Qg Bio-Design and Manufacturing (2022) 5:318-332
2> https://doi.org/10.1007/542242-021-00172-1

RESEARCH ARTICLE q

Check for
updates

Injectable bioactive polymethyl methacrylate-hydrogel hybrid bone
cement loaded with BMP-2 to improve osteogenesis for percutaneous
vertebroplasty and kyphoplasty

Xin Sun' . Xin Zhang? - Xin Jiao' - Jie Ma’ - Xingzhen Liu' - Han Yang? - Kangping Shen' . Yaokai Gan' .
Jinwu Wang' - Haiyan Li%3 . Wenjie Jin'

Received: 18 April 2021 / Accepted: 24 October 2021 / Published online: 25 January 2022
© Zhejiang University Press 2022

Abstract

Polymethyl methacrylate (PMMA) bone cement is used in augmenting and stabilizing fractured vertebral bodies through
percutaneous vertebroplasty (PVP) and percutaneous kyphoplasty (PKP). However, applications of PMMA bone cement
are limited by the high elasticity modulus of PMMA, its low biodegradability, and its limited ability to regenerate bone.
To improve PMMA bioactivity and biodegradability and to modify its elasticity modulus, we mixed PMMA bone cement
with oxidized hyaluronic acid and carboxymethyl chitosan in situ cross-linking hydrogel loaded with bone morphogenetic
protein-2 (BMP-2) to achieve novel hybrid cement. These fabricated PMMA—hydrogel hybrid cements exhibited lower setting
temperatures, a lower elasticity modulus, and better biodegradability and biocompatibility than that of pure PMMA cement,
while retaining acceptable setting times, mechanical strength, and injectability. In addition, we detected release of BMP-2 from
the PMMA-hydrogel hybrid cements, significantly enhancing in vitro osteogenesis of bone marrow mesenchymal stem cells
by up-regulating the gene expression of Runx2, Coll, and OPN. Use of PMMA-hydrogel hybrid cements loaded with BMP-
2 on rabbit femoral condyle bone-defect models revealed their biodegradability and enhanced bone formation. Our study
demonstrated the favorable mechanical properties, biocompatibility, and biodegradability of fabricated PMMA-hydrogel
hybrid cements loaded with BMP-2, as well as their ability to improve osteogenesis, making them a promising material for
use in PKP and PVP.
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Introduction

Osteoporotic vertebral compression fractures (OVCFs) are
a major health challenge for the elderly after spinal trauma.
OVCFs can lead to sustained low back pain and further long-
standing convalescence, thereby hindering daily activities
and reducing quality of life [1-3]. About 1.4 million new
cases of OVCEF are reported each year in Europe, along with
750,000 new cases annually in the USA [4, 5]. To date, percu-
taneous kyphoplasty (PKP) and percutaneous vertebroplasty
(PVP) involving the injection of polymethyl methacrylate
(PMMA) bone cement are the standard minimally invasive
treatments for OVCFs, helping to stabilize fractured verte-
bral bodies and relieve back pain [1-3]. Owing to the various
advantages of PMMA cement, such as easy injection, high
mechanical support, and low cost, it is the most commonly
used and most extensively investigated clinical treatment
[6, 7]. However, PMMA cement has several disadvantages,
including excessive elastic modulus, a high setting tempera-
ture, and low degradability [6, 7]. In addition, PMMA cement
does not promote osteogenesis, osteoconduction, or osseoin-
tegration, possibly resulting in delayed union or non-union
of fractures [6, 8, 9]. Further, loosening of PMMA cement
may result in its protrusion from fractured vertebral bodies,
causing neurological dysfunction and vascular injury after
a second trauma, thereby prompting the need for additional
repair surgery [6, 8, 10]. Therefore, it is important to improve
the material characteristics and bioactivity of PMMA cement
to optimize the effectiveness of its extensive clinical appli-
cations in PVP and PKP for treatment of OVCFs.

To overcome the limitations of PMMA cement, partic-
ularly in promoting osteogenesis, several researchers have
investigated the effect of adding inorganic materials, such
as bioactive glass, silicate bioceramics, and hydroxyap-
atite (HA) [6, 11, 12]. The resulting hybrid bone cement
can reduce the elasticity modulus and setting temperature,
modify biodegradability, and accelerate new bone forma-
tion around the hybrid cement for its use in osteogenesis
[6, 11, 12]. Therefore, addition of bioactive materials to
PMMA cement has attracted attention as a potential focus for
research investigation. However, only small amounts of inor-
ganic material can be used in hybrid bone cement, because
excessive inorganic content can have potentially adverse
effects on physicochemical properties of the cement, such as
injectability, mechanical strength, and setting time [11-13].
In addition, inorganic materials have weaker effects on osteo-
genesis than bioactive factors, such as bone morphogenetic
proteins (BMPs). However, the setting temperature of pure
PMMA cement is greater than 60 °C, a temperature that will
inactivate bioactive factors, and there is not a suitable alter-
native liquid environment for incorporating these factors into
PMMA [6, 14]. Thus, to date, there have been no published
analyses of PMMA cements containing bioactive factors.

