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Adipose Stem Cells Incorporated in Fibrin Clot
Modulate Expression of Growth Factors
Kelsy R. Siegel, M.S., Tracy N. Clevenger, Ph.D., Dennis O. Clegg, Ph.D.,
Duncan A. Proctor, B.S., and Christopher S. Proctor, M.D.
Purpose: To evaluate the platelet capture rate of whole blood fibrin clots and the expression, secretion, and retention of
the growth factors vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and basic fibroblast
growth factor (bFGF) from fibrin clots and to determine how these levels may be modulated by allogeneic adipose-derived
stem cells (ASCs). Methods: Whole blood from 10 human volunteers was transferred to a clotting device and the platelet
capture rate determined. Two experimental conditions and 1 control were evaluated over 2 weeks in vitro. Clots made
from human whole blood without ASCs, clot(�)ASC, were compared with clots with ASCs incorporated, clot(þ)ASC, and
a control group of synthetic polyethylene glycol gels with ASCs incorporated, control(þ)ASCs. All conditions were
examined for secretion and retention of VEGF, PDGF, and bFGF via enzyme-linked immunosorbent assay and immu-
nohistochemistry. The analysis of platelet retention for clots made with this device was performed. Results: Enzyme-
linked immunosorbent assay analysis showed significantly higher (P < .001) secretion of VEGF in clot(þ)ASC compared
with clot(�)ASC or control(þ)ASC. In contrast, clot(�)ASC produced soluble PDGF, and the addition of ASCs results in
decreased soluble PDGF with concomitant increases in PDGF immunoreactivity of ASCs. Soluble bFGF levels were low in
clot(�)ASC, and were found to increase at early time points in clot(þ)ASC. Furthermore, bFGF immunoreactivity could
be detected in clot(þ)ASC, whereas no bFGF immunoreactivity is present in clot(�)ASC or control(þ)ASC. Control(þ)
ASC displayed a spike in bFGF secretion at day 0, which may be due to a stress response elicited by the encapsulation
process. Approximately 98% of available platelets in whole blood were concentrated in the clot on formation.
Conclusions: Fibrin clots made by this method retain high concentrations of platelets, and when incorporated with ASCs
show modulated secretion and immunoreactivity of VEGF, PDGF, and bFGF. Clinical Relevance: Whole blood fibrin
clots capture platelets and release growth factors, and the addition of ASCs increases VEGF release for up to 2 weeks after
clot formation. This suggests that whole blood fibrin clots may be a viable scaffold and delivery vehicle for future stem
cell treatments.
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Arthroscopy: The Journal of Arthroscopic and Related
espite recent advances in surgical techniques for
Dconnective tissue repair, surgeons continue to
explore the use of bioactive factors to enhance tissue
healing and improve surgical outcomes.1-3 The use of
biologic agents may be particularly useful and effective
for the treatment of compromised tissue. Efforts for this
type of augmentation include the use of fibrin clots,
platelet-rich plasma, synthetic scaffolds, and stem cells
in the effort to increase localized production of benefi-
cial growth factors.4-9

Fibrin clots can be formed from peripheral blood and
comprise a fibrin meshwork that can capture and
contain platelets, act as a reservoir for cells, growth
factors, and other bioactive factors, and provide an
effective delivery system for cells.10,11 Fibrin clots have
been shown to enhance the surgical repair of tissue
with poor healing capacity.12-14 In 1988, Arnoczky
et al.12 described the application of a fibrin clot to aid
healing of meniscal defects in the avascular zone in a
Surgery, Vol -, No - (Month), 2017: pp 1-11 1
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canine model. Additional clinical studies have also
shown increased healing of meniscal tears with the
application of fibrin clots including complete radial tears
in the avascular zone and horizontal cleavage
tears.13,15-17 Fibrin clots have more recently been
shown in a caprine model to histologically improve
healing of the intra-articular anterior cruciate ligament
reconstruction segment and to decrease the signal
intensity on magnetic resonance imaging suggesting
possible improvement of graft healing and matura-
tion.18 Furthermore, the addition of a fibrin clot to
allograft in anterior cruciate ligament reconstruction
has been shown to reduce the amount of tunnel
widening at 1 year.14

