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Although traditional poly(methyl methacrylate) (PMMA) bone cements have been widely used in clinical
practice, they are beset with many inherent drawbacks such as high polymerization heat, weak
osteoinductive and osteoconductive ability, low bioactivity, volumetric shrinkage upon solidification, etc.,
which significantly limit its clinical application prospects. Chemical or physical modification of PMMA
matrix to regulate its material properties has become a research hotspot in the field of bone tissue
repair. Self-expandable PMMA bone cement (SBC) is a novel bone cement developed by copolymerizing
PMMA matrix with hydrophilic monomers such as acrylic acid, hydroxyethyl acrylate, etc. They are of
high bioactivity and adjustable mechanical properties, along with excellent volumetric swelling capability
due to the spontaneous water absorption in body fluids. Moreover, with the addition of appropriate
antibiotics and fillers, SBC can effectively prevent/heal tissue infection around the implant, and exhibit

versatile biomechanical properties required for in vivo implantation, making SBC one of the best
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Accepted 13th June 2025 alternatives to replace commercially available bone cements. In this paper, the material properties and
progress in modification of SBC will be reviewed, the influence of functional monomers and fillers on the

DO 10.1035/d5ra00592b biomechanical properties of SBC will be discussed, and the future research direction of SBC will be
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1. Introduction

With the accelerating aging of society and an upsurge in body-
building activities, an increasing number of both aged and
young people are suffering from orthopedic diseases, leading to
an increasing demand for bone repair surgeries (such as arti-
ficial joint replacement and percutaneous vertebroplasty).*
Bone cement is widely used in clinical practice to fill and repair
bone loss, playing a vital role in fixing prostheses, bearing loads,
reinforcing injured bones, and transferring stress from pros-
theses to bones.>™ So far, poly(methyl methacrylate) (PMMA)
bone cement has been the most widely used polymer-based
bone substitute because of its excellent biocompatibility, high
mechanical strength, and good chemical stability.>® The
historical background and main development stages of PMMA
bone cement is depicted in Fig. 1. All of them are composed of
two phases. The solid is mainly composed of PMMA powders,
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initiator (benzoyl peroxide, BPO), and an opacifier (ZrO, or
BaS0,); the liquid component is mainly MMA monomer, acti-
vator (dimethyl-p-toluidine, DMT), and a stabilizer to avoid
premature polymerization. Particularly, ambient temperature is
sufficient to solidify PMMA bone cement by mixing the solid
and liquid components, and the uncured cement can be
manually molded to match the contour of bone defect.” All
those properties make PMMA bone cement a desirable ortho-
pedic implant in fields of bone (or tooth) defect repair, pedicle
screw channel augmentation, and treatment of chronic osteo-
myelitis and spinal metastasis, etc.

However, bioinert PMMA bone cement is not gifted with
osteoconductivity and osteoinductivity, so only mechanical
interlocking is formed between PMMA bone cement and bone
tissues.'™*> Here, osteoconductivity refers to the ability of bone
cement to promote the adhesion, proliferation and differenti-
ation of osteoblasts on the cement scaffold, while osteoinduc-
tivity refers to the capability of bone cement to directly induce
mesenchymal stem cells to differentiate into osteoprogenitor
cells and osteoblasts. Once the mechanical interlock fails, the
gap between PMMA matrix and bone tissues will be broadened,
friction and interfacial wear will occur. The production of
PMMA debris will not only promote macrophages to differen-
tiate into pro-inflammatory M1 phenotypes, triggering tissue
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[ PMMA was used to repair cranial defects in monkeys

[ A cold curing poly:

-Remodeling osteoporotic or
metastatic cancer areas
-cranioplasty and vertebroplasty
-The Judet siblings produced
PMMA femoral heads

FDA approval

( Most studies have focused on
polymerization methods, physical
and mechanical properties, drug
loading capacity of PMMA and also
the negative effects of the cement

\on body tissues such as the heart.

As before, the studies have focused on improving the physical and
mechanical properties and bioactivity of the cement by changing the
chemical compositions, The difference was that making new
composite bone cements by multi-components including polymer
and ceramic compounds.

Many researchers have focused on the use of carbon
compounds such as carbon nanotubes in bone cement
composition. Besides that, many studies have
investigated the use of magnetic particles in bone cement
for novel therapies such as hyperthermia
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PMMA was used in dental applications for the first time ]

repairing cranial defects in humans by PMMA ]

Its use has been extended by the ophthalmological field
and dentistry to the orthopedic

[ PMMA was employed as a grout for fixation of bone devices ]

[ Modern hip replacement with PMMA bone cement by sir John Charnley ]

Addition of antibiotics to PMMA bone cement ]

There have been comprehensive studies focusing on
changing the composition of bone cement or making a
new composite bone cement by adding some additives
like HA to optimize physical and mechanical properties
or making bioactive cements.

elution from PMMA bone cement and also evaluation of different

Investigation of different parameters affecting the rate of antibiotic
drug delivery systems have received more attention.

Fig. 1 Historical background of PMMA bone cement. Reprinted with the permission from ref. 10. Copyright 2020 John Wiley and Sons.

inflammatory responses, but also induce macrophages to
differentiate into osteoclasts, causing osteolysis and ultimate
aseptic loosening."'* Moreover, PMMA bone cement upon
solidification behaves like a fragile glass with a Young's
modulus of about 3 GPa, much higher than that of human
trabecular bone (20-500 MPa).*>'** The huge difference in
modulus typically causes “stress-shielding” effect, which may
trigger bone resorption and aseptic loosening of the implant."”
Notably, the volume of PMMA shrinks (by about 5-7%) upon
solidification,'® giving rise to a simultaneous increase in the
internal stress at bone-bone cement interface. This generally
reduces the interfacial shear strength and leads to interfacial
micro-cracks, thus resulting in aseptic loosening and failure of
PMMA implants.”

Notably, the polymeric heat is up to 57 kj mol ' for MMA
monomers during the free radical polymerization.** Sometimes,
the surface temperature of newly formed PMMA bone cement
can be even higher than 100 °C in vitro due to the dramatic heat
release in the dough and curing stage. Despite that the pros-
thesis surface and blood circulation can help dissipate poly-
merization heat to some extent, the surface temperature of
PMMA bone cement can still reach up to 45-50 °C when placed
in human body.*"** In fact, bone tissue necrosis occurs at 50 °C,
collagen denaturation happens at 56 °C, while 43 °C is sufficient
to damage the temperature-sensitive neural tissues.**** There-
fore, the implantation of PMMA bone cement inevitably brings
about thermal damage to the surrounding living tissues.
Fukushima et al.>® explored the temperature changes at the
bone cement interface during total knee arthroplasty. Results
revealed that the setting temperature of a 3 mm thick PMMA
bone cement layer is as high as 65 °C, then it drops to 56 °C at
bone-bone cement interface, and an approximate 2 mm-thick
osteonecrosis appeared near the bone cement. Urrutia et al.*®
injected PMMA bone cement into the vertebral cavity of New
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Zealand rabbits and found that about 50% of rabbits showed
early focal osteonecrosis.

From a clinical perspective, those inherent drawbacks, such
as high polymerization heat, low bioactivity, weak osteo-
conductive and osteoinductive ability, and volume shrinkage
upon solidification, etc., severely limit the application prospect
of traditional PMMA bone cements. An effective and feasible
solution to modify the biomechanical properties of PMMA bone
cement is by blending with functional additives, such that the
material properties of both the constituting components can be
combined, and the diverse clinical needs can be satisfied. For
example, the addition of 12 wt% castor oil leads to a reduction
in Young's modulus of PMMA bone cement from 1.5 GPa to
446 MPa, and maximum exothermic temperature from 41.3 to
25.6 °C.>” However, castor oil seemed to interfere with the
polymerization reaction, giving a negative effect on cell viability.
Due to the plastic deformation and energy-dissipative ability of
metal fibers (such as stainless steel, and titanium alloys), the
addition of malleable metals can apparently enhance the frac-
ture strength and toughness of PMMA matrix while maintaining
good biocompatibility.>*° Silver nanoparticles, as an antibac-
terial agent, can penetrate into the bacteria, inactivate enzymes
and destroy DNA replication.** The addition of 1 wt% nanosilver
is sufficient to endow PMMA bone cement with excellent anti-
bacterial ability against Gram-negative bacteria. However, those
inert metals will inevitably be etched by body fluids, and the
release of metal ions may cause toxic effects on cells and trigger
inflammation or rejection responses of tissues.**** Bioactive
ceramics®»* (including degradable ones such as calcium
phosphate and hydroxyapatite, and non-degradable ones like
silica) have excellent biocompatibility with human tissues, and
typically cause no adverse reactions in vivo such as inflamma-
tion, allergies, and rejection. Among them, nano-hydroxyapatite
(HA, Ca/P ratio of 1.55-2.20) has a similar morphology, struc-
ture, and composition to that of human bones, and is capable of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bonding directly with bone tissues due to the excellent
osteoinductivity and osteoconductivity.**** Besides that, HA
powders can dissipate heat and reduce the maximum poly-
merization temperature of PMMA matrix.'* However, the addi-
tion of rigid bioceramics typically increases the tendency of the
PMMA matrix toward stiffness and brittleness, and conse-
quently, PMMA matrix usually exhibits an enhanced elastic
modulus together with reduced flexural and tensile strengths.*®
The “ideal” bone cement should satisfy the following
requirements: (1) noncytotoxic, biocompatible; (2) trabecular
bone-mimic 3D porous scaffold, osteoinductive, and osteo-
conductive; (3) easily-prepared under surgical conditions, low
cost, and functionally stable; (5) biodegradable, easily drug-
loaded, and free from the potential risk of disease trans-
mission. Despite many blending modification trials as
mentioned, so far there is no modified PMMA bone cement that
can fully meet all these clinical requirements, and the
enhancement in one material property is usually accompanied
by the deterioration of the others. This has led researchers to
gradually realize that adding additives alone may be inadequate
to overcome the inherent drawbacks of PMMA bone cement,
a structural modification of the bone cement matrix should be
pivotal and indispensable for addressing those drawbacks.