Several recent studies have reported that addition of
an appropriate percent of hydrogel (e.g., gelatin, car-
boxymethylcellulose, or chitosan) to PMMA results in suc-
cessful setting of the cement [15-17]. In particular, addition
of a hydrogel to PMMA cement can provide a suitable liquid
environment and significantly reduce the setting tempera-
ture, which is important for effective loading of bioactive
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factors [15—17]. Moreover, the gradual degradation of hydro-
gels in hybrid bone cement supports the continuous release
of the loaded bioactive factors [18]. Oxidized hyaluronic acid
and carboxymethyl chitosan can undergo in situ cross-linking
without changes in temperature, pH, and chemical addition,
thereby avoiding changes in physical and chemical condi-
tions that may disrupt hydrogel cross-linking and the setting
of PMMA cement in vivo [19, 20]. Accordingly, in this study,
oxidized hyaluronic acid and carboxymethyl chitosan com-
posite hydrogel were mixed with PMMA cement.

Bone morphogenetic protein-2 (BMP-2) is one of the most
common osteogenic agents proven to promote osteogene-
sis [21, 22]; it also upregulates the expression of alkaline
phosphatase (ALP), osteocalcin, and osteopontin (OPN)
through the Smad1/5/8 signaling pathway, accelerating the
osteogenic differentiation of bone marrow mesenchymal
stem cells (BMSCs) and osteoblasts [21, 22]. Thus, in this
study, we have proposed the use of oxidized hyaluronic acid
and carboxymethyl chitosan cross-linked in situ to form a
hydrogel into which BMP-2 can be incorporated. We subse-
quently synthesized a novel PMMA-hydrogel hybrid cement
with bioactive factors. After evaluating its physicochem-
ical characteristics, biocompatibility, BMP-2 release, and
osteogenic potential in vitro, and the in vivo formation of new
bone tissue, we confirmed the potential of this PMMA-hy-
drogel hybrid cement loaded with BMP-2 for use in PVP and
PKP.

Materials and methods

Preparation of PMMA with oxidized hyaluronic acid
and carboxymethyl chitosan hydrogel hybrid
cements

Liquid methyl methacrylate (MMA) and powdered PMMA
were purchased from TecresSpA (Mendec Spine®,
TecresSpA, Verona, Italy). Carboxymethyl chitosan was
purchased from Macklin (C804727, Macklin, Shanghai,
China). Oxidized hyaluronic acid was prepared as previously
described [20]. Briefly, 5 g of hyaluronic acid was added to
500 mL of ultrapure water and stirred at room temperature
(25 °C) until it was completely dissolved. Subsequently,
1 g of sodium periodate was dissolved in 5 mL of ultrapure
water and the solution added dropwise into the hyaluronic
acid solution in the dark. The mixed solution was stirred in
the dark for 24 h before adding 2 mL of ethylene glycol to
stop the reaction. The obtained reaction solution was placed
in a dialysis bag (MWCO 7000) in ultrapure water for
3 days, with the water changed three times per day. Finally,
the solution was frozen in an ultra-low temperature freezer
(-80 °C) and vacuum freeze-dried to obtain solid oxidized
hyaluronic acid.
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Pure PMMA cement with a PMMA:MMA ratio of
2 g:1 mL was prepared according to [6]. PMMA and
5%—-25% hydrogel (volume of 5% w/v oxidized hyaluronic
acid or 5% w/v carboxymethyl chitosan/MMA) hybrid
cement was also prepared (Table S1 in Supplementary Infor-
mation) (Note on nomenclature: the PMMA-5% Hydrogel
group denotes 50 pL oxidized hyaluronic acid and 50 wL car-
boxymethyl chitosan with 2 g PMMA and 1 mL MMA). The
PMMA-hydrogel hybrid cement was fabricated by the fol-
lowing procedure (Fig. 1): First, oxidized hyaluronic acid,
carboxymethyl chitosan, and PMMA were each added to
a sterile bottle at 25 °C. If needed, according to the com-
position of the different groups, BMP-2 was added to the
oxidized hyaluronic acid. MMA was then quickly added to
the PMMA. Finally, the mixture was blended by constant
stirring for 1 min to create a homogeneous paste, which was
then cast in Teflon molds to construct the different samples
(cylindrical, ® = 6 mm, H = 2 or 12 mm).

Material characterization of PMMA-hydrogel hybrid
cements

To characterize the different fabricated PMMA-hydrogel
hybrid bone cements, the setting temperature was first
evaluated using a type K thermocouple (Testo, Lenzkirch,
Germany) at 25 °C. Next, the compressive strength of the
different specimens (@ = 6 mm, H = 12 mm) was evaluated
using a universal testing machine (Shimadzu Corporation,
Japan) with a crosshead speed of 0.5 mm/min and maximum
stroke displacement of 4 mm [6]. The injectability of each
cement type was then assessed by manually extruding an
amount of paste through a syringe and calculating injectabil-
ity with the following equation: injectability (%) = paste
weight extruded from the syringe/total weight before extru-
sion x 100% [6]. Next, the initial and final setting times were
evaluated using a Vicat apparatus according to ISO-9597-
2008E. Finally, after thoroughly drying the PMMA-hydrogel
hybrid cement specimens at 60 °C, the original weight (mq)
was recorded, and the specimens were then soaked in sim-
ulated body fluid (SBF; Leagene Biotechnology, Beijing,
China) with a specimen surface area/soaking solution ratio
of 0.1 cm?/mL at a shaking speed of 120 r/min under sat-
urated humidity at 37 °C. After soaking for 3, 7, 14, 21,
and 28 days, specimens were removed from the solution,
rinsed with ultrapure water, and then dried. The final weight
(my) was recorded. Degradation was calculated using the
following equation: degradation (%) = [(mo — myx)/mg] X
100%. The other three specimens that were soaked for 14 and
28 days were evaluated using scanning electron microscopy
(SEM, S-4800, Hitachi, Japan) to observe degradation. Three
samples apiece were evaluated for each of the above tests.
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Fig.1 Study design. Oxidized
hyaluronic acid, carboxymethy]
chitosan, and PMMA were
independently added to a sterile
bottle; in some experimental
groups, BMP-2 was added to the
oxidized hyaluronic acid. MMA
was then quickly added to the
PMMA. Finally, the mixture was
blended by stirring for 1 min to
build a homogeneous paste and
samples were cast to perform

