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Polymethyl methacrylate bone cement is the most common and successful method used to

anchor orthopedic implants to bone, as evidenced by data from long-term national joint

registries. Despite these successes, mechanical failure of the cement mantle can result in

premature failure of an implant which has lead to the development of a variety of techniques

aimed at enhancing the mechanical properties of the cement, such as the addition of

particulate or fiber reinforcements. This technique however has not transitioned into clinical

practice, likely due to problems relating to interfacial particle/matrix adhesion and high

cement stiffness. Mesoporous silica nanoparticles (MSNs) are a class of materials that have

received little attention as polymer reinforcements despite their potential ability to overcome

these challenges. Therefore, the objective of the present study was to investigate the use of

mesoporous silica nanoparticles (MSNs) as a reinforcement material within acrylic bone

cement. Three different MSN loading ratios (0.5%, 2% and 5% (wt/wt)) were incorporated into a

commercially available bone cement and the resulting impact on the cement's static

mechanical properties, fatigue life and absorption/elution properties were quantified. The

flexural modulus and compressive strength and modulus tended to increase with higher MSN

concentration. Conversely, the flexural strength, fracture toughness and work to fracture all

significantly decreased with increasing MSN content. The fatigue properties were found to be

highly influenced by MSNs, with substantial detrimental effects seen with high MSN loadings.

The incorporation of 5% MSNs significantly increased cement's hydration degree and elution

percentage. The obtained results suggest that the interfacial adhesion strength between the

nanoparticles and the polymer matrix was poor, leading to a decrease in the flexural and

fatigue properties, or that adequate dispersion of the MSNs was not achieved. These findings

could potentially be mitigated in future work by chemically modifying the mesoporous silica

with functional groups.
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1. Introduction

Acrylic bone cement is the material most commonly used to
affix orthopaedic implants to bone and is the gold standard
for implant fixation, as indicated by results from long-term
national joint databases (Hailer et al., 2010). In essence, bone
cement acts as a grout by filling in the voids that are left
between the implant and the patient's bone, thus creating a
mechanical interlock. The two primary roles of bone cement
are to provide immediate fixation of the implant to the bone
and to distribute forces from the implant to the surrounding
bone. In order to adequately perform these functions, bone
cement must be compatible with the host tissue as well as
possess sufficient strength to withstand the large and repe-
tative magnitudes of load/stress to which it is exposed
(Lee, 2005). The mechanical properties of bone cement, there-
fore, play a pivotal role in the long term outcome of a
cemented joint arthroplasty (Dunne, 2008).

The primary cause of failure in cemented joint replace-
ments is aseptic loosening of the components (Hailer et al.,
2010), which can arise from mechanical failure of the cement
mantle surrounding the implant (Jeffers et al., 2007). As a
result, a wide variety of techniques have been developed with
the aim of improving the material properties of bone cement
such as modifying the initiation chemistry (Hasenwinkel et al.,
2002), reducing porosity with vacuum mixing devices (Dunne
et al., 2003; Lewis, 1999) and adding reinforement fibers/
particles. With respect to the use of reinforcements, numerous
types of materials have been used in various loading ratios
including nanosized radiopacifiers (Gomoll et al., 2008), gra-
phene oxide (Goncalves et al., 2012), zirconia (Kane et al., 2010),
titanium fibers (Kotha et al., 2006), variable diameter fibers
(Zhou et al., 2009) and multiwalled carbon nanotubes (Marrs
et al., 2006; Ormsby et al., 2012), along with others. Generally,
the use of these materials has resulted in cement composi-
tions with several improved in vitro properties but they have
not transitioned into clinical use, likely attributable to issues
regarding interfacial adhesion between the reinforcemnt and
cement matrix, poor rheological properties, high cement stiff-
ness and biocompatability (Lennon, 2008).

