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A comparative study of the effects of concentrated growth
factors in two different forms on osteogenesis in vitro
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Abstract. Extending the release cycle of growth factors to
match the cycle of bone remodeling is difficult. When using
concentrated growth factors (CGFs), the release of growth
factors is excessively rapid. In the present study, CGF samples
were prepared by centrifugation. CGF samples were then
Iyophilized and grinded into a powder, which was termed
freeze-dried CGF. The freeze-dried CGF samples were mixed
with chitosan-alginate composite hydrogels, and the mixture
was lyophilized. The result was a chitosan-alginate composite
CGF membrane, which was called sustained-release CGF.
This study investigated whether freeze-dried CGF in a
chitosan-alginate composite gel can release CGF steadily
to achieve effective osteogenesis. The proliferation and
osteogenic expression of MC3T3-El cells induced by the
supernatants from incubation with freeze-dried CGF and
sustained-release CGF were evaluated. The concentrations of
the growth factors, transforming growth factor 1 (TGF-p1),
insulin-like growth factor-1 (IGF-1), platelet-derived growth
factor-AB (PDGF-AB) and vascular endothelial growth factor
(VEGF), in these two experimental groups at different times
were determined by ELISA kits. The freeze-dried CGF showed
better osteogenic performance than the sustained-release CGF
in the early stages. At later stages, the sustained-release CGF
had significant advantages over freeze-dried CGF in terms
of promoting osteogenic mineralization. By characterizing
the biologic properties of the CGF in the two different forms
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in vitro, we obtained a better understanding of their clinical
effects.

Introduction

Bone regeneration is mediated by a wide range of intracellular
and extracellular events. In clinical settings, platelet concen-
trates can be used to optimize the healing of hard and soft
tissues.

Platelet gel, which was first described in 1997, is derived
from collected autologous blood and formed by combining
platelet-rich plasma (PRP), thrombin, and calcium chloride (1).
PRP is an autologous source of platelet-derived growth factor
(PDGF) and transforming growth factor § (TGF-p) that
is obtained by sequestering and concentrating platelets by
gradient density centrifugation (2).

In 2001, platelet-rich fibrin (PRF) was discovered in
France by J. Choukroun using an innovative method that
required neither anticoagulants nor coagulation factors. PRF,
which is called the second-generation platelet concentrate, has
been shown to contain more growth factors than traditionally
prepared PRP (3).

Recently, numerous techniques using platelet concentrates
have been developed to obtain different ratios of platelets,
growth factors, leukocytes and fibrin matrices (4). Concentrated
growth factors (CGFs) are the PRF derivatives developed by
Sacco in 2006 (5). CGFs are produced by centrifuging blood
samples with a special centrifuge device (Medifuge, Silfradent
Srl, Ttaly). Nevertheless, CGFs contain a much larger, denser
and richer growth factor fibrin matrix than PRF (5,6).

CGFs are now widely used to shorten the interval between
bone graft placement and implant insertion and increase the
success rate of bone grafting and implant therapy. Many
articles have been published on the application of CGFs in the
dental and maxillofacial field (7-9).

When using concentrated growth factors (CGFs), the release
of growth factors is excessively rapid. He er al (10) showed
that the three-dimensional fiber network scaffold of CGFs
can help release growth factors slowly for at least 7-10 days.
However, bone healing is a long and complex process. Most
of these studies focused on the application of CGFs in the
clinic. Extending the release cycle of growth factors to match
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the cycle of bone remodeling is difficult, and few reports have
mentioned this issue.

Chitosan, also known as soluble chitin, is a natural
polysaccharide cellulose that is nontoxic, biocompatible,
biodegradable, and widely found in insect, crustacean shells
and fungal cell walls (11,12). Its preparation is simple, its
source is rich, and its hydrophilicity is strong. Chitosan can
be biodegradable by in vivo lysozyme, pepsin, and other
enzymes. The degradation products are nontoxic and can be
completely absorbed by the organisms (13). Chitosan has a
good film-forming property, and the film has good biological
compatibility and permeability. Thus, chitosan has important
development and research value for sustained-release drugs
and targeted drug delivery, and it is often used as the vehicle
for the sustained release of drugs. Sustained-release drugs are
released slowly over a long period of time to achieve sustained
administration (14). Chitosan can be used to prepare micro-
spheres of different sizes. The combination of microspheres
and drugs can avoid the use of organic solvents and prevent the
denaturation of antigenic proteins (15). Chitosan has a unique
polycationic property.

