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Genipin modified lyophilized
platelet-rich fibrin scaffold for
sustained release of growth
factors to promote bone
regeneration

Xiaoyao Liu*?', Mingjing Yin*?!, Ying Li*', Jianqun Wang?,
Junlong Da?, Zhongshuang Liu?®, Kai Zhang?, Lixue Liu?,
Wenxuan Zhang?, Peijun Wang?, Han Jin'* and Bin Zhang**

Heilongjiang Provincial Key Laboratory of Hard Tissue Development and Regeneration, The Second
Affiliated Hospital of Harbin Medical University, Harbin, China, ?Department of Stomatology, The First
Affiliated Hospital of Harbin Medical University, Harbin, China, *Department of Stomatology, Shenzhen
University General Hospital, Shenzhen University, Shenzhen, China, *Heilongjiang Academy of Medical
Sciences, Harbin, China

Lyophilized platelet-rich fibrin (L-PRF) was shown to further activate resident
platelets in platelet-rich fibrin causing a higher amount of growth factors
release. However, it still required further experimental studies to resolve the
uncontrolled degradation and burst release problem. In this study, the nature
crosslinker genipin is introduced to improve the performance of L-PRF scaffold.
We used a series of gradient concentration genipin solutions to react with
L-PRF. The crosslinking degree, micro morphology, mean pore size, water
absorption and mechanical properties of the crosslinked scaffold were
evaluated. In order to study the effect of genipin modification on the release
kinetics of growth factors from L-PRF, we detected the release of platelet-
derived growth factor, vascular endothelial growth factor and transforming
growth factor in vitro by ELISA. To investigate the biodegradability of the
crosslinked L-PRF in vivo, the scaffolds were transplanted subcutaneously
into backs of rats, and the materials were recovered at 1, 2 and 4 weeks
after implantation. The biodegradation, inflammatory reaction and
biocompatibility of the scaffolds were examined by histological staining.
Finally, the genipin crosslinked/uncrosslinked L- Platelet-rich fibrin scaffolds
were implanted with freshly prepared SHED cell sheets into rat critical size
calvarial defects and the skull samples were recovered to examine the
treatment efficacy of genipin crosslinked L-PRF by histologic and
radiographic approaches. Results of this study indicated that genipin can be
used to modify L-PRF at room temperature at a very low concentration.
Genipin-modified L-PRF shows better biomechanical performance, slower
biodegradation, good bioavailable and sustained release of growth factors.
The 0.01% w/v and 0.1% w/v genipin crosslinked L-PRF have good porous
structure and significantly promote cell proliferation and enhance the
expression of key genes in osteogenesis in vitro, and work best in promoting
bone regeneration in vivo.
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Introduction

Bone tissue defects caused by periodontal disease, periapical
disease, trauma and tumor that typically lead to inadequate bone
volume are still challenges for dentists (Stumbras et al., 2019).
Bone healing is a complicated and well-orchestrated
physiological process in which blood clot formation is the
initial and foremost phase to prevent excessive bleeding
(Kolar et al., 2010; Claes et al., 2012). Beyond the hemostatic
property, blood clots have proven to be critical to tissue healing,
serving as a nature scaffold to deliver various growth factors and
interact biologically with cells for tissue regeneration (Wang
et al, 2017). Inspired by the natural healing blood clot, blood-
derived products have attracted significant interests in recent
years (Yang and Xiao, 2020).

Platelet-rich fibrin (PRF) prepared by centrifuging autologous
blood is described as a natural fibrin scaffold containing all the
constituents of blood that are favorable to tissue healing (Dohan
Ehrenfest et al., 2012; Kumar and Shubhashini, 2013). For the past
few years, PRF has been widely used in the treatment of bone
deficiency in the field of stomatology, and has achieved remarkable
curative effect owe to its fibrin network and growth factor release
(Mazor et al., 2009; Oncu and Alaaddinoglu, 2015; Pradeep et al,
2015). However, freshly prepared PRF must be used immediately
in order to retain the bioactivity of growth factors. In addition, like
all natural scaffold materials, the bio-degradation rate of PRF is fast
and irregular, along with the rapid release of growth factors, and
then enzymatically hydrolyzed. Lyophilized PRF (L-PRF) is more
conducive to preservation and transportation, that will contribute
to its clinical application and promotion (Roseti et al., 2017). The
pores of fibrin network in L-PRF are more abundant and larger,
which would be in favour of cell migration and vascular invasion
(Ma et al., 2018; Wang et al., 2019). What’s more, the freeze-thaw
further

accompanied by the change of network structure, the burst

process promotes platelet activation. However,
release of L-PRF after rehydration is more obvious (Roseti
et al., 2017). Moreover, neither fresh nor lyophilized PRF has
insufficient mechanical properties. Due to these deficiencies, their
applications are mostly limited to combined use with other scaffold
materials. In our previous study, we explored a controlled release
strategy based on the combination of fresh and lyophilized PRF
with different ratios, which increased bone formation in vivo (Liu
etal., 2019). We consider that it is clinical significance to explore a
simple and safe method to improve the performance of L-PRF for
better applications.

Crosslinking has been a common method to improve the
properties of biomaterials. Genipin (GP) extracted from gardenia
jasminoides ellis fruit is a natural crosslinker with good
biocompatibility and low cytotoxicity compared with other

crosslinking agents such as glutaraldehyde (Frohbergh et al,
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2012). GP can cross-link with amino acids, and the gardenia blue
produced by the reaction is a safe, non-toxic natural food
pigment with good anti-inflammatory effect. As one of the
effective components of Chinese herbal medicine, genipin can
be also used for anti-inflammatory, antibacterial, antithrombotic,
anti-tumor drugs and treatment of diabetes, jaundice and other
diseases (Koo et al., 2006; Hou et al., 2008; Lelono and Itoh,
2009).
crosslinking

chemical
which
eliminates the step of repeated rinse to remove the free

Therefore, in comparision with other

agents, genipin is more biosafety,
crosslinking agent after crosslinking reaction is completed. In
recent years, GP has been more and more applied in the field of
tissue engineering, which can crosslink with a variety of natural
scaffolds to improve the mechanical properties, regulate the
degradation rate and control the release rate of drug (Yao
et al, 2005; Yoo et al, 2011; Zhang et al, 2016). However,
there is no study on appling GP to modify L-PRF yet. In our
study, a variety of crosslinking schemes are designed to explore
the feasibility of crosslinking L-PRF with genipin. We try to
determin an simple and convenient crosslinking scheme and
prepare a new type of GP crosslinked L-PRF scaffold. The
physical and biological properties of the scaffold and the
release kinetics of growth factors are investigated. The effect
and application of genipin-modified L-PRF (GP/L-PRF) in bone

regeneration are also explored.

Materials and methods
Preparation of L-PRF

Ten milliliters of autologous blood in 10 ml coated glass tubes
without anticoagulants was obtained from the forearm vein of
volunteers. The whole blood was immediately centrifuged at
3,000 rpm for 10min (Labofuge 400Rcentrifuge, Heraeus,
Hanau, Germany) according to the PRF protocol (Choukroun
et al,, 2006). Then the PRF clots were gently removed from the
centrifuge tube, and the red blood cells at the bottom of PRF were
cut off carefully. For the preparation of lyophilized PRF, PRF
clots were frozen and stored at —80°C for 30 min and then freeze-
dried overnight using a Labconco lyophilizer at —51°C (Free
Zone, Labconco, Kansas City, MO, United State).