in vitro and vivo analyses

MMA

PMMA

chitosan

Primary BMSCs isolation and culture

All animal culture procedures and the use of animals in our
experiments complied with the guidelines of the National
Institutes of Health Guide for Care and Use of Laboratory
Animals (GB14925-2010), and were approved by Shang-
hai Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine Animal Care and Use Committee.
Healthy, three-week-old male Sprague Dawley (SD) rats (n
= 5) were purchased from the Animal Laboratory of Shang-
hai Jie-Si-Jie Co. (Shanghai, China). All rats were sacrificed
and immersed in 75% alcohol for 5 min. Next, the soft tis-
sue was dissected from the lower limbs on a clean worktable
under sterile conditions. The entire marrow was flushed out
thoroughly using phosphate buffered saline (PBS), filtered
with a 70-um nylon mesh filter, and centrifuged. BMSCs
were cultured in o-MEM medium (Hyclone, Logan, UT,
USA) with 10% fetal bovine serum (Gibco, Paisley, UK),
1% penicillin—streptomycin (Hyclone), and 0.4% gentam-
icin (Sangon Biotech, Shanghai, China), and the solution was
replaced every 3—4 days. Cell culture passage numbers of 3—5
were routinely used for this study.

Cell culture and cytocompatibility evaluation

Extracts of PMMA-hydrogel hybrid cement variants and
pure PMMA were prepared according to a previous report
[23]. Sterile cement samples were immersed in serum-free
a-MEM medium (0.2 g/mL) at 37 °C for 24 h. Cell Counting
Kit 8 (CCK-8; Beyotime, Shanghai, China) and Live-Dead
staining (KeyGEN, Nanjing, China) were used to determine
cell proliferation and cytocompatibility on days 1, 3, 5, and
7, following the respective manufacturers’ instructions. For
the CCK-8 test, BMSCs were seeded into 96-well plates at
a density of 10* cells per well for 24 h. The medium was
then replaced with the above extracts; at each time point,
the extracts were removed and replaced by a solution of 100
pL of fresh medium and 10 pL of CCK-8 in each well,
followed by incubation for 2 h. The final supernatant was col-
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lected and its absorbance evaluated using an enzyme-linked
immunoadsorbent assay (ELISA) microplate reader (Syn-
ergy 2, Bio-TEK, Vermont, USA) at 450 nm. For Live-Dead
staining, BMSCs were seeded into 24-well plates at a den-
sity of 3 x 10* cells per well for 24 h. Next, the medium was
replaced with the above extracts, and the cells were visual-
ized with Live-Dead staining at 37 °C for 30 min at each
time point. Finally, the cells were rinsed two times with PBS
and observed by fluorescence microscopy. Cell viability was
calculated from images using the following equation: cell
viability (%) = number of live cells/number of total cells x
100%. Each of the above experiments was conducted in trip-
licate.

Hemolysis test

Hemolysis experiments were performed to measure hemo-
compatibility of the specimens in vitro [24]. Rabbit blood
samples were collected in ethylenediaminetetraacetic acid
tubes. A 1 mL sample was then added to 2 mL PBS, and
centrifuged at 4000 r/min for 10 min to isolate the red blood
cells from the serum. After washing five times, the volume
of blood was diluted to 1/10 with SBF. Next, 0.2 mL of the
diluted suspension was blended with (a) 0.8 mL SBF solu-
tion as the negative control, (b) 0.8 mL ultrapure water as
the positive control, and (c) cement specimens (pure PMMA
cement, PMMA-15% hydrogel, and PMMA-20% hydrogel)
as the tested sample groups. All mixtures were oscillated
at 25 °C for 3 h. After centrifugation at 12,000 r/min for
5 min, the absorbance of each supernatant was determined at
541 nm with a spectrophotometer (JASCO V-550 UV-Vis,
Japan). The percent hemolysis of red blood cells was defined
as follows: hemolysis ratio (%) = [(sample absorbance —
negative control absorbance)/(positive control absorbance —
negative control absorbance)] x 100%. Each experiment was
performed in triplicate.

