 
thawing process.

Effects of fresh PRP and cPRP on cellular responses

Despite minor differences observed in factor release between fresh 
PRP and cPRP, evaluating the influence of cryopreservation on 
various wound-healing-relevant cells necessitates in vitro assays. 
Among these cells, macrophages play a pivotal role during inflam
mation and repair stages, with appropriate polarization aiding in 
balancing inflammatory responses, tissue restoration, and acceler
ated wound recovery.31,32 Co-culturing macrophages with pre and 
post-cryopreservation PRP facilitated evaluation of macrophage 
polarization using CD206/DAPI immunofluorescence staining 

Figure 1. Differences in appearance and release of bioactive components between fresh PRP and cPRP. (a) A photograph of fresh PRP. (b) A photograph 
of PRP passing through − 80°C freezing. (c) A photograph of cPRP. (d) The cumulative release profiles of the cytokine IL-1β in fresh and cryopreserved 
PRP. (e) The cumulative release profiles of the cytokine PDGF-BB in fresh and cryopreserved PRP.
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(Figure 3a). Statistical analysis of fluorescence intensity indicated 
that CD206, a representative marker of M2 macrophages, exhibited 
comparable average expression levels in fresh and cPRP co- 
cultures, with no statistically significant differences (Figure 3b). 
In q-PCR analysis, the varying expression levels of distinct genes 
hold relevance to macrophage polarization. Specifically, the anti- 
inflammatory cytokine IL-10 demonstrates a substantial upregula
tion in M2 macrophages, while the pro-inflammatory cytokine IL- 
6 witnesses heightened expression in M1 macrophages. In compar
ison to the control group, a three-day co-culture yields no statisti
cally significant divergence in cellular polarization between the two 
groups, rendering notable M2 polarization inconspicuous. 
However, subsequent to a five-day co-culture, the cPRP group 
showcases a heightened level of IL-10 gene expression, standing 

in marked contrast to both the control and fresh PRP groups (p  
< .05) (Figure 3c). Conversely, in terms of IL-6 gene expression 
levels, both PRP groups exhibit a notably diminished expression 
after three and five days of co-culture relative to the control group 
(Figure 3d). These findings suggest that M1 macrophage polariza
tion is inhibited, and there is minimal variation between pre and 
post-cryopreservation states.

During the regeneration phase of wound healing, the prolifera
tion of fibroblasts and endothelial cells serves as the cornerstone 
for the reconstruction of tissue structure.33,34 As depicted in 
Figure 3e, it is evident that, in comparison to the control group, 
both fresh PRP and cPRP significantly promoted fibroblast pro
liferation after three and five days of co-culture. Additionally, 
there were no statistically significant differences between the 

Figure 3. The comparison of in vitro cell evaluation between the fresh PRP and cPRP. (a) Fluorescence images of co-cultured macrophages with the 
fresh PRP and cPRP, respectively. The macrophage polarization was evaluated through CD206/DAPI immunofluorescence staining (green: CD206; 
blue: DAPI). The scale bars are 20 µm. (b) Statistical analysis results of average fluorescence intensity of CD206 of fresh PRP and cPRP co-culturing 
macrophages. (c, d) compare the expression levels of macrophage polarization related genes IL-10 (c) and IL-6 (d) after 3 days and 5 days coculturing. 
GAPDH as the internal reference to calculate the ct value. (e, f) CCK-8 absorbance values were obtained by co-culturing L929 cells (e), and HUVEC 
cells (f), with the fresh PRP and cPRP for 1 day, 3 days, and 5 days, respectively. (g, i) scratch test and migration area percentage statistical results of 
L929 in 5% fresh PRP and 5% cPRP for 12 hours. (h, j, k) after culturing HUVECs in a culture medium containing 5% fresh PRP and 5% cPRP for 4  
hours, the number of meshes (j) and total length (k) were statistically analyzed. (l) The mRNA expression of angiogenesis-related gene VEGF is 
assessed using qPCR after 3 days, 5 days, and 7 days of HUVEC training with the fresh PRP and cPRP. The above data are expressed as mean ±  
standard deviation, ns, not significant; *p < .05, **p < .01, ***p < .001, ****p < .0001.