Mesoporous silica nanoparticles (MSNs) are a class of
inorganic materials that have only received slight attention
as reinforcement agents in polymers (Zhang et al., 2010). These
particles are honeycomb-like in structure and exhibit control-
lable pore sizes (2–50 nm), high surface areas (e.g. 1000m2/g),
high pore volumes (e.g. 1 cm3/g) and homogeneous nano-level
structures (Izquierdo-Barba et al., 2008). The highly porous
nature of MSNs suggests that mechanical interlocking between
the particle and the polymer matrix can occur, forming a
strong adhesion which could mitigate interfacial adhesion
problems typically observed with other types of reinforcement
materials. Additionally, the high surface area inherent to MSNs
could lead to an efficient stress transfer mechanism, thus
increasing the strength of the MSN/polymer composite (Fu
et al., 2008). Studies conducted by Zhang et al. (2009, 2010)
observed an increase in the tensile properties and storage
modulus of poly(methyl methacrylate) modified with mesopor-
ous silica foams. Likewise, work performed by Samuel et al.
(2009) found significant enhancement of the static mechanical
properties of a dental resin augmented with high loadings of
MSNs. Despite the potential benefits of mesoporous silica
however, their use as a reinforcement material within acrylic
bone cement has not been explored.

In addition to aseptic loosening, failure of joint replace-
ments can occur as the result of periprosthetic joint infection
(PJI), which has a prevalence rate of 1–3% for hip and knee
implants (Parvizi et al., 2012). PJI is one of the most devastat-
ing complications following arthroplasty, causing significant
physical and emotional pain to the patient in addition to high
treatment costs which can exceed $100,000 (Gutowski, 2013).
As a result, antibiotics are often incorporated into bone
cement in order to act as a prophylactic measure against
infection. Shen et al. (2011) used MSNs in an acrylic bone
cement not for mechanical reinforcement but rather as a
drug delivery mechanism to release gentamicin . This high-
lights another potential benefit of MSN use in bone cement;
the highly porous nature of the particles can create a diffu-
sion network that would allow fluid to penetrate into the
cement and release water soluble drugs trapped within the
polymer matrix.

Sub-micron sized particles tend to group together as a result
of weak forces between them (e.g. Van der Waals or electro-
static), forming agglomerates with overall dimensions much
larger than an individual particle (Taurozzi et al., 2011). These
particle agglomerates can lead to the development of stress
concentration sites that act as failure initiation sites (Ormsby
et al., 2010a). Therefore, regardless of the type of reinforcement
material used within bone cement, one of the most important
aspects that must be considered is the technique used to
incorporate the material into the polymer. Many processes have
been developed to uniformly disperse nanoparticles into poly-
mers including emulsion polymerization, high-temperature
shear mixing and colloid milling, however, these techniques
may not be applicable to bone cement since it would be difficult
to implement them in a clinical setting. Ultrasonic homogeniza-
tion is a viable alternative that is both easy to implement and
effective. Several recent studies conducted by Ormsby et al.
(2010a, 2012) utilized ultrasound to disperse carbon nanotubes
within the monomer component of the cement prior to mixing
and achieved encouraging results.

The aim of this study was to investigate the effect of
mesoporous silica nanoparticle reinforcement on the mechan-
ical and physical properties of acrylic bone cement used for
orthopedic applications. A commercially available acrylic bone
cement was modified with various loading ratios of MSNs
using an easy to implement ultrasonic dispersion technique.
The static mechanical properties (flexural, compressive and
fracture toughness), fatigue performance and water absorp-
tion/elution properties of the resulting cement compositions
were then determined.
2. Material and methods

2.1. Materials

A commercially available antibiotic-loaded acrylic bone
cement was used as received for all testing (Palacos RþG,
Heraeus Medical GmbH, Wehrheim, Germany). This cement



Table 1 – Composition of samples used in this study. The powder component contains 0.5 g of gentamicin and the powder-
to-monomer ratio was kept constant at 2.04, as is recommended by the cement's manufacturer.