Sodium alginate (SA), a negatively charged biopolysac-
charide, is extracted from brown seaweed. SA has also been
widely used for hemostatic applications because of its excellent
abilities to enhance the adhesion between composite materials
and wounds, to improve material plasticity through its high
water absorption rate and to easily form a viscous colloidal
solution (16,17).

However, while the positive charge of chitosan promotes
erythrocyte adhesion, fibrinogen adsorption, and platelet
adhesion/stimulation, it also inhibits the activation of the
contact system (18). Chitosan interacts with sodium alginate
(polyanion) by electrostatic interaction, which can improve
microcapsule stability and drug loading and adjust the drug
release rate (19).

Therefore, we aimed to preserve CGFs for storage by
freeze-drying without additives. Furthermore, we investi-
gated whether the freeze-dried CGFs in a chitosan-alginate
composite gel can release CGFs steadily to achieve effective
osteogenesis.

Materials and methods

Blood sample centrifugation. Vein blood samples were
collected from 10 healthy volunteers (4 females and 6 males),
who were nonsmokers between 20 and 30 years of age.

CGFs were produced as follows: 5 ml of blood was
drawn from the arm vein in blood collection tubes without
anticoagulant solution, with 2 tubes used for each collection
between October 2017 and December 2018. These tubes were
immediately centrifuged in a special machine (Medifuge
MF200, Silfradent Srl, Italy). At the end of the process, there
were three blood fractions. The middle part (CGF) as shown
in Fig. 1A (fibrin-rich gel with aggregated platelets and CGFs)
was removed.

Lyophilization of CGFs. CGFs were pre-frozen at -80°C
for 12 h and then lyophilized for 24 h using a freeze dryer
(Martin Christ Freeze Dryers GmbH, Germany). After
freeze-drying, samples were ground into a powder, which we
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called freeze-dried CGF. Then, 0.02 g/ml alginate was mixed
with the CGF powder, and 0.02 g/ml chitosan was mixed
with the alginate-CGF powder composite hydrogels, then, the
composite CGF hydrogels were lyophilized again. Finally,
the chitosan-alginate composite CGF membrane, which was
called sustained release CGFs was obtained (Fig. 1). Both
types of CGFs were stored at -4°C for one month.

Cell culture. The murine-derived cell line MC3T3-E1 was
used in this study. MC3T3-El cell cultures were maintained
in minimum essential medium (MEM, Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(FBS, Gibco; Thermo Fisher Scientific, Inc.), and 1% (v/v)
penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.)
at 37°C in a humidified CO, incubator. Cells at approximately
80% confluence, were passaged by trypsin digestion and
expanded through two passages before being used for the study.

Material cytotoxicity test

Cell climbing of chitosan-alginate composite hydrogels. The
prepared chitosan-alginate composite gel was spread on a cell
slide, which was placed in a 6-well plate, air dried, sterilized
by ultraviolet light for 1 day, seeded with 5,000 cells per well,
and fixed with paraformaldehyde after 3 days. After climbing,
air drying, and spraying with gold, the cell morphology was
observed under a scanning electron microscope (Hitachi
S-3400N; Hitachi, Ltd.).

Live and dead assays of sustained-release CGFs. The
sustained-release CGFs were spread on a 48-well plate,
which was seeded with 1x10* cells per well. Cell viability
was evaluated with confocal microscopy after staining with
calcein AM and propidium iodide (PI) (Invitrogen; Thermo
Fisher Scientific, Inc.) at days 3 and 5 after seeding. Samples
were incubated for 20 min at 37°C with the calcein solution
in culture medium (1 ul of calcein per ml of MEM), washed
in phosphate-buffered saline (PBS), exposed to the second
staining solution with PI in PBS (100 u1 of PI pe ml of PBS),
double washed in PBS and immediately visualized with a
confocal microscope (Leica Microsystems CMS GmbH).