@ Springer



322

Bio-Design and Manufacturing (2022) 5:318-332

BMP-2 release from the PMMA-hydrogel cement

According to the manufacturer’s instructions, the BMP-2
product tube (C012, Novoprotein, Shanghai, China) was cen-
trifuged before opening, and the lyophilized BMP-2 was
dissolved in 50 mM acetic acid to prepare a 100 p.g/mL. BMP-
2 solution. Next, PMMA-20% hydrogel hybrid cement with
25 pg/mL BMP-2 was prepared, as described above. This
hybrid cement was added to a 1.5 mL microcentrifuge tube
with 1 mL PBS at 25 °C and mixed at a speed of 120 r/min.
After12hand 1,2,3,5,8, 11, 16,21, and 26 days, the PBS in
the tube was collected and replaced with an equivalent vol-
ume of fresh PBS. A BMP-2 ELISA kit (Elabscience, Wuhan,
China) was used to measure the concentration of BMP-2 in
solution, according to the manufacturer’s instructions. The
experiments were conducted in triplicate.

Alkaline phosphatase and Alizarin red staining

We measured ALP and Alizarin red staining of BMSCs cul-
tured in extracts of the PMMA-20% hydrogel hybrid cement
(BMP-2(-) group) and the PMMA-20% hydrogel hybrid
cement with 25 pwg/mL BMP-2 (BMP-2(+) group). First,
BMSCs were seeded into 24-well plates at a density of 5 x
10* cells per well. The medium was replaced with the experi-
mental extracts after 24 h of culture. After a 5-day incubation,
the cells were fixed in 4% paraformaldehyde for 15 min, and
ALP staining was performed using an ALP kit (Beyotime),
according to the manufacturer’s instructions. For Alizarin red
staining, cells were incubated with the extracts for 21 days,
then fixed in 4% paraformaldehyde for 15 min, and stain-
ing performed according to the manufacturer’s instructions
(Cyagen, Guangzhou, China). Image Pro Plus 6.0 was used
to analyze the staining intensity of cells from five different,
independent wells.

Assessment of osteogenic marker genes

The expression of BMSC osteogenic marker genes, includ-
ing Runx2, Coll, and OPN, was assessed using quantitative
real-time polymerase chain reaction (qQRT-PCR) with a
SYBR® Premix Ex TaqTM kit (TaKaRa, Otsu, Japan)
and Applied Biosystems 7500 Real-Time PCR System.
The following four groups were assessed after incubating
BMSCs for 10 days: (1) BMSCs in complete a-MEM
medium (control group); (2) complete osteogenic differen-
tiation medium (Cyagen) (P-Control group); (3) extracts of
the PMMA-20% hydrogel hybrid cement without BMP-2
(BMP-2(-) group); and (4) extracts of the PMMA-20%
hydrogel hybrid cement with 25 pwg/mL BMP-2 (BMP-2(
+) group). Total RNA was then extracted using a Qiagen
RNeasy® Mini kit (Valencia, CA, USA) and subjected
to cDNA synthesis. QqRT-PCR was performed in triplicate

@ Springer

using the following cycling parameters: initial denaturation
at95 °Cfor 305,40 cycles of denaturation at 95 °C for 5 s, and
annealing at 60 °C for 34 s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a quantitative
control for the RNA levels. Primer sequences were as
follows:  Runx2, 5'-TCTTCCCAAAGCCAGAGCG-3'
and 5-TGCCATTCGAGGTGGTCG-3; Coll, 5'-
TGACTGGAAGAGCGGAGAGTA-3' and 5-GGGGTTT
GGGGCTGATGTACC-3’; OPN, 5-GAGGAGAAGG
GCGCATTACAG-3" and 5-AAACGTCTGCTTGTCTGCT
GG-3'; GAPDH, 5-GGCAAGTTCAACGGCACAGT-3'
and 5'- GCCAGTAGACTCCACGACAT-3'.

Osteogenic differentiation assessment

The expression of representative proteins (Runx2 and OPN)
of osteogenic differentiation of BMSCs cultured with extract
of the BMP-2(-) group or BMP-2(+) group was deter-
mined using fluorescence staining [25]. Briefly, BMSCs were
seeded into a confocal culture dish at a density of 10° cells
per dish. The medium was replaced with above extracts after
24 h of culture. After culturing for 12 days, the cells were
fixed for 15 min in 4% paraformaldehyde (Biosharp, Hefei,
China), followed by treatment with 0.1% Triton-X for 10 min
to permeabilize the cells, and then immersed in 1% bovine
serum albumin block solution for 1 h. Primary polyclonal
IgG rabbit anti-rat Runx2 antibodies (1:500, Abcam, USA)
and OPN antibodies (1:200, Abcam) were then added and
the preparation was allowed to hybridize overnight at 4 °C.
Secondary goat anti-rabbit Alexa Fluor 594 antibody (1:200,
Abcam) was then added to the primary antibody for 2 h at
25 °C. The cytoskeleton was stained with Alexa Fluor 488
phalloidin (Thermo Fisher, USA) for 2 h at 25 °C and nuclei
were stained with 4’,6-diamidino-2-phenylindole for 5 min
at 25 °C. Images were acquired using a fluorescence confo-
cal microscope (Leica, Germany), and Image Pro Plus 6.0
was used to evaluate the fluorescence intensity of Runx2 and
OPN of three parallel samples, from five different viewing
regions.