Cement Powder (g) MSN grams (wt%) Monomer (mL)

Palacos RþG 40.8 0 (0) 20
0.5% MSN 40.8 0.204 (0.5) 20.1
2% MSN 40.8 0.816 (2.0) 20.4
5% MSN 40.8 2.04 (5.0) 21
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consists of a powder sachet and liquid ampoule that when
mixed together initiate a free radical polymerization process.
The powder component contains 33.6 g poly(methyl metha-
crylate), 6.1 g zirconium dioxide (a radiopacifier), 0.3 g benzoyl
peroxide, 0.8 g gentamicin (0.5 g as sulphate) and trace
amounts of chlorophyll. The liquid monomer consists of
18.4 g methyl methacrylate, 0.4 g N,N-dimethyl-p-toluidine
and trace amounts of chlorophyll (as a green colorant) and
hydroquinone (as an inhibitor).

Mesoporous silica nanoparticles were purchased from a
chemical supply company (Sigma-Aldrich, St. Louis, MO, USA)
and used as received. The average particle diameter was
200 nm, as reported by the supplier.

2.2. MSN particle characterization

The surface area, average pore diameter and total pore volume
of the MSNs were characterized using nitrogen adsorption/
desorption isotherms (Autosorb-1, Quantachrome, Boynton
Beach, FL, USA). Prior to the start of testing, 0.5 g of the MSNs
were outgassed at 120 1C and testing was then commenced
at �196 1C. The multipoint Brumauer–Emmett–Teller (BET)
method was used to calculate the surface area and all ana-
lysis was conducted using software (Autosorb) provided by
Quantachrome.

2.3. Sample preparation

Prior to the start of sample preparation, the powder and
liquid components of the cement were stored at 4 1C for at
least 2 h to allow for a low viscosity working phase, a
common clinical practice. The composition of the samples
tested in this study is shown in Table 1. The MSNs were
dispersed into the liquid monomer using an ultrasonic
homogenizer equipped with a 9.5 mm solid titanium tip
(150VT, Biologics Inc, Manassas, VA, USA) using a sonication
time of 8 min. In order to prevent excess heating of the
monomer, the homogenizer was operated in a pulsed power
mode and the mixture was submerged in an ice-water bath.
The MSN/monomer mixture was then combined with the
powder component and mixed by hand at atmospheric
conditions in a polymer bowl according to the cement
manufacturer's instructions. Once the dough phase of the
cement was reached, the mixture was spatulated into an
aluminum mold and allowed to cure for 30 min after which
samples were wet ground using 400 grit silicon carbide paper.
Any specimen with visible surface defects (pores, cracks,
incomplete filling) was excluded from analysis. Samples were
then placed into 10 mL of phosphate buffered saline (PBS) and
stored in incubator operating at 37 1C for at least 21 days to
ensure complete polymerization and hydration.

2.4. Static mechanical testing

Static testing was conducted using an electromechanical mate-
rial testing frame (Criterion C43.104, MTS Systems, Eden Prairie,
MN, USA) with force and displacement data collected at 100 Hz.
Four-point flexural and compression testing were conducted
in accordance with ISO 5833 (International Organization for
Standardization, 2002). The only deviation from the standard
was that samples were cured using the method described in
Section 2.3 rather than air, in order to better simulate physio-
logical conditions. Flexural samples had a width, thickness and
length of 10mm, 3.3 mm and 75mm while compression
samples were 6mm in diameter and 12mm in length. A min-
imum of seven and ten samples from each group were tested in
four-point bending and compression, respectively.

Fracture toughness testing was performed using the
single-edge notched beam method with at least five samples
per experimental group. Samples had a width of 10 mm,
thickness of 5 mm and a crack length 0.45–0.55 of the width.
The crack was generated by creating a notch in each speci-
men with a low-speed diamond saw which was then shar-
pened with a fresh razor blade. The mode I plain strain
fracture toughness was calculated from Eq. (1) (Hasenwinkel
et al., 2002):

KIc ¼
3PL

2tw3=2
f ðxÞ ð1Þ

where P is the maximum applied load, L the lower span
length (44 mm), t the sample thickness and w the sample
width. The function f(x) is a calibration factor that is depen-
dent on the sample's crack length, a, and width:

f ðxÞ ¼ 1:93
a
w

� �1=2
�3:07

a
w

� �3=2
þ 14:53

a
w

� �5=2
�25:11

a
w

� �7=2

þ25:8
a
w

� �9=2
ð2Þ

The work of fracture (WoF) was calculated by dividing the
total area under the force displacement curve, U, by twice the
fracture surface area, i.e. 2 � b(w�a) (Hailey et al., 1994).

