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Acrylic bone cement is widely used to anchor orthopedic implants to bone and mechanical

failure of the cement mantle surrounding an implant can contribute to aseptic loosening.

In an effort to enhance the mechanical properties of bone cement, a variety of nanopar-

ticles and fibers can be incorporated into the cement matrix. Mesoporous silica nanopar-

ticles (MSNs) are a class of particles that display high potential for use as reinforcement

within bone cement. Therefore, the purpose of this study was to quantify the impact of

modifying an acrylic cement with various low-loadings of mesoporous silica. Three types

of MSNs (one plain variety and two modified with functional groups) at two loading ratios

(0.1 and 0.2 wt/wt) were incorporated into a commercially available bone cement.

The mechanical properties were characterized using four-point bending, microindentation

and nanoindentation (static, stress relaxation, and creep) while material properties were

assessed through dynamic mechanical analysis, differential scanning calorimetry, thermo-

gravimetric analysis, FTIR spectroscopy, and scanning electron microscopy. Four-point

flexural testing and nanoindentation revealed minimal impact on the properties of the

cements, except for several changes in the nano-level static mechanical properties.

Conversely, microindentation testing demonstrated that the addition of MSNs significantly

increased the microhardness. The stress relaxation and creep properties of the cements

measured with nanoindentation displayed no effect resulting from the addition of MSNs.

The measured material properties were consistent among all cements. Analysis of

scanning electron micrographs images revealed that surface functionalization enhanced
rved.
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particle dispersion within the cement matrix and resulted in fewer particle agglomerates.

These results suggest that the loading ratios of mesoporous silica used in this study were

not an effective reinforcement material. Future work should be conducted to determine the

impact of higher MSN loading ratios and alternative functional groups.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Proper implant fixation is vital to ensure the long-term
success of an orthopedic implant. Two primary methods are
used to achieve fixation: press-fit/biological fixation where
bone growth onto the implant's surface provides anchorage
or with acrylic bone cement that acts as a grouting material
between the implant and bone (Jayasuriya et al., 2013;
Khanuja et al., 2011). With respect to data obtained from
long-term joint registry databases, the use of bone cement is
considered the ‘gold standard’ of implant fixation (Hailer
et al., 2010). Despite this, aseptic loosening remains the
primary cause of revision arthroplasty regardless of the
chosen fixation technique (Adelani et al., 2013; Sonntag
et al., 2012). One of the leading factors contributing to the
development of aseptic loosening is mechanical failure of the
cement mantle (Jeffers et al., 2007), which can occur at one or
more of the three ‘weak zones’: the cement-implant inter-
face, within the cement mantle itself or the cement-bone
interface (Lewis, 2003).

In an effort to enhance the static and dynamic mechanical
properties of bone cement, reinforcement materials can be
incorporated within the powder or monomer component
prior to mixing. A wide variety of materials have been
investigated such as carbon nanotubes (Marrs et al., 2006;
Ormsby et al., 2010b, 2012), titanium oxide fibers (Khaled
et al., 2011), zirconia fibers (Kane et al., 2010), and polyethy-
lene terephthalate fibers (Kumar and Cooke, 2006), along with
others. Issues regarding interfacial adhesion, high stiffness
and poor handling characteristics have generally prevented
these composite cements from transitioning from the bench
top to clinical practice, despite several encouraging in vitro
results (Lennon, 2008).

Mesoporous silica nanoparticles (MSNs) show high poten-
tial for use as a polymer reinforcement due to their small
particle size, large surface area, high pore volume and
homogeneous structure (Izquierdo-Barba et al., 2008; Zhang
et al., 2010). The high surface area of MSNs indicates that
small loading ratios can be used to provide significant
mechanical reinforcement, similar to that observed with
carbon nanotubes (Ormsby et al., 2010a). Additionally, the
spherical nature of MSNs offers an advantage over other
reinforcement materials such as carbon nanotubes, which
are often difficult to disperse due to strong Van der Waals
forces and physical entanglements (Pegel et al., 2008), which
can severely limit their usefulness (Ania et al., 2006). Silica/
polymer nanocomposites have been shown to possess super-
ior mechanical properties relative to neat polymers (Ji et al.,
2003; Lach et al., 2006), however, the weight percentage ratios
typically employed are high (10–20% wt/wt). While this is
acceptable for industrial applications that can utilize specia-
lized homogenization and mixing techniques, high particle-
loading ratios are difficult to disperse within bone cement
since the cement must be prepared immediately at the time
of surgery. It is important therefore that the addition of
particles does not alter the mixing and handling character-
istics of cement, otherwise the clinical usefulness may be
compromised.

A wide variety of testing methods spanning multiple
length scales can be used to characterize particle-reinforced
polymers. Indentation techniques, such as micro and nanoin-
dentation, can provide details on reinforcement mechanisms
since they operate at small force/displacement scales allow-
ing for individual components to be analyzed which may
thus otherwise be difficult to quantity with traditional bulk
testing methods (Beake et al., 2002; Dhakal et al., 2006). With
respect to acrylic cements, microindentation has been used
to examine the change in mechanical properties resulting
from the addition of antibiotics (Musib et al., 2012),
particulate-fillers (Chung et al., 2005), and silica-fused whis-
kers (Xu et al., 2002) and changes induced following implan-
tation in patients (Chaplin et al., 2006). Similarly, nanoin-
dentation has been used to characterize the fracture proper-
ties (Ayatollahi and Karimzadeh, 2012), elastic modulus, and
hardness (Karimzadeh and Ayatollahi, 2012) of acrylic bone
cement. Additionally, Arun et al. used nanoindentation to
evaluate the mechanical properties of bone cement modified
with functionalized single-walled carbon nanotubes and
determined the optimal loading ratio for peak modulus and
hardness to be 0.15% wt/wt (Arun et al., 2014).