In vivo animal study

Previous investigations used New Zealand rabbits to build
a femoral condyle bone-defect model for evaluating the
biodegradability and osteogenesis capacity of bone cement
[26, 27]. Thus, in our study, 20 male New Zealand rab-
bits (weighing 2.5-3.0 kg) were anesthetized through an
intravenous injection of pentobarbital (30 mg/kg). After ster-
ilization, the femoral condyle was exposed using a lateral
approach, and a hole (5 mm diameter, 5 mm depth) was made
using a hand drill. The rabbits were randomly allocated and
treated according to the following four groups (n = 5 per
group): pure PMMA group; PMMA—-15% hydrogel with-
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out BMP-2 group; PMMA-20% hydrogel without BMP-2
group; and PMMA-20% hydrogel with BMP-2 group. The
incision was closed and antibiotics were used for 3 days after
the operation to prevent infection. The rabbits were eutha-
nized 10 weeks post-operation. The femur specimens were
excised and the soft tissues were cleared.

All specimens were examined using a microcomputed
tomography (micro-CT) scan system (Bruker skyscanl176;
Germany) ata spot size of 10 wm, maximum voltage of 40kV,
and a current of 250 wA. The bone volume fraction (bone
volume/tissue volume, BV/TV) was calculated using auxil-
iary software. The excised samples were then fixed in 4%
paraformaldehyde, dehydrated in ethanol, and embedded in
methyl methacrylate. Hard tissue slicing of the specimens
was performed using a microtome (Leica). Finally, sections
approximately 40 pwm thick were cut, ground, and then sub-
jected to von Kossa (VK) staining using routine methods
[28].

Statistics

Statistics were analyzed using statistical product and ser-
vice solutions (SPSS) version 19.0. Values are shown as the
mean =+ standard deviation, and were analyzed using one-
way analysis of variance and independent ¢ tests. Statistical
significance was set at p <0.05.

Results

Material characterization of the PMMA-hydrogel
hybrid cements

Synthesis of the hybrid cements with PMMA, oxidized
hyaluronic acid, and carboxymethyl chitosan hydrogel
loaded with BMP-2 is shown in Fig. 1. As the proportion
of hydrogel increased, the different hybrid cements became
more transparent (Fig. 2a). Similar to pure PMMA cement,
all PMMA-hydrogel hybrid cements exhibited an exother-
mal behavior during setting. All of the PMMA-hydrogel
hybrid cements showed a significantly lower maximum set-
ting temperature (7' max) than pure PMMA (Fig. 2b). In the
present study, the T, of the PMMA-hydrogel cements
gradually decreased as the hydrogel content increased; the
T max values were 59.10£3.56, 52.73+£1.57, 44.07 £2.27,
39.57+2.54, and 35.37+1.23 °C for the PMMA-5%
hydrogel, PMMA-10% hydrogel, PMMA-15% hydrogel,
PMMA-20% hydrogel, and PMMA-25% hydrogel groups,
respectively (Fig. 2¢). Tax 1S an important precondition that
influences the loading of bioactive factors; thus, since the
T max of the PMMA-5% hydrogel and PMMA-10% hydro-
gel groups was more than 50 °C, we excluded these two
groups from the subsequent experiments.

The compressive strength of the pure PMMA,
PMMA-15% hydrogel, PMMA-20% hydrogel, and
PMMA-25% hydrogel groups was approximately 95,
35, 25, and 15 MPa, respectively (Fig. 2d). The compres-
sive strength of the investigated PMMA-hydrogel hybrid
cements was lower than that of pure PMMA cement.
Since the compressive strength of the PMMA-25% hydro-
gel group was low, it would be inadequate in providing
mechanical support in fractured vertebral bodies; thus,
the PMMA-25% hydrogel group was not included in the
subsequent experiments. The compression stress—strain
curve based on the elastic deformation is shown in Fig. 2d.
The Young’s modulus of the pure PMMA, PMMA-15%
hydrogel, PMMA-20% hydrogel, and PMMA-25% hydro-
gel groups was 1.5940.14, 0.41£0.05, 0.28+0.05, and
0.13£0.02 GPa, respectively (Fig. 2e). As the hydro-
gel content increased, the Young’s modulus gradually
decreased.

The injectability of the hybrid cement is another important
index reflecting its applicability; in this study, it was evalu-
ated by an extrusion test. The injectability of PMMA-hy-
drogel hybrid cements was lower than that of pure PMMA
cement (Fig. 2f). In addition, there were no significant dif-
ferences between the initial and final setting times of the
PMMA-15% hydrogel and PMMA-20% hydrogel groups;
both times were shorter than those of the pure PMMA group
(p <0.05) (Fig. 2g).

Finally, material degradation was evaluated using an SBF
saturation test and examination of bone cements under SEM.
After 14 days of soaking of pure PMMA, PMMA-15%
hydrogel, and PMMA-20% hydrogel groups, a degraded
hole was observed in the PMMA-hydrogel hybrid cements,
whereas there were no changes in the micromorphology
of the pure PMMA cement (Fig. 3a). At 28 days, the
area of the degraded hole in the PMMA-hydrogel hybrid
cements obviously increased, and that of the PMMA-20%
hydrogel group was greater than that of the PMMA-15%
hydrogel group. The calculated degradation rate demon-
strated that there was no obvious degradation of pure
PMMA, whereas the degradation rate of the PMMA-hy-
drogel hybrid cements gradually increased with prolonged
soaking time (Fig. 3b). In particular, the degradation rate
of the PMMA-20% hydrogel group was higher than that
of PMMA-15% hydrogel group at the same time point.
At 28 days after soaking, the degradation rates of the
pure PMMA, PMMA-15% hydrogel, and PMMA-20%
hydrogel groups were (0.4540.09)%, (8.53 +0.88)%, and
(11.07 £ 1.27)%, respectively.