2.5. Fatigue testing and analysis

Force controlled fatigue tests were performed using a servo-
hydraulic materials testing frame (Bionix 370.02, MTS
Systems, Eden Prairie, MN, USA) equipped with a 2 kN load
cell. Testing was conducted in water at 37 1C to better
replicate physiological conditions. A minimum of 11 samples
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per group were loaded at 5 Hz until failure using a sinusoidal
stress of 40 MPa with an R-ratio (smax/smin) of 0.1. A four-point
flexural loading configuration was used with upper and lower
support spans of 20 mm and 60 mm, respectively. The
dimensions of the samples were the same as those used in
static flexural testing described in Section 2.4.

The applied flexural stress, sf, and strain, εf, were calcu-
lated from the force–displacement data using Eqs. (3) and (4):

sF ¼
3Fl
wt2

ð3Þ

εf ¼
3t

l� ð3Lo�4lÞ

� �
� d ð4Þ

where F is the applied load, l is the distance between inner and
outer supports (20 mm), w is the sample width, t is the sample
thickness, Lo is the outer support span (60 mm) and d is the
measured displacement. The secant modulus, Es, was defined
as the slope of a linear regression that connected the origin
of the stress–strain curve to the point of peak stress/strain (i.e.
Es¼smax/εmax). In order to ensure comparability among results,
the initial secant modulus, Eo, was defined as the value of Es
at the 100th loading cycle (Pinter et al., 2006). The relative
modulus degradation (stiffness reduction) was then deter-
mined by taking the ratio of the secant modulus at any given
load cycle divided by the initial secant modulus (Kane et al.,
2010). Permanent specimen deformation (i.e. creep) was calcu-
lated by monitoring the change in minimum deflection of the
hysteresis loop (Fig. 1) throughout testing (Kane et al., 2008).
These measures were determined using the testing frame's
actuator displacement and therefore it is important to empha-
size relative comparisons among data, not absolute magni-
tudes. Due to space constraints within the testing bath an
external displacement transducer, which would provide true
specimen displacement, could not be used.

The total number of cycles to failure, Nf, were recorded
for each sample and analyzed using the linearized three
ig. 1 – Representative hysteresis loops for Palacos RþG. For
ll cement groups, there was an overall trend of the
ysteresis loop to shift right with increasing cycle number.
he permanent sample deformation (i.e. creep) was
etermined by continuously monitoring the change in
inimum deflection of the hysteresis loop.
parameter Weibull equation (Marrs et al., 2006; Ormsby
et al., 2012), given by Eq. (5):

ln ln
1

1�PðNf Þ

" #
¼ b lnðNf �NoÞ�b lnðNa�NoÞ ð5Þ

where P(Nf) is the probability of fracture after Nf stress cycles,
defined by the expression (Lewis and Janna, 2003):

PðNf Þ ¼
M�0:3
Gþ 0:4

ð6Þ

where M is the rank failure order of the obtained Nf results
and G is the total number of specimens (i.e. M¼1–3…G). No is
the minimum fatigue life and represents the number of
cycles at which all samples will survive. Na is the character-
istic fatigue life and is the cycle number at which 36.8% of
samples will survive. The Weibull modulus, b, is a measure
of scatter in the Nf results (a higher b value indicates less
variability in the data).