The use of platelet-rich plasma as a method to
concentrate and deliver bioactive factors has been
explored.3 The platelets in platelet-rich plasma provide
an increase in growth factors important for healing of
compromised tissue.19 Some of these growth factors,
including vascular endothelial growth factor
(VEGF),19,20 platelet-derived growth factor
(PDGF),19,20 and basic fibroblast growth factor
(bFGF),20 are rapidly degraded and have a short half-
life,21 limiting the potential clinical usefulness of
platelet-rich plasma.
Adipose-derived stem cells (ASCs) have many of the

same differentiation capabilities as bone marrow-
derived mesenchymal stem cells, while being signifi-
cantly more abundant and readily isolated through
standard liposuction procedures.22,23 In addition, ASCs
have been found to express growth factors that have
been extensively studied in regard to therapeutic
application for damaged tissues.24,25 Recent studies
indicate that allogeneic ASCs have the potential to
improve healing in compromised tendon, ligament, and
other tissues.19-21

The purpose of this study was to determine the
platelet capture rate during whole blood fibrin clot
formation and to evaluate the expression, secretion,
and retention of the growth factors VEGF, PDGF, and
bFGF in fibrin clots and to determine how levels may be
modulated by ASCs. We hypothesized that fibrin clots
would capture platelets and release growth factors, and
the incorporation of ASCs would promote growth fac-
tor production.

Methods

Platelet Capture
From 10 human volunteers (7 female, 3 male, mean

age of 30 years), 35 mL of whole blood was obtained;
5 mL was sent for preclot cell count evaluation and the
remaining 30 mL was placed into a sterile container
with a sintered glass cylinder supported by the lid
(ClotMaster Hula Cup, Pierce Surgical, Waterbury, VT)
for fibrin clot formation. Our inclusion criteria were age
range 18 to 60 years with normal platelet count, red
blood cell count, and white blood cell count, and sub-
jects were excluded if they had a history of coagulop-
athy, platelet disorders, use of anticoagulants or platelet
inhibitors, recent history of infection, or immunocom-
promised status. The fibrin clot was removed and 5 mL
of the postclot serum was sent for postclot formation
and cell count evaluation for platelets, red blood cells,
and white blood cells. The cell counts for preclot whole
blood and postclot serum samples were compared using
the DxH 800 Coulter Counting Cellular Analysis Sys-
tem (Beckman Coulter, Brea, CA). All work with hu-
man subjects in this study was approved by a Human
Subjects Committee before performing the study.

Cell Lines and Culture
Human ASCs isolated from lipoaspirate, transduced

with a constitutive mCherry-luciferase reporter
plasmid, and selected for by previously established
methods26 were expanded in culture, and isotyping was
performed with flow cytometry to confirm the presence
of stem cell markers.26 On thaw, passage 4 to 6 cells
were suspended in media consisting of 60% Dulbecco’s
modified Eagle’s medium (DMEM, Life Technologies,
Carlsbad, CA) with 10% fetal bovine serum (Atlas Bi-
ologicals, Fort Collins, CO) and 40%MesenPROmedium
(Life Technologies). Cells and media were centrifuged
1,200 g for 3 minutes, and resulting cell pellets were
resuspended in 3:2 DMEM þ 10% fetal bovine ser-
um:MesenPro media and switched to 100% MesenPRO
24 to 48 hours later. Cells were plated in 225 cm2 cell-
culture flasks (Sigma-Aldrich; CLS431082) at a density of
2.2 � 103 cells/cm2 where they were left to expand at
37�C. Media was replenished every 2 days until cells
reached 80% confluence. Cells were then lifted for seed-
ing in blood clots or polyethylene glycol (PEG) gels.