Crosslinking L-PRF with different
concentrations of genipin

For each sample, 1 ml of GP was slowly added into L-PRF

prepared from 10 ml of whole blood and mixed thoroughly. After
1 min, the excess solution was discarded. Then, samples were
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incubated for 24 h at room temperature to allow crosslinking
reactions to proceed.

A series of gradient concentration GP solutions, including
0 w/v, 0.01% w/v, 0.1% w/v, 0.5% w/v and 1% w/v were applied to
crosslink L-PRF. According to the concentration of genipin, the
samples were grouped as 0 w/v L-PRF (non-crosslinked), 0.01%
w/v GP/L-PRF, 0.1% w/v GP/L-PREF, 0.5% w/v GP/L-PRF and 1%
w/v GP/L-PRF. All the experiments were performed in triplicates
with three specimens in each group.

Characterization of GP/L-PRF scaffold

Scaffolds of each group described above were then
lyophilized again and 3 mg of the sample was weighed into
EP tube respectively incubated with 100 uL of deionized water
for 1 h. Then the ninhydrin (NHN) colorimetric assay was used
to determine the degree of crosslinking as previously described
(Sanchez et al., 2017).

Each lyophilized sample was weighed as M, and then
saturated with PBS (pH = 7.4) for 24 h at 37°C. The surface
moisture was removed by blotting gently every half hour with
filter paper and turgid weight M; was recorded. Water absorption
(Wa) was calculated as follows:
M1- MO0

MO

Wa = x 100%

The cross-sectional microstructure of scaffolds freeze-dried again
was visualized using scanning electron microscopy (SEM; SM-5800LV,
JEOL, Tokyo, Japan). The average pore diameter of crosslinked or non-
crosslinked scaffold was calculated by Image]J software.

The scaffold was cut into 2 mm thickness, from which
standard disk sample of 2 mm diameter x 1 mm thickness was
made using a tissue puncher. Mechanical properties were
determined using a universal testing machine Intron5569.

Quantification of growth factors derived
from GP/L-PRF

First, extracts of all the groups of scaffolds were prepared.
Briefly, either crosslinked or non-crosslinked lyophilized PRF
scaffolds (0.1 g) were placed in 5 ml centrifuge tubes containing
1 ml of a-Minimum Essential Medium (a-MEM; Thermo Fisher
Scientific, Inc. Waltham, MA, United States) without fetal bovine
serum. The tubes were placed in a shaker incubator at 37°C at
100 rpm. The conditioned medium was collected at the times of
1, 3, 7, 14, 21, and 28 days of culture, and an equal volume of
medium was added to the tubes. All collected mediums were
stored at -80°C and analyzed at the same time to reduce bias. All
ELISA kits were purchased from Boster Biological Technology
and used according to the manufacturer’s protocol, and the
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wavelength for ELISA measurement was 450 nm. All assays
were tested in triplicate.

Cell culture

Culture of pulp stem cells from human exfoliated deciduous
teeth (SHEDs) was carried out by adherent culture methods.
Cells were cultured in a-MEM, supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Inc.), 100 U/mL
penicillin and 100 mg/ml streptomycin (PS; Thermo Fisher
Scientific, Inc.). They were incubated in a 5% CO, atmosphere
at 37°C.

To prepare cell membrane sheets, SHEDs were planted into
12-well plates with a density of 5 x 10° cells/mL. Cells were then
grown continually without passaging for 14 days. Medium was
changed every 48 h, and 50 mg/L ascorbic acid was added.

Proliferation assay

0.1 g of scaffolds were placed into 24-well plates with 1 ml of
complete a-MEM medium and incubated in incubator for
14 days. The conditioned medium was collected every day and
an equal volume of medium was added. All collected media were
stored at 4°C.

SHEDs were seeded at a density of 3,000 cells per well in 96-
well plates. The incubation medium was discarded after 48 h
culture, and the conditioned media mentioned above was added
to each well following experimental grouping. Cell proliferation
was measured by Cell Counting Kit-8 assay (CCK-8, Dojindo,
Japan).

Alizarin red staining and semi-quantitative
analysis

To induce osteogenic differentiation, extracts were prepared
as explained before, expecting that the a-MEM was replaced with
10nM  of
dexamethasone, 10 mM of B-glycerophosphate, and 100 uM of

osteogenic differentiation medium containing
ascorbic acid (Sigma, Sigma Chemical Co., St. Louis, MO,
United States).

SHEDs were seeded into 24-well cell culture plates at a
concentration of 3 x 10* cells/well. After cell attachment,
different conditioned media were added to different wells
following experimental grouping. After 14 days of co-culture,
cells were fixed and stained using Alizarin Red S (ARS, Sigma,
Sigma Chemical Co., St. Louis, MO, United States) for detecting
Then ARS released by

cetylpyridinium chloride (Sigma-Aldrich) and quantified by

mineralization. staining  was

spectrophotometry at 560 nm.
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Quantitative PCR

Gene transcription and expression of RUNX2, COL-1 and
OCN in SHEDs induced by conditioned media for 14 days were
studied by qPCR analysis. Total RNA was extracted with the
TRIzol reagent on the 14th day of osteogenic induction. QPCR
was performed by an Mx3005P system using SYBR” Premix Ex
TaqTM (Takara Biotechnology Co., Ltd.), according to the
manufacturer’s instructions. The RUNX2 primers were 5'-
TGGTTACTGTCATGGCGGGTA-3" (forward) and 5-TCT
CAGATCGTTGAACCTTGCTA-3" (reverse); the COL-1
primers were 5'- GAGGGCCAAGACGAAGACATC -3’
(forward) and 5'-CAGATCACGTCATCGCACAAC-3'
(reverse); the OCN primers were 5'-CACTCCTCGCCCTAT
TGGC-3' (forward) and 5/-
CCCTCCTGCTTGGACACAAAG-3'(reverse);  the
5'-CATGTACGTTGCTATCCAGGC-3'

B-actin

primers were
(forward) and 5'-CTCCTTAATGTCACGCACGAT-3'
(reverse).

Animal surgical procedure

First, the implants were prepared as described below.
Samples of each group were prepared in the form of circular
discs of 5mm diameter and 2 mm thickness with a 5mm
diameter skin biopsy puncher.

For in vivo degradation study, 1 cm long incisions were
performed on the backs of rats with a distance of 2 cm from
the midline, 2 cm intervals in the same side, and subcutaneous
pockets created by blunt dissection. Scaffold samples were
implanted in subcutaneous pockets on the backs of rats
randomly. Animals were sacrificed after 1 week, 2 and
4 weeks of implantation. The implants were removed along
with the surrounding skin and subcutaneous tissue, and
perfused with 4% PFA immediately.

