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Abstract

3D-printed biofunctional scaffolds have promising applications in bone tissue
regeneration. However, the development of bioinks with rapid internal vascularization
capabilities and relatively sustained osteoinductive bioactivity is the primary technical
challenge. In this work, we added rat platelet-rich plasma (PRP) to a methacrylated
gelatin (GelMA)/methacrylated alginate (AlgMA) system, which was further modified
by a nanoclay, laponite (Lap). We found that Lap was effective in retarding the release of
multiple growth factors from the PRP-GelMA/AlgMA (PRP-GA) hydrogel and sustained
the release for up to 2 weeks. Our invitro studies showed that the PRP-GA@Lap hydrogel
significantly promoted the proliferation, migration, and osteogenic differentiation of
rat bone marrow mesenchymal stem cells, accelerated the formation of endothelial
cell vascular patterns, and promoted macrophage M2 polarization. Furthermore, we
printed hydrogel bioink with polycaprolactone (PCL) layer-by-layer to form active bone
repair scaffolds and implanted them in subcutaneous and femoral condyle defects
in rats. In vivo experiments showed that the PRP-GA@Lap/PCL scaffolds significantly
promoted vascular inward growth and enhanced bone regeneration at the defect site.
This work suggests that PRP-based 3D-bioprinted vascularized scaffolds will have great
potential for clinical translation in the treatment of bone defects.

Keywords: 3D bioprinting; Vascularization; Platelet-rich plasma; Bone regeneration

1. Introduction

The repair and functional reconstruction of bone defects is a major issue in the field of
orthopedics that needs to be addressed"!. The “gold standard” in the treatment of bone
defects is autologous bone grafting; nevertheless, their clinical application is hindered
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by their limited sources and the need for surgical bone
extraction, which may lead to complications such as nerve
damage and infection®’l. Allogeneic bone grafts could
cause adverse conditions such as immune reactions, failure
to integrate with the host bone, and slow remodelingl.
A 3D-bioprinted active scaffold can overcome these
limitations and meet the needs of anatomical remodeling
and functional repair of bone defects®. However, there are
still many challenges in the application of 3D bioprinting
technology for clinical bone defect repair, and the selection
of bioinks with strong pro-vascularization ability and
osteoinductive bioactivity is the first challenge that needs
to be overcomell.

Osteogenic inducing factors represented by bone
morphogenetic protein 2 (BMP-2) and pro-angiogenic
growth factors represented by vascular endothelial growth
factor (VEGF) are expensive and physicochemically
unstable, and could lead to complications such as ectopic
ossification and tumorigenesis, limiting their application in
bone tissue engineering”’. Finding an alternative, effective
and safe “activating factor” that can be incorporated into
3D-printed active bone repair scaffolds is important.
Platelet-rich plasma (PRP) is a platelet concentrate obtained
by centrifugation of whole blood from animals or humans,
which, when activated, releases multiple growth factors!*!".
The proportions of the various growth factors released by
PRP match the normal proportions present in the body,
allowing for optimal synergy of each growth factor!'.

During normal fracture healing, VEGF expression
typically peaks on days 5-10 after limb injury, while BMP-
2 expression continues to increase until day 21, suggesting
the need for delivery systems that support the sustained
release of growth factors for long period of time!'l.
However, once PRP is activated, its multiple growth factors
are all released in a short burst, which is detrimental to the
repair of bone defects!'”!#],

Methacrylated gelatin (GelMA) and methacrylated
alginate (AlgMA) have good biocompatibility and can
form a uniform and stable pore-like structure within the
gel after light-curing crosslinking, and a mixture of the two
has better printability and mechanical properties!'*2!.
In addition, bioactive molecules can be encapsulated in
GelMA/AlgMA (GA) hydrogels and released slowly by
diffusion, thus prolonging their retention time in bone
defect sites™. On the other hand, nanoclays, such as
laponite (Lap), have emerged as a new class of biocompatible
materials with strong drug loading capacity and have
potential to become strength-enhancing additives*.
Lap is a disk-shaped nanoparticle with a diameter of about
25 nm and a thickness of about 1 nm. The negatively
charged surface and positively charged edges of Lap allow

some positively charged growth factors such as VEGF to
form strong electrostatic bonds with its surface, which can
slow down the release of growth factors or other drugs®.
The addition of Lap to hydrogels has also been shown
to affect the mechanical properties of hydrogels®!. In
addition, Lap has been reported to modulate the immune
microenvironment and promote bone defect repair
through the release of Mg?* and Si*'**". These advantages
inspired us to conclude that combining GA hydrogel, Lap
nanoparticles, and PRP may be a promising combination
strategy to achieve enhanced therapeutic effects of PRP by
slowing the release of various growth factors.

