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Abstract
Background  Leukocyte- and platelet-rich fibrin (L-PRF) is an autologous platelet concentrate, prepared by centrifugation 
of blood and consisting of a dense fibrin network with incorporated leukocytes and platelets. This study aims to perform an 
in-depth analysis of the cells, growth factors, and transcriptome of L-PRF.
Methods and results  Fresh, 1 week and 2 weeks cultured human L-PRF membranes and liquid L-PRF glue were char-
acterized on cellular and transcriptional level using flow cytometry (n = 4), single-cell RNA sequencing (n = 5) and RT-
qPCR. Growth factor kinetics were investigated using ELISA (EGF, VEGF, PDGF-AB, TGF-β1, bFGF). L-PRF contained 
a large number of viable cells (fresh 97.14 ± 1.09%, 1 week cultured 93.57 ± 1.68%), mainly granulocytes in fresh samples 
(53.9 ± 19.86%) and T cells in cultured samples (84.7 ± 6.1%), confirmed with scRNA-seq. Monocytes differentiate to mac-
rophages during 1 week incubation. Specifically arterial L-PRF membranes were found to release significant amounts of 
VEGF, EGF, PDGF-AB and TGF-β1.
Conclusion  We characterized L-PRF using in vitro experiments, to obtain an insight in the composition of the material 
including a possible mechanistic role for tissue healing. This was the first study characterizing L-PRF at a combined cellular, 
proteomic, and transcriptional level.
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BSA	 �Bovine serum albumin
ACK	� Ammonium-chloride-potassium
PFA	 �PBS-buffered formaldehyde
UMAP	 �Uniform Manifold Approximation and 

Projection
UMI	 �Unique molecular Identifier
WBCs	 �White blood cells
A-PRF	 �Advanced PRF

Introduction

Wound healing is a complex process vital for tissue recovery, 
encompassing interactions between coagulation, inflamma-
tion, cell proliferation and tissue remodeling. Platelets are 
important during the first phase, regulating hemostasis and 
fibrin clot formation by their release of cytokines and growth 
factors, attracting leukocytes. Those leukocytes immedi-
ately start cleaning the wound site by removing bacteria and 
debris, and form a barrier against pathogens. Attraction of 
additional leukocytes is regulated by release of growth fac-
tors such as transforming growth factor β (TGF-β) or vascu-
lar endothelial growth factor (VEGF). Monocytes transform 
into macrophages under the influence of growth factors and 
produce VEGF and platelet-derived growth factor (PDGF) 
themselves, initiating the formation of granulation tissue. 
The proliferative phase is characterized by the formation of 
a provisional matrix involving fibroblasts. Here, growth fac-
tors induce cellular processes resulting in reorganization of 
the extracellular matrix, including angiogenesis. During the 
remodeling phase, the tissue regains strength and stability 
due to collagen remodeling.

Platelet concentrates are blood products containing plate-
lets suspended in plasma. They have regenerative proper-
ties and are gaining interest as they may have an impact on 
the various phases of wound healing. The first generation 
of platelet concentrates (platelet-rich plasma or PRP) were 
obtained from patient’s blood after various biochemical 
processing, including two blood collection steps, two dis-
tinct centrifugation steps, and addition of an anticoagulant 
and coagulation activator, which resulted in a long prepara-
tion protocol with inconsistent results [1]. Leukocyte- and 
platelet-rich fibrin (L-PRF) is a second-generation platelet 
concentrate and currently one of the most commonly used 
platelet concentrates in various surgical disciplines [2–5]. 
This product is made by the centrifugation of autologous 
blood without anticoagulant [6]. Fibrin polymerization 
is triggered by centrifugation, resulting in a strong three 
dimensional fibrin network. Leukocytes and platelets get 
incorporated in the fibrin matrix due to the slow polym-
erization of fibrin fibers upon contact with the tube walls. 
For second generation platelet concentrates, elaborated 

protocols exist, resulting in more consistent results. Fur-
thermore, the simple procedure allows for quick preparation 
using only one centrifugation step. Therefore, biosafety is 
assured as the material is completely autologous L-PRF can 
be applied in the form of a gel, i.e. liquid L-PRF glue, or as 
a compressed membrane.

Various studies have investigated L-PRF in vitro, in order 
to characterize the material. The cell-rich matrix of L-PRF 
contains up to 50% of the leukocytes and 97% of platelets of 
the original blood [7]. The presence of different growth fac-
tors has been documented, concentrated within the matrix 
after being released by platelets [8]. The fibrin matrix is 
thought to act as a reservoir, providing sustained growth fac-
tor release. Additionally, antimicrobial, angiogenic, and cell 
migration-inducing properties of L-PRF have been demon-
strated [9–11]. Analysis of the secretome of L-PRF showed 
that growth factors such as epidermal growth factor (EGF), 
platelet-derived growth factor A (PDGFA) and transforming 
growth factor beta 1 (TGFB1), as well as proteins related to 
neutrophil and platelet degranulation could explain benefi-
cial effects of L-PRF on wound healing [12].