Fibrin Clot Formation and ASC Incorporation
Before fibrin clot formation, cells were washed with

10 mL of phosphate-buffered saline (PBS) and dissoci-
ated with 10 mL TrypLE Select (Life Technologies;
A1285901) at 37�C for 5 to 10 minutes. The TrypLE
solution was inactivated with a 1:1 dilution of Mesen-
PRO and centrifuged at 1,200 g for 3 minutes. Cells
were resuspended in 2 mL DMEM and counted with a
hemocytometer to confirm a density of 5 � 106 cells/mL.
Whole human blood was collected from the same 10
volunteers (80 mL/volunteer), 20 mL of which was
deposited into each clotting device. For each volunteer,
4 clots were created: 2-day zero clots with and without
ASCs and 2 clots with and without ASCs to continue on
for sampling through 2 weeks. Clots to be seeded with
ASCs were each supplemented with 1 � 107 cells in
2 mL DMEM. Clots without ASCs were supplemented
with 2 mL of DMEM only. Immediately after whole
blood was collected and supplemented with cells or
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media alone, the clot formation cups were placed on a
rotator at room temperature for 10 minutes at 125 rpm.
After 10 minutes, day zero clots(�)ASCs were washed
twice with PBS and immediately fixed in 10 mL of 4%
paraformaldehyde in 0.1 M sodium cacodylate and
stored at 4�C until cryo-preservation. Clots(�)ASCs to
be cultured for 2 weeks were washed twice with PBS
and then placed in a 6-well polystyrene plate (Corning,
Corning, NY) in 5 mL DMEM þ 0.1 mg/mL normocin
(Invivogen; 50 mg/mL) and incubated at 37�C for
2 weeks. Media (DMEMþnormocin) was replenished
24 hours before sampling as well as immediately after
sampling. Samples of media were collected at days 1, 3,
7, 9, 12, and 14, snap-frozen in liquid nitrogen, and
stored at �80�C for future enzyme-linked immuno-
sorbent assay (ELISA) analysis. At day 14, clots were
fixed in 4% paraformaldehyde in 0.1 M sodium caco-
dylate and stored at 4�C until cryopreservation.

PEG Gel Casting
A solution of 4-arm PEG-Thiol (Creative PEGWorks,

Chapel Hill, NC; PSB-440) at 10 wt% was prepared in
cell-culture media at 37�C. A solution of divinyl sulfone
(DVS) crosslinker (Sigma-Aldrich) was prepared in
cell-culture media at 4�C. A custom extracellular
matrix-based peptide was synthesized by BioMatik
(VnRGD-CGRCGKGGPQVTRGDVFTMPG-K-biotin)
and gels were functionalized with VnRGD at 80 mM
concentrations before the addition of the DVS cross-
linker. After dissociation with TrypLE Select and pel-
leting, cells were resuspended in PEG/peptide solution
(1 � 107 cells/gel) and the DVS crosslinker was added at
a 10:1 ratio (DVS:PEG) immediately before plating.
Approximately 800 mL of gel solution was transferred
into a 20-mm aluminum ring mold. The PEG(þ)ASC
(control) solution was left to polymerize for 30 minutes
at 37�C, after which each gel was placed directly into
5 mL DMEM þ 0.1 mg/mL normocin in separate wells
of a 6-well polystyrene plate. All controls were incu-
bated at 37�C for 2 weeks. Day 0 controls þ ASCs were
not fixed for immunohistochemical (IHC) analysis
because of the expense of the materials. Media was
replenished and samples were taken following the same
protocol that was outlined for clots(�)ASCs above.

Immunohistochemistry
Day 0 and 14 clots(�)ASCs (n ¼ 10), and controls(þ)

ASCs (n ¼ 5) were removed from 4% para-
formaldehyde solution and washed 3 times with PBS.
Samples were placed in 10% sucrose in PBS for
2 hours, followed by 20% sucrose for 2 hours, 30%
sucrose for 2 hours, and 40% sucrose overnight with
gentle rotation at 4�C. After cryoprotection, samples
were placed in plastic disposable base molds (Thermo-
Fisher; 41744) with the optimal cutting temperature
(O.C.T.; Tissue-Tek, 4583) embedding medium. Once
embedded in O.C.T., clots and gels were frozen with
liquid nitrogen without full submersion.
For IHC analysis, all samples were embedded in