In the present study, we constructed a PRP-GA@
Lap composite bioink and demonstrated its function of
sustained slow release of various growth factors. Moreover,
we investigated its effects on the proliferation, migration,
differentiation, and tubule formation of human umbilical
vein endothelial cells (HUVECs) and rat bone marrow
mesenchymal stem cells (BMSCs) by in vitro experiments
and demonstrated that it promotes macrophage M2
polarization. This composite bioink was then printed layer-
by-layer with polycaprolactone (PCL) to construct a bone
repair scaffold using 3D printing technology. By implanting
this scaffold subcutaneously and at the site of femoral
condylar defects in rats, we found that this bioactive
scaffold promotes rapid vascular growth into the scaffold
and accelerates bone regeneration. This work demonstrates
that PRP-based 3D-printed vascularized bioactive scaffolds
have great potential for clinical translation in the treatment
of bone defects.

2. Materials and methods

2.1. Primary culture of rat BMSCs

The bilateral femurs of 3-week-old male Sprague Dawley
(SD) rats were quickly removed in a sterile environment,
taking care to keep the marrow cavity closed. Then,
ophthalmic scissors were used to cut the bone marrow
cavity open at both ends on an ultraclean bench, and the
bone marrow cavity was rinsed four to six times with
a-MEM (Gibco) complete medium and placed in a 10-mL
Petri dish using a sterile syringe. Then, the cells were placed
in an incubator for 36-48 h of static culture. Nonadherent
cells were carefully removed and the medium was replaced.
When the cells grew to 85%-90% confluence, they were
passaged, and the third or fourth passaged cells were used
for subsequent experiments.

2.2. Preparation of PRP and hydrogel precursor
solution

PRPwasprepared from the wholeblood of rats after systemic
heparinization by two centrifugations to remove serum
and red blood cells. GelMA and AlgMA were dissolved in
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phosphate-buffered saline (PBS) in the ratio of 5:1 (w/w),
mixed thoroughly and then filtered with a 0.22-pym
membrane to prepare a 5% (w/v) GelMA and 1% (w/v)
AlgMA (GA) mixed hydrogel precursor solution, and then
PRP was added to construct the 20% PRP-GA (PRP-GA)
hydrogel. 1% (w/v) laponite was added to obtain the PRP-
GA@Lap hydrogel.

2.3. Printing of scaffolds

The scaffolds used in this experiment were printed with
a 3D-Bioplotter (Bio-Architect; Regenovo, Hangzhou,
China). Briefly, for hydrogel scaffold printing, the mixed
bioink was loaded into the barrel with a needle diameter
of 250 pum, and by adjusting the temperature controller of
the syringe barrel between 12°C and 20°C to achieve stable
filament deposition. The temperature of the print platform
was set to approximately 4°C lower than the injection tube.
The print speed was 10 mm/s, and the air compressor
pressure was 0.16 MPa. The 3D bioprinting process was
performed under an ultraviolet (UV) light source (405 nm,
0.5 W cm™) for rapid curing. Finally, the scaffolds were
exposed to a 2% (w/v) CaCl, solution for 10 min to obtain
a stable structure.

For the printing of bone repair scaffolds with PCL
(Perstorp, Sweden) combined with hydrogel ink, the
fiber spacing was set to 1.0 mm, the PCL particles were
loaded into a nozzle with a 300-pm diameter barrel, the
temperature was kept at 60°C, and the printing speed was
10 mm/s. The PCL and each group of hydrogel inks were
then printed layer-by-layer to construct scaffolds with a
diameter of 3 mm and a height of 4 mm.

2.4. Morphology and compressive modulus of each
group of hydrogels

The samples of each group were sputtered with gold,
and the cross-sections of the lyophilized hydrogels were
observed by scanning electron microscopy (SEM, EVO
MAI10, Germany). C, Mg, and Si distribution in PRP-
GA@Lap hydrogels was analyzed by energy dispersive
spectroscopy (EDS). The pore size of the hydrogels was
analyzed and measured using Image] software.

Cylindrical hydrogel holders were prepared for uniaxial
compression tests. Stress—strain curves for the GA, PRP-
GA, and PRP-GA@Lap hydrogels were obtained using
a universal mechanical testing machine (Instron 5969,
USA) at a crosshead speed of 5 mm/min. The compression
modulus of each group of hydrogels is represented by the
slope of the 10%-20% compression phase.