A total of 22 healthy male Sprague-Dawley (SD) rats,
weighing around 200 g, were employed to construct the 5 mm
critical calvarial bone defect model. After exposure of the
cranjium via skin incision, two 5mm symmetrical full-
thickness bone defects were created using an annular bone
dill. The pre-prepared scaffolds and SHEDs membrane sheets
were then implanted in the calvarial defects. The calvarial defects
were randomly divided into seven groups: blank group (non-
implant), Cell sheet (CS) group (only SHEDs membrane sheets),
0 w/v + CS group, 0.01% w/v + CS group, 0.1%w/v + CS group,
0.5% w/v + CS group and 1% w/v + CS group. The day of surgery
was assigned as day 0. Rats were sacrificed with an overdose of
200 mg/ml pentobarbital sodium at 4 and 8 weeks after surgery.
The entire cranium samples were extracted and stored in 4%
paraformaldehyde for subsequent analysis.
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Plain X-ray radiography and micro-
computed tomography

Radiographs of the cranium samples were taken by a
Faxitron Specimen Radiography System (Model MX-20;
Faxitron X-ray Corporation, Wheeling, IL) at 26 kVp and
exposure time of 11s. The degree of bone regeneration was
examined by a micro-CT scanner (uCT35, Scanco Medical
AG, Bassersdorf, Switzerland) with a 10 um voxel size using
the following parameters: 114 mA, 70 kVp, and exposure time
of 300 ms. The new bone formation was calculated as the
percentage fraction of new bone area to the total defect area
using the methods described in previous study (Liu et al,
2019).

Hematoxylin and eosin staining

After radiographic studies, the calvarial specimens were
decalcified in 10% ethylenediaminetetracetic acid (EDTA) for
about 4 weeks, sectioned by bisecting the 5 mm diameter defects,
and then embedded in paraffin. Serial sections were prepared in
the thickness of 4 um from the middle part for hematoxylin and
eosin staining (H&E).

Statistical analyses

All statistical analyses were conducted using GraphPad
Prism (v8.4.0). The data was statistically analyzed with one-
way or two-way analysis of variance (ANOVA). All experiments
were repeated at least three times, and all data were presented as
mean + standard deviation (SD). Differences with p < 0.05 were
taken as statistically significant.

Results
L-PRF could crosslink with genipin

L-PRF could react with genipin to produce blue
compound, and the blue color was deepened as time
extended. The crosslinking time of 24 h was observed to be
sufficient for complete crosslinking by prior experimentation.
For the same duration of crosslinking, the greater the GP
concentration used, the darker the blue color (Figures 1A,B).
The ninhydrin (NHN) colorimetric assay was used to
determine the degree of crosslinking. The result of the
experiment shows the degree of crosslinking increased
along with the increasing concentration of genipin
(Figure 1C).
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(A) Scaffolds crosslinked with genipin for 30 min (B) Scaffolds crosslinked with genipin for 24h, (C) The degree of crosslinking after 24 h (*p <

0.05, **p < 0.01,***p < 0.001****p < 0.0001)

Crosslinking improved the physical
properties of L-PRF

Scanning electron microscopy image showed either
crosslinked or non-crosslinked L-PRF scaffold had highly
2A-E). The
number of macropores between 100-200 pm in diameter was

interconnected porous structures (Figures
increased in 0.01% w/v group and 0.1% w/v group compared to
other groups, and adjacent macropores were interconnected by
micropores.

The average pore diameter was measured from SEM images.
The mean diameter was increased in each genipin crosslinked
group compared with the non-crosslinked control group, and the
differences were significant (Figure 2F). Of these, both 0.01% w/v
GP/L-PRF and 0.1% w/v GP/L-PRF exhibited increasing average
pore size larger than 100 pm (0.01% w/v vs control, and 0.1% w/v
vs control, p < 0.0001).

The water absorption rates of the scaffolds were illustrated in
Figure 2G. After 1 h immersion, the water absorption rate of all
the samples tended to plateau, and reached the saturation limit
after 24 h of immersion. Compared with the control group, all the
GP crosslinked L-PRF showed increased water uptake, and 0.01%
w/v GP/L-PRF and 0.1% w/v GP/L-PRF produced a significant
difference.
indicated that elastic
modulus increased as the degree of crosslinking increased
(Figure 2H). Elastic modulus of crosslinked L-PRF was
higher than that of non-crosslinked L-PRF. The average
of 1% w/v GP/L-PRF was
significantly higher than control (p < 0.05). Although
increasing values of elastic modulus were also shown in all

The mechanical test results

modulus elasticity of

other crosslinked groups, the differences were not significant
compared with the control group.

Frontiers in Physiology

05

Crosslinking modified release kinetics of
growth factors of L-PRF

The effect of genipin modification on the release kinetics of
growth factors from L-PRF was studied by ELISA in vitro. The
experiment was illustrated in Figures 2I-K and Supplementary
Tables S1-S3. Although all groups had burst release within 24 h,
the amount of GFs release from GP/L-PRF decreased with
increasing crosslinking degree. After an initial burst release
within the first day, GP/L-PRF showed slow release for the
following days. The rate of GFs release decreased with the
degree of crosslinking increased. The cumulative amount of
PDGF-AB, TGF-B1 and VEGF in crosslinked groups were
significantly lower than that in the control at all time points.
The total release of three growth factors was different, with the
highest release of TGF-P1, and the lowest release of VEGF.

Crosslinking slowed the rate of
degradation of L-PRF

The degradation of L-PRF was accompanied by the release of
GFs. We then conducted subcutaneous implantation experiment
to explore the biodegradability of GP/L-PRF in vivo, and observe
its biocompatibility in the meanwhile. One week after surgery, the
HE results showed that the scaffold material in each group was not
completely biodegradable. Non-crosslinked L-PRF had a loose and
thin fiber network, and contained a large number of infiltration
cells (Figure 3A). With the crosslinking degree of L-PRF increased,
the fiber network structure became increasingly compact, and the
number of cells infiltrated within scaffolds markedly decreased.
Scaffolds  of 1% GP/L-PRF
microstructure with few pores visible (Figures 3B-E).

w/v showed compactness
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FIGURE 2

Scanning electron microscope (SEM) images of (A) Ow/v group (B) 0.01%w/v group (C) 0.1%w/v group (D) 0.5%w/v group and (E) 1%w/v group

(F) The mean pore size of scaffolds, (G) Water absorption of scaffold (H) Elastic modulus of uncrosslinked and crosslinked group; (I-K) The
cumulative release of growth factors of scaffolds. (The Ow/v group was used as control: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, the
release of T GF-B1 at dayl, 0.01%w/v VS control group, p > 0.05; other groups at all time points VS control group, p < 0.05).

The L-PRF of the non-crosslinked control group
underwent complete 2 weeks after
surgery (not shown). Only a small amount of scattered
scaffold debris surrounded by inflammatory cells was
presented in 0.01% w/v GP/L-PRF group (Figure 3F).
Obvious degradation was also observed in the 0.1% w/v
GP/L-PRF group. Most of the crosslinked L-PRF is
replaced by fibrous connective tissue and cells. The
boundaries between crosslinked scaffold and surrounding
tissues were blurred, with new tissues growing inside the
scaffold while the scaffold structure collapsed (Figure 3G).
Many cells had infiltrated from the scaffold margin of 0.5% w/
v group and fiber arrangement became looser (Figure 3H).

biodegradation at
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There was no apparent degradation seen in 1% w/v group
(Figure 3I). Inflammatory responses were not observed in any
group. Abundant neovascularization was found around the
scaffolds in all groups.