In vitro cytocompatibility and hemolysis test

The cytocompatibility of pure PMMA, PMMA-15% hydro-
gel, and PMMA-20% hydrogel groups was monitored for
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Fig. 2 Characterization of the physical properties of PMMA-hydrogel
hybrid cements. a Images of the different fabricated cements; b curve
of setting temperature; ¢ maximum setting temperature (7' max); d com-

7 days using the CCK-8 test. BMSCs thrived and exhib-
ited excellent proliferation ability when cultured with the
extracts of PMMA-hydrogel hybrid cements (Fig. 3c). Fur-
ther, the proliferation of BMSC proliferation was higher in
the PMMA-20% hydrogel group than in the PMMA-15%
hydrogel group at different time points. In contrast, when
cultured with extract of pure PMMA, BMSCs showed signifi-
cantly lower proliferation than that of the above two groups (p
<0.05). The results of Live-Dead staining showed that more
than 90% of the BMSCs were living on day 1 in all groups;
in both the PMMA-15% hydrogel and PMMA-20% hydro-
gel groups, more than 95% were living at days 3, 5, and 7.
At above time points, the percentage of live cells days was
higher in the PMMA-hydrogel hybrid cements than in the
pure PMMA cement (p <0.05), which was consistent with the
CCK-8 results (Figs. Sla and S1b in Supplementary Infor-
mation).

Blood compatibility is a critical index for assessing the
biocompatibility of biomaterials, and biocompatibility deter-
mines the possible in vivo applications of these bone cements.
The supernatants of the pure PMMA cement and PMMA-hy-
drogel hybrid cements were limpid, and showed no difference
compared with that of the negative control group (Fig. 3d),
suggesting that the constructed PMMA-hydrogel hybrid
cements exhibited good blood compatibility. In addition,
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pressive strength; e Young’s modulus; f injectability; g initial and final
setting times (n = 3 per group; *p <0.05 vs. pure PMMA group)

the hemolysis rates of both the pure PMMA group and
PMMA-hydrogel groups were lower than 4% (Fig. 3e); these
rates meet the requirement of [ISO/TR7405-1984(E).

BMP-2 release from PMMA-hydrogel hybrid cement

The PMMA-20% hydrogel group exhibited a lower 7T'max
than the PMMA-15% hydrogel group; this group also
showed good cytocompatibility, which is important for deliv-
ering factors and for its use in vivo. Therefore, we used the
PMMA-20% hydrogel cement loaded with BMP-2 to evalu-
ate the release of BMP-2 and its osteogenesis ability in vitro
and in vivo. BMP-2 was sustainably released over 26 days
from the PMMA-20% hydrogel hybrid cement loaded with
25 pg/mL BMP-2 (Fig. 3f).

Evaluation of in vitro osteogenesis ability
of PMMA-hydrogel hybrid cements
with and without BMP-2

To assess the osteogenesis ability of the PMMA—-20% hydro-
gel hybrid cement with and without BMP-2, BMSCs were
cultured with the extracts of these cements. After culturing
for 5 days, ALP staining demonstrated significantly higher
activity in the BMP-2(+) group than in the BMP-2(-) group
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Fig.3 Biodegradation and biocompatibility of the PMMA-hydrogel
hybrid cements and release of loaded BMP-2 from the hybrid cements.
a SEM images of the surface of the different cements before and after
soaking in SBF for 14 and 28 days; b degradation ratio (%) of different
cements after soaking in SBF for 3, 7, 14, 21, and 28 days; ¢ optical

(Figs. 4aand 4b; p <0.05). gRT-PCR showed that expressions
of the osteogenic genes Runx2, Coll, and OPN were rela-
tively similar in the control and BMP-2(-) groups. However,
compared with expression in the BMP-2(-) group, the expres-
sion of these genes was significantly higher in the BMP-2(+)
group (Figs. 4d-4f; p <0.05). After culturing for 12 days,
immunofluorescence staining revealed higher expression of
the Runx2 and OPN proteins in the BMP-2(+) group than
the BMP-2(-) group (Figs. 5a-5d; p <0.05). Furthermore,
to evaluate the mineralization level of BMSCs, Alizarin red
staining was conducted at 21 days; more red calcified nodules

BMP-2 from
PMMA-20%Hydrogel

Time (day)

density (OD) value of the CCK8 test after cells were cultured in dif-
ferent cement extracts for 1, 3, 5, and 7 days; d photographs of direct
observations of the hemolysis test results; e hemolysis rate; f cumula-
tive release of BMP-2 from the PMMA-20% hydrogel hybrid cement
at different times (n = 3 per group; *p <0.05)

were observed in the BMP-2(+) group than in the BMP-2(-)
group (Figs. 4a and 4c; p <0.05).