2.5. Swelling and degradation of the hydrogel
scaffolds

For the swelling test of the hydrogel scaffolds, preweighed
hydrogel scaffolds were immersed in PBS solution at 37°C.

Thereafter, they were removed at set time intervals, the
surface liquid was wiped off, and they were weighed until
the weight remained constant, indicating the swelling was
completed. The swelling ratio was calculated using the
following equation:
W, —-W,

Swelling ratio (%) = ———2x100%

WO

where W, and W, refer to the weight of the hydrogel
scaffolds at the initial and set time points, respectively.

In the degradation test, the hydrogels were weighed,
placed in PBS and incubated at 37°C. Samples were
removed at each set time point, lyophilized and weighed
(dry weight, W ). W, represents the initial dry weight, and
the degradation rate (DR) for each sample was calculated
by using the following equation:

DR (%):%xmo%

0
2.6. Growth factor release kinetics from the
hydrogel scaffolds
The release of multiple growth factors from two groups of
hydrogel scaffolds containing PRP was tested by enzyme-
linked immunosorbent assays (ELISAs). Briefly, groups
of hydrogels were added to 50-mL centrifuge tubes
containing PBS and placed at 37°C. The supernatant in
each group of test tubes was aspirated at each time point
and stored in a —80°C refrigerator, and then an equal
volume of fresh PBS solution was added to each test tube.
At last, the concentrations of VEGE platelet-derived
growth factor (PDGF)-BB and transforming growth factor
beta (TGF-p) were determined with ELISA kits according
to the manufacturer’s protocol.

2.7. Cell proliferation assay

Briefly, BMSCs were grown in 96-well plates at a density of
10,000 cells/well, and the proliferation assay was detected
when the cells reached ~70% confluence. The Cell Counting
Kit-8 (CCK-8) assay was performed according to the
manufacturer’s instructions as previously described %!,

2.8. Detection of osteogenic differentiation

Osteogenic differentiation of rat BMSCs was assessed by
alkaline phosphatase (ALP) and Alizarin red staining.
Groups of hydrogel solutions were spread at the bottom
of 24-well plates, covering the bottom (~15 pL cm™),
and then treated with light-curing and Ca** crosslinking.
BMSCs were inoculated in the 24-well plates at a density
of 5 x 10%well and cultured using a-MEM medium
containing 10% fetal bovine serum. After the cell growth
reached ~70% confluence, the BMSCs were cultured with
osteogenic induction medium (supplemented with 0.1 pM
dexamethasone [Sigma], 10 uM sodium B-glycerophosphate
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[Sigma], and 50 pg/mL ascorbic acid [Sigma]). ALP staining
was performed when the culture reached day 5. To detect
the formation of calcified nodules, Alizarin red staining was
carried out when the culture reached day 14.

2.9. Assay of macrophage polarization on each
group of hydrogels

Groups of hydrogel solutions were added to 48-well
culture plates to prepare hydrogel substrates, light-cured,
crosslinked, and then crosslinked with Ca*. RAW264.7
cells were then grown on the hydrogel surface at a
density of 4 x 10° for 3 days. Lipopolysaccharide (LPS)
(100 ng/mL, 8 h) was then added to the culture medium
(DMEM, Gibco) as an activator of M1 macrophages. Gene
expression of M1-type markers and M2-type markers was
determined by quantitative polymerase chain reaction
(qPCR), followed by immunofluorescence analysis to
detect arginase 1 (Argl) and inducible nitric oxide synthase
(iNOS) protein expression. Briefly, RAW264.7 cells were
gently washed three times with appropriate amount
of PBS, followed by fixation with 4% concentration of
paraformaldehyde and finally permeabilization with 0.1%
Triton X-100. Antibodies against Argl (Abcam) and iNOS
(Abcam) were used for immunofluorescence staining.
Nuclei were stained blue by DAPI and then observed
under fluorescence microscopy.

2.10. Quantitative real-time PCR analysis

Briefly, total RNA from RAW264.7 wasisolated with TRIzol
reagent (Invitrogen). The primer sequences were: iNOS:
forward 5-(GTTCTCAGCCCAACAATACAAGA)-
3’ and reverse 5-(GTGGACGGGTCGATGTCAC)-3%
CCR?7: forward 5'-(GAGGCTCAAGACCATGACGGA)-
3’ and reverse 5-(ATCCAGGACTTGGCTTCGCT)-3%
Argl: forward 5-(GGTGGCAGAGGTCCAGAAGAA)-
3’ and reverse 5'-(CCCATGCAGATTCCCAGAGCQC)-3%
CD206: forward 5'-(CTCTGTTCAGCTATTGGACGC)-
3’andreverse 5'-(CGGAATTTCTGGGATTCAGCTTC)-
3’. GAPDH was used as an internal control for expression
normalization.