The value of No was calculated by generating plots of lnln
[1/(1�P(Nf))] vs. ln[Nf�xo], where xo is some value between the
lowest recorded Nf and zero. A linear regression was per-
formed on this plot and the process was repeated for a variety
of xo values. The value of xo which resulted in the best fit
linear regression was taken as the value of No (Lipson and
Sheth, 1973). The slope of this linear curve fit is the Weibull
modulus, b. This method of determining No and b avoids the
ambiguity involved with the visual approximation method
(Janna et al., 2005). The characteristic fatigue life (Na) was
then calculated with Eq. (7):

Na ¼ No þ expð�C=bÞ ð7Þ

where C is the y-intercept of the best fit linear regression. The
Weibull mean fatigue life was then calculated from:

Nwm ¼ No þ ðNa�NoÞΓ 1þ 1
b

� �
ð8Þ

where Γ is the gamma function. Nwm is a particularly useful
measure of fatigue performance since it incorporates
the cement's fatigue life (No and Na) and the variability (b)
in the number of cycles to failure (Lewis and Li, 2010).
Probability of survival curves were constructed for each
cement group using the Weibull distribution (Ormsby et al.,
2012):

Ps ¼ exp � Nf

Na

� �b
" #

ð9Þ
2.6. Morphological analysis

The microstructural morphology of the failure surface of the
fatigue samples was investigated with scanning electron
microscopy (SEM). Representative samples from each cement
group were mounted on aluminum stubs covered with carbon
tape and then sputter coated with gold for 30 s at 45mA (Desk
II, Denton Vacuum, Moorestown, NJ, USA). Images were then
obtained with a LEO DSM 1530 field emission SEM (Zeiss-LEO,
Oberkochen, Germany) using an acceleration voltage of 5 kV
and a working distance of 6–8 mm.
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2.7. Water absorption

Disc shaped specimens were prepared (thickness¼2.13 mm,
diameter¼15 mm) using the same method as described in
Section 2.3. Once removed from the mold, samples were
conditioned in a desiccator until a constant weight was
achieved (the initial weight, mo). Four samples from each
group were then submerged in 40 mL of distilled water and
placed in an incubator shaker at 37 1C. After 21 days, samples
were removed, weighed (the wet weight, mw), and placed in a
50 1C drying oven for 24 h. To ensure complete dryness,
samples were placed back into a desiccator until a constant
weight was achieved (the final weight, mf). The hydration
degree, HA, and elution in water, Ew, were calculated using
Eqs. (10) and (11), respectively (Hernandez et al., 2008):

Ha ¼
mw�mf

mo

� �
� 100 ð10Þ

Ew ¼ mo�mf

mo

� �
� 100 ð11Þ
2.8. Statistical analysis

All statistical analysis was conducted with a commercially
available package (Minitab Inc, State College, PA, USA) and
the significance level was set at 0.05 for all observations. Data
obtained from static flexural, compression and fracture
toughness testing were checked for normality using the
Kolmogorov–Smirnov method and the variance of homoge-
neity was confirmed using the equality of variances test. Data
collected from static mechanical testing, the log transform of
the Nf data, the initial secant modulus, stiffness reduction
and hydration/elution degree were all analyzed using one-
way ANOVAs with Tukey's HSD test for post-hoc compar-
isons. Where appropriate, data are presented as mean7
standard deviation.
3. Results

3.1. MSN particle characterization

Nitrogen adsorption testing revealed that the MSN particles
had a BET surface area of 719 m2/g, an average pore diameter
of 4.5 nm and a total pore volume of 0.822 cm3/g.
Table 2 – Results (mean7SD) obtained from static mechanical t
Compressive strength, Ec—Compressive modulus, KIc—Plain str

Cement sf (MPa) Ef (MPa) sc (MPa)

Palacos RþG 56.370.7 2213754 85.972.1
0.5% MSN 56.371.3 2475751b 88.572.4
2% MSN 50.770.6b 2398742b 85.772.3
5% MSN 47.071.4b 2564748b 89.572.6a

a po0.05, relative to standard Palacos RþG.
b po0.001, relative to standard Palacos RþG.
3.2. Static mechanical testing