2. Hydrogel-based self-expandable
PMMA bone cement (SBC)

For PMMA bone cement, the weak molecular polarity is a major
reason for the low equilibrium water-adsorbing ratio (below 2-
3%) and apparent volume shrinkage (by about 5-7%)** upon
solidification. As proposed by Orr et al.,* the residual stresses
caused by volume shrinkage may be responsible for the crack
initiation in the cement mantle, and cracks are likely to prop-
agate by the mechanism of fatigue under cyclic loading. The
formation of gap and voids at bone cement interface will further
reduce the interfacial shear strength, enhance the interfacial
wear, and permit distal migration of abraded particles.*"*
Those factors are important in the failure of implants by aseptic
loosening, a most commonly used indicator for implant
revision.

To prevent the shrinkage of PMMA matrix upon solidifica-
tion, hydrogel-based self-expandable PMMA bone cements
(SBC) were developed using hydrophilic functional monomers
as a liquid phase to mix with the cement powders.***** Different
from PMMA bone cement, the hydrophilized matrix structure of
SBC allows for the adsorption of body fluid and swelling in vivo
to compensate for shrinkage, thus getting the bone cavities
completely filled.***” At present, hydroxyl group (-OH) con-
taining monomers (such as acrylic acid (AA), hydroxyethyl
methacrylate (HEMA)) and ester/ether bond-based monomers
(such as 4-methacryloyloxylethyl trimellitate anhydride (META),
ethoxytriethyleneglycol monomethacrylate (TEG)), with excel-
lent hydrophilicity and bioactivity, are the most commonly used
functional comonomers for preparing SBCs. The synthesis of
self-expandable P(MMA-AA) bone cement, and the mechanism
for water-adsorption and swelling in P(MMA-AA) matrix are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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schematically illustrated in Fig. 2a. It is not unexpected that the
wettability of hydroxyl groups or ester/ether bonds in comono-
mers is the key to improving the absorptive and expansive
capability of PMMA matrix. With the solvation of those func-
tional groups or bonds by water molecules, the mobility and
dynamic response of polymer molecular chains can be
enhanced, beneficial for a rapid conformation extension and
expansion of polymer matrix (Fig. 2a). Meanwhile, the solvation
effect also leads to water-adsorbing pathways in bone cement
network, enabling the inward transfer of water molecules
within the matrix, and the contact probability between simu-
lated body fluid (SBF) and internal molecular chains can be
enhanced. The swelling associated with the water uptake is
expected to compensate for the volume shrinkage upon poly-
merization, press-fitting the implant and improving the bone-
cement interfacial strength.

Due to the bioactivity and hydrophilicity of functional
monomers, many studies found that the novel SBCs can well
balance many of its material properties (including biocompat-
ibility, osteogenic activity, biomechanical properties), and
exhibit versatile biomechanical properties required for in vivo
implantation in the presence of appropriate antibiotics and
fillers. The relatively “ideal” biomechanical properties make
SBC one of the best alternatives to replace commercially avail-
able bone cements, with a great application potential in
orthopedic fields, including but not limited to artificial joint
replacement, bone defect reconstruction, and pedicular screw
fixation. The following text will review the material properties
and progress in modification of hydrogel-based SBC, discuss in
detail the influence of functional monomers and fillers on the
biomechanical properties of SBC, and propose the future
research directions in this area.

3. Material properties of hydrogel-
based SBCs

3.1 Water-adsorbing and volume-expansion capability

To adjust the swelling properties of SBC, many efforts have been
put on tuning the liquid or solid components of a typical bone
cement formulation. Tang et al.*®* prepared a solid phase-
modified P(MMA-AA) bone cement (denoted as SMBC) by
combining liquid MMA monomers with solid powders con-
taining P(MMA-AA) and PMMA microparticles (the weight ratio
of P(MMA-AA) to PMMA is 1: 1, and the liquid and solid phases
are at a ratio of 2 g: 1 mL), and studied the dependence of water
adsorption and volume expansion on AA contents. It was found
that SMBC typically adsorbs more SBF at higher AA content in
P(MMA-AA) copolymers. When AA content is up to 50 mol%, the
equilibrium absorption ratio and expansion ratio of SMBC is
27.5% and 26% (Fig. 2b and c), respectively, much higher than
the adsorption (=2%) and expansion (= —5%, or a volumetric
contraction of 5%) of PMMA bone cement just mentioned. In
general, the adsorption behavior can be separated into two
stages, Le., the adsorption ratio increases rapidly prior to
solidification and then gradually reaches equilibrium adsorp-
tion after curing. This is consistent with the proposal of Long
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(@) Mechanism for water-adsorption and swelling in self-expandable P(MMA-AA) matrix. Reprinted with the permission from ref. 53.

Copyright 2017 American Chemical Society; time dependence of (b) SBF absorption ratio and (c) volume expansion ratio for SMBC (liquid phase
of MMA monomers, solid phase of P(MMA-AA)/PMMA powder mixtures) containing different AA content in P(MMA-AA) powders. Reprinted with

the permission from ref. 48. Copyright 2020 Elsevier.

and Richman*>* from the viewpoint of molecular relaxation,
that the diffusion process should involve an initial stage of
molecular rearrangements that can occur almost instanta-
neously, and the second stage of slower process associated with
penetrant transport due to the time dependence of the surface
concentration. For 60% AA system, the adsorption and expan-
sion ratio climbed initially and then decreased to an equilib-
rium plateau (Fig. 2b and c), and this phenomenon can be
ascribed to the detachment and scatter of the partial matrix due
to the weak interaction between P(MMA-AA) and the PMMA
components.

By introducing HEMA comonomers into liquid MMA
monomers and blending the monomer mixture with the solid
phase of SMBC (liquid and solid phases are at a ratioof 1.5 g: 1
mL), a HEMA-modified P(MMA-AA) bone cement (labeled as
HMBC)** was prepared and compared with the SMBC control
group. It turned out that the incorporation of hydrophilic
HEMA could further enhance the adsorptive and expansive
properties of P(MMA-AA) bone cement. With the incorporation
of 50% (v/v) HEMA in liquid phase, HMBC exhibits an equi-
librium adsorption ratio of 88.5%, together with an expansion
ratio of 97.4%, much higher than the adsorption (60%) and
expansion (61%) of SMBC control group. Interestingly, HMBC
with a HEMA content higher than 20% even swelled after the
solidification of the HMBC, contrary to previous findings that
the swelling of expandable bone cement mainly occurs before
solidification. Tang et al.** also fabricated a composite bone
cement by physically mixing sodium polyacrylate short fibers

26962 | RSC Adv, 2025, 15, 26959-26980

(PAAS¢) with PMMA bone cement. It was found that the volume
expansion ratio of PMMA/PAAS; bone cements containing 10%
and 20% (v/v) PAAS; was 1.6% and 7.4%, respectively, while the
expansion ratio rapidly increased to 25.7% when PAAS; content
reaches 30%, a phenomenon related to the enhanced proba-
bility of exposure of PAAS; on bone cement surface and
increased contact between SBF and PAAS;. These studies show
that the introduction of hydrophilic functional monomers/
fillers by either physical blending or chemical copolymeriza-
tion can significantly improve the adsorptive and expansive
capability of PMMA matrix.

The in vitro test for the surface contact angle measured the
hydrophilic ability of the materials tested. Cheng et al.>* fabri-
cated three kinds of SBC by mixing PMMA spherical powders
with different forms of liquid MMA monomers (i.e., MMA with
20% (v/v) HEMA, MMA with 20% (v/v) AA, and MMA with 10%
(v/v) HEMA and 10% (v/v) AA). Changes in contact angle indi-
cated that the incorporation of AA or HEMA monomers induced
a hydrophilic transformation of PMMA bone cement, which is
essential for enhancing the affinity of cements with
surrounding bones. For example, P(MMA-HEMA), P(MMA-AA-
HEMA), and P(MMA-AA) bone cements showed a contact
angle of about 63.8°, 63.2°, and 54.0°, respectively, which are
smaller than that of PMMA control group (72.2°). Notably, the
smaller contact angle found in AA containing cements
compared to HEMA containing ones should suggest that AA
monomers may have a stronger hydrophilic capacity or water-
adsorbing ability than HEMA monomers. The same feature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was already proved by the water uptake results of a SBC spec-
imen whose liquid phase is a mixture of MMA monomers with
AA or HEMA comonomers, that 27 wt% AA in liquid phase is
sufficient to provide the SBC with equivalent or higher water
adsorption than the SBC counterpart containing 100 wt%
HEMA in liquid phase.*® Ogawa et al.>> added META comono-
mers to MMA monomers to render it hydrophilic, and then
blended META/MMA mixtures with PMMA powders to prepare
a hydrophilic P(MMA-META) bone cement. Contact angle on
P(MMA-META) surface was found to remain below 60° for up to
1 h under wet conditions and gradually approach an equilib-
rium value of 68° after 1 day. However, the sustained hydro-
philicity under wet conditions was not observed for PMMA
system, which remained hydrophobic (~75°) regardless of
condition and time observed.