L-PRF has not been investigated at the combined cel-
lular, protein and transcriptional level. Additionally, differ-
ences between venous and arterial blood samples have also 
not been studied. This study aims to perform an in-depth 
analysis of the cells, growth factors, and transcriptome of 
L-PRF, hypothesizing that mechanisms taking place in the 
L-PRF are beneficial for wound healing. In order to observe 
the cellular activity, differentiation, and degradation, L-PRF 
was investigated both immediately after generation and later 
after prolonged incubation to mimic the real-life situation 
of L-PRF implanted in a (surgical) wound bed. Single-cell 
RNA sequencing (scRNA-seq) was performed to identify 
the cellular components of L-PRF and their transcriptional 
profile over time.

Materials and methods

Ethics approval and informed consent

This study was approved by the local Ethical Committee of 
UZ Leuven (S61460 and S61636). Healthy volunteers were 
recruited in study S61636 for donation of venous blood. 
Patients at the department of neurosurgery, enrolled in study 
S61460, donated arterial blood during surgery (Fig. 1A). All 
participants signed informed consent prior to study enroll-
ment. All procedures were in accordance with the Declara-
tion of Helsinki and the Belgian Law relating to experiments 
on human persons (May 7, 2004).
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Fig. 1  Experimental design (A) Sample collection; venous and arterial 
blood collection in glass tubes (red-capped) and plastic-coated (white 
capped) collection tubes. (B) Preparation of L-PRF and liquid L-PRF 
glue. (C) In vitro set-up, culture (1 week and 2 weeks) of L-PRF mem-
branes, preparation for histology and RT-qPCR, collection of medium 

for protein quantification of growth factors and D-dimers (ELISA), 
processing to single cell suspension of fresh and cultured membranes 
for single-cell week RNA sequencing and flow cytometry. (D) In vitro 
set up, culture and co- culture of liquid L-PRF glue with L-PRF mem-
branes, processing to single cell suspension for flow cytometry
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and mounted. Images were taken with an Axiovert 200 M 
inverted microscope (Zeiss, Jena, Germany).

Protein quantification

Fibrin degradation products and growth factor release 
from L-PRF cultures were assessed using ELISA. More 
specifically, D-dimers, vascular endothelial growth factor 
(VEGF), platelet-derived growth factor (PDGF), fibroblast 
growth factor (FGF), transforming growth factor- beta 2 
(TGF-ß1), IGF (insulin-like growth factor) and epidermal 
growth factor (EGF) from L-PRF membranes in general 
enriched culture medium (RPMI) were measured after 1 and 
2 weeks incubation at 37  °C with 5% CO2. The analyses 
were performed according to the manufacturer’s guidelines 
(Table S1). Absorbance was measured with the Multiskan 
FC and processed using SkanIt software (version 7.0.2, 
ThermoFisher Scientific).

mRNA expression: RT-qPCR

Total RNA was isolated from L-PRF membrane samples 
using the Qiagen Mini RNeasy Kit (Qiagen, Germantown, 
MD, 74106) after disruption and homogenization in lysing 
matrix D tubes (MP Biomedicals) with Buffer RLT (Qia-
gen, Hilden, Germany). RNA concentration and purity were 
measured by UV spectrophotometry on NanoDrop (Ther-
moFisher Scientific, Massachusetts, US). Per sample, 200 
ng mRNA was used to reverse transcribe into cDNA with 
500U MultiScribe Reverse Transcriptase (ThermoFisher) 
in the presence of 1U RNAse inhibitor in a thermal cycler 
(10 min at 25 °C, 120 min at 37 °C, 5 min at 85 °C). RT-
qPCR was performed to measure mRNA of growth factors, 
more specifically EGF, VEGFA, PDGFA, FGF2, IGF1, and 
TGFB1. First, six reference genes commonly used as inter-
nal controls in expression studies, namely glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), β2-microglobulin 
(B2M), ribosomal protein L13a (RPL13A), hypoxanthine 
phosphoribosyl transferase (HPRT), receptor for activated C 
kinase 1 (RACK1) and β-actin (ACTB) were evaluated using 
the RefFinder tool [15]. RACK1 and RPL13A were the most 
stable reference genes according to the RefFinder analyses 
(data not shown) [15]. Results of the measured genes were 
normalized to the geometric mean of the reference genes 
RACK1 and RPL13A.