Cell proliferation and metabolic activity of the two forms
of CGFs. CGFs were placed in a 15-ml centrifuge tube, and
5 ml of culture medium was added. This sample was stored
in a refrigerator at 4°C for 24 h. The incubation solution was
a gradient series of concentrations (20, 40, 60, 80 and 100%).
MC3T3-El1 cells were seeded in a 96-well tissue culture plate
at a density of 3,000 cells per well. After 24 h of incubation,
the culture medium was removed and replaced with 200 pl of
different concentrations of CGF extract containing 10% FBS.
At days 1, 3 and 5, Cell Counting Kit-8 (CCK-8) assay was
applied to determine the overall proliferation. The absorbance
[optical density (OD) value at 450 nm] was read by a microplate
reader (Thermo Scientific, Inc.). The most suitable concentra-
tions of the CGFs were screened based on the results of the
MC3T3-El1 proliferation study and were used in the following
experiments.

A control group, a freeze-dried CGF group, a
sustained-release CGF group, and a blank chitosan-alginate
composite hydrogel group were used. MC3T3-El cells were
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Figure 1. (A) Preparation schematic of the sustained-release CGFs. (B) Three different statuses of CGFs. (a) CGFs that we use in the clinic. (b) Freeze-dried
CGFs before being ground. (c) Sustained-release CGFs. CGFs, concentrated growth factors; PPP, platelet poor plasma; PDFG, platelet-derived growth factor;
VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; IGF, insulin-like growth factor; TGF-f1, transforming growth factor 31; EGF,

epidermal growth factor.

seeded in a 96-well tissue culture plate at a density of 3,000
cells per well. After 24 h of incubation, the culture medium
was removed and replaced with 200 ul of different extracts
containing 10% FBS. On days 1-6, a CCK-8 assay was applied
to determine the overall proliferation.

Alkaline phosphatase (ALP) quantification. MC3T3-El cells
were seeded in a 24-well tissue culture plate at a density of
2.5x10* cells per well. After 24 h, the corresponding reagents
were added to the experimental groups. The cells were lysed
with Triton X-100 for 4, 7 and 14 days, and the total protein
concentration was measured using a BCA assay kit (Beyotime,
China). The ALP activity was measured using an ALP assay
kit (Nanjing Jiancheng Biotech, China).

Cells were seeded in a 48-well tissue culture plate at a
density of 2x10* cells per well. After 24 h, the corresponding
reagents were added to the experimental group. After 14 and
21 days, the cells were stained with a BCIP/NBT alkaline
phosphatase colorimetric kit (Beyotime).

Alizarin Red S staining. To identify the mineralization
nodules, Alizarin Red S (ARS; Sigma-Aldrich; Merck KGaA)
staining was performed after the MC3T3-El1 cells were seeded
at a density of 2x10* cells per well and grew for 21 days in
conditioned or control media without osteogenic supplements.
After gently rinsing with ddH,0O, the cells were stained in a
solution of 2% ARS at pH 4.1 for 20 min and then washed with
ddH,0. The samples were air-dried, and images were captured
under a light microscope (magnification, x6). Additionally, the
bound dye was dissolved with 10% cetylpyridinium chloride,
and the ARS in the samples was quantified by measuring the
absorbance at 562 nm.

Bone-related gene expression. For the detection of
bone-related genes (Table 1), i.e., ALP, osteopontin (OPN),
osteoclastogenesis inhibitory factor (OPG), collagen type I
(COL1), osteocalcin (OG), Runx2 and bone sialoprotein
(BSP), MC3T3-El cells were plated at a density of 1x10*cells
per well in separate 6-well plates. After 24 h of incubation, the
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Table I. Primer pairs used in reverse transcription-quantitative
quantitative PCR.

Genes Primer sequences

GAPDH Forward: 5'-AAGAAGGTGGTGAAGCAGG-3'
Reverse: 5'-GAAGGTGGAAGAGTGGGAGT-3'
Forward: 5'-AGTTTTGGGAAAGTGGGATGT-3'
Reverse: 5'-GCTACTCAGTTTATGGAGGATCA-3'
oG Forward: 5'-GTAACGAGTGTCATTAGCCTTG-3'

OPG

Reverse: 5'-ATAACGACCTGGAATCTGTGC-3'
Runx2  Forward: 5-TCAGCGTCAACACCATCATTC-3'
Reverse: 5'-CCAGACCAGCAGCACTCCATA-3'
BSP Forward: 5-CAAAAGTCTGTGCTTGGGGTG-3'
Reverse: 5-GGAAAACAATGAAGATTCTGAGGG-3'
OPN Forward: 5'-CCTTAGACTCACCGCTCTTCAT-3'
Reverse: 5'-TTCACTCCAATCGTCCCTACA-3'
ALP Forward: 5'- CAGTTCGTATTCCACATCAGTTC-3'