Compared with SMBC with only one water-adsorbing
P(MMA-AA) network dispersed in hydrophobic PMMA matrix,
HMBC not only retains the effective adsorbent component
P(MMA-AA), but also partially replaces the PMMA with P(MMA-
HEMA) in the bulk,”* which enables the previously non-
absorbent parts to transfer SBF. Therefore, the promoted
hydrophilicity together with the presence of dual water-
adsorbing networks synergistically result in a higher equilib-
rium SBF adsorption ratio of HMBC compared to the SMBC
control group. Compared to hydroxyl-based hydrophilic
cements, a smaller water adsorption ratio can be found in ester/
ether bond-containing ones. Gofii et al.>® fabricated a hydro-
philized PMMA bone cement by mixing PMMA powders with
40% (v/v) TEG-containing MMA monomers. As is found, the
P(MMA-TEG) cement shows an equilibrium water adsorption of
6%, much lower than that in SBCs with equivalent AA or HEMA
contents. This can be ascribed to the weaker hydrophilic capa-
bility of ester/ether bond compared to hydroxyl groups. The
difference in hydrophilic capability may also be reflected by the
water diffusion behavior within cement matrix. As evidenced by
the typical plots of the water adsorption versus t, all P(MMA-
TEG) bone cements containing 0% to 40% hydrophilic TEG
monomers exhibit a Fickian diffusion behavior,* indicating
a diffusion-controlled penetration process of water molecules.
By contrast, diffusion of water in the AA- or HEMA-modified
SBCs typically followed the non-Fickian diffusion mecha-
nism,*"*”%* suggesting that the relaxation of internal molecular
chains is more dominant than the diffusion of water. This may
be caused by the stronger coupling of water with hydrophilic AA
or HEMA-containing chains, together with the magnified fluc-
tuations in free volumes and osmotic pressures due to the
clustering of the adsorbed huge amount of water.>

3.2 Polymerization temperature

The curing process of PMMA bone cement, during which the
free radical polymerization of MMA monomers proceeds, is
usually accompanied by the release of a huge amount of heat
and a significant increase in polymerization temperature. This
can easily cause irreversible thermal damage or necrosis to the
surrounding bone tissues, and induce many intraoperative/
postoperative complications to human body (including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intraoperative hypotension, shock, cardiac arrest, postoperative
local infection, neurological dysfunction, aseptic osteolysis and
prosthesis loosening), potentially weakening the long-term
therapeutic effect of the implant.®**> In fact, the exothermic
phenomenon is a complex one that depends on the interplay of
several factors including total polymerization heat, polymeri-
zation kinetics, and heat transport phenomenon.®® Composi-
tional changes of liquid or solid phases can alter one or more of
these factors. Compared with MMA monomer, TEG monomer
has a lower reactivity but a higher molecular weight. Therefore,
replacing MMA with TEG not only slows down the rate of
polymerization,® but also reduces the total mols of monomers
participating in the reacting process (whiling keeping the same
total reaction volume), giving rise to a reduced maximum peak
temperature. As TEG monomers substitute for 0% to 60% (v/v)
of MMA monomers in liquid phase, the peak temperature of
P(MMA-TEG) bone cement linearly decreased from 84 to 45 °C,
accompanied by a prolonged setting time from 6 to 14 min
(Fig. 3). These results are encouraging since a lower exothermic
temperature is beneficial for alleviating the thermal damage to
surrounding tissues, and a longer curing process can ensure
a good injectability of the bone cement and provide more flex-
ible operation time for surgeons during surgery.

Interestingly, SMBC also exhibits a reduced polymerization
temperature with increasing AA content.*® As AA molar fraction
in P(MMA-AA) powders increases from 0% to 60%, the
maximum temperature of SMBC decreases from 103.6 to 45.8 ©
C, and the setting time increases from 14 to 45 min. For PMMA/
PAAS; bone cement,*” a substitution of PMMA powders with up
to 30% (v/v) PAAS; leads to a reduction of maximum tempera-
ture by 28 °C, together with an increase of setting time by
5.8 min. The reduced peak temperature in the two bone
cements is easy to understand since P(MMA-AA) powders and
PAAS; fillers, acting as a diluting component, do not participate
in the polymerization reaction, so the reduced MMA content in
the solid phase slows down the polymerization process and
decreases the heat release.*> Moreover, AA-containing particles/
fillers have a higher thermal conductivity than PMMA matrix,**
so the addition of P(MMA-AA) particles or PAAS; fillers allows
the polymerization heat of MMA monomers to be quickly
transferred outward, beneficial for a rapid removal of generated
heat from PMMA matrix.

By contrast, HMBC exhibits an increased peak temperature
with the addition of HEMA comonomers. As the HEMA content
in liquid phase increases from 0% to 60%, the maximum
exothermic temperature of HMBC increases from 69.9 to 100.4 ©
C, and the setting time decreases from 29.4 to 17.5 min, while
both the maximum temperature and setting time were between
that of PMMA bone cement and SMBC control group.” This
phenomenon can be rationalized by the fact that HEMA
monomers, with a greater reactivity and a higher polymeriza-
tion enthalpy than MMA monomers,*>*® are added to the liquid
phase of the cement formulation, and they participate in
copolymerization with MMA monomers. Unlike other mono-
mers that need to diffuse into the PMMA particles to initiate the
polymerization,®” the polymerization and dramatic heat release
of HEMA monomers can be achieved rapidly with low resistance
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(a) Polymerization exotherm of P(MMA-TEG) bone cements (solid component of PMMA powders, liquid component of META/MMA

monomer mixtures) containing 0% to 60% (v/v) TEG in liquid phase; maximum temperature (b) and setting time (c) as a function of TEG content
(v/v) in liquid phase of cement formulation. Reprinted with the permission from ref. 56. Copyright 1999 Elsevier.

before they diffuse into the particles. Nonetheless, one advan-
tage of adding more reactive AA or HEMA monomers is that it
can increase the conversion degree of polymerization, beneficial
for alleviating the cytotoxicity caused by residual unreacted
monomers.*® When unreacted acrylic monomers are leached
into blood or body fluid, they can trigger adverse responses at
the cell, tissue, and organ levels such as allergies, endothelial
cell segregation, cartilage tissue congestion/edema/necrosis,
cardiac arrest, and even individual death.®*”®

3.3 Mechanical performance

PMMA bone cement, as an adhesive between prosthesis and
bones, is generally subjected to complex stress conditions and
has to function in the relatively aggressive environment due to
the intense body activities. For example, forces transmitted
through the hip joint are high, about 3 times body weight when
walking, which rises to 8 times body weight when stumbling.
According to ISO-5833,”* there are three requirements for set
and cured cement: compressive strength (minimum of 70 MPa),
bending modulus (minimum of 1800 MPa) and bending
strength (minimum of 50 MPa). Commercial PMMA bone
cement is generally weak in tension (tensile strength of 35.3
MPa), strong in compression (compression strength of 93.0
MPa), and has a low bending resistance (bending strength of
64.2 MPa, bending modulus of 2552 MPa). As such, glassy
PMMA bone cement may fracture in a brittle way when func-
tioning under overloaded tensile or flexural stress, although it is
compression resistant. Nonetheless, bone cement is typically
supported by cortical bone to allow the compression to be
generated and to restrict tensile stresses, such that it is sub-
jected to compression whenever possible. So far, most concerns
have been concentrated on the variation of compression
strength with compositional modifications of the bone cement.