PrimeTime® Gene Expression Master Mix (Integrated 
DNA Technologies) was used in combination with specific 
forward and reverse primers in a final concentration of 300 
nM and a hydrolysis probe in final concentration of 200 nM 
(sequences are listed in Table S2). cDNA plasmid standards 
were used to quantify the amount of target gene transcripts 
in unknown samples. Standards were performed in triplicate 

Blood collection and L-PRF preparation

L-PRF was prepared following the IntraSpin protocol 
(Fig.  1B). Venous blood was collected via venipuncture, 
directly in glass- or silica-coated tubes (A-PRF, Process for 
PRF, Nice, France and BVBCTP2_50, Intra-Lock, Boca 
Raton, FL, 455385). Arterial blood was collected in sterile 
syringes from the arterial line which was installed for the 
purpose of the surgery, in line with the methodology of our 
clinical study [13]. The blood was then immediately trans-
ferred to glass- or silica-coated tubes for L-PRF membrane 
and liquid L-PRF glue production, respectively. As soon as 
the blood draw was completed, the tubes were centrifuged 
at 2700 rpm (400 g) during 12 min for L-PRF membranes 
or 3 min for liquid L-PRF glue. Liquid L-PRF glue was col-
lected in a sterile syringe after centrifugation. For L-PRF 
membranes, the fibrin clot was removed from the tube, 
separated from the red blood cells with sterile spatulas and 
placed in an Xpression™ box for gentle compression. After 
5 min, the final product was released from the box [14].

L-PRF membrane samples were either immediately pro-
cessed for flow cytometry and scRNA-seq, incubated in 
culture medium and further analyzed as ‘cultured samples’ 
or snap frozen and stored at -80 °C as ‘fresh samples’ for 
further analysis (Fig. 1C, D).

Incubation

Fresh L-PRF membranes were cultured in a 6 well plate 
for one week, two weeks or three weeks in 4 mL general 
enriched culture medium (RPMI 1640, Gibco, 1875-034) 
with added 10% fetal bovine serum (FBS) (Gibco, 10270-
106), 1% L-Glutamine and 2% penicillin streptomycin 
10.000 U/mL (Gibco, 15140-122). Incubation conditions 
were at stable 37 °C with 5% CO2 and high humidity. After 
incubation, the medium was collected and centrifuged for 
5 min at 1400  rpm. Supernatant was stored at -80  °C for 
enzyme-linked immunosorbent assay (ELISA) analysis. For 
quantitative reverse transcription polymerase chain reaction 
(RT-qPCR), L-PRF samples were snap frozen and stored at 
-80 °C as well. For flow cytometry and sRNA-seq, L-PRF 
membranes were immediately processed to single-cell sus-
pensions and the cell pellet from the centrifuged medium 
was added to the sample.

Haemalum and eosin staining

L-PRF membranes were embedded in paraffin, and 5  μm 
paraffin sections were made using a microtome. The sections 
were deparaffinized and rehydrated before staining with 
haemalum and eosin. The samples were then dehydrated 
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(Merck, 30525-89-4) for 15 min at room temperature and 
afterwards washed again.

Data were acquired with an LSRFortessa SORP flow 
cytometer (configuration settings summarized in Table S4) 
running FACSDiva™ software version 8 (BD Biosci-
ences, Erembodegem, Belgium). Data were analyzed with 
FlowJo™ 10.8.0 software (BD). Fluorescence minus one 
controls were included.

Single cell RNA sequencing

The processing of the single cell suspensions was performed 
by the KU Leuven Genomics Core. Single cell suspensions 
were loaded on a 10x Chromium microfluidics system 
according to the manufacturer’s guidelines (10x Genomics).

Library preparation

The 10X Genomics Chromium Single Cell 5’ kit v2 and 
10X Genomics chromium controller (10X Genomics) were 
used to generate scRNA-seq 5’ gene expression libraries, 
according to the protocol guidelines (10x Single cell 5’ 
v2). Cells were loaded on single-cell Gel beads in EMul-
sion with primers containing barcodes including Illumina 
R2 sequence adapter, bead-unique 10X barcode, primer-
unique ‘Unique molecular Identifier’ (UMI) and a poly dT 
primer sequence. After cell lysis, reverse transcription was 
performed in order to converse primed mRNA to comple-
mentary cDNA, full length and uniquely 10x barcoded. 
This barcoded cDNA was amplified using PCR, followed by 
enzymatic fragmentation, end repair, poly A-tailing, adap-
tor ligation and sample index PCR to construct sequencing 
libraries. Finally, the libraries were sequenced.

The 5’ mRNA library was sequenced with Illumina Nova-
Seq 500 (Illumina, San Diego, USA) aiming to produce at 
least 25 000 reads per cell. FastQC software [16] was used 
for checking the quality of the libraries.