Figure 2. Quantifying cytokine levels in fresh PRP and cPRP. (a–c) the concentration of the cytokine PDGF-BB (a), VEGF (b) and IL-10 (c) in pre- 
collection plasma, fresh PRP, and cPRP. The above data are expressed as mean ± standard deviation, ns, not significant; *p < .05, **p < .01, ***p  
< .001, ****p < .0001.
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two PRP groups, implying that cryopreservation does not impede 
the ability of PRP to stimulate fibroblast proliferation. In 
a separate experiment, PRP demonstrated a significant enhance
ment in the proliferation of human endothelial cells (Figure 3f). 
Following a three-day co-culture, the co-culture of fresh PRP 
exhibited a marked variance in cell count in contrast to the control 
group, whereas this variance was less distinct with cPRP. By the 
fifth day, the cell count of both PRP co-culture groups exceeded 
that of the control group.

The proliferation and migration of fibroblasts facilitate their 
recruitment to damaged tissue sites. In the in vitro scratch 
assay, over a 12-hour period, the closure degree of cell scratch 
areas co-cultured with both PRP groups was notably higher 
compared to the control group (Figure 3g,i). Notably, cPRP 
demonstrated a higher migration rate than fresh PRP. 
Evaluating the branching pattern and length of tubular struc
tures formed by endothelial cells in culture dishes permits the 
evaluation of the ability of distinct culture conditions to stimu
late endothelial cell angiogenesis. Morphological statistics of 
HUVECs cultured under different conditions (Figure 3h) 
demonstrated that, relative to the group with normal culture 
medium, co-culture with both fresh PRP and cPRP led to 
greater numbers of vascular branching points and longer capil
lary lengths (Figure 3j,k). However, no statistically significant 
differences were detected between the two PRP groups. 
Elevated VEGF gene expression in endothelial cells serves as 
a marker of enhanced angiogenesis. qPCR analysis indicated 
that both PRP groups significantly enhanced VEGF gene 
expression across consecutive time points relative to the con
trol group, with no significant intergroup differences 
(Figure 3l). Hence, a sequence of in vitro experiments indicates 
that cryopreservation preserves the bioactive properties of PRP. 
Concerning cells associated with wound healing, cryopreserva
tion exerts a minimal influence on cellular responses, and in 

certain instances, cPRP exhibits even improved efficacy. 
Consequently, coupled with the clinical applicability facilitated 
by cPRP, it showcases considerable potential for therapeutic 
applications.

Effect of cPRP concentration on polarization of macrophages

Platelets within cPRP are rich in growth factors and cytokines that 
can influence cell proliferation, differentiation, and 
functionality.29 Variations in cPRP concentrations might lead to 
diverse cellular responses, as excessively high concentrations 
could induce cellular hyperstimulation, while lower concentra
tions might not provide adequate bioactive components. Thus, 
the exploration of optimal concentrations to harness the stimula
tory effects of cPRP is crucial for enhancing its therapeutic 
efficacy in wound treatment.

Firstly, to investigate the impact of different cPRP concentra
tions on polarization, macrophages were co-cultured with cPRP at 
1%, 5%, and 10% concentrations, respectively. Microscopic exam
ination of CD206/DAPI immunofluorescence-stained cells 
showed that all three cPRP concentration groups induced macro
phage polarization toward the M2 phenotype, with the 5% con
centration group displaying a notably elongated morphology 
compared to the others (Figure 4a). Quantitative analysis of 
fluorescence intensity supported these observations, revealing 
significant CD206 expression across all co-cultured macrophage 
groups. Moreover, the 5% cPRP concentration led to the highest 
CD206 expression, while the 10% concentration group exhibited 
the lowest expression levels among the tested concentrations 
(Figure 4b).