For SBC, the introduction of flexible hydrophilic monomers
generally deteriorates the mechanical strength of the matrix. As
is revealed, when TEG monomers account for 0% to 50% (v/v) of
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MMA monomers in liquid phase, the compressive strength of
P(MMA-TEG) bone cement decreases from 90.8 to 46.3 MPa,
together with tensile strength from 38 to 22 MPa. However,
when less than 20% (v/v) MMA is substituted by TEG, the
requirement for a minimum strength of 70 MPa can be satis-
fied. AA or HEMA-based bone cements also show a decreased
compressive strength or elastic modulus with the enrichment of
hydrophilic monomers (Fig. 4). As shown in Fig. 4a, HMBC
modified by substitution of 50% (v/v) MMA with HEMA in liquid
phase exhibits a compression strength of 58 MPa,*® much
smaller than that of SMBC control group (75 MPa). However,
HMBC containing less than 20% HEMA also showed
a compressive strength higher than 70 MPa, satisfying the ISO
standard. The reduced mechanical strength in those SBC can be
rationalized by the fact that the partial replacement of rigid
PMMA chains by flexible TEG, AA, or HEMA components can
enhance the molecular flexibility of PMMA matrix, which
weakens the mechanical robustness of the bone cement.
Besides that, the poor surficial compatibility between strongly-
polar hydrophilized microspheres and weakly-polar PMMA
matrix may generate an interface between them, capable of
inducing the propagation of cracks, which can also decrease the
mechanical properties. The mechanical strength of SBC will be
further deteriorated when SBC is immersed in SBF to ensure
a saturated adsorption and expansion (Fig. 4), since water
molecules typically act as plasticizers for polymers, and the
construction of water-adsorbing pathways creates micropores
in matrix.**** However, given the elastic restrictive forces
developed in the network as opposing the swelling process, the
reduction in mechanical strength may be compensated for to
some extent by the great expansion stress upon swelling, and
the expandable bone cement is expected to still provide stable
support for bones.*

The huge modulus difference between PMMA bone cement
(1.7-3.7 GPa) and human cancellous bone (50-800 MPa) typi-
cally causes “stress-shielding” effect'””> at the bone cement

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interface. As mechanical loads are transferred from the distal
end of the prosthesis stem to the diaphyseal cortex, the prox-
imal cancellous or cortical bones generally bear less load and
will suffer more significant osteolysis and bone resorption
according to the Wolff's law.”»”* As a result, the interfacial
adhesion between bone and bone cement will be weakened,
giving rise to an ultimate aseptic loosening of the implant. For
osteoporosis-induced compression fractures, although inject-
ing PMMA bone cement can effectively stabilize the injured
vertebrae and rapidly relieve pain symptoms, the modulus of
the strengthened vertebrae can be increased by 17%.”> Conse-
quently, the strengthened vertebrae will exert greater stress on
surrounding vertebrae, which in turn increases the risk of
fracture of the adjacent vertebrae.””” Those issues associated
with the rigid nature of PMMA can be effectively addressed by
the partial substitution of MMA monomers with hydrophilic
TEG, AA or HEMA comonomers, since the modulus of the so-
obtained SBC can be significantly reduced due to the
combined effects of the flexibility of comonomers, the plasti-
cizing effect of adsorbed water, and the micropore formation
paralleling the construction of water pathways. Mechanical
results showed that with an increase of AA content in P(MMA-
AA) powders from 0% to 50 mol%, the elastic modulus of
SMBC decreases from 2.2 to 1.5 GPa.** As HEMA accounts for
0% to 50% (v/v) of the liquid component, the elastic modulus of
HMBC decreases from 1.7 to 1.4 GPa (Fig. 4b).>® PMMA/PAAS;
bone cement also exhibits a reduced elastic modulus from 0.57
to 0.28 GPa when PAAS; content increases from 0% to 30% (v/
v).”> Notably, the PAAS; content should not exceed 30 vol%,
otherwise the surface-exposed PAAS; will detach from PMMA
matrix due to their weak interactions.

Bone cements are always simultaneously subjected to cyclic
and static loads. In the last case, the material will undergo
a continuous, slow, and long-term deformation under the
applied stress, usually called creep. Creep tests may provide
information on the viscoelastic behavior of biomaterials, espe-
cially if the tests are performed in simulated physiological
conditions. The typical creep behavior of polymers can be

© 2025 The Author(s). Published by the Royal Society of Chemistry

described as an ‘instantaneous’ elastic response followed by
a delayed elastic response. In general, commercial PMMA
sample shows almost no creep due to its rigid nature and very
low water-uptake. Comparatively, an enhanced immediate
elastic deformation with more pronounced viscoelastic strain
can be observed in AA-modified PMMA bone cements.***® A
fraction of the creep strain does not completely recover for long
times, and its magnitude seems proportional to AA content,
indicating that an irreversible viscous component occurred in
the whole process of creeping.**®* This behavior could be
assigned to the presence of water (viscous material) in the
systems, and indicates that the plasticizing effect of water
molecules drives more significant creep of acrylic matrix.
During the in vivo service of bone cement, the occurrence of
creep can not only quickly relax the cement stresses and create
a more favorable stress distribution at the interfaces, but also
allow the expansion of the cement mantle and subsequent
prosthetic subsidence without causing cement fracture.

Due to the plasticizing effect of water, swelled SBC became
ductile and tough and can deform to higher extents without
fracturing. As is found by Boesel et al,”® P(MMA-AA) bone
cements exhibit a brittle fracture at dry state, while they became
very ductile after 7 days of immersion in isotonic saline solu-
tion, with a 4-fold increase in ductility and a 2-fold increase in
the total energy at break. An appreciable increase in the fracture
strain can also be found in TEG-modified cements® after
immersion in saline solution until equilibrium adsorption. The
50% (v/v) TEG-modified cement showed a strain to failure of
5.5%, almost twice that of conventional PMMA bone cement
(2.8%). The brittle-ductile transformation can be reflected by
the SEM morphologies of fractured surfaces (Fig. 5).**** P(MMA-
TEG) bone cement with less than 20% TEG exhibits a brittle
facture with a smooth fracture surface, on which PMMA beads
can be distinguished from the matrix formed by the copoly-
merization of the liquid phase (Fig. 5a). By contrast, a rough
fracture surface is found in 50% TEG-modified cements, which
is uneven with appreciable matrix deformation, and PMMA
beads are integrated perfectly into the matrix formed by the
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Fig.5 SEM photographs demonstrating the brittle—ductile transformation for P(MMA-TEG) bone cements (solid component of PMMA powders,
liquid component of META/MMA monomer mixtures) containing (a) 20% (v/v) and (b) 50% (v/v) TEG in liquid phase. Reprinted with the permission

from ref. 56. Copyright 1999 Elsevier.

polymerization of liquid phase (Fig. 5b). The propagating crack
cuts through the beads, reflecting good adhesion between the
two phases. Notably, incorporation of hydrophilic monomers
also has the advantage of enhancing the damping properties of
the cement matrix, as evidenced by the enhancement in loss
factor tan 6.** This can allow for the dissipation of a fraction of
the mechanical energy imposed to the material at relevant
frequencies of body motion, essential for damping the vibra-
tions in clinical orthopedic practice.

3.4 Biological properties

Despite the biocompatibility with human tissues, PMMA bone
cements are bioinert in nature, and they can neither induce the
natural growth of bone tissues nor form a direct bonding with
human bones.”” Hydroxyl groups are common in biological
molecules and can participate in metabolism processes or
biocatalytic reactions in living organisms.** Their bonding
patterns at the surface of molecules are commonly used to drive
molecular specificity, giving hydroxyl groups excellent bioac-
tivity. So far, hydroxyl-based materials have been widely used in
the preparation of biomedical materials such as wound dress-
ings, drug delivery systems, artificial cartilage and blood
vessels.®® As such, the introduction of hydroxyl-containing
functional monomers in PMMA matrix could significantly
improve the biological properties of PMMA bone cement.
3.4.1 Bioactivity. To compare the cytotoxicity of PMMA
bone cement and SMBC, Tang et al.*® co-cultured the primary
osteoblasts of Sprague-Dawley (SD) rats with the extracts of the
two bone cements, and assessed the optical density (OD) value
by the CCK-8 method. The a-modified Eagle's medium («-MEM)
without extracts was used as the control. The cell viability was
evaluated by the ratio of OD value in cement extracts to that in
control group. As is revealed, at each incubation time (1, 4 and 7
days), the viability of osteoblasts in P(MMA-AA) extracts was
always higher than that in PMMA extracts, indicating a lower
cytotoxicity of the former. Both SMBC and PMMA bone cements
showed a lower cell viability compared to the control group,
which is related to the diffusion of the residual cytotoxic MMA
monomers into the culture medium for the two systems. By
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further comparing the cytotoxicity of PMMA bone cement,
SMBC, and HBMC, it was found that at each incubation time of
1, 3 and 5 days, the cell viability in the three bone cement
extracts can be ranked in a decreasing order as HMBC > SMBC >
PMMA, once again verifying that the introduction of AA or
HEMA monomers could effectively reduce the cytotoxicity of
PMMA matrix.>* Moreover, HBMC presents a lower cytotoxicity
than that of SMBC, suggesting that there may be a synergistic
effect between HEMA and AA, and HBMC is more suitable for
serving as in vivo implants. The survival rate of osteoblasts in
HMBC extracts can reach up to 97.1% after 5 days of incubation.

By directly seeding the rat osteoblasts on the surface of
PMMA bone cement, SMBC, and HBMC for 1, 3 and 5 days, the
surface cell attachment was further investigated and compared.
Results revealed that at each incubation time, the number of
osteoblasts on the surface of the three bone cements can be
ranked in a decreasing order as HBMC > SMBC > PMMA, indi-
cating a faster cell proliferation rate in the presence of AA or
HEMA monomers, consistent with the cell viability results just
mentioned. SEM morphologies® suggest that on the first day of
incubation, osteoblasts preferentially anchored on the surface
of HMBC, and they developed a typical polygon shape with
filamentous pseudopodia as the incubation time reaches 3
days. After 5 days, the surface of HMBC was almost completely
covered by osteoblasts with a multi-layered cellular structure.
However, there are always less osteoblasts proliferating on the
surface of PMMA bone cement compared to HMBC at different
incubation times. These results prove that the introduction of
AA or HEMA monomers can not only improve the biosafety of
the bone cement, but also promote the adhesion and prolifer-
ation of osteoblasts on bone cement surfaces.