At 4 weeks, the scaffolds in all groups were completely
degraded except 1% w/v group (Supplementary Figure S1B).
Some granules with irregular shape could be seen in 0.5% w/v
group (Supplementary Figure S1A). Neovascularisation was
visible in the connective tissue.

As the results mentioned above, including average pore
diameter and biodegradability showed the performance of 1%
w/v GP/L-PRF was not satisfactory, the group was no longer
shown in the following experiments.
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1 week

2 weeks

FIGURE 3

10.3389/fphys.2022.1007692

Photomicrographs of hematoxylin and eosin of (A) Ow/v group (B) 0.01%w/v group, (C) 0.1%w/v group (D) 0.5%w/v group, (E) 1%w/v group
retrieved at 1 w and (F) 0.01%w/v group (G) 0.1%w/v group, (H) 0.5%w/v group (I) 1%w/v group retrieved at 2 w postoperatively. (S: scaffold, CT:
connective tissue, Black triangular arrows indicate scattered scaffold debris).

GP/L-PRF scaffold had No cell toxicity

To evaluate biocompatibility of crosslinked scaffolds,
cytotoxicity test was performed on the extracts of scaffolds,
and a-MEM complete medium was used as negative control
group. As shown in Figure 4A, either non-crosslinked or
crosslinked L-PRF showed no significant inhibitory effect on
SHEDs proliferation at any of the time points examined. The
extracts from 0.01% w/v GP/L-PRF could significantly promote
the proliferation of SHEDs until day 7. The extracts from 0.5% w/
v group reduced cell proliferation slightly.

The extracts from GP/L-PRF enhance
osteogenic gene expression

Mineralization nodules were detected through Alizarin red
staining after 14 days of induction using an osteogenic
differentiation medium (control) or corresponding extracts
from Ow/v group, 0.01% w/v group, 0.1% w/v group and 0.5%
w/v group. The mineralized nodules were more intense in the
0.01% w/v group and 0.1% w/v group, compared with those in
the other groups. The 0.5% w/v group had the least mineralized
nodule formation (Figures 4B-F). The result of semi-quantitative
analysis of ARS showed that the OD values of 0.01% w/v group
and 0.1% w/v group were significantly higher compared to the
control group, at which the OD values of 0.01% w/v group were
highest. Ow/v group and 0.5% w/v group represent no significant
difference compared to control (Figure 4G).

The expression of osteogenesis related genes Runx2, Col-I
and OCN were determined by qRT-PCR after 14 days of culture
with differentiation  medium  (control)

osteogenic or
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corresponding extracts from scaffolds. The 0.01% w/v group
had the highest expression of all three genes compared to others.
The expression of RUNX2 of cells with extracts treatment was
higher compared with that of the control group (Figure 4H).
COL-1 expression of Ow/v group and 0.5% w/v group did not
show a significant expression difference when compared to the
control, while the expression of 0.01% w/v group and 0.1% w/v
group was significantly higher (Figure 4I). All groups except 0.5%
w/v group significantly increased OCN expression on day
14 compared with control (Figure 4]).

The 0.01% w/v and 0.1% w/v GP/L-PRF
could promote new bone formation in
vivo

Finally, the in vivo repair efficacy of bone defects was
evaluated in a rat defect model by implant GP/L-PRF
combined with cell sheets. After implantation for 4 weeks, the
blank group presented only a small amount of new bone tissues
around the edge of defects. Various degrees of bone repair were
observed on the edges and extended towards the center of the
defect in all groups except blank control group (Figure 5A).
Quantitative analysis of percentage of new bone area in calvarial
defects revealed the area of newly formed bone in the Ow/v + CS
group and 0.1% w/v + CS group were significantly greater than
that in the CS group (Figure 5B).

After 8 weeks, the radiological findings showed an obvious
increase in bone mass except for blank group. Continuous
growth of new bone was still not observed in the blank
group. The new bone of 0.01% w/v + CS group and 0.1% w/v
+ CS group filled almost the entire defect area and integrated with
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(A) Cell proliferation and cytotoxicity assay of SHEDs by CCK-8; Alizarin red staining of (B) Control group (C) Ow/v group (D) 0.01w/v group (E)
0.1%w/v group and (F) 0.5%w/v group (G) Semi quantitative results of alizarin red staining; (H-J) Real time PCR results of osteogenic—specific
markers. (*p < 0.05, **p < 0.01, ***p < 0.001. RUNX2: Runt related transcription factor 2, COL-I: Collagen I,OCN: Osteocalcin).
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the original bone at the defect margins (Figure 5A). The
percentage of new bone formation was (86.6 £ 0.2)% in 0.01%
w/v + CS group and (85.1 + 0.1)% in 0.1% w/v + CS group,
significantly higher than that of the Ow/v + CS group. Compared
with CS group, the area of newly formed bone tissues was
significantly larger in each L-PRF combined with CS group
(Figure 5C).

The histological findings were consistent with imaging
findings (Figure 6). In the blank control groups, almost no
new bone was found in the defect 4 weeks postoperatively and
only fibrous connective tissue covered the empty defects. A large
area of residual materials could been seen in group of 0.5% w/v +
CS. Histological sections of CS group, Ow/v + CS group, 0.01% w/
v + CS group and 0.1% w/v + CS group presented abundant new
island of bone and neovascularization. Osteoblasts were visibly
arrayed on the surfaces of newly formed bone tissues in the Ow/v
+ CS group, 0.01% w/v + CS group and 0.1% w/v + CS group.

The defect area of the blank group still only had thin fibrous
connective tissues at 8 weeks. Compared with 4 weeks, the
trabecular bones were thickened, the number was increased
and the connections were compact in CS group and scaffolds
combined CS groups. The nascent bone in combination groups
was thicker than that in CS alone group. It was obvious that
trabecular bone in the 0.01% w/v + CS group and 0.1% w/v + CS
group appeared to be thicker and more integrated, and the
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arrangement was more regular. The regenerated tissue

completely fused with the host bone in the 0.01% w/v + CS group.