Previously, we reported on the static and fatigue properties of
acrylic bone cement modified with various loadings of MSNs
(0.5, 2 and 5%wt/wt) and found a general decrease in several
mechanical properties with increasing MSN content (Slane et al.,
2014). These results were attributed to inadequate dispersion
and poor interfacial adhesion between the particle and polymer
matrix, compounded by the relatively high loading ratios used.
A potential method to overcome these shortcomings is to use
surface modified nanoparticles, where various functional groups
are linked to the particle surface. Surface functionalization can
act to stabilize nanoparticles while enhancing their dispersion
and compatibility with the polymer matrix (Guo et al., 2006;
Kordás et al., 2013). Therefore, the aim of the current study was
to investigate the influence of low-loadings of surface-modified
mesoporous silica on the mechanical and material properties of
acrylic bone cement. A commercially available acrylic bone
cement was modified with several different loading ratios of
unmodified MSNs (as a control) and two types of surface
functionalized MSNs. A multiscale approach was used to char-
acterize the cement's mechanical properties and the macro,
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micro and nano-level properties were quantified. Additionally,
the effects of MSN inclusion and surface functionalization on
the dynamic, thermal and material properties of the cements
were assessed.
2. Materials and methods

2.1. Cement preparation

A commercially available bone cement was used in this study
(Palacos R, Heraeus Medical GmbH, Wehrheim, Germany).
The powder component contained of 33.6 g poly(methyl
methacrylate), 0.3 g benzoyl peroxide, 6.1 g zirconium dioxide
(a radiopacifier), and scant chlorophyll while the liquid
monomer contained 18.4 g methyl methacrylate (r30 ppm
hydroquinone used as an inhibitor) and 0.4 g N,N-dimethyl-p-
toluidine. For all testing, a 2:1 powder-to-monomer ratio
was used.

Mesoporous silica nanoparticles, with an average particle
diameter of 200 nm, were obtained from a chemical supply
company (Sigma Aldrich, St. Louis, MO, USA). Three types of
MSNs were used in loading ratios of 0.1 and 0.2 wt/wt relative
to the powder: plain unmodified (SiO2), propylamine functio-
nalized (NH2) and propylcarboxylic acid functionalized
(COOH). MSNs had a surface area of 720 m2/g, average pore
diameter of 4.5 nm, and a total pore volume of 0.82 cm3/g, as
determined with nitrogen adsorption (Autosorb-1, Quanta-
chrome, Boynton Beach, FL, USA). In total, there were six
experimental groups containing MSNs (three particle types,
two loading ratios) and the plain cement was a control.

MSNs were dispersed within the liquid monomer using an
ultrasonic homogenizer (150VT, Biologics Inc, Manassas, VA,
USA) with a mixing time of 3 min. The monomer/MSN
mixture was sonicated within a jacketed reaction vessel with
cold water continuously circulated through the vessel. Addi-
tionally, the homogenizer was operated in a pulsed power
mode to mitigate monomer heating. For the configured
mixing setup, the delivered acoustic power was calculated
to be 15 W, which was determined using the calorimetric
method (Taurozzi et al., 2011). In an effort to coax the
monomer to flow into the pores of the MSNs and degas any
entrapped air, the mixture was immediately transferred to a
vacuum chamber following sonication and subjected to a
vacuum pressure of �800 mbar for 3 min. To ensure consis-
tency among all samples, the control cement was prepared
using the same technique.

The monomer and powder were combined by hand in a
polymer mixing bowl for 30 s, spaulated into aluminum
molds, and allowed to cure for 30 min. Although not mea-
sured, on a qualitative level the handling characteristics of
the cements were not altered by the addition of MSNs.
Following removal from the mold, samples were wet ground
with 400 grit silicon carbide paper. To ensure complete
curing, samples were stored for one week at ambient condi-
tions (21 1C, 22% humidity) prior to performing any testing.
Samples for microindenation and nanoindentation were
embedded in epoxy, ground with silicon carbide paper
(240, 400, 600, 800, and 1200 grit), and polished to a uniform
surface roughness with polycrystalline diamond suspensions
(6, 1, and 0.25 mm).
2.2. Mechanical testing

2.2.1. Macro level
An electromechanical materials testing frame equipped with
a 250 N load cell was used to conduct all static testing
(Criterion C43.104, MTS Systems, Eden Prairie, MN, USA).
Force and displacement data were collected at 100 Hz. Four-
point flexural tests were conducted at a displacement rate of
5 mm/min using an outer span of 60 mm and an inner span
of 20 mm. Testing was conducted until failure using flat beam
samples with a length, width and, thickness 7570.01,
9.9670.01 and 3.3070.02 mm, respectively. A minimum of
seven samples per experimental group were tested. Flexural
modulus, E, was determined using Eq. 1 (Malzbender and
Steinbrech, 2004):