2.11. Western blot analysis

The antibodies involved in this study were utilized as
follows: PCNA (Abcam), B-actin (Abcam) and cyclin D1
(Abcam). An ImageQuant LAS4000 imaging station (GE)
was used to acquire images.

2.12. Subcutaneous implantation experiment in rats
After the rats were fully anesthetized, small incisions were
made on both sides of their backs, and each group of bone
repair scaffolds was implanted under the skin on both
sides of the rats’ backs. The scaffolds were removed at 4
weeks after surgery and the samples were sectioned and
subsequently stained.

2.13. Hematoxylin-eosin staining and
immunofluorescence staining

Each groups of bone repair scaffolds were fixed, embedded,
and sectioned, followed by hematoxylin—eosin (HE)
staining and picture acquisition with a Nikon microscope.
Immunofluorescence staining was performance in
accordance with the standard protocol described
previously™ with a-SMA (Abcam) or CD31 (Abcam)
antibodies.

2.14. Construction of the rat femoral condyle defect
model and implantation of a bone repair scaffold
The rat femoral condyle defect model was utilized to
verify the in vivo bone repair capacity of each group of
scaffolds. At approximately 8 weeks, male SD rats weighing
approximately 300 g were chosen for establishing the
femoral condyle defect model. Briefly, the femoral condyles
are exposed through an incision in the distal femur of the
rat. To avoid thermal necrosis, a cylindrical defect, which is
3 mm in diameter and 4 mm deep, was constructed using a
relatively low speed electric drill precooled with iced PBS.
After the fragmented bone was removed, the drill hole was
flushed with saline, and the scaffold was implanted into the
bone defect. The experiment was divided into four groups:
GA/PCL group, PRP-GA/PCL group, PRP-GA@Lap/PCL
group, and blank control group; animal tissue sampling
was performed 1 month after surgery.

All protocols involving experimental animals were
approved by the Animal Welfare Ethics Committee of the
Ninth People’s Hospital Affiliated to Shanghai Jiaotong
University School of Medicine.

2.15. Radiographic evaluation

The effect of each group of scaffolds on the repair of bone
defects was examined using a micro-CT system (SkyScan
1176, Bruker, Belgium). The specific scanning parameters
were as follows: 18 pm resolution, 1 mm aluminum filter,
90 kV voltage, and 250 pA current. Three-dimensional
reconstruction was performed using simulation software
(CTVol). The ratio of bone volume to total tissue
volume (BV/TV) and bone mineral density (BMD) was
quantified.

2.16. Statistical analysis

Results are expressed as the mean + standard deviation
(SD), and statistical analysis was performed using
GraphPad Prism 8.0. One-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison tests
was applied for comparisons between multiple groups, and
Student’s t-tests were applied for comparing differences
between two groups. Kruskal-Wallis tests were utilized to
analyze the nonparametric data. A value of P < 0.05 was
considered statistically significant.
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Figure 1. Characterization of each group of hydrogels. (A) 3D printing of each group of hydrogel scaffolds and representative images. (B) Representative
SEM images of each group of hydrogels. (C) X-ray energy dispersive spectral mapping images of PRP-GA@Lap hydrogel: C (red), Si (cyan) and Mg (green).
(D) Pore size of each group of hydrogels (n = 6/group). (E) Porosity size of each group of hydrogels (n = 4/group). (F) Compressive modulus of each group
of hydrogels (n = 4/group). (G, H) The swelling properties and degradation curves of each group of hydrogels (n = 3/group). All experiments were repli-
cated three times, *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results The internal morphology of the lyophilized GA, PRP-
GA, and PRP-GA@Lap hydrogels was examined by SEM.
The SEM images of all hydrogels show interconnected
porous microstructures, as shown in Figure 1B. We
found that PRP-GA@Lap hydrogels tended to have
a reduced pore size and rougher pore walls but a
higher porosity as compared with the GA and PRP-
GA hydrogels (Figure 1D and E), which indicates the
enhanced crosslinking of the gels by the addition of Lap.