ISO 5833 establishes static mechanical property benchmarks
for bone cement of 50 MPa, 1800 MPa and 70 MPa for flexural
strength, flexural modulus and compressive strength, respec-
tively. Results from static testing (Table 2) demonstrated that
all cement compositions met or exceeded these require-
ments, with the only exception being the flexural strength
of 5% MSN. This is despite the fact that all samples were
cured in PBS for 21 days prior to testing, which has a
plasticizing effect on the cement. Reductions in flexural
strength (�10–17%), plain strain fracture toughness (�26–
58%) and work of fracture (�39–74%) relative to standard
Palacos RþG were observed for cement's containing MSNs. In
contrast, modest improvements in flexural modulus (�8–
16%), compressive modulus (�3–9%) and compressive
strength (�3–4%) were found for cements augmented with
MSNs. It should be noted however that the improvements
seen in both the compressive strength and modulus were
only significant for cements containing 5% MSN.
3.3. Fatigue testing

The addition of 2% and 5% MSNs significantly reduced the
mean number of cycles to failure while the addition of 0.5%
MSNs had no significant effect, relative to standard Palacos
RþG (Fig. 2). The use of the three-parameter Weibull model
allowed for further analysis of the Nf results, including the
calculation of the Weibull modulus, minimum fatigue life,
characteristic fatigue life and Weibull mean fatigue life
(Table 3). The Weibull modulus, b, was greater than 1 for all
samples indicating that specimens were in a ‘wearing out'
process and had a failure rate that was increasing with time
(Marrs et al., 2006). The minimum fatigue life, which repre-
sents that point at which all samples will survive, was highest
for samples containing 0.5% MSNs yet decreased greatly for 2%
and 5% cement samples. Reductions in both the characteristic
fatigue life and Weibull mean fatigue life were found to
increase substantially with increasing MSN content.

Probability of survival curves were generated (Fig. 3) to
allow for a visual representation of the calculated Weibull
parameters. In these curves, the shape is primarily defined by
the Weibull modulus while the location is determined by the
characteristic fatigue life (Marrs et al., 2006). As can be seen in
Fig. 3, the relative shapes of the curves are approximately the
same however, with increasing MSN content the curve tends
to shift to the left indicating a reduction in fatigue life.
esting. rf—Flexural strength, Ef—Flexural modulus, rc—
ain fracture toughness and WoF—work of fracture.

Ec (MPa) KIc (MPa n √m) WoF (kJ/m2)

1732770 2.0370.08 0.8970.09
1776759 1.5070.16b 0.5470.04b

1788752 1.1270.10b 0.3570.02b

1883751b 0.8670.13b 0.2370.02b
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The initial secant modulus increased with MSN concen-
tration, as expected (Table 4), indicating an increased stiff-
ness in the samples. Relative to standard Palacos RþG, the
incorporation of 2% and 5% MSNs significantly increased
the initial secant modulus. For all cement compositions, the
modulus degradation prior to specimen failure was consider-
ably high (14–29%) and was found to significantly decrease
with increasing MSN concentration (Fig. 4). This progressive
reduction in modulus can be attributed to the accumulated
damage and viscoelastic creep incurred by the material
(Pinter et al., 2006). The rate of modulus degradation was
highest for the control group and decreased with increasing
MSN concentration. Interestingly, the 0.5% and 2% samples
had relatively little differences in their degradation curves.
For 5% MSN samples the degradation curve was substantially
different. This could suggest that the degradation behavior
was governed by the silica particles rather than the polymer
matrix (Kane et al., 2008). Similarly to modulus degradation,
the permanent deformation of samples significantly incr-
eased with higher MSN content (Table 4). Additionally, a
Table 3 – Summary of the calculated Weibull parameters dete
Number of samples tested, b—Weibull modulus, No—Minimum
Weibull mean fatigue life.

Cement

N b

Palacos RþG 11 1.503
0.5% MSN 12 1.449
2% MSN 11 1.098
5% MSN 11 1.331

a No, Na and NWM are given in cycles.