Discussion

Blood clot plays a very important role during osteogenesis
thanks to the structure characteristics and growth factors release
(Lai et al., 2010; Shiu et al., 2018; Yang and Xiao, 2020). Inspired
by the impact of natural blood clot, scholars have explored the
innovation and application of blood products over the years
(Yang and Xiao, 2020). Platelet-rich fibrin (PRF), a second
generation of platelet concentrates, has already been widely
used in modern medicine (Gassling et al., 2010; Sindel et al.,
2017; Pripatnanont et al,, 2013). Lyophilization was shown to
activate resident platelets in PRF causing the further release of
GFs thus promoting tissue healing (Roseti et al., 2017). However,
the more obvious burst release of GFs of L-PRF cannot meet the
requirement for bone tissue engineering (Li et al., 2014). In
previous studies, we explored a biomimetic strategy to promote
bone regeneration based on the combination of fresh and
lyophilized PRF with different ratios (Sanchez et al, 2017).
This study aims for tuning the release of GFs, decreasing the
rate of degradation and improving the performance of L-PRF by
crosslinking with genipin.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007692

Liu et al.

blank 0+CS

4w

8w

FIGURE 6

10.3389/fphys.2022.1007692

0.01%+CS 0.1%+CS

0.5%+CS

Photomicrographs of hematoxylin and eosin retrieved at 4 w and 8 w postoperatively. (S: scaffold, CT, connective tissue; NB, new bone; CS, cell
sheet. The blue arrows indicate osteoblasts, Blue triangular arrows indicate the irregular particle residue).

In order to accelerate bone reconstruction, an ideal
implant requires both a porous structure and optimal water
uptake properties, which is favorable for cell infiltration,
adhesion and proliferation (Thavornyutikarn et al., 2014;
Wang et al,, 2016; Anitua et al., 2018). The average pore
size shows a tendency to increase first and then decrease with
the increase of the crosslinking degree. It could be observed
that both macropores with a mean diameter larger than
100 um and highly interconnected small pores coexisted in
the 0.01% w/v group and 0.1% w/v group, meets the
requirement for bone regeneration. The saturated water
absorption of the 0.01% w/v group and 0.1% w/v group are
significantly higher than that of non-crosslinked L-PREF,
suggesting there is a higher porosity. The number of
macropores is obviously reduced and the pore wall is
nearly smooth almost without pores in the 1% w/v group,
which is not adapted to bone reconstruction. After
rehydration, non-crosslinked L-PRF lacks the required
mechanical properties and maneuverability. As is shown in
Figure 2G, the elastic modulus of non-crosslinked L-PRF is
the lowest, whereas that of L-PRF crosslinked by 1% w/v
genipin is the highest, illustrating crosslinking improves the
mechanical properties of L-PRF.

Growth factors also play important roles in bone tissue
engineering (Kneser et al., 2006; Iaquinta et al., 2019). PRF is
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naturally rich in growth factors (Dohan et al., 2006; Kumar
et al,, 2015). The soluble fibrinogen polymerizes slowly into
fibrin network under the action of a physiological concentration
of thrombin, during which growth factors are trapped in the
fiber network (Dohan et al., 2006). Growth factors, which are
not bound to fibrin, are rapidly released from PRF, while the
bound growth factors are gradually released with the
2018).
Lyophilization promotes the further release of GFs derived

degradation of network (Atienza-Roca et al,
from PRF, and meanwhile along with the change of network
structure leads to a faster degradation and release rate (Li et al.,
2014; Roseti et al., 2017). Previous studies have shown that the
covalent bonding of GFs into scaffold can reduce the burst
release (Masters, 2011). Muiznieks in his study stated that
genipin could be used to crosslink elastin or elastin
polypeptides by formed covalent crosslinks (Muiznieks,
2018). In this study, genipin is first used to crosslink with
L-PREF. From the results, it can be seen that the burst release of
GP/L-PRF is evidently decreased compared with L-PRF,
suggesting the GFs may be conjugated onto fiber network
which is necessary to further verify by further experiments.
After burst release, GP/L-PRF releases GFs slowly and the
cumulative release is always lower than non-crosslinked
L-PRF during 28 days. The 0.1% w/v GP/L-PRF sustainably
releases GFs at an almost constant rate. This slow-release effect
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also owes to the change of fibrin network structure. The
structure characteristic of L-PRF includes a dense surface
layer and loose inner structure. The surface pore architecture
denser due to crosslinking is also contributed to controlled
release.

The decreased rate of degradation is also in favor of the
sustained release of GFs. The subcutaneous degradation
experiment in rat shows that the higher the crosslinking
degree is, the slower the degradation rate is. The non-
crosslinked L-PRF completely degraded after 2 weeks of in
vivo implantation, while 0.01% w/v and 0.1% w/v GP/L-PRF
degraded to debris, 0.5% w/v GP/L-PRF degraded relatively
1% GP/L-PRF
degradation. Hence, a significant amount of GFs would have

slowly and w/v showed no noticeable
been released at 1week when referring to non-crosslinked
L-PRF. The sustained release of 0.01% w/v and 0.1% w/v GP/
L-PRF continues over a period of 2 weeks. The release rate is
slower in 0.5% w/v GP/L-PRF and the slowest in 1% w/v GP/
L-PREF. It can be found that the pattern of biomaterials degrading
in vivo is in line with the pattern of GFs release in vitro.
Degrading too slowly also has adverse effects of tending to be
recognised as foreign and eliciting host immune responses
against the antibody. It is suggested that the 1% w/v GP/
L-PRF is not available for tissue healing. It is worth noting
that in our subcutaneous degradation experiment, no obvious
inflammatory reaction occurred in all groups, which may be
attributed to the biocompatibility of blood derivatives, the
of antigenic by  crosslinking
lyophilization (Koo et al., 2006; Zhang et al., 2017; Yip et al.,
2019). This may also be related to the anti-inflammatory effect of

modification sites and

the crosslinked product geniposide, which needs further
experiments.

Bone healing is regulated by various growth factors. It has
that
revascularization, osteogenesis, bone remodeling, and the

been reported bone repairing process involved
proliferation and differentiation of osteoblasts occurred
during the initial 14 days (Uggeri et al., 2007). PDGF favors
division and proliferation of osteoblasts within the damage
site (Hollinger et al., 2008; Rao et al., 2009). TGF-p, the most
abundant GFs derived from PRF, recruits circulated stem cells
to the site of injury and promotes the deposition and
mineralization of the bone matrix (Fennen et al., 2016;
Perez et al,, 2018). VEGF is a key component responsible
for angiogenesis, which benefits stem cell recruitment and
transportation of nutrients (Roseti et al., 2017; laquinta et al.,
2019). Our research has shown that 0.01% w/v and 0.1% w/v
GP/L-PRF can continuously release growth factors within
14 days. The in vitro studies find that the proliferation and
osteogenic differentiation of SHEDs are stimulated by extracts
derived from 0.01% w/v and 0.1% w/v GP/L-PRF. David et al.
found PRF could both promote the proliferation of hBMSCs
and enhance ALP activity and mineralized nodule formation.

Sindel and others described that PRF enhanced the osteogenic
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ability of stem cell sheets. These findings are consistent with
our studies. In vivo experiments in the present study also
confirmed the new bone formation ratio of GP/L-PRF
combined with SHEDs is higher than that of non-
crosslinked L-PRF. By 8 weeks after the operation, 0.01%
w/v and 0.1% w/v GP/L-PRF were able to almost completely
heal the bony defect. The extracts of non-crosslinked L-PRF
enhance the proliferative capability but not the osteogenic
differentiation ability, that may be related to the high
concentration of GFs. We find that new bone formation in
0.5% w/v GP/L-PRF group is slower because the GFs release is
slower than other groups. From the above results, it is
suggested that proper local concentration of GFs is
important for bone tissue regeneration.