Data acquisition and pre-processing

The raw sequencing reads were demultiplexed and aligned 
to the GRCh38 human reference genome using 10x Genom-
ics Cell Ranger software and processed to a matrix repre-
senting the UMI’s per cell barcode per gene. Low-quality 
cells were excluded using the following criteria: If the num-
ber of expressed genes was below 300, the cells were dis-
carded from further analysis due to low quality. Cells with 
more than 10% mapping to genes expressed from the mito-
chondrial genome, and red blood cell contaminated popula-
tions with more than 100 reads of hemoglobin genes (HBA, 
HBB1 or HBB2) were discarded as well. Cells with more 
than 1150 expressed genes were filtered out of the further 

and samples in duplicate. Data were captured and analyzed 
using the CFX connect Real-Time PCR detection System 
(Bio-Rad, München, Germany).

Preparation of single cell suspension

Fresh L-PRF membranes were rinsed with Dulbecco’s 
phosphate-buffered saline (PBS) (Gibco, 14190-094), 
minced into small pieces with scissors (< 1 mm³) and cells 
were released by mechanical dissociation, by applying gen-
tle pressure through a 70 μm cell strainer (Greiner Bio-one, 
542070) while rinsing with PBS supplemented with 0.5% 
bovine serum albumin (BSA).

Red blood cell lysis was performed using an ammonium-
chloride-potassium (ACK) lysing solution for 10 min, fol-
lowed by two washing steps with fresh PBS with 0.5% BSA. 
For flow cytometry, the viable cell count was determined 
via a Bürker Hemocytometer using Trypan Blue exclusion 
(BioWhittaker®, Lonza).

For scRNA-seq, the cells were resuspended in ice-cold 
washing buffer after red blood cell lysis. Cell viability was 
determined by loading 10 µL of the single cell suspension 
on an immunofluorescence-mediated automated cell coun-
ter (Luna FL cell counter, Logos Biosystems). A viability 
of at least 70% was required to proceed to the sequencing. 
To reduce dissociation-related artefacts because of tran-
scriptionally active and reacting cells at room temperature, 
cells were kept on ice whenever possible throughout the 
procedure.

Flow cytometry

Cell populations in L-PRF membranes and liquid L-PRF 
glue samples were characterized using flow cytometric 
analysis. Per sample, 500 000 cells were incubated with Fix-
able Viability Dye eFluor™ 780 (ThermoFisher Scientific, 
Waltham, MA USA) at room temperature and protected from 
light. After washing with PBS (Gibco, 14190-094) + 0.5% 
BSA (Sigma-Aldrich, 9048-46-8), the cells were incubated 
for 30 min at 4 °C with an antibody mix containing the fol-
lowing markers: pan leukocyte marker CD45-V500, leuko-
cyte progenitor CD34-BV650, T cell markers CD3-APC, 
CD4-PerCP-Cy5.5, CD8-BV421, monocyte markers CD14-
PE and CD16-PECy5, granulocyte marker CD15-PECy7, 
B cell marker CD19-FITC, natural killer (NK) cell marker 
CD56-BV711 (Table S3). Antibodies were purchased from 
BD Biosciences (CD8-BV421, CD14-PE, CD16-PECy5, 
CD19-FITC, CD34-BV650, CD45-V500), Biolegend 
(CD15-PECy7, CD56-BV711) and ThermoFisher Scientific 
(CD4-PerCPCy5.5). After incubation, cells were washed 
and incubated in 1% PBS-buffered formaldehyde (PFA) 
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interquartile range (not normally distributed). Bonferroni 
correction was applied to account for multiple testing. A 
difference was considered statistically significant when p 
˂0.05.

Results

Sample characteristics

Samples were collected from 18 healthy volunteers (venous 
L-PRF samples) and 38 neurosurgical patients (arterial 
L-PRF samples). Samples were analyzed fresh, after one 
and after two weeks (Fig. 1).

Histologic haemalum and eosin staining showed wide-
spread white blood cells (WBCs) in a fresh L-PRF mem-
brane, whereas WBCs were not abundant in 1- and 2-weeks 
cultured samples. In addition, histological artefacts indi-
cated a less firm consistency of the fibrin network in the 
cultured samples (both one and two weeks) (Fig. 2A, B, C).

Cell viability was measured in fresh L-PRF membranes 
(97.14 ± 1.09%), in one week cultured (93.57 ± 1.68%) and 
in two weeks cultured (44.70 ± 3.95%) samples (Fig. 2D). 
Fibrin integrity was determined in L-PRF membranes pre-
pared from venous and arterial blood after one week of 
incubation, by measuring D-dimers in the culture medium. 
The concentration of D-dimers was lower in medium from 
arterial L-PRF membranes than in venous L-PRF mem-
brane medium (562.7 ± 399.9 ng/mL versus 1266 ± 467.0 
ng/mL), suggesting a more stable fibrin network in L-PRF 
membranes derived from arterial blood (Fig. 2E).

analysis (Figure S1). In order to remove batch effects, a cor-
rected expression matrix was created using the R package 
Harmony.

Downstream analysis of the single cell expression matrix 
was performed with RStudio-based pipeline Seurat (avail-
able at Satijalab). Analysis comprised data normalization 
(using LogNormalize function), differential expression anal-
ysis (FindVariableFeatures, FindMarkers) and visualization.