Reverse: 5'-CAAGGACATCGCATATCAGCT-3'
COLIAI Forward: 5'-AGAACAGCGTGGCCT-3'
Reverse: 5'-TCCGGTGTGACTCGT-3'

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OPG, osteo-
protegerin; OG, osteocalcin; Runx2, runt-related transcription factor 2;
BSP, bone sialoprotein; OPN, osteopontin; ALP, alkaline phosphatase;
COLIAI, collagen type I al.

culture medium was removed and replaced with conditioned
medium or control medium. Total RNA from all groups was
extracted using TRIzol reagent after 7, 14, 21 and 28 days
of culture and analyzed by reverse transcription-quantitative
(RT-q) PCR.

ELISA quantification. The freeze-dried CGFs and
sustained-release CGFs were placed in a 15-ml centrifuge
tube, and 5 ml of PBS was added. The samples were stored
in a refrigerator at 4°C. We took 1 ml extract out to perform
the ELISA and added 1 ml fresh PBS to the tube to maintain
a total volume of 5 ml at each time point. When all samples
were collected, quantifications of transforming growth
factor Bl (TGF-P1), insulin-like growth factor-1 (IGF-1),
platelet-derived growth factor-AB (PDGF-AB), vascular
endothelial growth factor (VEGF), and thrombospondin-1
(TSP-1) were performed using commercially available
ELISA kits (Cusabio, Biotech Co, Ltd., Wuhan, China). For
each molecule and each experimental period, the means
and standard deviations were calculated. Finally, for each
tested molecule, the total released amounts were calculated,
and these results were then compared to the initial amount
forcibly extracted from the freeze-dried CGFs and the
sustained-release CGFs.

Statistical analysis. All analyses were performed using
SPSS 25 software (IBM Corp., Armonk, NY, USA). All exper-
iments were performed at least in three independent repeats.
All data are shown as the mean and standard deviation (SD)
and were analyzed using one-way ANOVA or a nonparametric
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test followed by the least significant difference post hoc test.
The levels of significance were set at “P<0.05, “P<0.01 and
“"P<0.001 (as indicated in the figures and legends with the
corresponding symbols).

Results

Characterization of the three types of CGFs. The architec-
ture and morphology of the CGFs, freeze-dried CGFs, and
sustained-release CGFs are shown in Fig. 1B. The surface
morphology of freeze-dried CGFs and powdered freeze-dried
CGFs were examined via scanning electron microscopy
(SEM) (Fig. 2A). The freeze-dried CGF powder, hereafter
called freeze-dried CGF, was used for the following in vitro
studies.

Evaluation of cell bioactivity with the sustained-release
CGFs. The cell climbing results with the chitosan-alginate
composite hydrogels are presented in Fig. 2B. There were
many cell nuclei highlighting the hydrogels (Fig. 2B-b). At
the junction of the gel, MC3T3-El cells (Fig. 2B-c) could
be observed, which suggested that the chitosan-alginate
composite hydrogels had excellent biocompatibility and was
non-toxic to the MC3T3-EI cells.

The live and dead assays of the sustained-release CGFs and
blank chitosan-alginate gel on day 5 are shown in Fig. 3. For
this assay, we observed a much greater abundance of living
MC3T3-El cells in the sustained-release CGF group than that
in the blank gel group. Compared to the cells in the blank
gel group, the MC3T3-El cells in the sustained-release CGF
group adhered more tightly. This finding suggested that the
sustained-release CGFs had an obvious ability to promote cell
proliferation and adhesion.

Effect of the two forms of CGFs on osteoblast proliferation.
The proliferation of MC3T3-El cells under different concen-
trations of CGFs was assessed using CCK-8 assay. The
analysis showed that the metabolic activity of MC3T3-EI cells
at different concentrations of CGFs had significant differences
(Fig. 4). The medium with incubation solution extracts (20%)
was used for the following in vitro studies.