3.4.2 Osteogenic activities. One self-expandable P(MMA-
AA-St) bone cement is fabricated by dispersion copolymeriza-
tion of MMA, AA, and styrene (St) monomers. It has superior
volumetric swelling (expansion ratio 87.5%) compared to
P(MMA-AA) bone cement (expansion ratio 15.2%), while no
significant difference in elastic modulus and compressive
strength can be found for the two cements.> This characteristic
is correlated with the fact that more crosslinking agents were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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added to P(MMA-AA-St) bone cement than to P(MMA-AA) bone
cement, such that the linear chains of P(MMA-AA-St) can be
transformed to a better 3D crosslinking network with a higher
water-storage capability. The efficacy of PMMA, P(MMA-AA),
and P(MMA-AA-St) bone cements in filling defect and
promoting repair was analyzed and compared by filling them
into the medial femoral condyle cavity of New Zealand rabbits.>*
Fig. 6a shows the X-ray images of the rabbit femoral condyle
cavity filled with different types of bone cements after 1 week of
injection. Clearly, each cement sufficiently filled the femur
cavity defect without fracture or cement leakage. However,
significant differences in bone cement interfaces can be
observed in the histological microphotographs of bone-cement
contact stained with Ponceau S after 1, 4, and 12 weeks (Fig. 6b).
Specifically, minor cracks appeared at the interface of PMMA
bone cement at 1 and 4 weeks postimplantation, a natural result
of the enhanced interfacial stresses due to the volume
shrinkage of PMMA. On the contrary, direct and cohesive
contact with bone can be found in P(MMA-AA) and P(MMA-AA-
St) bone cements, revealing that the excellent volumetric
swelling compensated for the shrinkage effectively. Further-
more, the bone began to grow into the self-expandable bone
cements after 12 weeks and showed osteogenic capacity in vivo,
which can be proved by the osteogenic positive staining in
Fig. 6b. However, no evidence of osteogenic behavior can be
found in PMMA bone cement. These results show that the
P(MMA-AA) and P(MMA-AA-St) bone cements could be an
interesting alternative in the clinical treatment for vertebral
compression fractures.

For self-expandable PMMA bone cement, the enhancement
in bioactivity and osteogenic activity accompanying the addi-
tion of AA or HEMA comonomers may be rationalized in terms
of the following aspects of facts:

(1) In the body fluid, the surficial carboxyl (-COOH) and
hydroxyl (-OH) groups of the bone cement are typically nega-
tively charged after ionization, which can serve as recognition
sites for living cells.** Kabaso et al® studied the impact of

P(MMA
-AA-St)

Fig. 6
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surface charge of titanium implant on adsorption of osteo-
blasts. Results showed that the negative potential (or negative
surface charge density) on the titanium surface can promote the
adhesion of osteoblasts, thus facilitating the formation of new
bones. Actually, the strong electrostatic interaction between
negatively charged osteoblasts and bone cements should be
caused by the existence of some positively charged proteins
(such as fibronectin) embedded in the surficial lipid layer of
osteoblasts.*®” Scotchford et al.®® found that some proteins on
the surface of osteoblasts do show a preferential adsorption for
surface groups. For example, the adsorption preference of
fibronectin in serum-containing cell medium was -COOH > -
OH > -CH3, which may correlate with the ionizable ability or
ionic strength of those groups. These results once again
demonstrate that surface groups and their charges can tune the
adsorption selectivity of proteins. Of particular note, the adhe-
sion of osteoblasts to bone cement surface is a prerequisite for
further osteointegration (involving proliferation, growth and
differentiation of osteoblasts) of the bone cement.?°

(2) Surficial -COOH and -OH groups may induce in situ
mineralization of hydroxyapatite on the surface of bone
cements, a viable approach mimicking the biological mineral-
ization procedures with organic material acting as a template
for hydroxyapatite generation.”** Matsuda et al.*® analyzed the
ability of apatite formation on self-assembled monolayers of
alkanethiols having -CH3;, -COOH, and -OH terminal groups
formed on a gold surface soaked in SBF. By tracing the
concentration of Ca and P atoms, it was revealed that the growth
rate of apatite follows a decreasing order as -COOH > -OH > -
CHj;. This can be ascribed to the fact that -COOH is easily
ionizable, and -OH is partially ionizable, while -CH; is non-
ionizable group. Since Ca®>" complexation with nonionic group
(-CH3;) proceeds via ionic-induced dipolar interaction, the weak
interaction compared with electrostatic interaction between
Ca®" and negatively charged group (such as -COO™) can be
responsible for a low apatite formation capability. Spriano
et al®® proposed that the precipitation Kkinetics of

P(MMA-AA)

P(MMA-AA-St)

(a) X-ray examination of the rabbit femoral condyle cavity after 1 week injection of PMMA, P(MMA-AA), and P(MMA-AA-St) bone cements

(yellow circle: the femur cavity defect filled with cements); (b) Ponceau S staining of bone—cement contact (B: bone; M: bone cement; yellow
arrows: minor crack; yellow circle: osteogenic positive staining) at 1, 4, and 12 weeks. Scale bars: 200 pm. Reprinted with the permission from ref.

53. Copyright 2017 American Chemical Society.
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hydroxyapatite follows an ion exchange mechanism, involving
the adsorption, nucleation, and crystallization of calcium ions
and phosphate ions, and the total reaction formula can be
described as:

5Ca®* + 3P0, + OH™ = Cas(PO4);0H

Upon ionization, the negatively charged surficial -COOH or -
OH groups can provide binding sites for Ca>" cations present in
the body fluid. This process may be followed by the attraction/
complexation of PO,*>~ anions toward these uniformly distrib-
uted Ca® sites via electrostatic interactions, initiating the
crystallization process of hydroxyapatite.” Such an electrostatic
model for the hydroxyapatite formation can accelerate the
deposition of bone-like Ca-P layer on the surface of bone
cement, which may facilitate the subsequent new bone forma-
tion and growth. However, it should be noted that if AA
undergoes incomplete polymerization, the leakage of AA
monomers or oligomers in body fluid will not only damage cells
or tissues, but also inhibit the apatite precipitation on polymer
surfaces.*>*

4. Progress in modification of
hydrogel-based SBCs

4.1 Reinforcement in mechanical strength

Although the volumetric swelling of PMMA matrix is enhanced
by adding hydrophilic comonomers/fillers, the water uptake
generally weakens the mechanical strength of the cement. Many
efforts have been made to solve this issue, for example, by
adding crosslinking comonomers or reinforcing fibers to the
cement. Puska et al.”® fabricated a novel glass fibers-containing
hydrophilic PMMA bone cement crosslinked by ethylene glycol
dimethacrylate (EGDMA). Here, one amino acid-based oligomer
with a mean molecular weight of 5000 g mol " is used as the
hydrophilic filler, which allows for water diffusion through
acrylic matrix, and causes swelling and dissolution of the filler.
As is found, the crosslinked PMMA/oligomer filler (20 wt%)
bone cement by replacing 5% MMA monomers with EGDMA in
liquid phase shows a flexural strength of 45 MPa, much higher
than that (37 MPa) of non-crosslinked PMMA/oligomer filler
control group, and it further increases to 76 MPa by adding
6.2 wt% chopped glass fibers. After immersion in SBF for 7 days,
the crosslinked PMMA/oligomer filler (20 wt%)/glass fiber
(6.2 wt%) bone cement and the crosslinked PMMA/oligomer
filler (20 wt%) bone cement exhibit a flexural strength of
33 MPa and 30 MPa, respectively, much higher than that (24
MPa) of non-crosslinked PMMA/oligomer filler control group.
These findings suggest that the plasticizing effect arising from
both the oligomer fillers and the adsorbed water can be
compensated for by the reinforcement effect of glass fibers and
crosslinking network. The mechanism can be rationalized by
two aspects of facts. On the one hand, there is good adhesion
between PMMA matrix and one-dimensional orientational glass
fibers after surface silanization, which enables -effective
adsorption, transfer, and dispersion of external stresses,
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beneficial for reducing the stress concentration in the system.*
Based on the Krenchel's factor, the reinforcing effect is 20% in
every direction even for isotropic chopped fiber-reinforced
composites.” On the other hand, the presence of crosslinking
monomers in bulk may possibly produce a semi-
interpenetrating network structure (containing crosslinked,
partially crosslinked, and linear chains), which topologically
constrains the relative motion of molecular chains, thus
enhancing the mechanical robustness of the matrix.