3.1. Preparation and characterization of the
hydrogels

We successfully prepared PRP from rats and then mixed it
with GA and Lap in appropriate proportions to make GA,
PRP-GA, and PRP-GA@Lap hydrogel precursor solutions,
respectively, and then prepared each group of hydrogel
scaffolds by 3D bioprinting (Figure 1A). We observed that
PRP-GA@Lap hydrogels had better printing accuracy.
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Figure 2. The growth factor release profiles of each group of hydrogels. (A-C) The release profiles of TGF-p, PDGF-BB, and VEGF (n = 3/group). All

experiments were replicated three times.

In addition, the homogeneous distribution of Mg and Si**
elements in the PRP-GA@Lap hydrogels was detected by
EDS, which supports the homogeneous addition of Lap
to the hydrogels (Figure 1C). The mechanical properties
of each group of hydrogels were further revealed by
compressive modulus assay (Figure 1F). The compressive
moduli of GA, PRP-GA, and PRP-GA@Lap hydrogels
were 75.55 + 6.62 kPa, 113.00 + 9.86 kPa, and 180.55 +
13.44 kPa, respectively.

The degradation and swelling properties of hydrogels are
critical for maintaining their stability and promoting tissue
regeneration. As shown in the swelling curve (Figure 1G),
PRP-GA@Lap reached a swelling equilibrium of 16.01 +
1.61% after 12 h, with a significantly lower swelling rate
than the GA and PRP-GA hydrogels groups. Similar to its
swelling performance, PRP-GA@Lap exhibited a suitable
degradation rate with a residual mass percentage of 53.57 +
5.41% after 24 days and showed long-term stability in PBS
(Figure 1H). The high crosslinking density of PRP-GA@
Lap hydrogels resulted in a moderate degradation rate
and a low swelling rate compared to the GA and PRP-
GA hydrogels groups, and this stability facilitated tissue
regeneration.

3.2. Release of growth factors from hydrogels
Activated PRP provides multiple growth factors that
promote osteogenesis and neovascularization, and it
is widely used in clinical practice to treat fractures,
osteoarthritis, and difficult-to-heal wounds. However, the
excessive initial burst release of growth factors by PRP
limits its therapeutic effect. Previous studies reported that
pure PRP gels released most of their growth factors rapidly
within 2 days®. To determine whether PRP-GA and PRP-
GA@Lap hydrogels have the ability to slow the release of
growth factors, the release kinetics of PDGF, TGF-f and
VEGEF in the two groups of hydrogels were detected by
ELISA. As shown in Figure 2A-C, the PRP-AlgMA@Lap
hydrogel exhibited a sustained release of growth factors for
about 2 weeks. Its slow-release effect was markedly better
than that of the PRP-AlgMA hydrogel group.

3.3. Bioactivity of hydrogels

To assess the biocompatibility of each group of
hydrogels, we observed the survival of rat BMSCs on
the surface of the hydrogels using a live/dead staining
assay. As shown in Figure 3A, the cells on the surface of
the hydrogels of all groups grew well. Only a very small
number of dead cells were observed, and there was no
significant difference in the cell survival rate among the
different gels. Using CCK-8 assay (Figure 3B), we found
that the PRP-GA and PRP-GA@Lap groups significantly
promoted the proliferation of BMSCs compared with
the GA group, and the Western blot results showed that
the expression of cyclin D1 and PCNA was significantly
increased in the PRP-GA and PRP-GA@Lap groups
compared with the GA group, which may be caused by
growth factors released by PRP in the former to promote
cell proliferation (Figure 3C-E). We also found that the
leachate of the PRP-GA and PRP-GA@Lap hydrogels
significantly promoted the migration of rat BMSCs by
scratch assays (Figure 3F and G), which was further
verified by Transwell assays (Figure 3H and I).