MC3T3-El cells grew well in both the culture medium
and the medium with a series of material extracts. The CCK-8
analysis showed that the overall metabolic activity of most
groups with 20% material extracts increased in a time-depen-
dent manner (Fig. 5). Compared with that of the control group,
the cell proliferation rates in the freeze-dried CGF group and
the sustained-release CGF group were significantly increased
on day 6 (P<0.001). In contrast, the material group did not
exhibit a difference in cell proliferation throughout the time
period. This finding suggested that the simple chitosan-algi-
nate composite hydrogels could not promote MC3T3-El cell
proliferation and that only sustained-release CGFs, which
combined chitosan-alginate composite hydrogels and CGFs,
could promote cell proliferation.

Effect of the two forms of CGFs on ALP activity. ALP is central
to osteogenesis. The level and activity of ALP are considered
early osteogenic markers, particularly in in vitro experiments,
as predictors of bone maturation and mineralization (20). The
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Figure 2. (A) Freeze-dried CGFs and (B) freeze-dried chitosan-alginate gel under a scanning electron microscope. (A) (a-c) Freeze-dried CGFs before being
ground consisted of the freeze-dried CGF powder. (B) (a) Structure of the freeze-dried chitosan-alginate gel. (b) Upon the cell climbing, the chitosan-alginate
gel area was covered with MC3T3-El cells. (c) At the junction of the gel,a MC3T3-EI cell crawling onto the gel was noted. CGFs, concentrated growth factors.

Figure 3. The live and dead assay of sustained-release CGFs and blank chitosan-alginate gel at day 5. (A) The blank chitosan-alginate gel group. (B) The
sustained-release CGF group. (A and B) (a) Those cells dyed green were living MC3T3-El1 cells. (b) Those cells stained red were dead MC3T3-E1 cells.
(c) Images a and b were superimposed, respectively. CGFs, concentrated growth factors.

results of ALP staining (Fig. 6A) in the (a) control group,
(b) freeze-dried CGF group and (c) sustained-release CGF
group are shown on day 14 of culture. The ALP activity in the
MC3T3-E1 cells at day 14 of culture for the different groups is
shown in Fig. 6A-d. ALP production increased with incubation
time in all groups. At 14 days of incubation, the freeze-dried

CGF group had significantly higher ALP activity than the
other groups (Fig. 6A-d).

The results of ALP staining of MC3T3-El1 cells at 14 days
are shown in Fig. 6A. At 21 days (Fig. 6C, first row), the
ALP staining of the MC3T3-El1 cells in the sustained-release
CGF group (Fig. 6C-c-1) was clearer than that in the other
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groups (Fig. 6C-a-1 and -b-1). This finding suggested
that, between 14 and 21 days, the expression of ALP in the
sustained-release CGF group gradually increased, possibly
due to the slow release of growth factors in the sustained
release CGFs.

Effect of the two forms of CGFs on mineralization capability.
The effects of the two forms of CGFs on MC3T3-El cell
mineralization capability were assessed using ARS staining.
As shown in Fig. 6B [(a) control group, (b) freeze-dried CGF
group and (c) sustained-release CGF group], the amount of
mineralization nodules in the sustained-release CGF group
was obviously higher than that in the other group (Fig. 6B-d).
When we performed ALP staining, we found that, in the loca-
tion with ALP staining, there was a translucent circular plaque
in the middle, which we suspected was a mineralized nodule.
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To understand the relationship between ALP and mineraliza-
tion, we performed ALP staining and ARS staining in the
same cell frame (Fig. 6C) (Fig. 6C-a-2 to c-2; second row). The
double staining results suggested that the sustained-release
CGFs (Fig. 6C-c-2) had an obvious ability to promote ALP
expression and osteogenic mineralization under long-term
observation.

Assessment of osteogenesis-associated genes. The expres-
sion of genes associated with MC3T3-El were evaluated
by RT-qPCR on days 7, 14, 21 and 28. As shown in Fig. 7,
BSP (Fig. 7A), OG (Fig. 7B), OPG (Fig. 7C), and OPN
(Fig. 7D) showed more significant upregulation on day 7 in
the freeze-dried CGFs group when compared with the other
groups. (Fig. 7E) A significant upregulation of the gene expres-
sion of COL1A1 occurred on day 14 in the freeze-dried CGF
group. (Fig. 7G) ALP was found to be significantly upregu-
lated on day 28 in the sustained-release CGFs. (Fig. 7F) The
gene expression of Runx2 showed significant upregulation on
day 21.