Evaluation of in vivo osteogenesis ability
of PMMA-hydrogel hybrid cements
with and without BMP-2 by micro-CT analysis

At 10 weeks post-surgery, the pure PMMA cement showed
bulky distribution patterns that did not cause changes in the
morphology, whereas the PMMA-hydrogel hybrid cements
exhibited obvious degradation with the formation of sev-

@ Springer



326

Bio-Design and Manufacturing (2022) 5:318-332

BMP-2 (+)

(a)

BMP-2 ()

Aep g
Surure)§ 4TV

fep 17
Py ezl

Fig. 4 Evaluation of in vitro osteogenesis ability of PMMA-hydrogel
hybrid cements with or without added BMP-2. a Images of ALP and
Alizarin red staining; b, ¢ quantitative analysis of ALP and Alizarin
red staining; d-f qRT-PCR analysis of Runx2, Coll, and OPN gene

eral micropores (Fig. 6a). In addition, newly formed bone
was observed in the interior of the injected bone cement,
with a CT value similar to that of the surrounding bone.
These results can be observed in the micro-CT images (new
bone marked with the green arrows in Fig. 6). We calcu-
lated the BV/TV to further quantify the repair of the femoral
condyle defects in rabbits injected with pure PMMA cement
or PMMA-hydrogel hybrid cement with or without BMP-
2. The BV/TV value of PMMA-20% hydrogel with BMP-2
group was significantly higher than that in the pure PMMA
group, PMMA-15% hydrogel without BMP-2 group, and
PMMA-20% hydrogel without BMP-2 group (Fig. 6b; p
<0.05).

Histological staining analysis

To assess effects of treatments on bone repair, we carried out
VK staining on femoral condyle sections. At 10 weeks post-
surgery, higher rates of new bone formation were observed
in rabbits injected with the PMMA-hydrogel hybrid cements
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trol indicates BMSCs cultured in a-MEM medium; P-Control indicates
BMSCs cultured in osteogenic medium (*p <0.05)

than those injected with pure PMMA cement (new bone is
marked with green arrows in Fig. 7). In addition, there was
more new bone tissue in the PMMA-20% hydrogel with
BMP-2 group than that in the PMMA-20% hydrogel without
BMP-2 group. In summary, micro-CT and histological stain-
ing results demonstrate the excellent osteogenesis capacity
of the PMMA-20% hydrogel with BMP-2 group.

Discussion

Currently, PMMA cement is widely used in PVP and PKP
[1-3]. However, bioinert PMMA cement does not facilitate
bone tissue regeneration [6, 8]. In this regard, we con-
structed novel PMMA-hydrogel hybrid cements loaded with
BMP-2 to promote osteogenesis. Analysis of our fabricated
PMMA-hydrogel hybrid cements with BMP-2 showed that
they exhibit promising potential for clinical applications.

In clinical practice, restoration of the stability of frac-
tured vertebral bodies is one of the most important goals
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Fig. 5 Immunofluorescence staining and quantitative analysis of Runx2
and OPN protein expression in BMSCs. a, b Images and quantitative
analysis of Runx-2; ¢, d images and quantitative analysis of OPN. BMP-

of PVP or PKP in the treatment of OVCFs, which can also
help maintain vertebral height over the long term. Although
PMMA can effectively stabilize fractured vertebral bod-
ies, it shows extremely high stiffness (1700-3700 MPa),
which is significantly higher than that of natural vertebral
bodies (10-900 MPa) [6, 29-31]. Thus, PMMA cement
increases the risk of side effects after PVP or PKP, such
as intervertebral disk degeneration and new fractures in
adjacent vertebrae [32-35]. In our study, the addition of oxi-
dized hyaluronic acid and carboxymethyl chitosan hydrogel
to the PMMA matrix successfully moderated the Young’s
modulus of the hybrid cements by decreasing the PMMA
content. In addition, owing to the degradative nature of
hydrogel, PMMA-hydrogel hybrid cements showed good
biodegradability as evaluated by SEM and in vitro degrada-
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tion tests. Specifically, SEM revealed obvious hole formation
on the surface of PMMA-hydrogel hybrid cements at 14
and 28 days of soaking. In particular, the degradation rate of
the PMMA-20% hydrogel group after soaking for 28 days
was (11.07+1.27)%. With the partial degradation of the
hydrogel, there was space for new bone formation. Further-
more, when cultured with the extract of the PMMA—hydrogel
hybrid cements, BMSCs showed greater growth and prolif-
eration viability than when cultured with textracts of pure
PMMA cement, as confirmed using the CCK-8 test and
Live-Dead staining. These results indicate that PMMA-hy-
drogel hybrid cements have better biocompatibility than pure
PMMA cement. The hemolysis test results revealed hemol-
ysis rates of all groups to be less than 4%, which met the
ISO/TR7405-1984(E) standard.

@ Springer



328

Bio-Design and Manufacturing (2022) 5:318-332

Fig.6 Micro-CT examination of
different groups in vivo.

a Micro-CT images (the green
arrow indicates the new bone in
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in bone defects

lous bone (approximately 0.1-15 MPa) [30, 37]. The
synthesized PMMA-hydrogel hybrid cements in our
study exhibited better compression strength than that
of PMMA/chitosan—glycerophosphate/nanosized hydroxya-
patite hydrogel hybrid cements (approximately 5 MPa)
and that of PMMA/hydroxyapatite/carboxymethylcellulose
hydrogel hybrid cements (approximately 10 MPa) [15, 17].
Therefore, the composite PMMA-hydrogel hybrid cements
in the present study might meet the clinical requirements for
mechanical strength for treatment of OVCFs with PVP and
PKP.