O.C.T. and cut into 20-mm sections using a cryostat
(Leica; CM1850), and mounted onto polysine slides
(ThermoFisher; P4981-001). Approximately 100 slides
were collected from each sample. Tissue samples were
subjected to a blocking solution consisting of 0.2%
Triton X-100 in 1X PBS and 5% normal donkey serum
(Abcam; ab138579) for 1 hour at room temperature.
Cells were stained for 2 hours at 4�C with primary
antibodies diluted in the blocking solution. After pri-
mary antibody staining, samples were washed with PBS
3 times and stained with secondary antibodies and
Hoechst 33342 (0.0004 mg/mL; Life Technologies) for
1 hour in the dark at room temperature. Secondary
antibody-only controls were performed for all condi-
tions to confirm staining specificity. Samples were
mounted under glass cover slips (ThermoFisher) with
4% n-propyl gallate (Sigma) in 90% glycerol mounting
media.

Imaging
All imaging of IHC samples was performed on a

Spectral-based Laser Scanning Confocal Microscope
(Olympus FV1000; Lasers: 405, 440, 488, 514, 559,
633) at �40 magnification. All scale bars were included
at the time of imaging (scale ¼ 50 mm).

Growth Factor Quantification
The culture media from clots(�)ASCs and controls(þ)

ASCs was sampled at each time point 24 hours after
being replenished, and snap-frozen in liquid nitrogen
for ELISA analysis. ELISA kits for detecting VEGF-A
(Life Technologies, KHG0111), PDGF-BB (Abcam,
ab100624), and bFGF-2 (Abcam, ab99979) were opti-
mized and used according to the manufacturer’s pro-
tocol to quantify the concentration of each growth
factor present in the media at each time point. Positive
controls were included and implemented for each
condition.

Statistical Analysis
Statistical analysis was performed using a paired

2-tailed Student’s t-test for preclot and postclot cell
counts and all subsequent assays. All data are displayed
as mean � standard error. The threshold of statistical
significance was set to P � .05 for all comparisons.
Results

Platelet Capture
The 10 human volunteers (7 female and 3 male) had a

mean age of 30 years and all met the inclusion and
exclusioncriteria. Themeanplatelet countofwholeblood
was 187.80 � 103/mL, white blood cell 5.52 � 103/mL,



Fig 1. VEGF retention and secretion. (A) FC(�)
ASC at day 0. (B) FC(þ)ASC at day 0. (C) FC(�)
ASC at day 14. (D) FC(þ)ASC at day 14. (E)
PEG(þ)ASC at day 14. (F) Secretion of VEGF by
FC(�)ASC (black solid line), FC(þ)ASC (black
segmented line), and PEG(þ)ASC (gray line) was
quantified by enzyme-linked immunosorbent
assay at days 1, 3, 7, 9, 12, and 14. Significance
compares FC(þ)ASC with the control: PEG(þ)ASC
(***P < .001). Average P values for FC(þ)ASC at
days 1, 3, 7, 9, 12, and 14 are all less than .001
when compared with FC(�)ASC and PEG(þ)ASC.
Error is displayed as standard error of the mean.
Scale bar ¼ 50 mm for all images. (ASC, adipose
stem cell; FC, fibrin clot; PEG, polyethylene glycol
gel; VEGF, vascular endothelial growth factor.)
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and red blood cell 4.47 � 106/mL. The mean platelet
count of the postclot plasma decreased significantly to
4.40 � 103/mL (P < .001), whereas neither the postclot
plasma white blood cell count (4.79 � 103/mL, P ¼ .16)
nor the red blood cell count (4.59 � 106/mL, P ¼ .57)
changed significantly. By comparing the preclot platelet
count with the postclot platelet count, it was estimated
that fibrin clot captured and concentrated an average of
98% of the available platelets. We believe that the small
increase in the mean red blood cell count in the postclot
plasma is a result of an acceptable counting error of the
cellular analysis system.