Genes with a normalized expression between 0.125 and 3, 
and a quartile-normalized variance of > 0.5 were selected as 
variable genes. Using these variably expressing genes, prin-
cipal components were constructed. Principal components 
covering the highest variance in the dataset were selected 
based on elbow graphs and jackstraw plots. Clusters were 
calculated using the FindClusters function. Louvain clus-
tering and dimensionality reduction using Uniform Mani-
fold Approximation and Projection (UMAP) algorithm. 
t-distributed stochastic neighbor embedding (t-SNE) were 
generated at different resolutions in order to gain additional 
insight regarding cell composition. For each cluster, marker 
genes were identified using the FindAllMarkers function 
and Wilcoxon rank sum test.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
v.9 for Windows (La Jolla, CA, USA). Normality was deter-
mined using a Shapiro-Wilk test. Comparisons between 
conditions were tested using paired or unpaired t-test of 
Mann-Whitney U test. Data is represented as mean and 
standard deviation (normally distributed) or median and 

Fig. 2  Viability and fibrin integrity of L-PRF membranes (A-B-C) 
Histologic haemalum and eosin staining of (A) fresh venous L-PRF 
membrane, (B) 1 week cultured venous L-PRF membrane and (C) 2 
weeks cultured venous L-PRF membrane. (D) Cell viability in fresh, 

1 week cultured and 2 weeks cultured venous L-PRF membrane sam-
ples. (E) D-dimers indicating fibrin degradation in arterial vs. venous 
blood after 1 week culture
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T cells (22.07 ± 10.1%). Fresh liquid L-PRF glue (n = 4) 
contained less cells in total compared with fresh L-PRF 
membranes, but with similar distribution between cell types. 
However, there was a significant difference in CD15+ gran-
ulocytes between fresh L-PRF membranes and fresh liquid 
L-PRF glue (48.66 ± 22.93 vs. 31.65 ± 13.45%, p = 0.03) 
(Fig. 3B, C). After one week of incubation, predominantly 

Flow cytometry

The cellular composition of venous L-PRF membranes, 
liquid L-PRF glue and a combination of both was deter-
mined using flow cytometry. The gating strategy is shown in 
Fig. 3A. In fresh L-PRF membranes (n = 6), CD15+ granulo-
cytes were predominant (53.9 ± 19.86%) followed by CD3+ 

Fig. 3  Flow cytometric analysis of cells in a single-cell suspension 
extracted from L-PRF samples. (A) Gating strategy of a representa-
tive sample. (B) Main cell types present in fresh L-PRF membranes 

(n = 4). (C) Main cell types present in fresh liquid L-PRF glue (n = 4). 
(D) Main cell types present in a 1-week incubated L-PRF membrane 
(n = 4). Error bars represent the standard deviation
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of JCHAIN and TNFRSR17 and cluster 11 as lymphoid pro-
genitor cells (CENPF, TOP2A and MKI67). Further, a small 
and distant cluster (cluster 12) contained cells identified 
as plasmacytoid dendritic cells expressing PLD4, LILRA4 
and JCHAIN. Cluster 7 contains neutrophils, megakaryotic-
erythroid progenitors (MEP) and hematopoietic stem cells 
(HSC). Important canonical markers for visualization of 
main cell types are depicted in Fig. 4D.

Cultured L-PRF membrane

In the cultured L-PRF membrane, similar clusters were 
found with respect to B cells and T cells as in the fresh sam-
ples (Fig.  5A-D). However, after culture L-PRF samples 
lose their monocyte content. The myeloid cluster (cluster 
7) mainly showed the appearance of macrophages express-
ing CD68, CXCL8 and C1QA. T cells still configured the 
main cluster, subclassified in CD8+ naïve T cells (cluster 0), 
effector T cells (cluster 2) and CD4+ effector T cells (cluster 
3). Cluster 4 was predicted as T cells with pre-B cells and 
CD34+ pro-B cells but the CD34 marker was not differen-
tially expressed in these cells. Based on canonical markers 
and activation markers, cluster 4 preferably corresponds to 
common lymphoid progenitor cells (CLP). Cluster 6 con-
tained B cells and cluster 9 could be identified as plasma 
cells. Cluster 5 was characterized by effector T/NK cells. 
Additionally, another cluster (cluster 8) corresponded to NK 
cells. Cluster 10, most differentially expressing CLC, HBD 
and GATA2 remained unclear.