PMMA is a biologically inert material that provides
mechanical support for fractured vertebral bodies but can-
not accelerate osteogenesis or fracture union. Chiu et al.
reported that PMMA cement also suppresses the expression
of transcription factors that accelerate osteoprogenitor dif-
ferentiation and inhibit osteoprogenitor viability [38, 39].
As a result, fracture non-union may lead to persistent back
pain, Kummell’s disease, and loose bone cement, which may
cause protrusion of the bone cement into the spinal canal
after a second trauma [3]. Previous studies reported that the
addition of HA, silicate bioceramic, and bioactive glass to
PMMA cement could promote osteogenesis [6, 11, 12]. For
example, HA can improve the generation of extracellular
matrixes, growth factors, and serum proteins, and facilitate
the adherence of the osteogenic cells [11, 40]. Moreover, HA
and silicon iron enhance mesenchymal stem cell proliferation
and osteogenic differentiation, osteoblast activity, and min-
eralization of intercellular substances [6, 11, 12]. However,
the osteogenesis ability of the above materials is significantly
lower than that of bioactive factors, such as BMPs.

There have no previous studies on the effects of addi-
tion of bioactive factors to PMMA cement; in particular,
setting temperatures that are higher than 60 °C could result in
bone tissue necrosis and inactivate bioactive factors [14]. In
addition, PMMA cement does not provide a suitable liquid
environment for loading bioactive factors; after setting the
bone cement, its non-degradable nature restricts the release
of bioactive factors. Sa et al. and Wang et al. reported that
PMMA-hydrogel hybrid cements with different ratios have
lower setting temperatures, typically less than 40 °C [15, 17].
In our study, the setting temperature of the PMMA-hydrogel
hybrid cements was lower than that of pure PMMA cement
(p <0.05); specifically, the mixture setting temperature of the
PMMA-20% hydrogel group was 39.57 +2.54 °C, which is
low enough to retain bioactivity of osteogenic factors. The
lower setting temperature of the synthesized hybrid cement
can be attributed to the reduced amount of PMMA cement
and decalescence of the hydrogel.

BMP-2, a member of the superfamily of transforming
growth factor beta, is a well-known osteogenic factor that
can promote osteogenic differentiation of osteoblasts and
BMSCs by activating the BMP/Smad1/5/8 signaling path-
way by up-regulating the expression of ALP, Runx2, and
OPN [21, 22]. Numerous studies have reported that hydrogels
can load and release BMP-2 [41-43]. In this study, we added
BMP-2 to oxidized hyaluronic acid and carboxymethyl chi-
tosan hydrogel, and then added the mixture to the PMMA
cement, thereby obtaining novel PMMA-hydrogel hybrid
cements loaded with BMP-2. In addition to the lower set-
ting temperature of the PMMA-hydrogel hybrid cements,
and the suitable and biodegrable hydrogel, BMP-2 could be

@ Springer



330

Bio-Design and Manufacturing (2022) 5:318-332

released from the hybrid cements in our study, further pro-
moting osteogenesis.

In ourin vitro study, PMMA-20% hydrogel hybrid cement
with BMP-2 promoted the expression of osteogenesis-related
marker genes or factors, as confirmed by ALP staining,
immunofluorescence staining, Alizarin red staining, and
gRT-PCR. The results revealed that release of BMP-2 by
the PMMA-hydrogel hybrid cements can stimulate BMSC
osteogenesis [21, 22]. In our in vivo experiments, micro-CT
and histological staining were used to observe biodegradation
and new bone formation. Ten weeks after implantation into
the femoral condyle of rabbits, these observations revealed
not only that the PMMA-hydrogel hybrid cements are
biodegradable, but also that with the addition of BMP-2 to
the PMMA-hydrogel hybrid cements, there was obvious new
bone formation in the interior of the injected bone cement in
bone defects. Therefore, we suggest that the bioactive BMP-
2 released from our novel PMMA-hydrogel hybrid cements
with BMP-2 can promote BMSC osteogenesis differentiation
and accelerate fracture union.

Conclusions

In summary, we constructed novel PMMA-oxidized
hyaluronic acid and carboxymethyl chitosan hydrogel hybrid
cements loaded with BMP-2. The synthesized PMMA-hy-
drogel hybrid cements exhibited a low setting tempera-
ture and Young’s modulus; acceptable mechanical strength,
injectability, and setting time; and excellent biodegradabil-
ity and biocompatibility. Importantly, BMP-2 was sustain-
ably released from the PMMA-hydrogel hybrid cements,
demonstrating their good bioactivity in enhancing BMSCs
osteogenesis and accelerating new bone formation in the
implant area. Therefore, the constructed PMMA-hydrogel
hybrid cements loaded with BMP-2 show promising poten-
tial for use in PVP and PKP for the treatment of OVCFs in
clinical practice.
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tary material available at https://doi.org/10.1007/s42242-021-00172-1.
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