VEGF-A Immunoreactivity and Secretion
IHC analysis of VEGF-A indicated expression in fibrin

clots with ASCs incorporated when compared to fibrin
clots without ASCs, and controls with ASCs. No VEGF
immunoreactivitywas detected in clot(�)ASC at day 0 or
day 14 (Fig 1 A and Cdgreen). However, VEGF immu-
noreactivitywas observed in clot(þ)ASCat day0 andday
14 localized to ASCs (Fig 1 B and Ddgreen). Control(þ)
ASC at day 0 and day 14 showed no VEGF immunore-
activity within ASCs as indicated by a lack of signal in
Figure 1E (green). Although we did not quantitatively
determine the rate that the ASCs were captured, our
study did show (with m-Cherry and Hoescht colocaliza-
tion) that ASCs were being captured by the clot. White
blood cell nuclei (blue) are also observed in clot(�)ASC,
and canbedistinguished fromASCs basedon the absence
of mCherry signal in addition to being smaller with a
more rounded morphology (Fig 1A-E).
VEGF secretion from clot(þ)ASC was consistently

elevated when compared with clot(�)ASC (P < .001)
and control(þ)ASC (P < .001) (Fig 1F) as determined
by ELISA. Refer to Table 1 for ELISA concentrations.

PDGF Immunoreactivity and Secretion
PDGF immunoreactivity was detected in both white

blood cells and ASCs in fibrin clots without ASCs, fibrin
Table 1. Enzyme-Linked Immunosorbent Assay Concentrations

Growth Factor

Average Secretio

Day 1 Day 3

VEGF-A
Clots þ ASC (N ¼ 10) 758.80 � 17.34 803.83 � 4.27 711
Clots � ASC (N ¼ 10) 322.63 � 2.54 205.12 � 14.93 44
Control þ ASC (N ¼ 5) 249.23 � 11.25 131.08 � 7.68

PDGF-BB
Clots þ ASC (N ¼ 10) 123.77 � 1.78 114.50 � 1.15 66
Clots � ASC (N ¼ 10) 130.37 � 1.90 128.24 � 1.95 125
Control þ ASC (N ¼ 5) 15.31 � 0.84 0

FGF-2
Clots þ ASC (N ¼ 10) 725.96 � 17.53 1593.92 � 15.01 1524
Clots � ASC (N ¼ 10) 406.36 � 22.14 587.15 � 9.47 399
Control þ ASC (N ¼ 5) 5667.72 � 11.25 3845.01 � 7.68 1448

ASC, adipose stem cell; FGF, fibroblast growth factor; PDGF, platelet-de
clots with ASCs, and controls with ASCs. The clot(�)
ASC sample showed decreased PDGF immunoreactivity
from day 0 to day 14 as indicated by an absence of the
PDGF signal at day 14 (Fig 2 A and Cdgreen). In
contrast, PDGF immunoreactivity was detected in the
day 14 sample of clot(þ)ASC, with the PDGF signal
localized to ASCs only as indicated by colocalizaton
with the mCherry reporter signal (Fig 2 B and
Ddgreen, red). Control(þ)ASC showed no PDGF
immunoreactivity at day 0 and day 14 as indicated by a
lack of the PDGF signal (Fig 2Edgreen).
Based on data from ELISA analysis, PDGF secretion

from clot(�)ASC was consistently elevated when
compared with clot(þ)ASC (P ¼ .039) and control(þ)
ASC (P < .001) (Fig 2F). Refer to Table 1 for ELISA
concentrations.
Basic FGF Immunoreactivity and Secretion
IHC analysis of bFGF indicated expression in fibrin

clots with ASCs incorporated compared with fibrin clots
without ASCs or in controls with ASCs. Clot(þ)ASC
showed bFGF immunoreactivity at day 0 and day 14 as
indicated by the bFGF signal that is localized to ASCs
only as indicated by colocalization with the mCherry
reporter signal (Fig 3 B and Ddgreen, red). Clot(�)ASC
showed no bFGF immunoreactivity at day 0 or day 14
as indicated by a lack of the bFGF signal (Fig 3 A and
Cdgreen). Control(þ)ASC also showed no bFGF
immunoreactivity at day 0 or day 14 from ASCs as
indicated by a lack of the bFGF signal (Fig 3Edgreen).
Based on ELISA analysis, bFGF secretion from clot(þ)