Growth factor release analysis. Significant amounts of each
growth factors were found at each experimental time point,
even 30 days after the production of the freeze-dried CGFs and
the sustained-release CGFs (Fig. 8). Moreover, these growth
factors and TSP-1 resulted in a significantly rapid declined in
the freeze-dried group before day 7. This finding could also
explain the very high expression of osteogenic genes (BSP,
OG, OPN, OPG) on day 7 for the the sustained release CGF
group. The sustained-release group maintained the release of
growth factors at the same concentration.

Discussion

CGFs have recently received a great deal of interest as the
growth factors in CGFs can be locally released into tissue to
enhance wound healing.

Seventy percent of the growth factors in PRP are released
within 10 min, and almost 100% are released within 1 h
after activation (21,22). Dohan Ehrenfest et al (23) found that
platelet-rich fibrin (PRF) can release growth factors slowly
for at least one week, which is attributed to its fiber network
scaffold. The study also suggested that the release rate is
dependent on the environment surrounding the PRF (24).
CGFs can release growth factors slowly for at least 7-10 days.
The new bone formation (NBF) rate around an implant treated
with CGFs is higher than that treated with PRF (25).

Currently, the major applications of CGFs in damaged
tissue utilize its gelatin form. We lyophilized and ground the
CGFs into a powder. Then, we integrated chitosan-alginate
composite gel, freeze-dried CGFs into a membrane and
evaluated the physical and osteogenic capacities of this
membrane. In addition, through the quantitative detec-
tion of growth factors released from freeze-dried CGFs
and sustained release CGFs, we explored the feasibility of
using this composite gel as a carrier to achieve long-term
sustained-release of CGFs.

We first assessed the biosafety of the chitosan-alginate
composite gel via cell climbing and cell proliferation
assays (Figs. 2 and 5).The data indicated that the gel was
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(c) sustained-release CGF group. “P<0.01,

biocompatibility and had low cytotoxicity and that the cells
could maintain normal growth on the gel. Under scanning
electron microscope, it was observed that the gel possessed
high porosity to provide suitable space for cell adhesion and
proliferation and to allow the exchange of nutrients and waste
(Fig. 2). When the gel and the CGFs powder were integrated,
the sustained-release CGFs were obtained. The osteogenesis
of the sustained-release CGFs compared to the freeze-dried
CGFs was verified. It was found that the freeze-dried CGF
group showed a stronger ability to boost the proliferation of

P<0.001. CGFs, concentrated growth factors.

MC3T3-El cells during the first 6 days (Fig. 5), and in the first
14 days, ALP protein expression increased. Afterward, the
sustained-release CGF group achieved better results (Fig. 6).
On day 21, the ALP staining and mineralized nodule staining
results of the sustained-release CGF group were significantly
better than those of the freeze-dried CGF group (Fig. 6).
The expression of OPG, OPN, Runx2 and ALP was also
increased (Fig. 7).

To evaluate whether chitosan-alginate composite gel could
be used as a carrier for growth factors, we investigated the
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Figure 7. Expression of the osteogenesis-associated genes BSP, OG, OPG, OPN, COLIAI, Runx2 and ALP were evaluated by RT-qPCR on days 7, 14, 21, 28
(data not shown for all times). Addition of freeze-dried CGF and sustained-release CGF to the culture media significantly increased expression of (A) BSP,
(B) OG, (C) OPG and (D) OPN in the MC3T3-El cells on day 7, (E) COLIAI on day 14 and (F) Runx2 on day 21. Significant upregulation of (G) ALP was
found in the MC3T3-El cells cultured with the freeze-dried CGFs and sustained-release CGFs compared to that in the control group on day 28. "P<0.05,

“P<0.01, “"P<0.001. CGFs, concentrated growth factors; OPG, osteoprotegerin; OG, osteocalcin; Runx2, runt-related transcription factor 2; BSP, bone sialo-
protein; OPN, osteopontin; ALP, alkaline phosphatase; COLIAI, collagen type I al.
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Figure 8. The release of (A) IGF-1, (B) TSP-1, (C) PDGF-AB, (D) TGF-f1 and (E) VEGF from the freeze-dried CGFs and the sustained-release CGFs for
30 days. Values are expressed as the cumulative mean quantity of molecules at 1, 6,24 h, 3, 5, 7, 10, 13, 16, 20, 25 and 30 days. IGF-1, insulin-like growth
factor-1; TSP-1, thrombospondin-1; PDGF-AB, platelet-derived growth factor-AB; TGF-f1, transforming growth factor $1; VEGF, vascular endothelial growth

factor; CGFs, concentrated growth factors.