The cells cultured with conditioned medium from 0.5% w/v
GP/L-PRF exhibited decreased proliferation from day 5, and
decreased mineralized nodules and critical osteogenesis-related
gene expression. We speculate the high concentration of genipin
may be the reason. The dark blue particles observed in the in vivo
experiment may provide evidence for excess GP.

This study is the first to present an approach to improve
L-PRF by crosslinking with genipin. The present results show
that reaction can be conducted at room temperature by very low
concentrations of genipin. The obtained 0.01% w/v and 0.1% w/v
GP/L-PRF has suitable pore structure and ability of sustained
GFs release. Moreover, the crosslinked material presents good
in vitro cell compatibility and in vivo biocompatibility. They can
stimulate proliferation and osteogenic differentiation of SHEDs
in vitro and increase bone formation on the bone defect area in
vivo. GP/L-PRF combined with stem cell sheets accelerates bone
defect healing. The present study provides a new way of thinking
to improve the performance of L-PRF and an economical, safe
and convenient method for sustained growth factors release.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study and clinical ethics were reviewed and
approved by the Ethics Committee at The Second Affiliated
Hospital of Harbin Medical (SYD2020-068,
KY2021-154).

University

Author contributions

XL, MY and YL conceived and designed the research,

performed analysis and wrote the majority of the

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007692

Liu et al.

manuscript. JW and JD were responsible for the majority of
the ZL was
proofreading the manuscript. H] and BZ supervised the

animal experiments. responsible  for

research and the manuscript writing. The other authors
provided assistance with the experimental measurements
and data analysis. All authors read and approved the final
manuscript.

Funding

This work was supported by the Natural Science Foundation
of Heilongjiang Province of China (Grant No. YQ 2020H018, LH
2020H057), and the National Natural Science Foundation of
China (Grant Nos. 81801040, 81870736).

Acknowledgments

We express our sincere gratitude to all the volunteers who
donated blood for this study.

References

Anitua, E., Troya, M., and Zalduendo, M. (2018). Progress in the use of dental
pulp stem cells in regenerative medicine. Cytotherapy 20 (4), 479-498. doi:10.1016/
jjcyt2017.12.011

Atienza-Roca, P., Cui, X., Hooper, G. J., Woodfield, T. B. F., and Lim, K. S.
(2018). Growth factor delivery systems for tissue engineering and regenerative
medicine. Adv. Exp. Med. Biol. 1078, 245-269. doi:10.1007/978-981-13-
0950-2_13

Choukroun, J., Diss, A., Simonpieri, A., Girard, M. O., Schoeffler, C., Dohan, S. L.,
et al. (2006). Platelet-rich fibrin (PRF): A second-generation platelet concentrate.
Part IV: Clinical effects on tissue healing. Oral Surg. Oral Med. Oral Pathol. Oral
Radiol. Endod. 101 (3), €56-60. doi:10.1016/j.tripleo.2005.07.011

Claes, L., Recknagel, S., and Ignatius, A. (2012). Fracture healing under healthy
and inflammatory conditions. Nat. Rev. Rheumatol. 8 (3), 133-143. doi:10.1038/
nrrheum.2012.1

Dohan, D. M., Choukroun, J., Diss, A., Dohan, S. L., Dohan, A. J. J., Mouhyi,
J., et al. (2006). Platelet-rich fibrin (PRF): A second-generation platelet
concentrate. Part II: Platelet-related biologic features. Oral Surg. Oral Med.
Oral Pathol. Oral Radiol. Endod. 101 (3), e45-50. doi:10.1016/j.tripleo.2005.
07.009

Dohan Ehrenfest, B. T., Jimbo, R., Barbé, G., Del Corso, M., Inchingolo, F.,
Sammartino, G., et al. (2012). Do the fibrin architecture and leukocyte content
influence the growth factor release of platelet concentrates? An evidence-based
answer comparing a pure platelet-rich plasma (P-prp) gel and a leukocyte- and
platelet-rich fibrin (L-PRF). Curr. Pharm. Biotechnol. 13, 1145-1152. doi:10.2174/
138920112800624382

Fennen, M., Pap, T., and Dankbar, B. (2016). Smad-dependent mechanisms of
inflammatory bone destruction. Arthritis Res. Ther. 18 (1), 279. doi:10.1186/s13075-
016-1187-7

Frohbergh, M. E., Katsman, A., Botta, G. P., Lazarovici, P., Schauer, C. L., Wegst,
U. G. K, et al. (2012). Electrospun hydroxyapatite-containing chitosan nanofibers
crosslinked with genipin for bone tissue engineering. Biomaterials 33 (36),
9167-9178. doi:10.1016/j.biomaterials.2012.09.009

Gassling, V., Douglas, T., Warnke, P. H., Acil, Y., Wiltfang, J., and Becker, S. T.
(2010). Platelet-rich fibrin membranes as scaffolds for periosteal tissue
engineering. Clin. Oral Implants Res. 21 (5), 543-549. do0i:10.1111/j.1600-
0501.2009.01900.x

Hollinger, J. O., Hart, C. E., Hirsch, S. N., Lynch, S., and Friedlaender, G. E.
(2008). Recombinant human platelet-derived growth factor: Biology and clinical
applications. J. Bone Jt. Surg. Am. 90 (1), 48-54. doi:10.2106/JBJS.G.01231

Frontiers in Physiology

12

10.3389/fphys.2022.1007692

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2022.1007692/full#supplementary-material

Hou, Y. C, Tsai, S. Y., Lai, P. Y., Chen, Y. S,, and Chao, P. D. L. (2008).
Metabolism and pharmacokinetics of genipin and geniposide in rats. Food Chem.
Toxicol. 46 (8), 2764-2769. doi:10.1016/j.fct.2008.04.033

Iaquinta, M. R., Mazzoni, E., Manfrini, M., D’Agostino, A., Trevisiol, L., Nocini,
R, et al. (2019). Innovative biomaterials for bone regrowth. Int. J. Mol. Sci. 20 (3),
E618. doi:10.3390/ijms20030618

Kneser, U., Schaefer, D. J., and PolykandriotisHorch, E. R. E. (2006). Tissue
engineering of bone: The reconstructive surgeon’s point of view. J. Cell. Mol. Med.
10, 7-19. doi:10.1111/j.1582-4934.2006.tb00287.x

Kolar, P., Schmidt-Bleek, K., Schell, H., Gaber, T., Toben, D., Schmidmaier, G.,
etal. (2010). The early fracture hematoma and its potential role in fracture healing.
Tissue Eng. Part B Rev. 16 (4), 427-434. doi:10.1089/ten. TEB.2009.0687

Koo, H. J.,, Lim, K. H,, Jung, H. J,, and Park, E. H. (2006). Anti—inﬂammatory
evaluation of gardenia extract, geniposide and genipin. J. Ethnopharmacol. 1033,
496-500. doi:10.1016/j.jep.2005.08.011

Kumar, N,, Prasad, K., Ramanujam, L., K, R., Dexith, J., and Chauhan, A. (2015).
Evaluation of treatment outcome after impacted mandibular third molar surgery
with the use of autologous platelet-rich fibrin: A randomized controlled clinical
study. J. Oral Maxillofac. Surg. 73 (6), 1042-1049. doi:10.1016/j.joms.2014.11.013