E¼ að3Lx�3x2�a2Þ
12I

ΔF
Δd

ð1Þ

where a is the distance between inner supports, L is the
distance between outer supports, x the position at which
deflection is measured, I the area moment of inertia, and
ΔF/Δd the slope of the linear portion of the force–displace-
ment curve. In this study, specimen displacement was
measured at the point of load application (i.e. x¼a). Flexural
strength, sF, was determined from:

sF ¼
3Fa

bh2 ð2Þ

where F is the applied load at failure, b the sample width, and
h the sample thickness.
2.2.2. Microindentation
Microindentation testing was conducted using a commer-
cially available indentation system (Tukon 1202, Buehler,
Lake Bluff, IL, USA). A diamond-tipped Vickers indenter was
used to apply a peak load of 9.8 N with a dwell time of 10 s.
For each cement group, two samples were tested with 10
indents performed per sample (i.e. 20 indents per cement
group). The diagonals of the residual indent were immedi-
ately measured with the internal optics of the system.
Indents were placed a minimum of three diagonals apart to
ensure no interaction. Hardness, H, was calculated using:

H¼ 1:854U
F

d2

� �
U9:807 ð3Þ

where F is the applied indentation load and d the average
diagonal of the indent. Collected hardness data were further
analyzed with the linearized two-parameter Weibull distribu-
tion (Padmanabhan et al., 2010):

ln ln
1

1�Pi

� �� �
¼m ln H�m ln Hc ð4Þ

where m is the Weibull modulus (a measure of data scatter),
Hc the scale parameter or characteristic hardness (where the
probability of occurrence is 63.2%), and Pi the cumulative
probability (Lewis and Janna, 2003).
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2.2.3. Nanoindentation
A Hysitron TI 950 TriboIndenter (Hysitron Inc, Eden Prairie
MN, USA) equipped with a diamond-tipped Berkovich probe
was used to perform nanoindentation. Prior to the start of
testing, the machine compliance was determined by perform-
ing a series of indents on a fused silica standard. Addition-
ally, a probe calibration procedure was completed to ensure
reliable contact area measurements. However, as indent
depths were much greater than the maximum calibrated
probe depth (�200 nm), the idealized Berkovich shape func-
tion (A(hc)¼24.5hc

2) was utilized for modulus and hardness
calculations All testing was conducted enclosed within the
TriboIndenter's housing at ambient laboratory conditions
(�23 1C). Static indentation testing was performed using a
trapezoidal loading function with a peak displacement of
750 nm, a loading/unloading rate of 25 nm/s, and a dwell time
of 15 s. Load and displacement data were recorded at 200 Hz.
For each sample, a minimum of 38 indents were performed
with a spacing of 250 mm between each indent. The obtained
load–displacement data were analyzed with the Oliver–Pharr
method (Oliver and Pharr, 2004). Additionally, the plasticity
index, ψ, of the cements was calculated from:

ψ ¼ hmax� hf

hmax
ð5Þ

where hmax is the maximum penetration depth during loading
and hf the final unloading depth. The plasticity index varies
from 0 to 1, where 0 represents fully-elastic behavior and 1
represents fully plastic material behavior (Karimzadeh and
Ayatollahi, 2012).

The time-dependent properties of the cements were
determined using stress relaxation and creep tests. For stress
relaxation, a minimum of 18 indents were performed per
sample. The same parameters and loading profile as used in
static testing were utilized with the exception that the dwell
time was increased to 60 s. The relaxation modulus, G(t), was
determined from (Schiffmann, 2006):

GðtÞ ¼ 2ð1�υ2Þ tan β
PðtÞ
A

� �
ð6Þ

where υ is Poisson's ratio (0.3), β the half angle of indenter tip
(65.351), P(t) the applied load at any time t, and A the contact
area determined from the Berkovich shape function. In a
stress relaxation test, the contact area is constant since the
indentation depth does not change throughout the test. It is
important to note that during nanoindentation, sample
deformation is not pure shear but rather a complex state of
multi-axial compression and shear. Despite this, the relation-
ship between stress and strain should be independent of the
deformation mechanism (Schiffmann, 2006).

Creep testing was performed with a trapezoidal loading
function with a peak load of 2500 mN, a loading/unloading
rate of 250 mN/s, and a dwell time of 100 s. A minimum of six
indents were performed per sample. The creep behavior of
the cements were modeled using a combined Maxwell–Voigt
four element model (also known as a burger model) (Fischer-
Cripps, 2011):

h2ðtÞ ¼ π

2
Po cot α

1
E1

þ 1
E2

1�e� t
E2
c

� �
þ 1

η
t

� �
ð7Þ
where h is the penetration depth as a function of time, t, Po
the applied load, α the equivalent cone angle of the Berkovich
tip (70.31), E1 and E2 the moduli (GPa), η the long-term creep
viscosity (GPa s), and c/E2 the creep time constant (s). Values
of E1, E2, η, and c were estimated by performing nonlinear
least-squares curve fitting of the experimentally obtained
deformation (indenter penetration) data to Eq. (7) (MATLAB,
Mathworks, Natick, MA).

2.3. Material characterization

2.3.1. Morphology
The microstructural morphology of the failure surface of
four-point bending samples was investigated with scanning
electron microscopy (SEM). Samples were mounted on
aluminum stubs and sputter coated with gold for 30 s. Images
were then obtained with a LEO DSM 1530 field emission SEM
(Zeiss-LEO, Oberkochen, Germany) using an acceleration
voltage of 5 kV and working distance of 5 mm.