ASC was elevated when compared with clot(�)ASC at
days 1, 3, and 9 (P ¼ .026), but not at days 12 and 14
(Fig 3F). Control(þ)ASC showed a significant spike in
bFGF (P < .001) secretion compared with clot(þ)ASC
and clot(�)ASC between days 0 and 3, and then
dropped to levels at or below those of clot(þ)ASC by
day 7. Refer to Table 1 for ELISA concentrations.
n (ng/mL) � Standard Error of the Mean

Day 7 Day 9 Day 12 Day 14

.67 � 25.21 666.03 � 6.23 650.95 � 11.30 607.09 � 2.29

.42 � 9.22 31.09 � 33.79 23.84 � 12.14 18.75 � 5.96
0 0 0 0

.88 � 1.90 38.74 � 0.99 2.07 � 0.72 0

.46 � 0.93 112.75 � 2.46 52.48 � 1.54 25.77 � 0.48
0 0 0 0

.92 � 23.19 1599.21 � 14.68 573.64 � 17.65 379.88 � 13.64

.24 � 22.48 436.73 � 12.41 293.57 � 14.27 189.35 � 15.03

.07 � 21.45 1025.44 � 23.88 801.60 � 13.08 510.55 � 12.23

rived growth factor; VEGF, vascular endothelial growth factor.



Fig 2. PDGF retention and secretion. (A) FC(�)
ASC at day 0. (B) FC(þ)ASC at day 0. (C) FC(�)
ASC at day 14. (D) FC(þ)ASC at day 14. (E)
PEG(þ)ASC at day 14. (F) Secretion of PDGF by
FC(þ)ASC (black solid line), FC(�)ASC (black
segmented line), and PEG(þ)ASC (gray line) was
quantified by enzyme-linked immunosorbent assay
at days 1, 3, 7, 9, 12, and 14. Significance compares
FC(þ)ASC, and FC(�)ASC with the control:
PEG(þ)ASC (***P < .001; **P < .01). Average P
values for FC(þ)ASC and FC(�)ASC are less than
.001 for days 1, 3, 7, and 9 when compared with
PEG(þ)ASC. FC(�)ASC displayed average P values
of .0031 and .0047 for days 12 and 14, respectively,
compared with PEG(þ)ASC. Error is displayed as
standard error of the mean. Scale bar ¼ 50 mm for
all images. (ASC, adipose stem cell; FC, fibrin clot;
PDGF, platelet-derived growth factor; PEG,
polyethylene glycol gel.)

6 K. R. SIEGEL ET AL.



Fig 3. Basic FGF retention and secretion. (A) FC(�)
ASC at day 0. (B) FC(þ)ASC at day 0. (C) FC(�)
ASC at day 14. (D) FC(þ)ASC at day 14. (E)
PEG(þ)ASC at day 14. (F) Secretion of bFGF by
FC(þ)ASC (black solid line), FC(�)ASC (black
segmented line), and PEG(þ)ASC (gray line) was
quantified by enzyme-linked immunosorbent assay
at days 1, 3, 7, 9, 12, and 14. Significance compares
FC(þ)ASC with the control: PEG(þ)ASC (***P <
.001; **P < .01). Average P values for FC(þ)ASC are
less than .001 for days 1 and 3, while displaying no
significance on days 7, 12, and 14, and a P value of
.0062 on day 9 when compared with PEG(þ)ASC.
Error is displayed as standard error of the mean.
Scale bar ¼ 50 mm for all images. (ASC, adipose
stem cell; bFGF, basic fibroblast growth factor;
FC, fibrin clot; PEG, polyethylene glycol gel.)
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Discussion
Our findings show that fibrin clot formation captures