3.4. Effect on osteogenic differentiation of BMSCs

To investigate the effect of each group of hydrogels on
the osteogenic differentiation of rat BMSCs, we grew
BMSCs on the surface of each group of hydrogels
separately and performed ALP staining after 5 days of
incubation using osteogenic induction medium. The
results demonstrated that the ability of the PRP-GA
and PRP-GA@Lap hydrogels to promote the osteogenic
differentiation of rat BMSCs was significantly
higher than that of pure GA hydrogels (Figure 4A).
Furthermore, we performed Alizarin red staining
and quantitative analysis of the BMSCs in each group
after 14 days of culture, and the results suggested that
the PRP-GA@Lap group produced a large number of
calcium nodules, significantly more than that in the
other two groups (Figure 4B and C). These results
demonstrated the potential osteogenesis-promoting
properties of the PRP-GA@Lap hydrogel.
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Figure 3. Assessment of cell viability of each group of hydrogels. (A) The in vitro cellular activity of each group of hydrogels was assessed using BMSC. (B)
Detection of the effect of each group of hydrogels on BMSC proliferation by cell counting kit-8 (n = 3/group). (C-E) Expression of cyclin D1 and PCNA
protein in each group of BMSC (1 = 3/group). (F) The effect of each group of hydrogels on BMSC migration as determined by scratch-wound assay. The
number of migrating cells was quantified and shown in (G); n = 4/group. (H) The effect of each group of hydrogels on BMSC migration as determined by
Boyden chamber assay. The number of migrating cells was quantified and shown in (I); n = 3/group. All experiments were replicated three times. *P < 0.05,
**P < 0.01, and ***P < 0.001.

3.5. Effects on the biological functions of HUVECs Furthermore, the effect of each group of hydrogels on
We next examined the effect of the leaching solution HUVEC tubule generation in vitro was examined using
of each hydrogel group on HUVEC proliferation using a tubule formation assay. We directly grew HUVECs on
CCK-8, and the results suggested that PRP-GA and the surface of the hydrogels of each group without using a
PRP-GA@Lap could significantly promote HUVEC dedicated matrix gel on the plates. After 6 h of incubation,

proliferation (Figure 5A). The scratch assays and Transwell we failed to observe significant tubule generation in the
assays demonstrated that the PRP-AlgMA@Lap markedly pure GA hydrogel group, while the PRP-GA@Lap group
promoted the migration of HUVECs compared with the showed significant tubulogenesis, and the number and
other two groups (Figure 5B-E). area occupied by the tubules were significantly higher than
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Figure 4. Effect of each group of hydrogels on osteogenic differentiation of BMSC. (A) ALP staining after 5 days of culture. (B) Alizarin red staining after
14 days of culture on each group of hydrogels. (C) Quantitative analysis of Alizarin red S staining (n = 3/group). All experiments were replicated three

times. *P < 0.05 and **P < 0.01.
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Figure 5. Effect of hydrogels on HUVEC proliferation, migration, and tubule formation. (A) Effect on the proliferation of HUVEC (n = 3/group). (B) The
effect of each group of hydrogels on HUVEC migration as determined by scratch-wound assay. The number of migrating cells was quantified and shown
in (C); n = 4/group. (D) The effect of each group of hydrogels on HUVEC migration as determined by Boyden chamber assay. The number of migrating
cells was quantified and shown in (E); n = 3/group. (F) Effect on HUVEC tubule formation. (G) Relative number of tubule formation (n = 3/group). All
experiments were replicated three times. *P < 0.05, **P < 0.01, and ***P < 0.001.

those in the PRP-GA group (Figure 5F and G). These results
demonstrated the potential pro-angiogenic properties of
the PRP-GA@Lap hydrogel.

3.6. Effect of hydrogels on macrophage

polarization in vitro

We cultured RAW264.7 cells on each group of hydrogels
to determine their effect on macrophage polarization. The
qPCR results showed that the expression of iNOS and
CCR7 (M1 marker) genes was decreased in cells cultured
on PRP-GA and PRP-GA@Lap hydrogels compared to the
pure GA group (Figure 6A and B), while the expression
of Argl and CD206 (M2 marker) genes was increased
(Figure 6C and D). In addition, the immunofluorescence
staining results were consistent with the qPCR results
(Figure 6E and F). These results demonstrated that
both sets of hydrogels containing PRP could promote
macrophage polarization to M2.

3.7.Vascularization effect of 3D-printed
biofunctional scaffolds in vivo

We next used 3D-printed PCL and each group of hydrogel
bioinks layer-by-layer to construct bone defect repair
scaffolds (Figure 7A), and examined the compression
modulus of pure PCL scaffolds and PRP-GA@Lap/PCL
scaffolds (Figure S1). The scaffolds of each group were
then implanted subcutaneously in the backs of rats to
assess the vascularization effect of the scaffolds in vivo
(Figure 7B). Four weeks after implantation, the number
of vessel formation in the PRP-GA@Lap/PCL group was
markedly higher than the other two groups as observed
by HE staining (Figure 7C and D). Moreover, the vessels
in the PRP-GA@Lap/PCL group were more mature,
and in addition to the presence of erythrocyte perfusion
(Figure 7C), we found that the PRP-GA@Lap/PCL group
also had a-smooth muscle actin (a-SMA) and CD31
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Figure 6. Effect of hydrogels on macrophage polarization in vitro. (A, B) Results of gPCR of M1-related gene expression (CCR7 and iNOS) (n = 3/group).
(C, D) Results of qPCR of M2-related gene expression (CD206 and Argl) (n = 3/group). (E) Immunofluorescence staining of iNOS in RAW264.7 cells

cultured on each group of hydrogels. (F) Immunofluorescence staining of Argl
were replicated three times. *P < 0.05 and **P < 0.01.