2.3.2. Dynamic properties
Dynamic mechanical analysis (DMA) was used to assess the
viscoelastic properties of the cements. Flat beam samples
(3 mm thickness, 9.92 mm width) were subjected to dynamic
strain sweeps from 0.005% to 0.08% at 37 1C using a three-
point bending configuration with a 40 mm span (RSA III, TA
Instruments, New Castle, DE, USA). Loading frequencies of 1,
10 and 40 Hz were used and a constant static force of 0.085 N
was applied to the samples to ensure continuous contact
with the bending fixture throughout testing. The higher
loading frequencies used (10 and 40 Hz) approach the range
of traumatic impact loading (Park et al., 2004) while the strain
levels are within the range seen within the cement mantle
surrounding a femoral prosthesis during the single-limb
stance phase of gait (O'Connor et al., 1996).

2.3.3. Chemical analysis
Structural changes in the cement caused by the inclusion of
MSNs were monitored with Fourier transform infrared spec-
troscopy (Equinox 55, Bruker, Billerica, MA, USA) between
4000 and 750 cm�1 at a resolution of 2 cm�1. Cement cross
sections were scanned in attenuated total reflectance (ATR)
mode at three random sections on each sample, with 32
scans taken at each location. All collected spectra were
averaged to obtain one representative spectra per cement.

2.3.4. Thermal characteristics
The thermal degradation properties of the cement compo-
sites were investigated using thermogravimetric analysis
(Q500, TA Instruments, New Castle, DE, USA). Thermograms
were obtained from 30 to 600 1C in a nitrogen environment
using a linear heating rate of 20 1C/min. The initial thermal
decomposition temperature, T10, was taken as the point
where 10% of the material had decomposed while the mid-
point decomposition, T50, the point where 50% of the material
had decomposed.

The glass transition temperatures, Tg, of the cements were
determined using a differential scanning calorimeter (Q100,
TA Instruments, New Castle, DE, USA). Samples between 4
and 6 mg were sealed in aluminum pans and subjected to
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heating/cooling/heating cycles between 10 and 160 1C at
10 1C/min. The Tg was determined from the second heating
cycle using the method described in ASTM D3418 (ASTM
International, 2012).
2.4. Statistics

Statistical analysis was conducted with commercially avail-
able software (Minitab Inc, State College, PA, USA) and the
significance level was set at 0.05 for all observations. Micro
and nanoindentation data were found to exhibit non-normal
distributions using the Anderson–Darling test, therefore, non-
parametric analyses were employed. These data were eval-
uated with the Kruskal–Wallis test and the Mann–Whitney
U-test with Bonferroni correction was used for post-hoc ana-
lysis. All other collected data were processed using analysis
of variance (ANOVA) with Tukey's HSD post-hoc analysis.
Where appropriate, data are presented as mean7standard
deviation.
Table 2 – Results (mean7SD) obtained from microinden-
tation testing. H – hardness, m – Weibull modulus, HC –
characteristic hardness.

Sample H (MPa) m HC (MPa)

Palacos 172.873.2 62.1 174.3
0.1% SiO2 179.271.7a 117.9 180.1
0.2% SiO2 187.772.5a 81.1 188.9
0.1% NH2 182.671.9a 108.8 183.5
0.2% NH2 186.672.3a 92.1 187.7
0.1% COOH 185.473.7a 57.6 187.2
0.2% COOH 182.673.7a 32.5 180.8

a po0.001, relative to Palacos.
3. Results

3.1. Mechanical testing

3.1.1. Macro level
ISO 5833 (International Organization for Standardization,
2002) establishes benchmark values for the flexural proper-
ties of acrylic bone cement of 50 MPa and 1.8 GPa for the
flexural strength and modulus, respectively. All cements
tested in this study vastly exceed these requirements. It
should be noted that samples in this study were cured for
one week following fabrication, while in the ISO standard it
calls for 24 h. While this increase in curing time can enhance
the mechanical properties, the relative change from one to
seven days is not drastic (Nottrott et al., 2007).

The inclusion of MSNs had no significant effect on either
the flexural modulus or flexural strength relative to standard
Palacos bone cement (Table 1). Additionally, results were
consistent across all MSN groups indicating there was no
significant effect resulting from surface functionalization.
The flexural properties slightly decreased with the addition
of nanoparticles, however, these changes were minimal with
a peak percent difference of 4.4% for modulus and 3.0% for
strength.
Table 1 – Results (mean7SD) obtained from static
mechanical testing. Ef – flexural modulus and rf – flexural
strength.

Sample Ef (GPa) rf (MPa)

Palacos 2.8170.09 72.0773.38
0.1% SiO2 2.7870.06 70.5372.91
0.2% SiO2 2.7770.08 69.9373.99
0.1% NH2 2.7770.04 72.0171.67
0.2% NH2 2.7170.07 70.3872.57
0.1% COOH 2.6970.05 70.6172.17
0.2% COOH 2.7970.02 70.0173.67
3.1.2. Microindentation
The addition of mesoporous silica particles, regardless of
surface treatment or loading ratio, significantly increased
microindentation hardness (Table 2). Relative to standard
Palacos, the addition of MSNs increased microhardness by
3.7–8.6%. For 0.1% MSN loading ratios, surface functionaliza-
tion significantly affected hardness with SiO2oNH2oCOOH.
Interestingly, the same finding was not observed for 0.2%
loadings. No significant difference was found between 0.2%
SiO2 and 0.2% NH2, however, the hardness of 0.2% COOH was
significantly lower than both. Additionally, it was found that
increasing the MSN content from 0.1% to 0.2% significantly
increased hardness for SiO2 and NH2 groups, but not COOH.