98% of the platelets and that in vitro fibrin clots secrete
VEGF, PDGF, and bFGF over 14 days. In addition, VEGF
expression from ASCs was increased when incorpo-
rated in a fibrin clot, indicating that fibrin clots may be
an enhanced method of biomaterial cell delivery. Our
findings indicate that the fibrin clot may act as an
effective well for cells to attach and express growth
factors that may provide therapeutic benefit to biolog-
ically compromised tissue. Our finding of a platelet
capture rate averaging 98% compares favorably with
previous studies that have shown platelet capture rates
of traditional platelet-rich plasma ranging from 17% to
80%.27 Because fibrin clots capture platelets, they
produce similar growth factors to platelet-rich plasma
but also provide a structural support and a scaffold for
cellular ingrowth, while serving as a reservoir for
growth factor release over time from incorporated
cells.18,28 The dense nature of the platelet-rich fibrin
scaffold also provides a structural integrity that allows
for arthroscopic suturing over a repair site.29

The use of biologic and synthetic scaffolds to deliver
stem cells for therapeutic benefit has become increasingly
widespread. A major challenge faced when seeding cells
in a synthetic scaffold is mimicking an environment that
will provide an adequate niche for cell survival and pro-
liferation. Common synthetic scaffolds including poly-
propylene, polyurethane, and polytetrafluoroethylene
can producemechanical stresses, illicit host response, and
inhibit integration into recipient tissue.16,30 In contrast to
synthetic materials, biologic materials may provide a
more suitable environment to ASCs by promoting sus-
tained proliferation, in addition to growth factor recruit-
ment and secretion.9 The use of biomaterials such as
decellularized extracellular matrix and platelet-rich
plasma has been explored for tissue healing, but they
have been found to be suboptimal in regard to cell sur-
vival, localization, and growth factor retention.9,31

The question of whether a whole blood fibrin clot is
sufficient for cell survival was recently evaluated using
human muscle-derived stem cells.32 This study showed
that for up to 2 weeks, stem cells captured by a whole
blood fibrin clot were able to proliferate in the clot
matrix and were not actively undergoing cell-
programmed death. Although ASC viability was not
specifically evaluated in our study, the immunoreac-
tivity of growth factors at day 14 being stronger in most
cases than at day 0 is an indication of cell proliferation
and overall cell health. Cell binding of soluble PDGF,
which is potentially enhancing the secretion of VEGF
that we see through 14 days, is also an indicator of good
cell health. Although the structural integrity of the
whole fibrin clot with and without ASCs was not
evaluated here, a previous study has shown the ability
to use whole fibrin clots formed with the same tech-
nique in augmenting rotator cuff repair.29

Previous studies have shown that in varying condi-
tions, ASCs have receptors for VEGF, PDGF, and bFGF
in vitro as well as in vivo, and can effectively express
these growth factors through intra- and extracellular
signaling.24,25 The interaction between the fibrin matrix
of different materials and endothelial cells has been
investigated thoroughly in studies to characterize how
the expression of VEGF, PDGF, and bFGF is
modulated.33-35

Interaction Between VEGF, PDGF, and Platelets
ASCs have been found to express VEGF without

exogenous supplementation in vitro.36 In addition, IHC
analysis indicates that VEGF immunoreactivity of
clot(þ)ASC is elevated compared with the other con-
ditions. These results may be suggestive of a synergistic
interaction between ASCs and the platelets trapped in
the fibrin matrix of the clot. This interaction may pro-
mote a positive feedback loop that in turn increases cell
surface VEGF receptors and subsequent enhancement
of VEGF immunoreactivity in ASC.33 The VEGF secre-
tion data collected here support the previous findings
that ASCs secrete levels of VEGF that are comparable to
bone marrow-derived mesenchymal stem cells and
endothelial cells on interaction with a synthetic fibrin
matrix.37 We found significantly higher secretion of
soluble VEGF in clot(þ)ASC compared with clot(�)
ASC or control(þ)ASC. Based on significantly elevated
VEGF secretion from clot(þ)ASC when compared with
fibrin clot alone (clot(�)ASC) and ASC alone (con-
trol(þ)ASC), the environment of the fibrin clot may be
conducive to VEGF production from ASCs.
On clot formation, the alpha granules of platelets are