Graphene oxide (GO), a product of graphene after oxidation,
is a one-atom-thick 2D sheet with distinct physicochemical
features (including hydrophilicity, a honeycomb carbon lattice)
and abundant surficial functional groups (-C-O-C-, -OH, -
COOH)." %> 1t owns excellent bioactivity, heat dissipation
ability, high fracture strength and toughness, and is capable of
forming strong interactions with matrix materials. All those
features make GO modification a feasible and effective means
for improving the biomechanical properties of PMMA bone
cement.'®'** For P(MMA-AA-St) system,* regardless of the
mechanical reinforcement by presence of mechanically strong
St components, the cement is characterized by a low compres-
sion strength (58.9 MPa) due to remarkable water adsorption.
Tang et al.*® introduced GO sheets (0.5 wt% of the monomers) in
P(MMA-AA-St) bone cement, and investigated the effect of GO
doping methods on the biomechanical properties of the
composite cement. As is revealed, whether GO was added into
the reacting monomers during the synthesis of P(MMA-AA-St)
powders or directly mixed with P(MMA-AA-St) powders, the
compressive strength and elastic modulus of the so-obtained
composite bone cement (labeled as PGBCs and PGBCm,
respectively) were effectively improved. Specifically, the
compressive strength of PGBCs and PGBCm reaches 99.2 and
74.0 MPa, respectively, satisfying the ISO requirement for bone
cement (70 MPa). Meanwhile, the elastic modulus of PGBCs and
PGBCm is 2.60 and 1.77 GPa, respectively, higher than that of
a previously-synthesized P(MMA-AA-St) bone cement (1.47 GPa).
These findings indicate that GO modification has a significant
reinforcement effect on the mechanical properties of the
matrix. The GO-induced mechanical reinforcement can be
ascribed to three mechanisms: firstly, the wrinkled surface and
high surface area facilitate a strong interlock between GO and
the polymer matrix.'”® Secondly, the abundant superficial
functional groups are capable of forming rich chemical inter-
actions with P(MMA-AA-St) matrix (Fig. 7a), including m-m
interactions, hydrogen bonding, and ester bonding, thus
enhancing the cohesive energy density of the bone cement. In
addition, the crack propagation can be hindered by the so-
called “bridging effect” originating from the strong interfacial
adhesion or chemical linkage between GO and P(MMA-AA-St),
which might be another reason for mechanical improvement.**

With the addition of GO, one can observe a reduced
exothermic temperature and prolonged setting time for the
composite bone cement. This may be explained by the fact that
GO sheets can hinder the contact between monomers, acceler-
ators, and initiators, and annihilate the free radicals in the
reacting system, which leads to retarded polymerization of
MMA monomers.’”'” Besides that, the high thermal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the chemical interaction between the GO sheet and P(MMA-AA-St) indicating t—m interactions between St and GO,

hydrogen bonds, and ester bonds between AA and GO. Reprinted with the permission from ref. 39. Copyright 2023 Elsevier; (b) TEM images of
P(MMA-AA)/GO nano-units (red arrow indicates GO sheet and blue arrow indicates P(MMA-AA) microspheres). Reprinted with the permission

from ref. 108. Copyright 2021 John Wiley and Sons.

conductivity of GO can enhance the heat dissipation capability
of the cement, ensuring a quick transfer of the polymerization
heat to surrounding environment. Interestingly, PGBCs exhibits
a stronger water-adsorbing and swelling capability compared to
PGBCm, and this phenomenon results naturally from the
different dispersion morphology of GO sheets in the systems.
When GO sheets were added in the reacting MMA monomers to
synthesize P(MMA-AA-St) powders, they could participate in
polymerization with MMA monomers at a hydrogen position via
esterification. Consequently, GO sheets can evenly distribute
around P(MMA-AA-St) particles, forming a unique “micro-
sphere-lamellar” structure (Fig. 7b).*>*”'°® The interlaced form
of microspheres and sheets not only plays a role of collaborative
water absorption, with a large surface area for water contact, but
also increases the depth of water absorption and dimensional
expansion of PGBCs. In contrast, direct mixing of GO with
P(MMA-AA-St) nanoparticles may lead to self-aggregation of GO,
and the reduced contact with water is unfavorable for
enhancing the water-adsorbing capability.

Due to the hydrophilic nature and abundant functional
groups, GO is of excellent biocompatibility and bioactivity, and
the addition of GO can effectively improve the osteogenic
capability of the cement matrix.’*'* At the gene level, the
expression of some important osteogenic genes, such as the
alkaline phosphatase (Alp, an osteogenic marker gene) and
osteopontin (Opn, an osteogenic marker and regulator of the
osteoblast adhesion), could be enhanced by adding bioactive
GO additives."*® As demonstrated by the quantitative real-time
polymerase chain reaction (qRT-PCR) data, PGBCs and
PGBCm show a higher expression level of Opn and Alp than
traditional PMMA bone cement in osteoblasts after 7 days of
coculture,® suggesting an enhanced osteogenic capability
induced by bioactive GO. At the protein level, due to the
important role of GO's rich interactions (mw-m interactions,
electrostatic and hydrogen bonding) in protein preconcentra-
tion, GO can serve as a preconcentration platform for serum
proteins, which can further induce osteoblast cell growth and
osteogenic differentiation.'"*"** Actually, the enhanced gene
expression may also trigger a high-quality protein transcription,
as evidenced by an enhanced expression in Smad5 (a

© 2025 The Author(s). Published by the Royal Society of Chemistry

transcription factor transducing the bone morphogenetic
protein signals into the nucleus to promote osteoblast matu-
ration), which paves another way for promoting osteogenic

differentiation.***

4.2 Alleviation of radical toxicity

For current PMMA bone cement products, the necessary
production of free radicals from the peroxide initiator (often
benzoyl peroxide, BPO) could induce oxidative stress at the
cellular and tissue levels."">*® As a result, the cemented pros-
thesis is at increased risk of triggering multiple adverse tissue
reactions including impaired bone remodeling, necrosis,
fibrosis, and histiocytosis, which may further evolve into a dire
adverse systemic complication known as bone cement implan-
tation syndrome, characterized by hypotension, hypoxemia,
cardiac arrhythmias, cardiac arrest, or their combination."”**
Indeed, osteoblasts exposed to BPO-containing PMMA resin
show a high percentage of cell death and severely compromised
proliferation and differentiation.’*®*** In humans, antioxidant
and detoxification capacities diminish with age. Circulating
glutathione, a major oxidant scavenging mechanism in
humans, is 17% lower in people aged 40-59 years and 45%
lower in those aged 60-79 years than those aged 20-39 years,'*
so the unique biological demand of an aging society necessi-
tates more biocompatible bone cements. Compared with BPO,
tri-n-butyl borane (TBB) can better promote polymerization,
leaving less residual monomer while suppressing the produc-
tion of free radicals.’**'** Moreover, TBB-initiated polymeriza-
tion generates less heat than BPO."* Unlike BPO, TBB is also
moisture resistant,’**'*” and the addition of TBB may help
promote polymerization under wet conditions, a valuable
property for bone cement used in bone marrow cavities.
Ogawa et al.>® used TBB as a polymerization initiator instead
of BPO to reduce free radical production during the preparation
of PMMA bone cement. Meanwhile, 4-methacryloyloxylethyl
trimellitate anhydride (META) was added to MMA monomers to
make a hydrophilic PMMA matrix, beneficial for increasing the
cellular affinity. The structure and reaction formula during
polymerization of META/MMA-TBB materials is shown in the
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upper panel of Fig. 8. Electron spin resonance spectroscopy
revealed that the free radical production for (MMA-META)-TBB
was approximately 1/25th that of PMMA-BPO 1 h post-mixing, 1/
10th that of PMMA-BPO 1 day post-mixing, and 1/6th that of
PMMA-BPO at the later stages of polymerization (i.e., 10 days
post-mixing). These results were further supported by the
significant improvement in the biocompatibility of PMMA-BPO
by mixing with anti-oxidant amino acid (NAC),"** which can
scavenge free radicals within resin materials during polymeri-
zation. Of great note, the number of osteoblasts attached on
cement surfaces 24 h after seeding was considerably increased
for PMMA-BPO with NAC compared to PMMA-BPO without
NAC, while NAC did not significantly impact the osteoblasts
number on P(MMA-META)-TBB, indicating that there were not
much free radicals to scavenge in the material.