Kumar, R. V., and Shubhashini, N. (2013). Platelet rich fibrin: A new paradigm in
periodontal regeneration. Cell Tissue Bank. 14 (3), 453-463. doi:10.1007/s10561-
012-9349-6

Lai, B.F., Zou, Y., Brooks, D. E., and Kizhakkedathu, J. N. (2010). The influence of
poly-N-[(2, 2-dimethyl-1, 3-dioxolane)methyl]acrylamide on fibrin
polymerization, cross-linking and clot structure. Biomaterials 31 (22),
5749-5758. doi:10.1016/j.biomaterials.2010.03.076

Lelono, T. S., and Itoh, K. (2009). Isolation of antifungal compounds from
Gardenia jasminoides. Pak. J. Biol. Sci. 12, 949-956. doi:10.3923/pjbs.2009.949.956

Li, Q., Reed, D. A,, Min, L., Gopinathan, G,, Li, S., Dangaria, S. J., et al. (2014).

Lyophilized platelet-rich fibrin (PRF) promotes craniofacial bone regeneration
through Runx2. Int. J. Mol. Sci. 15 (5), 8509-8525. doi:10.3390/ijms15058509

Liu, Z, Jin, H,, Xie, Q,, Jiang, Z., Guo, S., Li, Y., et al. (2019). Controlled release

strategies for the combination of fresh and lyophilized platelet-rich fibrin on bone
tissue regeneration. Biomed. Res. Int. 2019, 4923767. doi:10.1155/2019/4923767

Ma, L., Wang, X., Zhao, N,, Zhu, Y., Qiu, Z., Li, Q,, et al. (2018). Integrating 3D
printing and biomimetic mineralization for personalized enhanced osteogenesis,
angiogenesis, and osteointegration. ACS Appl. Mat. Interfaces 10 (49),
42146-42154. doi:10.1021/acsami.8b17495

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2022.1007692/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.1007692/full#supplementary-material
https://doi.org/10.1016/j.jcyt.2017.12.011
https://doi.org/10.1016/j.jcyt.2017.12.011
https://doi.org/10.1007/978-981-13-0950-2_13
https://doi.org/10.1007/978-981-13-0950-2_13
https://doi.org/10.1016/j.tripleo.2005.07.011
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1016/j.tripleo.2005.07.009
https://doi.org/10.1016/j.tripleo.2005.07.009
https://doi.org/10.2174/138920112800624382
https://doi.org/10.2174/138920112800624382
https://doi.org/10.1186/s13075-016-1187-7
https://doi.org/10.1186/s13075-016-1187-7
https://doi.org/10.1016/j.biomaterials.2012.09.009
https://doi.org/10.1111/j.1600-0501.2009.01900.x
https://doi.org/10.1111/j.1600-0501.2009.01900.x
https://doi.org/10.2106/JBJS.G.01231
https://doi.org/10.1016/j.fct.2008.04.033
https://doi.org/10.3390/ijms20030618
https://doi.org/10.1111/j.1582-4934.2006.tb00287.x
https://doi.org/10.1089/ten.TEB.2009.0687
https://doi.org/10.1016/j.jep.2005.08.011
https://doi.org/10.1016/j.joms.2014.11.013
https://doi.org/10.1007/s10561-012-9349-6
https://doi.org/10.1007/s10561-012-9349-6
https://doi.org/10.1016/j.biomaterials.2010.03.076
https://doi.org/10.3923/pjbs.2009.949.956
https://doi.org/10.3390/ijms15058509
https://doi.org/10.1155/2019/4923767
https://doi.org/10.1021/acsami.8b17495
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007692

Liu et al.

Masters, K. S. (2011). Covalent growth factor immobilization strategies for tissue
repair and regeneration. Macromol. Biosci. 11 (9), 1149-1163. doi:10.1002/mabi.
201000505

Mazor, Z., Horowitz, R. A., Del Corso, M., Prasad, H. S., Rohrer, M. D., and
Dohan Ehrenfest, D. M. (2009). Sinus floor augmentation with simultaneous
implant placement using choukroun’s platelet-rich fibrin as the sole grafting
material: A radiologic and histologic study at 6 months. J. Periodontol. 80 (12),
2056-2064. doi:10.1902/j0p.2009.090252

Muiznieks, L. D. (2018). Genipin cross-linking of elastin and elastin-based
proteins. Methods Mol. Biol. 1798, 213-221. doi:10.1007/978-1-4939-7893-9_17

Oncu, E., and Alaaddinoglu, E. E. (2015). The effect of platelet-rich fibrin on
implant stability. Int. J. Oral Maxillofac. Implants 30 (3), 578-582. doi:10.11607/
jomi.3897

Perez, J. R., Kouroupis, D., Li, D. J., Best, T. M., Kaplan, L., and Correa, D. (2018).
Tissue engineering and cell-based therapies for fractures and bone defects. Front.
Bioeng. Biotechnol. 6, 105. doi:10.3389/fbioe.2018.00105

Pradeep, A. R, Nagpal, K., Karvekar, S., Patnaik, K., Naik, S. B., and Guruprasad,
C. N. (2015). Platelet-rich fibrin with 1% metformin for the treatment of intrabony
defects in chronic periodontitis: A randomized controlled clinical trial.
J. Periodontol. 86 (6), 729-737. doi:10.1902/jop.2015.140646

Pripatnanont, P., Nuntanaranont, T, Vongvatcharanon, S., and Phurisat, K.
(2013). The primacy of platelet-rich fibrin on bone regeneration of various grafts in
rabbit’s calvarial defects. J. Craniomaxillofac. Surg. 41 (8), e191-200. doi:10.1016/j.
jcms.2013.01.018

Rao, M. V., Berk, J., Almojaly, S. A., Goodloe Iii, S., Margarone Iii, J., Sullivan, M.,
et al. (2009). Effects of platelet-derived growth factor, vitamin D and parathyroid
hormone on osteoblasts derived from cancer patients on chronic bisphosphonate
therapy. Int. J. Mol. Med. 23 (3), 407-413. doi:10.3892/ijmm_00000145

Roseti, L. P. V., Petretta, M., Cavallo, C., Desando, G., Bartolotti, I., Grigolo, B.,
et al. (2017). Scaffolds for bone tissue engineering: State of the art and new
perspectives. Mat. Sci. Eng. C Mat. Biol. Appl. 78, 1246-1262. doi:10.1016/j.
msec.2017.05.017

Sanchez, P., Pedraz, J. L., and Orive, G. (2017). Biologically active and biomimetic
dual gelatin scaffolds for tissue engineering. Int. J. Biol. Macromol. 98, 486-494.
doi:10.1016/j.ijbiomac.2016.12.092

Shiu, H. T,, Leung, P. C., and Ko, C. H. (2018). The roles of cellular and molecular
components of a hematoma at early stage of bone healing. J. Tissue Eng. Regen. Med.
12 (4), €1911-e1925. doi:10.1002/term.2622