Weibull plots for the collected hardness data are shown in
Fig. 1 and values for the Weibull modulus and characteristic
strength are given in Table 2. The estimated Weibull moduli
were generally high, with the lowest record value being for
cement containing 0.2% COOH. With increasing MSN content,
the Weibull modulus tended to decrease. The characteristic
strength increased with the addition of MSNs.

3.1.3. Nanoindentation
Results from static nanoindentation testing are given in
Table 3. Relative to Palacos only one cement, regardless of
particle loading ratio and surface functionalization, displayed
a significantly different modulus, 0.1% COOH (a 4.4% increase).
Fig. 1 – Weibull plots for the measured hardness data.



Table 3 – Results (mean7SD) obtained from nanoindentation testing. Es – modulus, H – hardness, ψ – plasticity index, and
relaxation modulus G(t) evaluated at 1 and 10 s.

Sample Es (GPa) H (MPa) ψ G (t¼1 s) (GPa) G (t¼10 s) (GPa)

Palacos 3.8370.24 195.7731.3 0.37670.064 0.8770.09 0.7370.09
0.1% SiO2 3.9670.26 207.4730.6 0.39870.047 0.8970.09 0.7570.09
0.2% SiO2 3.6970.37 179.2723.4a 0.32970.070a 0.8470.11 0.7070.10
0.1% NH2 3.8670.24 203.2731.8 0.38870.057 0.9070.11 0.7670.11
0.2% NH2 3.9270.14 217.8734.7a 0.37870.033 0.9470.11 0.7970.11
0.1% COOH 4.0070.21a 217.0722.9a 0.36770.033 0.9070.09 0.7870.10
0.2% COOH 3.8170.27 203.2732.8 0.37470.061 0.8770.10 0.7370.10

a po0.05, relative to Palacos.

Fig. 2 – Plots of the calculated relaxation moduli, G(t) (left). Plots of the burger model fit for each cement. For clarity, only the
curve fit of the burger model is shown, and not the experimental data (right). The same legend applies to both figures.

Table 4 – The estimated parameters (mean7SD) of the burger model fit to the collected creep data. E1 and E2 are moduli and
n is the long-term creep viscosity.

Cement E1 (GPa) E2 (GPa) n (103 GPa s) Creep Constant (s)

Palacos 123.279.3 18.871.5 3.270.5 10.170.1
0.1% SiO2 121.7713.0 18.772.1 3.570.8 10.170.3
0.2% SiO2 115.3717.0 17.672.4 3.270.6 10.370.5
0.1% NH2 123.9713.7 18.472.1 4.972.8 10.270.4
0.2% NH2 124.0716.5 18.972.2 3.270.5 10.170.3
0.1% COOH 120.6713.2 18.372.1 4.171.6 10.370.3
0.2% COOH 105.2716.5 16.572.4 2.870.6 10.570.4

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 3 7 ( 2 0 1 4 ) 1 4 1 – 1 5 2146
For cements containing 0.2% loading ratios, modulus was
significantly influenced by surface functionalization with NH2

and COOH cements displaying higher moduli than SiO2. The
same trend was not observed for 0.1% loading ratios. Hardness
was found to significantly decrease for 0.2% SiO2 and increase
for 0.1% COOH and 0.2% NH2, relative to Palacos. Plasticity
index was found to be consistent with the only significant
difference being 0.2% SiO2.

No significant difference in relaxation moduli was found
and the magnitude of G(t) was generally consistent amongst
all cements (Table 3). The profile of G(t) vs. time changed
drastically after one second of relaxation time and began to
degrade at a faster rate, as seen in Fig. 2. All cements
displayed a uniform profile in G(t) vs. time, except for 0.1%
COOH, which interestingly had the lowest record modulus in
static testing. No significant differences were observed in the
creep behavior of the cements (Fig. 2). The collected data were
well described by the burger model (adjusted R2 of at least
0.995 for all cements), however, there were no significant
differences in the estimated parameters (Table 4).

3.2. Material characterization

3.2.1. Morphology
Scanning electron micrographs revealed no apparent differ-
ence in the fracture surface of the cements (Fig. 3). Small
pores between 50 and 100 mm were observed on the fracture
surfaces of all cements and were not influenced by MSN



Fig. 3 – SEM images at 250� , taken from failure surface of four-point flexural samples. The scale bar applies to all images.
(a) Palacos, (b) 0.1% SiO2, (c) 0.2% SiO2, (d) 0.1% NH2, (e) 0.2% NH2, (f) 0.1% COOH, and (g) 0.2% COOH.