concentration of growth factors released from sustained-release
CGF and freeze-dried CGF in vitro were investigated. Our

data revealed that different growth factors showed different
time-dependencies.
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The thrombospondin-1 protein (TSP-1) has been
shown to affect platelet aggregation, angiogenesis, and
tissue remodeling (26,27). TSP-1 is a major regulator of
transforming growth factor -1 (TGF-p1) activation but
also has TGF-B-independent functions in hemostasis, cell
adhesion, migration, and growth factor (EGF, VEGF, FGF)
regulation (28). TGF-fp1 performs many cellular functions,
including the control of cell growth, cell proliferation, cell
differentiation, and apoptosis (29). TGF-f1 increases the
synthesis of collagen types I, IIT and IV and the deposition
of fibronectin, proteoglycans and tenascin (30). IGF-I is
an important factor that regulates bone cell function and
metabolism. It can reduce collagen degradation, increase
bone deposition, and promote osteoblast differentiation,
maturation and supplementation (31). Platelet-derived growth
factor-AB (PDGF-AB) promotes the secretion of collagen
and glycoproteins by osteoblasts to synthesize the bone
matrix through the action of osteoblasts and participates in
bone matrix calcification (32). Vascular endothelial growth
factor (VEGF) influences skeletal development and postnatal
bone repair. Modulation of VEGF levels in bones represents
a potential strategy for treating compromised bone repair
and improving bone regeneration (33).

In the present study, at the beginning of the experiment,
more IGF-1, VEGF, TGF-p1 and PDGF-AB were released by
the freeze-dried CGFs than by the sustained-release CGFs.
The release rate of these growth factors then decreased rapidly
in the freeze-dried CGF group , while the release rate of the
sustained release CGF group increased slowly. On day 7, the
concentrations of IGF-1 and VEGF in the two groups were
almost the same. On day 14, the concentrations of TGF-f1 and
PDGF-AB in the two groups were almost the same (Fig. 8). This
result may be relevant for the different growth factor release
patterns of freeze-dried CGFs and sustained-release CGFs.
In the freeze-dried CGF group, the growth factors were in a
state of free diffusion in the extract, and they were completely
exposed to the solution. Over time, the growth factors slowly
inactivated; then, the concentration of the growth factors in
the solution decreased. In the sustained-release CGF group,
the gel carrier enveloped the growth factors so that they were
slowly released in the solution, and the concentration of the
growth factors was maintained for a long period. However, the
pore structure of the gel helped the cells adhere, which benefits
cell proliferation and osteogenesis.

After day 14, the concentration of growth factors in the
freeze-dried group decreased sharply from that at the begin-
ning, while the sustained-release group maintained a stable
concentration, which made the osteogenic expression ability
of the sustained-release group significantly higher than that
of the freeze-dried group. In the present study, a significant
phenomenon was noted. The medium used in the design
of this experiment was not supplemented with osteogenic
mineralization-inducing solution. However, in both experi-
mental groups, obvious mineralized nodules were observed,
which suggests that the composite growth factors in CGFs
may have the ability to promote osteoblast self-mineralization.
However, this possibility requires verification through further
experiments.

Numerous drug delivery systems based on the association of
chitosan have been reported in the literature (34). For example,
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layered composite hydrogels have been used as cell culture
carriers and matrices for the control release (35), and micropar-
ticles based on alginate/chitosan, alginate-chitosan beads or
chitosan-coated alginate beads have been used as sustained
release drug delivery systems (36). The results of the present
study verified that the use of chitosan-alginate gel carrier can
achieve the slow release of growth factors in CGFs and that the
sustained-release CGFs can achieve superior osteogenic effects.

In conclusion, the freeze-dried CGFs demonstrated superior
osteogenic performance than the sustained-release CGFs in
the early stages. Over time, the sustained-release CGFs had
significant advantages over the freeze-dried CGFs in terms of
promoting osteogenic mineralization. The present study revealed
that Iyophilization and the chitosan-alginate carrier enabled the
growth factors in CGFs to maintain a stable release concentration
and to achieve a superior osteogenesis-promotive effect.
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