To assess the differences between fresh and cultured sam-
ples, we projected the merged data onto the UMAP embed-
dings of cells from both types of samples from the same 
donor (cultured sample lprf12 and fresh sample lprf15) 
(Fig. 6A). Comparison of a fresh L-PRF membrane with a 
1-week cultured membrane from the same donor revealed 
similar profiles of T cells and B cells, but differences in 
the myeloid cell cluster (Fig.  6B, C). Fresh L-PRF mem-
branes contained monocytes and few neutrophils, whereas 
cultured membranes contained an additional cluster iden-
tified as macrophages. Indeed, when investigating highly 
differentially expressed genes between the two samples, 
macrophage markers such as LYZ, JCHAIN, IGKG, CCL2 
and SPP1 came forward (Fig. 7A, B).

RT-qPCR

To assess the possible effect of L-PRF and the incorporated 
immune cells on a wound environment, including wound 
healing and tissue regeneration, growth factor expression 
was studied. VEGFA and PDGFA mRNA levels remained 
unchanged before and after culture (Fig. 8A, Table S5). EGF 
mRNA was significantly elevated in L-PRF membranes 

T cells were observed (84.7 ± 6.1%, Fig. 3D), and CD4+ or 
CD8+ subsets were not identified anymore, likely due to 
internalization or cleavage of membrane antigens.

scRNA-seq

In a next step, we prepared twelve venous L-PRF mem-
branes from six healthy volunteers for scRNA-seq, of which 
six fresh L-PRF membranes and six L-PRF membranes 
cultured for one week. Viability results showed that only 
five samples were of sufficient quality (viability > 70%) to 
proceed with the sequencing reaction, of which four fresh 
samples and one cultured sample (data not shown). The cul-
tured sample (lprf12) was derived from the same donor as 
one of the fresh samples (lprf15).

A total of 40 704 cells were sequenced, of which 31 
988 were from fresh samples and 8716 from the cultured 
sample. After quality control, 29 670 cells were left for fur-
ther analysis, of which 21 692 derived from the four fresh 
samples and 7978 from the cultured sample. According to 
the elbow point, the optimal principal component number 
was determined as 11 for fresh L-PRF samples, 10 for the 
cultured sample, 12 for the combination of a fresh and a cul-
tured sample (from the same donor) and 11 for all samples 
together. Clustering was done at a resolution of 0.4.

scRNA-seq analysis of L-PRF membranes depicts a 
diverse landscape of cells in the specimens. In each sample 
type (fresh, cultured, all, combination of one fresh and one 
cultured sample), cell clusters were identified based on the 
expression of specific marker genes.

Fresh L-PRF membranes

Original identity UMAP plots showed similar distribution 
of cells from the four donors (Fig. 4A). Supervised anno-
tation by SingleR identified cell types (Fig.  4B), corre-
sponding to the distribution of cell types that was identified 
using flow cytometry, with the exception of granulocytes. 
As such, the main clusters contained monocytes, T cells, 
B cells and NK/T cells, with the largest cluster contain-
ing T cells and two other important clusters representing B 
cells and myeloid cells. Subsets were further identified by 
scRNA-sequencing using canonical marker expression data 
(Fig. 4C). Monocytes were subclassified as classical (clus-
ter 3) and non-classical (cluster 8), monocytes and a fur-
ther unidentified myeloid cluster (cluster 9); T cells as naïve 
(cluster 0), effector (cluster 2) and intermediate naïve-effec-
tor T cells (cluster 1). Cluster 4 was characterized as NK 
cells. Additionally, some smaller cell clusters were found. 
Of these, some clusters were not recognized by SingleR, but 
could be identified by expression of canonical markers. As 
such, cluster 10 was identified as plasma cell by expression 
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Table S6). Mainly TGF-β1 was released and remained sta-
ble after 1 week compared to 2 weeks. Comparison between 
L-PRF membranes derived from arterial and venous blood 
resulted in significantly elevated release of TGF-β1 in arte-
rial L-PRF after 1 week culture (Fig.  8C). Other growth 
factors did not statistically differ, however, EGF and bFGF 
release was highly variable in venous samples. IGF-I was 
not detected.

after 1 week culture (Table S5). While fresh L-PRF mem-
branes had high transcription activity of TGFB1, transcrip-
tion halted after one week of culture. FGF2 and IGF1 
mRNA were below the detection limit in the majority of 
samples (data not shown).

Growth factor release analysis

ELISA analysis of growth factors released in L-PRF con-
ditioned medium showed sustained release of VEGF, EGF, 
PDGF-AB, TGF-β1 and bFGF after two weeks (Fig.  8B, 