To examine the initial attachment and viability of osteo-
blasts, rat bone marrow-derived osteoblasts were cultured on
the surfaces of PMMA-BPO and P(MMA-META)-TBB systems."
After 24 h of cultivation, the viability of osteoblasts on P(MMA-
META)-TBB (80.1%) was higher than that (58.0%) on PMMA-
BPO, and approximately 15 times more osteoblasts attached
to P(MMA-META)-TBB. A schematic diagram of the enhanced
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osteoblastic attachment and proliferation on P(MMA-META)-
TBB is shown in the bottom panel of Fig. 8. High magnifica-
tion confocal microscopy confirmed that at 24 h, osteoblasts on
P(MMA-META)-TBB had a wider distribution and developed
more intensive cytoskeletal actin along the cellular outline than
that on PMMA-BPO, suggestive of advanced lamellipodia-like
cytoplasmic projection development. Meanwhile, osteoblasts
on P(MMA-META)-TBB also showed a higher expression of
a focal adhesion protein (vinculin) and osteogenic gene
(osteopontin and osteocalcin). MicroCT and histomorpho-
metric analysis revealed that there was extensive and intimate
bone formation along P(MMA-META)-TBB cement, with little
fibrous tissue interposing between the bone cement and bone.
In the later stage of culture (after 14 days), the mineralized area
on P(MMA-META)-TBB was 20 times greater than that on
PMMA-BPO. The bone-cement integration strength of P(MMA-
META)-TBB after 4 weeks of healing, as evaluated by the
biomechanical push-in test, was 5 times greater than that of
PMMA-BPO. These results suggest that P(MMA-META)-TBB
shows significantly enhanced osteoconductivity compared to
PMMA-BPO due to the uniquely created hydrophilic and
radical-free interface.
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4.3 Drug-loading modifications

For drug-loaded PMMA bone cement, the continuous drug
release is crucial for the long-term antibacterial ability of the
bone cement.'*® Porosity, surface roughness, and wettability are
the main factors affecting the drug release behavior of the bone
cement.”**** In general, the higher the porosity, the hydrophi-
licity, and the surface roughness, the greater the release rate
and amount of loaded drugs. The drug-eluting characteristic of
drug-loaded PMMA bone cement can be described as the
sudden release of huge doses of antibiotics at the initial stage,
followed by a subsequent decrease in release rate."***> The
sudden drug release not only causes undesired toxic effects on
surrounding cells or tissues, but also makes the drug-eluting
process unsustainable with a short release equilibrium, thus
impairing the long-term antibacterial activity of bone cement.'*
For PMMA bone cement, the unstable drug-elution can be
ascribed to the dense/compact structure, which hinders the
diffusion of internal drugs to the exterior of the bone cement,
and only a small portion of the drugs on bone cement surface
can be released." By increasing the porosity of bone cement
(for example, via introducing pore formers that create micro-
pores within the matrix after degradation), the cumulative drug
release was found to be significantly increased.™*

Nien et al.™* developed a novel drug-loaded hydrophilic
PMMA bone cement by mixing MMA monomers with solid
PMMA powders which contained 5 wt% crosslinked poly(-
methylmethacrylate-acrylic acid sodium salt) particles (denoted
as P(MMA-AAS-AMA)) and 4.22 wt% ketoprofen. Here, allylme-
thacrylate (AMA) is used for cross-linking the swellable P(MMA-
AAS-AMA) particles, and ketoprofen is a non-steroidal anti-
inflammatory drug. The accumulated drug release ratio of
hydrophilized PMMA/ketoprofen systems is shown in Fig. 9a. As
revealed, after a high initial release of ketoprofen in PBS in the
first 8 days, a reduced yet constant release of ketoprofen sus-
tained until the end of the drug eluting test (60 days). Under-
standably, the initial prompt release was due to the elution of
ketoprofen from the region near the surface of bone cement,
while the following sustained release originates from the
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dissolution and diffusion of ketoprofen inside the cement
through the swollen P(MMA-AAS-AMA) particles. The equilib-
rium ketoprofen release rate (mg h™") by diffusion through the
entire cement corresponds to the curve slope of the sustained
drug-eluting period from 18 days to 60 days, and the initial
ketoprofen release rate (ug cm > h™ ") can be calculated from the
curve slope over the first 6 h of release. Results show that the
initial and equilibrium release rates of P(MMA-AAS-AMA)/
ketoprofenbone cement (MMA, AAS, and AMA are at a volume
ratio of 80/20/10) is 23.8 pg em > h™" and 2 x 10™°> mg h™,
respectively, higher than that of conventional PMMA/
ketoprofenbone control group (18.1 pg em > h™', 8 x
107® mg h™'). These findings highlight the importance of
hydrophilic P(MMA-AAS-AMA) particles, which can adsorb
water and create continuous interconnected water pathways.
Such pathways can not only allow the water molecules to
penetrate into the bone cement, facilitating rapid dissolution of
the drug, but also act as microchannels to deliver drug mole-
cules outside of the cement, contributing to sustained drug
elution (Fig. 9b). The compressive strength is tested after full
immersion of the specimen in PBS at 37 °C for 107 days.
Interestingly, the hydrophilized PMMA/ketoprofenbone cement
exhibits a compressive strength of 80.8 MPa, even slightly
higher than that of conventional PMMA/ketoprofen control
group (75.8 MPa). This suggests that the mechanical strength of
bone cement was trivially affected by the swelling of P(MMA-
AAS-AMA) particles, essential for providing robust mechanical
support for prosthesis.

Tang et al.'* prepared P(MMA-AA) nanoparticles loaded with
alendronate sodium (ALN) via solution polymerization, and
introduced them in PMMA bone cement containing gentamicin
sulfate (GS) to obtain a swelling and dual drug release bone
cement (SDBC). Here, ALN is a bone resorption inhibitor that
can effectively inhibit the activity of osteoclasts, and GS is an
antibiotic with broad-spectrum antibacterial properties, excel-
lent thermal stability, and low allergenicity. Both GS and ALN
are the most commonly used drugs in orthopedic clinical
practice. Results revealed that SDBC exhibits a rapid water
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(a) Accumulated drug release ratio of hydrophilized PMMA/ketoprofen systems, of which the liquid phase is MMA monomers, and solid

phase is PMMA powders containing 5 wt% crosslinked P(MMA-AAS-AMA) particles and 4.22 wt% ketoprofen; black squares represent that
P(MMA-AAS-AMA) is at a volume ratio of 80/20/10, red circles represent that P(MMA-AAS-AMA) is at a volume ratio of 70/30/10, and green
triangles represent traditional PMMA/ketoprofen control group. (b) Schematic illustration of the releasing mechanism of ketoprofen in hydro-
philized PMMA matrix. Reprinted with the permission from ref. 130. Copyright 2013 Elsevier.
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adsorption in the initial 20 min, beneficial for a quick entry of
water molecules into the matrix. This can also facilitate a rapid
construction of water-adsorbing pathways composed of P(MMA-
AA)/ALN, such that the dissolved GS and ALN molecules can be
continuously transported outward.”® The equilibrium release
ratio of GS and ALN in SDBC soaked in PBS buffer (pH = 7.4) is
74.7% and 75.2%, respectively, much higher than that of GS and
ALN in PMMA bone cement (4.4% and 4.8%, respectively).
Besides, the release of GS and ALN reaches an equilibrium state
after 4 and 15 weeks, respectively, much longer than their
release cycle in PMMA bone cement (5 and 10 days, respec-
tively). The sustained release of GS and ALN is believed to
guarantee a long-term promotional effect on osteoblasts
proliferation and long-lasting antibacterial activities for SDBC.
Given that ALN is encapsulated by P(MMA-AA) nanoparticles
buried in PMMA matrix, the release of ALN is expected to go
through three stages:"** in the first stage, the rapid water
adsorption destroys the intermolecular forces and hydrogen
bonding between ALN and the 3D network of P(MMA-AA),
leading to dissolution of ALN in the absorbed water. In the
second stage, the 3D network of the nanoparticles unfolds and
results in swelling behavior of P(MMA-AA)/ALN, allowing the
diffusion of ALN to the nanoparticle interfaces. In the third
stage, the dissolution and release of GS around the P(MMA-AA)/
ALN located on the bone cement surface generates pore struc-
tures, and ALN gradually diffused outward through both water
pathways and pores. Since the migration of ALN through the
cement matrix suffers great topological resistance from both
P(MMA-AA)/ALN and PMMA matrix, the release cycle of ALN can
be significantly extended to 15 weeks. By contrast, the outward
diffusion of GS may experience less obstacles since it is only
buried in PMMA matrix, consistent with a shorter release cycle
(4 weeks) of GS.

The surficial adhesion of osteoblasts was compared by
cultivating them on SDBC and PMMA bone cements. Fluores-
cence micrographs revealed that after 1 day of cultivation,
osteoblasts attached and anchored to the surface of SDBC,
forming a typical polygonal shape, and the filamentous pseu-
dopodia gradually spread out from osteoblasts. After 5 days of
cultivation, the number of osteoblast cells was significantly
increased and the cells covered the SDBC surface.*® Compared
with PMMA cement, there were always more osteoblasts cells
with better morphology on the surface of SDBC at the same
incubation time, indicating that the introduction of P(MMA-
AA)/ALN particles promoted the osteoblast adhesion and
proliferation. Staining images of muscle tissues surrounding
the bone cements showed that inflammatory cells appeared in
the muscle tissue 2 weeks after implantation of SDBC and
PMMA bone cement, indicating an early mild inflammatory
response, which plays a positive role in tissue healing. The
inflammatory response gradually diminished after 4 weeks of
implantation, as evidenced by a decreased number of inflam-
matory cells. However, at various time points, the number of
inflammatory cells in SDBC group was always lower than that in
PMMA group, which can be attributed to the long-lasting anti-
bacterial ability due to the sustained GS release in SDBC.
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4.4 Porosity control

For traditional PMMA bone cement, only weak forces join the
cement to the bone, as the cement can only form mechanical
interlock with bones after penetrating into the trabecular
spaces. The weakness of cement interfaces is regarded as
a main cause of the most important problem found in these
materials, i.e., the aseptic loosening of the implant during long-
term implantation, with a subsequent need of a revision
surgery. To improve the cement-bone interaction, novel
successful formulations should provide a means of inducing
bones to grow inside the cement material. For this to occur, it is
necessary for the material to be hydrophilic (to offer a high-
affinity matrix and make the inner particles accessible),
degradable (to create empty volume which would be filled by the
bone), and highly bioactive (to induce the formation of calcium
phosphate on the surfaces of the matrix). So far, degradable
polymers (such as starch, collagen, chitosan, etc.) and bioactive
glass—ceramics (borate glass, hydroxyapatite, etc.) have been
widely incorporated into hydrophilized PMMA matrix,
attempting to create a bioactive porous bone cement with the
capability of establishing a direct bond to bone.®*%3¢