Fig. 4 – SEM images showing differences in MSN dispersion in the cement matrix. Left – SiO2 particles at 20kx. Right – COOH
particles at 15 kx.
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inclusion or surface functionalization. The large cauliflower-
like particles seen in the micrographs are zirconium dioxide,
the radiopacifier material in the cement. Particle agglomera-
tions were observed for all cements, however, the size of
these agglomerations were considerably larger for SiO2 par-
ticles (Fig. 4). Surface functionalization, both NH2 and COOH,
was found to enhance the dispersion of MSNs within the
cement matrix. Agglomerates were still observed for functio-
nalized MSNs but they were smaller and occurred with less
frequency than SiO2 particles.
3.2.2. Dynamic properties
The storage modulus (E0) and tan delta (tan δ) of the tested
cements are shown in Fig. 5. All cements exhibited a linear
viscoelastic range (where modulus is independent of applied
strain, i.e. a flat response) from strain levels of approximately
0.0005–0.0015%. The storage modulus of all cements began to
decrease sharply at a strain of 0.004%. For all loading frequencies
cements displayed similar profiles and magnitudes in storage
modulus and tan δ, indicating that the addition of MSNs had no
substantial effect on the viscoelastic properties. The testing
frequency was found to have a significant impact on the
resulting viscoelastic properties, as expected. With increased
frequency, the profile of storage modulus stayed consistent but
the magnitude increased. Conversely, tan δ displayed similar
behavior in profile andmagnitude for frequencies of 1 and 10 Hz,
however, began to increase considerably at a strain of 0.005% for
a loading frequency of 40 Hz.
3.2.3. Chemical analysis
Collected ATR-FTIR spectra displayed characteristic peaks for
acrylic bone cement, as expected (Fig. 6). The most prominent



Fig. 5 – Results from DMA strain sweeps. Solid lines – 1 Hz, dashed lines – 40 Hz. For clarity purposes, data from 10 Hz is
not shown.

Fig. 6 – ATR-FTIR spectra collected for each cement.

Table 5 – The initial thermal decomposition temperature
(T10), midpoint decomposition (T50), and glass transition
(Tg) obtained from TGA and DSC testing.

Sample T10 (1C) T50 (1C) Tg (1C)

Palacos 340.11 384.08 99.69
0.1% SiO2 336.20 381.43 100.44
0.2% SiO2 326.09 380.79 99.29
0.1% NH2 323.96 380.73 102.30
0.2% NH2 325.02 381.59 100.85
0.1% COOH 323.22 381.76 100.29
0.2% COOH 320.70 379.94 99.39
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peaks occurred at 1730 cm�1 and 1140 cm�1 which corre-
spond to a C¼O stretch and O–C–C stretch, respectively.
Analysis of ATR-FTIR spectra showed no differences in the
position of intensity peaks between the different cements,
indicating that there was no formation of new chemical
groups. However, peak intensities did increase with the
addition of MSNs except for 0.1% SiO2.

3.2.4. Thermal characteristics
The initial decomposition temperature of the cements was
found to decrease with the addition of MSNs and surface
functionalization increased this negative effect (Table 5).
Midpoint decomposition temperatures tended to equalize
between all cements. This is potentially attributable to
degradation of functional groups on the MSN surface. The
glass transition temperature was not influenced by the
addition of MSNs.
4. Discussion

In this study, we extend upon our previous work with
nanoparticle-reinforced bone cement (Slane et al., 2014) in
an effort to enhance particle dispersion and interfacial adhe-
sion using low loadings of functionalized MSNs. Two func-
tional groups (and plain MSNs as a positive control) at loading
ratios of 0.1% and 0.2% wt/wt were incorporated into a
commercially available acrylic bone cement. The functional
groups used, propylamine and propylcarboxylic acid, were
chosen based upon previous research on bone cement mod-
ified with functionalized carbon nanotubes (Ormsby et al.,
2010b). Mixed results were observed for the mechanical
properties of the cements. Four-point flexural testing and
nanoindentation revealed minimal impact on the properties
of the cements, except for several changes in the nano-level
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mechanical properties. Conversely, microindentation testing
demonstrated that the addition of MSNs significantly altered
the properties of the cements. This finding suggests the
presence of different reinforcement mechanisms, which will
be addressed in greater depth later in the discussion. To the
authors' current knowledge, this is the first study to utilize a
multiscale approach to characterize the influence of nano-
particle reinforcement on acrylic bone cement.

The concept of adding reinforcement materials to enhance
the mechanical properties of acrylic bone cement is not
novel; in the mid 1970s researchers experimented with bone
cements modified with graphite and carbon fibers (Knoell
et al., 1975; Pilliar et al., 1976). Despite the long history
associated with reinforced bone cements, a variety of pro-
blems persist which limit their clinical applicability such as
poor material dispersion, poor fiber/particle interfacial adhe-
sion with the cement matrix and diminished mixing char-
acteristics. Regardless of the chosen reinforcement material,
one of the primary difficulties faced with polymer composites
is achieving a uniform dispersion of the reinforcement. If this
is not achieved, the agglomerations of fibers/particles can
form stress concentration sites within the polymer matrix
leading to premature failure with the application of load
(Ormsby et al., 2010a). Surface functionalization, a process
where chemical moieties are covalently linked to a particle/
fibers surface, is a widely implemented technique that can
assist in particle dispersion and interfacial adhesion (Ma
et al., 2010). Previous work with bone cement demonstrated
that functionalized carbon nanotubes could enhance several
different mechanical properties (Ormsby et al., 2010b).