Fig. 4  Identification of cell types 
in fresh L-PRF membranes 
(n = 4). (A) Cells are color coded 
by original sample identity. (B) 
Cell identification based on a 
supervised annotation algorithm 
(SingleR): cells are color coded 
by predicted cell type. (C) Clus-
ters identified by an unsupervised 
graph-based algorithm: color 
coded by cluster (left), with 
cluster identification based on 
highly differentially expressed 
genes (right). (D) Feature plots 
indicating main leukocyte types. 
Pan leukocyte marker PTPRC 
(CD45); stem cell marker CD34; 
granulocyte marker FUT4 
(CD15); monocyte markers 
FCGR3A and CD14; NK cell 
marker NCAM; T cell markers 
CD3E, CD4 and CD8A; B cell 
marker CD19
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Fig. 5  Identification of cell types in cultured L-PRF membranes 
(n = 4). (A) Cells are color coded by original sample identity. (B) Cell 
identification based on a supervised annotation algorithm (SingleR); 
cells are color coded by predicted cell type. (C) Clusters identified by 
an unsupervised graph-based algorithm, color coded by cluster (left), 
with cluster identification based on highly differentially expressed 

genes (right). (D) Feature plots indicating main leukocyte types. Pan 
leukocyte marker PTPRC (CD45); stem cell marker CD34; granulo-
cyte marker FUT4 (CD15); monocyte markers FCGR3A and CD14; 
NK cell marker NCAM; T cell markers CD3E, CD4 and CD8A; B cell 
marker CD19
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scRNA-seq of cells extracted from both fresh and one-week 
cultured L-PRF samples. Additionally, further characteriza-
tion was done by histologic staining, cell type identifica-
tion based on extracellular markers by flow cytometry, and 
quantification of growth factor transcription and release.

Our findings revealed that after one week of culture, 
L-PRF membranes exhibited a remarkably high number of 
viable cells, predominantly populated by T cells. Interest-
ingly, macrophages were not present in fresh membranes 
but were observed in cultured membranes, suggesting dif-
ferentiation from monocytes into macrophages during cul-
ture. This delayed appearance of macrophages derived from 
L-PRF in a wound environment could be beneficial because 
these cells play a pivotal role in the secretion of growth fac-
tors during later stages of healing, including TGF-β1, PDGF 
and VEGF [25]. These findings offer a plausible explanation 
for prior reports indicating that L-PRF promotes angiogen-
esis and stimulates tissue reconstruction [10, 26]. However, 
mRNA quantification of growth factors unveiled a decrease 
of TGF-β1 after a one-week culture, likely attributable to 
a significant proportion of TGF-β1 being released from 
platelets in an early phase. Although bFGF was not released 
in many of the samples, previous studies have shown that 
L-PRF has a beneficial long-term effect on fibroblasts [27, 

Discussion

The application of L-PRF, often referred to as naturally 
guided regeneration, has garnered substantial attention 
across various medical disciplines [17]. Naturally guided 
regeneration harnesses the innate regenerative capabilities 
of the body. Dentistry and dermatology have seen success-
ful applications of this approach, with studies demonstrat-
ing improved wound healing, bone regeneration, and tissue 
repair using L-PRF [18–23]. For instance, in oral surgery, 
L-PRF has shown promising results in procedures such as 
socket preservation, implantology, and sinus lift augmen-
tations, where it promotes accelerated healing, reduces 
post-operative complications, and enhances bone forma-
tion. Similarly, in periodontology, L-PRF has been utilized 
to support periodontal regeneration techniques like guided 
tissue regeneration and gingival recession treatments, dem-
onstrating its ability to improve clinical parameters such as 
attachment gain and reduction in probing depths [24]. Nev-
ertheless, detailed knowledge about the composition and 
underlying mechanisms of action of L-PRF remains elusive.

In this study, we investigated the cellular content and 
growth factor kinetics of L-PRF. Our methodology involved 

Fig. 6  Comparison of cell 
types in a fresh and a one-week 
cultured L-PRF membranes by 
scRNA-seq analysis. (A) Cells 
are color coded by original 
sample identity; fresh (lprf15, 
blue), and one week cultured 
(lprf12, pink). (B) Cell identi-
fication based on a supervised 
annotation algorithm (SingleR); 
cells are color coded by predicted 
cell type. (C) Main cell types 
present in fresh and 1-week incu-
bated L-PRF, quantified using 
scRNA-seq
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Fig. 7  Differential expression between fresh and cultured L-PRF mem-
branes. (A) Volcano plot indicating pairwise differential expression 
between fresh L-PRF (lprf15) and cultured L-PRF (lprf12). Indicated 

genes are specific markers for macrophages (B) Heatmap depicting 
top 5 marker genes for each of the clusters of both fresh (blue) and 
cultured L-PRF (pink)
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or cleavage of CD4 and CD8 cell surface markers during 
culture, rendering them inaccessible to flow cytometry anti-
bodies. Further investigations, for example including hep-
arinized whole blood samples as a control, could address 
this issue further. This way, it could become possible to 
elucidate the reason of the disappearance of CD4 and CD8 
markers on T cells during the L-PRF preparation process 
or during incubation. By using a heparinized whole blood 

28]. An in-depth investigation of the secretome of L-PRF 
identified similar results for growth factors, with peak 
releases after 3 days [12].