Boesel et al.**”'** prepared a hydrophilic, bioactive, and
partially degradable composite bone cement by mixing the solid
component (bioactive glasses and degradable corn starch/
cellulose acetate particles) with the liquid component consti-
tuted by HEMA monomers. Here, corn starch-based polymers
degrade in human body through a hydrolysis reaction, a process
catalyzed by a-amylase, an enzyme that exists in low concen-
trations in human serum." The degradation level can be
evaluated by the changes in concentration of reducing sugars,
percentage of weight loss, and morphologic evolution of the
cement, and it can be easily controlled by the amount of a-
amylase added to the cement. In general, high levels of degra-
dation can be achieved if high enough quantities of enzyme are
incorporated.”®® Notably, starch degradation undergoes
a dramatic acceleration at a percolation concentration, i.e., the
minimum concentration of the dispersed medium that creates
full connectivity through the matrix, such that the degraded
starch can create a connected network of pores and voids that
allows the transport of enzyme inside the material for enzymatic
action. It seemed that the maximum degradation extent
depends more on the total amount of starch present in the
formulation than on the amount of enzyme added to it. SEM
micrographs of the cross sections of the degraded specimen
showed a heterogeneously distributed porosity after enzymatic
action. As shown in Fig. 10a, the pores had a round shape and
its size was limited by the particle size of degradable starch
fillers, that is 125 pm, while the structure was kept by the inert
acrylic matrix.

In Boesel's degradable formulations, Na,O (or MgO)-SiO,-
CaO-P,05 glass-ceramics were used as bioactive fillers to render
the composite bone cement bioactivity."*”'*®* Those bioactive
ceramics typically release high amounts of Ca** and PO,*~
when dissolved in SBF solution, beneficial for saturating the
solution and expediting the apatite formation. SEM images
showed that after 4 days of incubation in SBF, agglomerates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM micrographs showing (a) the porosity formation after 16 weeks of immersion in SBF and (d) the spreading of calcium phosphate
nuclei to inner pores near the surface after 2 weeks of immersion in SBF for one degradable cement specimen (liquid phase: HEMA and
thermostable a.-amylase; solid phase: corn starch/cellulose acetate powders and Na,O-SiO,-CaO-P,Os5 bioactive glass). Reprinted with the
permission from ref. 138. Copyright 2006 American Chemical Society; SEM micrographs of the surface of cement specimens (liquid phase:
HEMA; solid phase: corn starch/cellulose acetate powders and MgO-SiO,-CaO-P,0Os bioactive glass) immersed in SBF for (b) 4 and (c) 7 days.

Reprinted with the permission from ref. 137. Copyright 2007 Elsevier.

containing Ca and P atoms appeared on the cement surface
(Fig. 10b). After 7 days of immersion, a needle-like “cauliflower”
morphology (Fig. 10c) was clearly visible, which evolved into
a dense and thick apatite layer after 9 days. This gives a clear
indication of apatite formation. After 2 weeks of immersion,
calcium phosphate nuclei spread to the walls of inner pores
near the surface (as well as on the glass particles themselves),
indicating that apatite is nucleating inside the cements
(Fig. 10d). The results of energy dispersive spectroscopy further
supplemented the mechanism of apatite formation. It was
found that a unique calcium phosphate precipitate phase, with
a Ca/P ratio of 1.82, was initially formed on surfaces of SBCs,
which was amorphous or crystalline. As the precipitates grew
and formed a layer after 1 week, the Ca/P ratio approached and
stabilized at 1.59, close to the Ca/P ratio (1.67) of HA. These
results demonstrate that the developed composites with
promoted degradation/bioactivity can induce the nucleation
and growth of apatite layer on/inside the cements, beneficial for
creating a stronger, more stable, and longer lasting interface
between bone and cement.

5. Summary and outlook

The SBCs represent a step forward in bone cement research and
their conception is based on a study of the major drawbacks of
commercially available PMMA bone cements (such as high

© 2025 The Author(s). Published by the Royal Society of Chemistry

polymerization heat, low bioactivity, weak osteoconductive and
osteoinductive ability, and volume shrinkage upon solidifica-
tion, etc.) and on an attempt to overcome such drawbacks. They
are not simply “‘one more” alternative to the conventional bone
cements, since several modifications are combined in a syner-
gistic way to achieve better results than any of them alone. By
adjusting the composition and structure of the cement, multi-
functional SBCs can achieve a good balance among many
material properties (such as osteogenic activity, mechanical
properties, Young's modulus, etc.), making them one of the best
alternatives.

Compared with traditional PMMA bone cements, the key
advantages of SBCs can be assigned to the hydrophilicity (or
self-expandability), bioactivity, and low heat release upon
solidification. At present, hydrophilic monomers containing
hydroxyl groups and ester/ether bonds have been widely used
for preparing hydrogel-based SBCs. However, due to differences
in biochemical properties, those monomers play different roles
in determining the material properties of SBCs. For example,
hydroxyl-based cements have a stronger water adsorption
capability than ester/ether bond-based ones, since hydroxyls
have a stronger hydrophilic capability or wettability than ester/
ether bonds. In body fluid, the negatively-charged surficial
carboxyl and hydroxyl groups may serve as recognition sites for
living cells, which facilitates osteoblast adhesion to bone
cement surface and favors further osteointegration of the
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cement. Moreover, the ionized surficial carboxyl or hydroxyl
groups may provide binding sites for Ca>* present in body fluid
and induce in situ mineralization of hydroxyapatite on cement
surfaces, thus mimicking the biological mineralization proce-
dures. The unique biochemical properties have made AA or
HEMA-based SBCs a current research hotspot, and how the
incorporation of AA or HEMA adjusts the biomechanical prop-
erties of the cement have attracted much attention. A schematic
diagram describing the application principles of SBCs with
innovated formulations and biomechanical properties is shown
in Fig. 11.

The long-term stability of SBC in vivo depends on the
combined effects of the degradation behavior, swelling prop-
erties, and interfacial mechanical integrity over time, which
determines whether a revision surgery is needed. Unlike the
traditional PMMA bone cement undergoing a volumetric
contraction after solidification, the swelling of SBCs associated
with the water uptake can get the bone defect completely filled,
beneficial for enhancing the bone-cement interfacial strength.
Constructing porous structure in bioactive ceramics-containing
SBCs can induce the growth of apatite layer inside the cements,
facilitating the ingrowth of bones and a direct bonding of bones
to cement. During the in vivo service of the cement, the occur-
rence of creep in swelled SBC can create a more favorable stress
distribution at the interfaces, allowing the expansion of the
cement mantle and subsequent prosthetic subsidence without
causing cement fracture. Those appealing results all suggest
that SBCs can maintain a long-term stability after in vivo
implantation, thus diminishing the need for a revision surgery.
Those novel SBCs may have a great application potential in
orthopedic fields, including but not limited to artificial joint
replacement, bone defect reconstruction, and pedicular screw
fixation (Fig. 11).

However, considering the diverse clinical needs for bone
cement properties and functionalities (excellent bioactivity,
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high porosity, bio-mimetic morphology, etc.), there are still
many unresolved issues in the research field of SBCs: first of all,
although biodegradable materials with regular shape were
widely used as pore formers to convert the bone cement to
a porous scaffold after biodegradation, which promotes the cell
proliferation and ingrowth of blood vessels,”>'3¢'1> few
studies have paid intense attention to the mechanism of pore
formation. Besides, constructing porosity within well swelled
cement typically weakens the mechanical strength of the scaf-
fold and diminishes the mechanical support. In view of this,
future studies should seek an effective method that can accu-
rately create pores and transform the SBC to a trabecular bone-
like 3D porous structure, without sacrificing other biomechan-
ical properties. Secondly, most SBCs are in the laboratory stage,
and an evaluation of the in vivo stability/reliability of SBCs is
still lacking. Therefore, there needs a long-term tracking of the
in vivo stability of SBC after clinical implantation, and their
pathological features should be fully confirmed by clinical
evidence. To enhance the biosafety of those novel bone
cements, more pathological evidence should be provided in
future to elucidate how cement implantation affects the func-
tion and metabolism of human cells, tissues and organs.
Preclinical and clinical studies on these innovations are also
crucial for establishing new formulations in the market. In
addition, the current research mainly concerns the formula
design and biomechanical properties of the bone cements,
while the preparation of novel bone cements based on tissue
engineering is still rare. Many studies have found that the
implantation of bone cement scaffolds with primary cells
seeded on it can self-assemble to the desired bone tissues in situ
to replace the diseased or damaged bone tissues.*>'** There-
fore, future design of SBC should combine with cell/gene
bioactive materials to achieve targeted induction of osteogenic
differentiation for bone formation, thus strengthening the
repair efficiency of SBC for bone defects.

> ]

Application prospects

Fig. 11 Schematic diagram of the application principles of SBCs with innovated formulations and biomechanical properties.
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