Mesoporous silica nanoparticles have been shown to
enhance the mechanical properties of polymer composites.
Samuel et al. modified a dental resin with MSNs and found an
increase in the flexural modulus and no effect on the flexural
strength with increasing MSN content(Samuel et al., 2009)
while Ji et al. demonstrated drastic improvements in the
tensile properties of a polymer composite loaded with MSNs
(Ji et al., 2003). Similarly, Park and Pinnavaia showed
enhanced tensile properties and toughness with an epoxy
resin modified with mesoporous silica foam particles (Park
and Pinnavaia, 2007). However, all of these studies used
loading ratios considerably higher than in the current study.
Our previous work on MSN-modified bone cements used
loading ratios of 0.5%, 2%, and 5% wt/wt. While several
encouraging results were found, we wanted to determine if
low-loading ratios could enhance the properties of cement
while minimizing the impact on the handling characteristics.
In theory, the high surface area of the MSNs used in this
study (720 m2/g) suggest an efficient stress transfer mechan-
ism between the particle and polymer matrix can develop
(Fu et al., 2008).

The flexural properties measured in this study are in close
agreement with previously published values. For example,
Dunne reported a flexural strength and modulus for Palacos R
(cured in air for 24 h) of 75.67 MPa and 2.76 GPa, respectively
(Dunne, 2008), compared to 72.07 MPa and 2.81 GPa in this
study. The flexural strength and modulus of the cements
were not influenced by the addition of MSNs and all cements
displayed properties above those outlined in ISO 5833. This is
likely attributable to the low loadings used, which were
insufficient to induce changes on the macro level. SEM
analysis of the fracture surfaces of bending samples also
displayed no apparent differences, indicating that the failure
mechanism was consistent across all groups. Several pre-
vious studies have examined the use of nanomaterials to
reinforce acrylic bone cement, however, the results are
somewhat conflicting. For example, Ormsby et al. incorpo-
rated various loadings of functionalized carbon nanotubes
(f-CNTs) into Colacryl bone cement. They found a 4.1%
decrease in the flexural strength using 0.1 wt/wt propylamine
CNTs and a 21.9% increase using 0.1 wt/wt propylcarboxylic
acid CNTs (Ormsby et al., 2010b). In contrast, Gonçalves et al.
observed an �25% decrease in the flexural strength of an
acrylic cement modified with 0.1 wt/wt f-CNTs, which they
attributed to the CNTs acting as free-radical scavengers,
resulting in polymerization retardation and inhibition
(Gonçalves et al., 2012). Based on the glass transition tem-
peratures determined in this study, which were consistent
across all groups, we do not believe that the MSNs inhibited
the polymerization of the cement.

Nanoindentation testing revealed only slight differences
in measures of hardness and modulus with only several
significant variations detected. In contrast, microindentation
showed that the inclusion of MSNs significantly enhanced
the hardness of all cements. This finding highlights the
differences between micro and nanoindentation. The inden-
tation data collected generally agrees with that previously
published for bone cement. Karimzadeh and Ayatollahi
performed nanoindentation testing on Cemex RX cement
and found a modulus of 5.56 GPa and hardness of 290 MPa
(Karimzadeh and Ayatollahi, 2012). These values are slightly
higher than those found in this study, however, they used a
peak indentation depth of 210 nm which is substantially
smaller than that used in this study, and due to the indenta-
tion size effect the measured properties are expected to be
higher. Lewis et al. obtained samples of Palacos R from
retrieved cement mantles and found a modulus of 3.78 GPa
and hardness of 169 MPa for cement that was implanted for
11 months using nanoindentation (Lewis et al., 2006). Lelovics
and Liptakova performed microindentation on SmartSet
cement and found a microhardness of 199 MPa (Lelovics
and Liptakova, 2010), which generally agrees with the value
of 172 MPa determined in this study.

Compared to the size of the particles used in this study
(200 nm), nanoindentation and microindentation can probe
different heterogeneities within the cement since the local
mechanical properties are directly linked to the size of the
contact. The relative size of the indentation surface/volume
varies substantially between the two techniques with
nanoindentation being hundreds of nanometers (�750 nm
depth,o5 mm diagonal) and microindentation hundreds of
microns (�300–400 mm diagonal). The hardness of a material
represents its ability to resist surface deformation to an
applied load. In a material such as PMMA, non-recoverable
deformation of the surface possibly results from rupture of
the localized polymer matrix network at the site of load
application or slippage between the matrix and any present
reinforcement material (Shen et al., 2006). At the micro level,
substantially more MSNs are within the indented cement
volume, thus leading to an increase in the measured



j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 3 7 ( 2 0 1 4 ) 1 4 1 – 1 5 2150
hardness. For 0.1% MSN loadings, it was found that functio-
nalization significantly increased microhardness, however,
this is likely due to enhanced dispersion and not the result
of new bond formation between the particle and matrix
(as confirmed with ATR-FTIR). Additionally, hardness mea-
sured with nanoindentation was typically higher than the
calculated microhardness. This finding is due to differences in
how contact area is measured between the techniques (Qian
et al., 2005) and the confined polymer mobility of the inter-
facial region adjacent to the indenter tip (Tehrani et al., 2011).

Particle dispersion within the cement matrix was signifi-
cantly influenced by particle surface functionalization. As
verified with SEM (Figs. 3 and 4), SiO2 particles tended to form
large agglomerates often times with interfacial gaps between
the particle and the matrix. In contrast, functionalized
particles were more evenly dispersed throughout the matrix.
Agglomerations still occurred with functionalized particles,
however, they generally were less frequent and smaller in
size. It appears that the sonication process used to disperse
MSNs was adequate for functionalized particles but not for
SiO2. While ultrasonication is a powerful tool to disrupt
particle agglomerations, care must be taken since in some
situations (e.g. extended sonication times) the applied acous-
tic energy can actually induce the formation of new agglom-
erates or damage the particle/fiber being dispersed (such as
carbon nanotube scission) (Taurozzi et al., 2011).