in RAW264.7 cells cultured on each group of hydrogels. All experiments

A
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Figure 7. Vascularization effect of 3D-printed PRP-GA@Lap/PCL scaffolds in vivo. (A) Construction of each group of bone defect repair scaffolds by 3D
printing. (B) Subcutaneous implantation in rats. (C) Representative HE-stained images of each group of scaffold sections. (D) Relative number of vessels in
each group of scaffold sections (n = 4/group). (E) Immunofluorescence staining of nuclei (blue), a-SMA (green) and CD31 (red) in each group of scaffold
sections. All experiments were replicated three times. *P < 0.05, **P < 0.01, and ***P < 0.001.

staining-positive vessel walls by immunofluorescence
staining (Figure 7E).

3.8. Bone regeneration effects of 3D-printed
biofunctional scaffolds in vivo

We next investigated the osteogenic function of each group
of scaffolds by constructing a rat femoral defect model
(Figure 8A). After 4 weeks of implantation, no infection

or death occurred in any of the rats. X-ray examination
revealed that the bone defect area in the PRP-GA/PCL
group showed a higher density shadow than that in the
blank control group and the GA/PCL group; however, it
was significantly lower than that in the PRP-GA@Lap/PCL
group (Figure 8B). Further micro-CT scanning and 3D
image reconstruction revealed that new bone tissue was
observed to grow inward in the area of the bone defects in
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Figure 8. Bone regeneration effects of 3D-printed PRP-GA@Lap/PCL scaffolds in vivo. (A) The scaffold was implanted into the area of femoral condylar
defect in rats. (B) Representative X-ray images at 1 month after surgery. (C) Representative micro-CT scans and 3D reconstruction images 1 month after
surgery. (D, E) Quantification of bone volume to total tissue volume (BV/TV) and bone mineral density (BMD) (n = 6/group). All experiments were

replicated three times. *P < 0.05 and **P < 0.01.

all groups (Figure 8C). Quantitative assessment of mineral
deposition showed that the BV/TV and BMD at 4 weeks
were significantly higher in the PRP-GA/PCL group than
in the blank control group and the GA/PCL group but
significantly lower than in the PRP-GA@Lap/PCL group
(Figure 8D and E). The above results demonstrated that the
PRP-GA@Lap/PCL scaffold has a strong bone regenerative
capacity in vivo.

4, Discussion

Bone defects due to tumor, trauma, inflammation, and
infection are collectively a difficult and unsolved problem
in orthopedics and a research hotspot because of their high
incidence and unsatisfactory prognosis*'l. 3D-printed
biofunctional scaffolds offer a novel therapeutic approach
for the repair and reconstruction of bone defects®**. In
the present study, we developed a PRP-GA@Lap composite
bioink and demonstrated its excellent biocompatibility and
printing performance, in addition to its continuous slow
release of multiple growth factors. We demonstrated that

this composite hydrogel significantly promoted BMSC
osteogenic differentiation, HUVEC tubule formation, and
macrophage M2 polarization. This composite bioink was
subsequently printed layer-by-layer with PCL using 3D
printing technology to construct a bone repair scaffold.
Subcutaneous implantation experiments and femoral
defect filling repair experiments demonstrated that this
bioactive scaffold promotes rapid neovascularization and
accelerates bone regeneration in vivo.

The encapsulation and delivery of growth factors has
great potential for application, but their use in clinical
trials has not always shown the expected benefit to
patients, with several previous studies reporting significant
adverse effects®%l, There are multiple causes of these
adverse reactions, such as inappropriate delivery methods
leading to their release at levels well beyond physiological
doses and the high costs associated with these high doses
of growth factors.

A great deal of past work has focused on grafting
specific growth factors to biomaterials; however, the steps
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are cumbersome and the addition of certain chemicals
can cause toxic reactions®. Instead of selecting a single
exogenous growth factor as the main active component
of bioink, our study used PRP prepared by centrifugation
from whole blood of animals to induce angiogenesis and
bone regeneration. PRP, when activated, releases multiple
growth factors required for tissue repair in a ratio similar
to the normal ratio in vivo, allowing for better synergistic
effects.