By conducting q-PCR analysis on cytokine gene expression, 
compared to the control group, macrophages co-cultured with 
cPRP at three different concentrations exhibited lower expres
sion levels of the M1 polarization-associated factor IL-6, while 

Figure 4. Effect of cPRP concentration on polarization of macrophages. (a) Fluorescence images of co-cultured macrophages with three groups of 
cPRP with varying concentration. The macrophage polarization was evaluated through CD206/DAPI immunofluorescence staining (green: CD206; 
blue: DAPI). (b) Statistical analysis results of average fluorescence intensity of CD206 of fresh PRP and cPRP co-culturing macrophages. (c, d) the 
expression levels of macrophage polarization related genes IL-6 (c), and IL-10 (d), after co-culturing with three cPRP concentration groups for 3 days 
and 5 days. (e–g) statistical charts of the expression levels of CD80, CD163, and CD206, markers of M0, M1, and M2 macrophages. (h–j) statistical 
charts comparison of the differences in the expression of macrophage surface markers CD80, CD163, and CD206 after co-culturing with three cPRP 
concentration groups. The above data are expressed as mean ± standard deviation, ns, not significant; *p < .05, **p < .01, ***p < .001, ****p < .0001.
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showing higher expression of the M2 polarization-associated 
factor IL-10 (Figure 4c,d). Notably, after five days of co- 
culture, IL-10 expression levels significantly increased relative 
to the three-day co-culture, with the 5% concentration group 
displaying the highest expression. These findings underscore 
the M2 polarization-inducing capacity of all cPRP concentra
tions, with the 5% concentration proving to be the most 
effective.

Continuing the investigation, we proceeded to select three 
specific factor expressions as markers, and subsequently utilized 
flow cytometry to sort the co-cultured macrophages (Figure 4e– 
g). The outcomes revealed that, concerning the M1 cell- 
associated marker CD80, the proportion of CD80-labeled cells 
was markedly reduced in the cPRP co-culture groups compared to 
the control (Figure 4h). Conversely, upon sorting based on M2 
cell-associated markers CD163 and CD206, all three co-culture 
groups exhibited distinct trends toward M2 macrophage polariza
tion in contrast to the control group. Specifically, over 60% of 
cells expressed CD163 and more than 10% of cells displayed 
CD206 expression. Consistently across the results of the flow 
cytometry experiments for all three groups, the 10% cPRP 
group exhibited the least suppression of M1 macrophage polar
ization and the least promotion of M2 macrophage polarization, 
while the 5% cPRP group demonstrated the most favorable out
comes in terms of macrophage polarization effects (Figure 4i,j).

Effect of cPRP concentration on the fibroblast and 
endothelial cell

Autologous PRP from patients offers potential advantages, 
avoiding potential foreign body rejection and immune 

responses. Different cPRP concentrations were co-cultured 
with L929 fibroblasts to assess cellular compatibility. All 
cPRP concentration groups showed consistently high compat
ibility over time, with cell viability exceeding 100% compared 
to controls (Figure 5a). The growth factors from PRP can 
enhance fibroblast proliferation, expediting new tissue forma
tion and wound healing. This was affirmed by CCK-8, demon
strating significant proliferation enhancement for L929 cells in 
all cPRP concentration groups. Particularly, the 5% cPRP con
centration exhibited the most substantial promotion compared 
to other groups (Figure 5b).

In the scratch assay, the process of wound filling at the 
scratched area reflects fibroblast migration capability. On 
a densely covered monolayer of cells, consistent initial scratch 
widths exhibited variations in the filling rate after 12 hours of 
co-culture with various cPRP concentrations (Figure 5c). The 
statistical results in Figure 5(d) demonstrated that all three cPRP 
co-culture groups exhibited higher migration rates compared to 
the blank control, with the 5% concentration group showing the 
highest migration rate, indicating the most effective promotion of 
fibroblast migration capability.