activated and quickly release anabolic cytokines such as
PDGF.38 Exogenous PDGF has been found to bind with
high affinity to PDGF receptors on the surface of
ASCs.25 Fibrin matrices have been shown to slowly
release PDGF and VEGF over time,39 suggesting that
once these anabolic cytokines are released from plate-
lets, soluble PDGF may be steadily supplemented to
ASCs that are attached to the fibrin clot. This conclusion
is supported by the enhanced immunoreactivity of
PDGF in clot(þ)ASC than in clot(�)ASC and control(þ)
ASC conditions. Lower levels of PDGF in the sur-
rounding media of clot(þ)ASC, as confirmed by ELISA
analysis, further support that ASCs may be binding and
retaining soluble PDGF released from platelets.
Furthermore, when PDGF is bound to its cell surface

receptor on ASCs, intracellular signaling with VEGF is
activated.40 Studies have found that PDGF bound to
human cells significantly upregulates VEGF expression
within the cell.40-42 These findings, along with our own,
provide evidence of cross-talk between PDGF and VEGF
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that may be beneficial in sustained growth factor pro-
duction for therapeutic application.

Interaction Between VEGF, bFGF, and Fibrin
Previous studies have found that undifferentiated and

differentiated ASCs express bFGF receptors without
exogenous supplementation.25,43 This study found that
the concentration of bFGF may be modulated by the
interaction between ASCs and a fibrin matrix. Secreted
bFGF from endothelial cells has been found to bind to
fibrinogen and fibrin with high affinity, allowing for a
large degree of retention in a synthetic fibrin
matrix.33,44

The secretion data provide evidence that the fibrin
matrix of the fibrin clot provides attachment and
eventual release of bFGF, which may be available to
then bind to ASCs and activate expression of endoge-
nous bFGF. The process of embedding ASCs into PEG
(control) can be harsh, and may be sufficient to elicit a
stress response from the cells. It has been shown that
bFGF is secreted by cells immediately after injury,45

which may explain the initial spike in secretion of
bFGF from control(þ)ASC at day 0. The immediate
drop in secretion and lack of bFGF immunoreactivity in
control(þ)ASC could be evidence that PEG does not
retain adequate amounts of bFGF to promote subse-
quent uptake by ASCs. Ultimately, the fibrin matrix of
the fibrin clot can retain and potentially enhance bFGF
uptake by ASCs. This binding of soluble bFGF could
effectively increase bFGF receptor formation on ASCs,
which has been found to promote cellular stability
when combined with VEGF receptors.35,46

Previous studies have found that growth factors are
more effective when expressed in combination, and in
some instances, their expression is inhibited in the
absence of certain growth factors.40,47,48 VEGF and
bFGF have been studied extensively for their synergistic
relationship.40,44,46,47 When supplemented exoge-
nously or endogenously, bFGF has been shown to
upregulate VEGF mRNA expressed by endothelial
cells.49 Moreover, quiescent endothelial cells could not
produce VEGF unless supplemented with exogenous or
endogenous bFGF, which acts both intra- and extra-
cellularly to promote VEGF expression.49,50 The high
bFGF immunoreactivity of ASCs when incorporated in
a fibrin clot may therefore be interacting with cellular
VEGF, resulting in increased expression of VEGF as
confirmed by significant increases in ELISA levels of
VEGF in clot(þ)ASC.

Limitations
The platelet capture rate during fibrin clot formation

did not directly measure platelets bound within the
fibrin. However, based on the change in platelet con-
centration in the preclot whole blood and the postclot
serum, our method aligns with previous studies that
have shown that platelets are trapped inside the fibrin
matrix with clot formation.10,11 The in vitro release of
growth factors from the fibrin clot and the alteration of
this growth factor release with the addition of ASCs
may be different than the in vivo release of these
growth factors. An additional limitation is that we did
not measure catabolic growth factor release such as
matrix metalloproteinase 9 and interleukin-1b. Also,
this study did not directly evaluate ASC viability in the
fibrin clot; however, continued cell viability can be
inferred by soluble PDGF binding to ASCs and by the
sustained increase in VEGF production in clots(þ)ASCs.

Conclusions
Fibrin clots made by this method retain high con-

centrations of platelets, and when incorporated with
ASCs show modulated secretion and immunoreactivity
of VEGF, PDGF, and bFGF.
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