Sindel, A., Dereci, O., Toru, H. S., and Tozoglu, S. (2017). Histomorphometric
comparison of bone regeneration in critical-sized bone defects using demineralized
bone matrix, platelet-rich fibrin, and hyaluronic acid as bone substitutes.
J. Craniofac. Surg. 28 (7), 1865-1868. doi:10.1097/SCS.0000000000003588

Frontiers in Physiology

13

10.3389/fphys.2022.1007692

Stumbras, A., Kuliesius, P., Januzis, G., and Juodzbalys, G. (2019). Alveolar ridge
preservation after tooth extraction using different bone graft materials and
autologous platelet concentrates: A systematic review. J. Oral Maxillofac. Res. 10
(1), e2. doi:10.5037/jomr.2019.10102

Thavornyutikarn, B., Chantarapanich, N., Sitthiseripratip, K., Thouas, G. A., and
Chen, Q. (2014). Bone tissue engineering scaffolding: Computer-aided scaffolding
techniques. Prog. Biomater. 3, 61-102. doi:10.1007/s40204-014-0026-7

Uggeri, J., Belletti, S., Guizzardji, S., Poli, T., Cantarelli, S., Scandroglio, R, et al.
(2007). Dose-dependent effects of platelet gel releasate on activities of human
osteoblasts. J. Periodontol. 78 (10), 1985-1991. doi:10.1902/jop.2007.070116

Wang, X., Friis, T., Glatt, V., Crawford, R., and Xiao, Y. (2017). Structural
properties of fracture haematoma: Current status and future clinical implications.
J. Tissue Eng. Regen. Med. 11 (10), 2864-2875. doi:10.1002/term.2190

Wang, Z., Chen, L., Wang, Y., Chen, X., and Zhang, P. (2016). Improved cell
adhesion and osteogenesis of op-HA/PLGA composite by poly(dopamine)-
assisted immobilization of collagen mimetic peptide and osteogenic growth
peptide. ACS Appl. Mat. Interfaces 8 (40), 26559-26569. doi:10.1021/acsami.
6b08733

Wang, Z., Han, L., Sun, T., Wang, W., Li, X,, and Wu, B. (2019). Preparation and
effect of lyophilized platelet-rich fibrin on the osteogenic potential of bone marrow
mesenchymal stem cells in vitro and in vivo. Heliyon 5 (10), €02739. doi:10.1016/j.
heliyon.2019.€02739

Yang, Y., and Xiao, Y. (2020). Biomaterials regulating bone hematoma for
osteogenesis. Adv. Healthc. Mat. 9, €2000726. doi:10.1002/adhm.202000726

Yao, C. H,, Liu, B. S., Hsu, S. H., and Chen, Y. S. (2005). Calvarial bone response to
a tricalcium phosphate-genipin crosslinked gelatin composite. Biomaterials 26 (16),
3065-3074. doi:10.1016/j.biomaterials.2004.09.011

Yip, H. K., Chen, K. H,, Dubey, N. K,, Sun, C. K,, Deng, Y. H,, Su, C. W., et al.
(2019). Cerebro- and renoprotective activities through platelet-derived biomaterials
against cerebrorenal syndrome in rat model. Biomaterials 214, 119227. doi:10.1016/
j.biomaterials.2019.119227

Yoo, ]. S., Kim, Y. J,, Kim, S. H,, and Choi, S. H. (2011). Study on genipin: A new
alternative natural crosslinking agent for fixing heterograft tissue. Korean J. Thorac.
cardiovasc. Surg. 44 (3), 197-207. doi:10.5090/kjtcs.2011.44.3.197

Zhang, J., Qi, X,, Luo, X,, Li, D., Wang, H.,, and Li, T. (2017). Clinical and
immunohistochemical performance of lyophilized platelet-rich fibrin (Ly-PRF) on
tissue regeneration. Clin. Implant Dent. Relat. Res. 19 (3), 466-477. doi:10.1111/cid.
12473

Zhang, Y., Wang, Q. S., Yan, K, Qi, Y., Wang, G. F,, and Cui, Y. L. (2016).
Preparation, characterization, and evaluation of genipin crosslinked chitosan/
gelatin three-dimensional scaffolds for liver tissue engineering applications.
J. Biomed. Mat. Res. A 104 (8), 1863-1870. doi:10.1002/jbm.a.35717

frontiersin.org


https://doi.org/10.1002/mabi.201000505
https://doi.org/10.1002/mabi.201000505
https://doi.org/10.1902/jop.2009.090252
https://doi.org/10.1007/978-1-4939-7893-9_17
https://doi.org/10.11607/jomi.3897
https://doi.org/10.11607/jomi.3897
https://doi.org/10.3389/fbioe.2018.00105
https://doi.org/10.1902/jop.2015.140646
https://doi.org/10.1016/j.jcms.2013.01.018
https://doi.org/10.1016/j.jcms.2013.01.018
https://doi.org/10.3892/ijmm_00000145
https://doi.org/10.1016/j.msec.2017.05.017
https://doi.org/10.1016/j.msec.2017.05.017
https://doi.org/10.1016/j.ijbiomac.2016.12.092
https://doi.org/10.1002/term.2622
https://doi.org/10.1097/SCS.0000000000003588
https://doi.org/10.5037/jomr.2019.10102
https://doi.org/10.1007/s40204-014-0026-7
https://doi.org/10.1902/jop.2007.070116
https://doi.org/10.1002/term.2190
https://doi.org/10.1021/acsami.6b08733
https://doi.org/10.1021/acsami.6b08733
https://doi.org/10.1016/j.heliyon.2019.e02739
https://doi.org/10.1016/j.heliyon.2019.e02739
https://doi.org/10.1002/adhm.202000726
https://doi.org/10.1016/j.biomaterials.2004.09.011
https://doi.org/10.1016/j.biomaterials.2019.119227
https://doi.org/10.1016/j.biomaterials.2019.119227
https://doi.org/10.5090/kjtcs.2011.44.3.197
https://doi.org/10.1111/cid.12473
https://doi.org/10.1111/cid.12473
https://doi.org/10.1002/jbm.a.35717
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007692

	Genipin modified lyophilized platelet-rich fibrin scaffold for sustained release of growth factors to promote bone regeneration
	Introduction
	Materials and methods
	Preparation of L-PRF
	Crosslinking L-PRF with different concentrations of genipin
	Characterization of GP/L-PRF scaffold
	Quantification of growth factors derived from GP/L-PRF
	Cell culture
	Proliferation assay
	Alizarin red staining and semi-quantitative analysis
	Quantitative PCR
	Animal surgical procedure
	Plain X-ray radiography and micro-computed tomography
	Hematoxylin and eosin staining
	Statistical analyses

	Results
	L-PRF could crosslink with genipin
	Crosslinking improved the physical properties of L-PRF
	Crosslinking modified release kinetics of growth factors of L-PRF
	Crosslinking slowed the rate of degradation of L-PRF
	GP/L-PRF scaffold had No cell toxicity
	The extracts from GP/L-PRF enhance osteogenic gene expression
	The 0.01% w/v and 0.1% w/v GP/L-PRF could promote new bone formation in vivo

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