Bone cement acts as a grouting material between the
implant and the patient's bone, providing immediate implant
fixation while distributing forces from the implant to the
surrounding bone bed. Therefore, it must possess properties
that are the intermediately of the prosthesis (typically tita-
nium or cobalt chrome) and bone. Dynamic mechanical
analysis conducted in this study confirms that this is the
case for all cements tested. At a frequency of 1 Hz and strain
of 0.01%, the storage modulus of cements ranged from 3.1 to
3.4 GPa while tan δ varied between 0.07 and 0.08. In contrast,
cancellous bone has a storage modulus of 0.2 GPa and tan δ of
0.09–0.1 (cortical bone 0.04) while metals used for implants
typically have a storage modulus of exceeding 100 GPa and a
tan δ of 10�4 (De Santis et al., 2003). It was found that the
addition of MSNs had minimal impact on the viscoelastic
properties of the cements and generally, values for storage
modulus and tan δ were consistent. Interestingly, at a fre-
quency of 40 Hz tan δ values significantly increased. This is in
marked contrast to skeletal tissue where tan δ decreases with
increasing loading frequency, indicating the material acts as
an elastic solid and transmits rather than dissipates force.
It has been suggested that this increase in tan δ with higher
frequencies enable acrylic cements to survive the loading
patterns they are exposed to during gait, despite the fact that
cements fail in a brittle fashion during static testing (Daniels
et al., 2005).

Several limitations of the current study are acknowledged.
Firstly, only a single type of mesoporous silica with a specific
size and structure was used. A variety of MSNs can be
fabricated with different pores sizes, surface areas, and pore
volumes. These factors could potentially influence the find-
ings from this study. One exceptionally attractive alternative
is mesoporous silica foam, which has a very large pore
volume (e.g. 2.4 cm3/g) and an open structure that could
allow for strong bonding with polymer chains (Park and
Pinnavaia, 2007). Secondly, only a single variety of acrylic
bone cement was used although many other formulations
exist. Different cements with alternative chemical composi-
tions and viscosities may respond differently to the inclusion
of MSNs. As mentioned previously, the cement used in this
study was chosen since it is one of the most widely used in
the North American and European markets. Thirdly, only a
single type of static testing was conducted. Other methods
commonly used to test bone cement such as tension and
compression could potentially demonstrate enhancements,
or detrimental, effects on the properties of the cement. Four-
point bending was used since it includes both tensile and
compression components and is thought to be a realistic
testing method for bone cement (Kuehn et al., 2005). Fourthly,
micro and nanoindentation testing were performed on dif-
ferent samples, although samples were prepared at the same
time from the same batch of cement. The observed differ-
ences in micro and nanoindentation findings could poten-
tially result from sample inhomogeneity. Finally, fatigue
testing of the cements was not performed, although it is well
known that mechanical failure of bone cement can result
from fatigue failure (Lewis, 2003). It was deemed beyond the
scope of this project to conduct fatigue testing.

Despite these limitations, this is the first study (to the
authors' current knowledge) that has utilized a multiscale
approach to characterize the mechanical properties of
nanoparticle-reinforced bone cement. Contrary to our pre-
vious work with MSN-modified cements, in this study the
addition of mesoporous silica did not have a detrimental
influence on the properties of the cements. Future work
should include examining alternative functionalization
groups that can create the formation of interfacial bonds
between the particle and PMMA matrix. One potential
method would be to alter the hydrophilicity of the particle's
surface since it has previously been demonstrated that
hydrophobic mesoporous silica can aid in dispersion and
increase adhesion (Bento et al., 2013). Higher loading ratios of
MSNs should be considered, however, with increased loading
the potential for diminished handling characteristics and
altered polymerization characteristics increase. Therefore, it
would be required to quantify the influence of higher MSNs
loadings on the rheological behavior and setting polymeriza-
tion behavior of the cement. Finally, one potential benefit of
MSN-modified cement not explored in this study is the ability
of MSNs to reduce volumetric shrinkage during polymeriza-
tion (Samuel et al., 2009), which can be as high as 6–7%. It is
known that the shrinkage of bone cement can induce resi-
dual stresses as high as 10 MPa in the cement, potentially
causing cracks that would act as failure initiation sites
(Roques et al., 2004).
5. Conclusion

In this study, a commercially available acrylic bone cement
was modified with low-loadings of functionalized mesopor-
ous silica nanoparticles and the resulting impact on the
cement's mechanical and material properties were quantified
over different length scales. Results from this study indicate
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that the loading ratios of MSNs used were insufficient to
influence the macro level properties of the cement. Functio-
nalization aided in particle dispersion but did not appear to
result in enhanced interfacial adhesion between the particle
and the matrix. These results suggest that that loading ratios
of mesoporous silica used are not an effective reinforcement
material in acrylic bone cement. Additionally, since non-
functionalized MSNs were found to form large agglomerates,
their use in bone cement is not recommended regardless of
the loading ratio. Future work should be conducted to
determine the impact of higher MSN loading ratios and
alternative functional groups.
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