The selection of the optimal concentration of PRP for
tissue repair and regeneration applications hasalso attracted
the attention of researchers. Jiang et al.**! integrated 20%
PRP into GeIMA hydrogel and found that it showed the
best effect on proliferation, migration and chondrogenic
differentiation of BMSCs, while Zhao et al.** found that
mixed hydrogels containing 5% PRP showed the best effect
in promoting fibroblast proliferation and migration. In our
study, we mixed GA hydrogel precursor solution with PRP
to prepare PRP-based bioinks of different concentration
sizes. We found that GA gels containing PRP significantly
promoted BMSC proliferation by CCK8 assay, with the 20%
PRP-GA and 50% PRP-GA groups showing significantly
higher promotion of cell proliferation than the 5% PRP-
GA and 10% PRP-GA groups. After 3 and 5 days of culture,
there was no significant difference in the proliferation-
promoting effect between 20% PRP-GA and 50% PRP-GA
(Figure S2). This is consistent with the findings of Jiang
et al.®¥, Based on this, in subsequent experiments, we used
the 20% PRP-GA formulation.

Lap is widely used in tissue regeneration due to
its excellent drug loading ability. These disk-shaped
nanoparticles have negatively charged surfaces and
positively charged edges, allowing positively charged
growth factors, such as VEGE, to form strong electrostatic
bonds with their surfaces, thus exerting a slow release
of growth factors®!. Our study found that although the
PRP-GA hydrogel was effective in slowing the release
of growth factors, the duration of slow release was not
sufficient, and the addition of Lap maintained the release
of various growth factors for up to approximately 14
days, which further demonstrates the efficacy of Lap in
slowing the release of factors. In addition, Lap material
has been reported to significantly promote osteogenic
differentiation of BMSCs*\. Our study found that PRP-
GA@Lap and PRP-GA group hydrogels have similar
effects in promoting osteogenic differentiation at an
early stage. Interestingly, however, by day 14 of culture,
we found by Alizarin red staining that the PRP-GA@Lap
group produced significantly more calcareous nodules
than the other two groups. On the one hand, this may be
due to the fact that Lap further prolongs the slow release
of growth factors, which enables it to continuously induce

osteogenic differentiation of the cells, and on the other
hand, several reactive ions released by Lap itself may also
play an important role, which is a subject to be further
investigated.

The problem of vascularization of bone repair
scaffolds has been one of the central challenges in
bone defect repair, especially the problem of rapid
vascularization®. We observed that after 6 h of
incubation of HUVECs on the surface of each group,
the hydrogels of the two PRP-based groups significantly
promoted the formation of HUVEC tubules,
demonstrating their potential to promote angiogenesis.
Subcutaneous scaffold implantation experiments further
validated these findings, but in addition, we observed
that the number of vessels in the PRP-GA@Lap/PCL
scaffold was significantly greater than that in the PRP-
GA/PCL scaffold 1 month after implantation and that
the grown-in vessels were more mature. We hypothesize
that, in addition to the slow release of pro-angiogenic-
related factors, the active ions such as Mg®* and Si**
released by Lap itself may also play an important role,
which is a subject for further study.

The transition of macrophages from pro-inflammatory
M1 type to later M2 type also plays an important role in
tissue repair*>*’l, It has been shown that PRP affects the
polarization of macrophages in both in vivo and in vitro
experiments'*!. Our in vitro results found that RAW264.7
cells grown on two PRP-containing hydrogels expressed
fewer M1-type genes compared to the GA group, while
the expression of M2 genes was increased compared to
the GA group, suggesting that PRP-GA and PRP-GA@Lap
hydrogels promote macrophage polarization toward M2,
which is consistent with previous findings'*!.

Although our study demonstrates that PRP-based
3D-bioprinted vascularized scaffolds show strong bone
regenerative capacity, there are some limitations. On the
one hand, we need long-term evaluation studies on large
animal models of bone defects; on the other hand, we did
not elucidate the specific molecular mechanism of action.

5. Conclusion

In conclusion, we developed a PRP-GA@Lap composite
bioink and demonstrated its good osteogenic
differentiation and vascularization properties. It was
also found to promote macrophage M2 polarization.
Furthermore, this bioactive scaffold was shown to
promote rapid neovascularization and accelerate bone
regeneration in vivo through subcutaneous implantation
experiments and femoral defect filling repair experiments.
This PRP-based bioprinted active scaffold has great clinical
translational value.
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