Endothelial cells play a crucial role in constituting the 
endothelial layer of blood vessels. During the wound healing 
process, the bioactive agents present abundantly in PRP play 
a vital role in promoting the proliferation of endothelial cells. 
This proliferation is crucial for the formation of new vascular 
structures and effective tissue repair.33 Similar to the outcomes 
observed in promoting fibroblast proliferation, different concen
trations of cPRP stimulate HUVECs proliferation, with the most 
significant effect demonstrated by the 5% concentration 
(Figure 6a). Cell viability assays demonstrate that various 

Figure 5. Effect of cPRP concentration on the proliferation and migration fibroblast. (a) The results of CCK-8 absorbance values after co-culturing 
L929 cells with three cPRP concentration groups for 1 day, 3 days, and 5 days, respectively. (b) Cell viability analysis after co-culturing L929 cells with 
three cPRP concentration groups for 1 day, 3 days, and 5 days. (c, d,) scratch test and migration area percentage statistical results of L929 in culture 
media containing different final concentrations of cPRP for 12 hours. The above data are expressed as mean ± standard deviation, ns, not significant; 
*p < .05, **p < .01, ***p < .001, ****p < .0001.
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concentrations of cPRP maintain a high level of compatibility 
with HUVECs, whether assessed at 1, 3, or 5 days (Figure 6b).

Growth factors present in PRP, particularly platelet-derived 
vascular endothelial growth factor (VEGF), are known to stimu
late the formation of blood vessel networks in wound areas, 
facilitating the delivery of oxygen and nutrients essential for 
wound healing.20 After co-culturing HUVECs with different con
centrations of cPRP for four hours, a consistent angiogenic ten
dency was observed in the matrix (Figure 6c). Analysis of tube 
length revealed that all three concentrations of cPRP promoted 
tube length growth compared to the control group cultured in 
regular growth medium, with the 5% concentration exhibiting 
the most significant effect (Figure 6d). The number of branching 
points in tubular structures is also a crucial indicator of angiogen
esis. Statistical results further indicated the efficacy of cPRP in 
augmenting the number of branching points, with the 5% concen
tration yielding the most favorable outcomes (Figure 6e). Finally, 
qPCR analysis of the VEGF gene expression of co-cultured 
HUVECs confirms the pro-angiogenic potential of cPRP. 
Nonetheless, in comparison to the 1% and 10% concentrations, 
the 5% concentration consistently manifested heightened VEGF 
expression levels, spanning both the 3-day and subsequent 5-day 
and 7-day time points (Figure 6f).

Discussion

PRP is widely used in the fields of sports medicine, traumatology, 
and orthopedics, and has become a highly regarded therapeutic 
modality.22,35–37 Its rich content of growth factors and cytokines 
demonstrates potential efficacy in promoting tissue healing, facilitat
ing soft tissue and bone regeneration, and reducing pain while 
shortening recovery time.38,39 In sports medicine, it is commonly 
employed for treating muscle strains, tendon injuries, and joint 
damage, as well as for enhancing athletes’ recovery and 
performance.40–42 In traumatology, it is extensively utilized to accel
erate wound healing, facilitate soft tissue repair, and promote fracture 
healing.43–45 In orthopedic surgery, the use of PRP can stimulate 
bone regeneration, reduce postoperative complications, and expedite 
the recovery process.46,47 The successful clinical applications of PRP 
serve as reliable support for its further utilization in medical practice.

The generation process of cPRP mirrors that of human platelet 
lysate (HPL), the latter being a widely acknowledged substitute 
for fetal bovine serum in cell culture.48–51 HPL has garnered 
global recognition for its efficacy, with numerous studies empha
sizing its concentration of growth factors and cytokines compared 
to non-frozen PRP, along with their impact on cell 
proliferation.52–55 Given its established efficacy as both a cell 
culture medium and a clinically tested blood product for tissue 
regeneration across various disorders, we compare cPRP with 
non-frozen PRP in this manuscript.56–58 From a clinical perspec
tive, cryopreservation technology offers a practical solution in 
addressing the challenges associated with the long-distance trans
portation and long-term storage of PRP.59 The utilization of 
cPRP, achieved through freezing, offers the flexibility of on- 
demand utilization, alleviating constraints imposed by time and 
location and thereby adapting better to diverse clinical 
settings.60,61 In contrast, the application of fresh PRP is con
strained by a limited timeframe for collection, preparation, and 
utilization. This study demonstrates that cPRP maintains its 
bioactivity; however, distinctions persist between cPRP and 
fresh PRP, potentially attributed to cryopreservation-induced 
impact on specific bioactive molecules.9,21 Further investigation 
could focus on the specialized steps involved in cPRP preparation 
and management to ensure that the freezing and thawing pro
cesses do not compromise its effectiveness.