A remarkable finding from flow cytometry analysis was 
the absence of CD4+ and CD8+ T cell populations in cul-
tured L-PRF, though these cell types were still identified 
in one-week cultured L-PRF samples through scRNA-
seq. This discrepancy may be attributed to the internalization 

Fig. 8  Growth factor expression and release from L-PRF membranes. 
(A) RNA quantification (RT qPCR) of growth factor mRNA (VEGFA, 
EGF, PDGFA, TGFB1) in fresh arterial L-PRF membranes and in arte-
rial L-PRF membranes after 1 week culture. FGF2 was not detected. 
Each dot represents one sample, horizontal bar indicates mean. (B) 
Protein quantification of growth factors (VEGF, EGF, PDGF-AB, 

TGF-β1, bFGF) in venous L-PRF membranes after 1- and 2-week cul-
ture using ELISA. (C) Protein quantification of growth factors (VEGF, 
EGF, PDGF-AB, TGF-β1, bFGF) in arterial versus venous L-PRF 
membranes after 1 week culture. * indicates p ˂ 0.05, **** indicates 
p ˂ 0.0001
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relevant context outweigh this limitation. Controls con-
firmed that the growth factors measured originated from 
L-PRF rather than from the FBS. Therefore, although FBS 
may influence data interpretation, it provides a more accu-
rate in vitro model of the wound environment.

Moreover, it is important to acknowledge that L-PRF 
exhibits variability in its composition, which may impact 
therapeutic efficacy. Key factors contributing to this vari-
ability encompass macroscopic and mechanical properties 
such as size, firmness, color, and opacity, as well as micro-
scopic properties including platelet count, fibrin concentra-
tion, and leukocyte content. While this variability has been 
previously investigated [7, 32, 33], additional research is 
warranted to further enhance therapeutic effectiveness and 
assess potential risks.

Conclusion

This in-depth analysis provides invaluable insights into the 
cellular content and interactions of L-PRF. This contrib-
utes to the better understanding of mechanisms underlying 
wound healing, tissue regeneration, and antimicrobial activ-
ity in relation to L-PRF. To gain a more concise understand-
ing of its clinical effects, further investigations will need 
to focus on mechanisms supporting wound healing, after 
L-PRF is applied in vivo.
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control, we can ensure that the cells remain in their native 
state without clotting, thereby providing a more precise ref-
erence point for evaluating the changes and enrichment of 
cell populations in the L-PRF matrix compared to the initial 
composition of the blood from which the L-PRF is derived.

Despite granulocytes representing a considerable propor-
tion of circulating leukocytes, their presence was not promi-
nently demonstrated in scRNA-seq analysis of L-PRF. 
Granulocytes, particularly neutrophils, have a short lifes-
pan in blood circulation (ca. 6  h) and once isolated from 
the blood. While these cells may endure the centrifugation 
process, they may not withstand the subsequent preparation 
steps for scRNA-seq analysis. This hypothesis aligns with 
the results of flow cytometric CD15 staining, which indi-
cated a substantial granulocyte population in fresh L-PRF.

Histologic staining revealed that leukocytes were primar-
ily concentrated at the face of the L-PRF membrane, i.e., the 
lower portion, which was in contact with the red blood cell 
layer. New techniques, such as advanced PRF (A-PRF) and 
A-PRF+, have claimed to achieve a better leukocyte distri-
bution throughout the membrane by employing a lower cen-
trifugation speed, potentially resulting in higher and longer 
growth factor release [29].

Apart from the presence of viable and active cells, a strong 
scaffold is essential to provide the requisite healing capacity 
[30]. We found that L-PRF membranes derived from arterial 
blood exhibited reduced release of fibrin degradation prod-
ucts during a one-week culture compared to venous L-PRF 
membranes. This indicates a higher fibrin integrity in arte-
rial L-PRF membranes. Additionally, arterial blood has a 
lower hematocrit, which allows greater space for fibrin clot 
formation [31]. Regarding growth factors, arterial samples 
provided a more coherent release, with significantly higher 
release of TGF-β1 after one week of culture compared to 
venous L-PRF membranes. It is important to note that peri-
operatively administered medications, for example anes-
thetics, corticosteroids, or low-dose antithrombotics can 
alter the formation and consistency of L-PRF.

A limitation of the study is the limited mimicry of the 
surgical wound environment. L-PRF membranes were 
incubated in standard medium supplemented with serum, 
but there was no further stimulation of cells akin to a real 
wound bed. In particular, adding FBS mirrors the nutrient-
rich environment of a wound bed, where tissues interact 
with exogenous sources of nutrients and growth factors. 
Although using FBS introduces a non-human element, it 
ensures consistent and controlled culture conditions, which 
is essential for reliable experimental results. Our prelimi-
nary experiments without FBS showed insufficient cell via-
bility (data not shown), reinforcing the necessity of FBS for 
maintaining cell health. While this introduces a variable to 
consider, the benefits of simulating a more physiologically 
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