Given the intricacies of clinical application, precise control 
over the concentration of cPRP is crucial for maximizing its 
therapeutic efficacy.62 The experimental findings of this study 
have unveiled the pronounced influence of cPRP concentration 
on pivotal cellular processes implicated in wound healing, encom
passing macrophage polarization, fibroblast proliferation and 
migration, as well as endothelial cell proliferation and angiogen
esis. Through systematic assessment, this work has identified 
optimal cPRP concentration ranges for specific cellular responses, 
thereby furnishing substantial foundations for personalized treat
ment approaches. Such meticulous control not only facilitates 
tailored therapeutic strategies to address distinct wound healing 
stages, but also curtails unnecessary cellular responses arising 
from excessive or inadequate concentrations, thereby ensuring 
the attainment of optimal treatment efficacy in clinical 
applications.

Figure 6. Effect of cPRP concentration on the vascularization and proliferation of HUVECs. (a) The results of CCK-8 absorbance values after co- 
culturing HUVECs with three cPRP concentration groups for 1 day, 3 days, and 5 days, respectively. (b) Cell viability analysis after co-culturing 
HUVECs with three cPRP concentration groups for 1 day, 3 days, and 5 days. (c–e) after culturing HUVECs for 4 hours in culture medium containing 
different final concentrations of cPRP(c), the total length of in vitro angiogenesis (d) and the number of meshes (e) were statistically analyzed. (f) After 
co-culturing with HUVECs at different final concentrations of cPRP for 3 days, 5 days, and 7 days, q-PCR showed mRNA expression of angiogenesis- 
related gene VEGF. The above data are expressed as mean ± standard deviation, ns, not significant; *p < .05, **p < .01, ***p < .001, ****p < .0001.
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The experimental data and conclusions derived from this study 
bear significant implications for guiding and advancing the future 
utilization of PRP in clinical applications. Macrophages, fibro
blasts, and endothelial cells play pivotal roles in different phases 
of wound healing, and the precise modulation of cPRP concentra
tion can optimize their responses during the inflammatory and 
regenerative stages. This facet holds promising potential for pro
moting wound healing, mitigating scar formation, and enhancing 
tissue regeneration. Informed by the guidance offered by this study, 
forthcoming clinical research and applications can adeptly select 
and adjust cPRP concentrations, thereby attaining more efficient 
and personalized therapeutic effects. Moreover, the implications of 
this study extend to diverse domains of PRP application, encom
passing fields like trauma surgery, plastic surgery, and sports 
medicine. In summation, the experimental results presented herein 
not only offer pivotal experimental support for the clinical applica
tion of cPRP but also lay a robust foundation for the extensive use 
of PRP in various medical contexts in the future.

However, this study still has certain limitations. Different 
freezing conditions may exert varying effects on PRP after freez
ing, such as storage temperature and duration, potentially influen
cing the activity and biological properties of platelets, requiring 
further in-depth investigation. Additionally, outcomes obtained 
from in vitro experiments may not entirely reflect in vivo 
human conditions. Hence, for the extrapolation of experimental 
findings into clinical medical applications, more studies are 
needed to validate their efficacy and safety.

Conclusion

Through a series of in vitro experiments, this study extensively 
investigated the impact of cryopreservation on PRP bioactivity and 
its cellular effects in wound healing processes. The findings demon
strated the robust maintenance of bioactivity in cPRP, which exhib
ited significant regulatory capabilities in key cellular processes such 
as macrophage polarization, fibroblast proliferation, and endothelial 
cell functionality. Notably, distinct cPRP concentrations displayed 
varying degrees of regulatory influence on cellular functions. These 
discoveries offer substantive groundwork for personalized therapies, 
enabling future clinical applications and research to selectively 
adjust cPRP concentrations for enhanced treatment outcomes. 
Moreover, these insights establish a solid foundation for the broad 
applications of PRP in the medical domain.
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