Fig. 2 – The mean7SD of the number of cycles to failure as a
function of mesoporous silica content. An *indicates a
statistically significant difference from standard Palacos RþG
(po0.05). Error bars represent the calculated standard
deviation.
significant linear relationship (adjusted R2 0.901) was found
between the modulus degradation and permanent deforma-
tion. Analysis of the SEM micrographs revealed that the
fracture surface of the samples tended to smooth out with
increasing MSN content, which is indicative of a brittle failure
mode (Fig. 5). In contrast to work performed on fiber-
reinforced cements (Kane et al., 2010), the tortuosity of the
fracture surfaces decreased with increasing MSN
concentration.
3.4. Water absorption testing

The hydration degree of the cement compositions increased
with increasing MSN content, with a significant increase
observed for samples with 5% MSN (Table 5). This can
potentially be attributed to the development of a highly
connected porous network within the cement, resulting from
the large pore volume and porous framework of the meso-
porous silica. Similarly the elution percentage, which is a
measure of the soluble material lost (i.e. antibiotics),
increased with MSN content and a significant effect was
found for 5% MSN. It is important to note that the antibiotic
mass fraction decreased with increasing MSN content, since
rmined using the three parameter Weibull equation. N—

fatigue life, Na—Characteristic fatigue life and NWM—

Weibull parametersa

No Na NWM

3382 32,553 29,710
6470 17,965 16,894
944 5,805 5,641
176 1,714 1,590

Fig. 3 – Probability of survival vs. number of cycles to failure
for each cement group. Each curve was generated using
Eq. (9) along with the calculated Weibull parameters.



Table 4 – Results (mean7SD) obtained from flexural fatigue testing. It is important to emphasize relative comparisons
among data, not absolute magnitudes, since these measures were determined using the testing frame's actuator
displacement.

Cement Initial secant modulus (GPa) Modulus degradation (%) Permanent deformation (mm)

Palacos RþG 2.3070.05 29.0872.63 1.3570.21
0.5% MSN 2.3970.10 25.3171.88a 1.0970.12a

2% MSN 2.4170.08a 19.1373.20b 0.8270.15b

5% MSN 2.5670.09a 13.9072.95b 0.5470.14b

a po0.05, Relative to standard Palacos RþG.
b po0.001, Relative to standard Palacos RþG.

Fig. 4 – The modulus degradation (i.e. stiffness reduction) in
each cement composition as a function of the normalized
fatigue life (the number of cycles at a given instance divided
by the total fatigue life). A significant difference in the peak
degradation value was observed among all groups
containing MSNs, relative to standard Palacos.
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the total quantity of antibiotic was fixed regardless the
concentration of MSN used. Despite this, samples containing
MSNs still managed to release greater quantities of soluble
material.
4. Discussion

Factors that influence the mechanical properties of particle
reinforced polymers include the particle size/shape, particle–
matrix adhesion and particle loading ratio (Fu et al., 2008). To
simplify data interpretation, only one of these factors (MSN
loading ratio) was manipulated in this work. To the authors'
knowledge, this is the first study to examine the influence of
mesoporous silica on mechanical properties such as fracture
toughness and fatigue life of acrylic bone cement. Shen et al.
(2011) investigated the use gentamicin-loaded MSNs in bone
cement however their primary aim was for the silica to serve
as a drug delivery mechanism, not mechanical reinforce-
ment. Although their study demonstrated high drug delivery
efficiency using MSNs, the sample preparation employed in
their study was laborious and may be difficult to implement
clinically. The intention of the current study was to incorpo-
rate non-functionalized mesoporous silica nanoparticles
using an easy to implement method and to characterize
multiple clinically-pertinent material properties.

The incorporation of mesoporous silica nanoparticles
significantly enhanced the flexural and compressive moduli
of the cements, as expected. Typically, the modulus of a
composite is greatly enhanced with the addition of nanopar-
ticles since they are usually much stiffer than the polymer
matrix (Fu et al., 2008). Conversely, the flexural strength and
fracture toughness of the cements were severely degraded
with increasing MSN concentration. Unlike the modulus,
these properties are directly influenced by the particle/matrix
interfacial adhesion and this adhesion determines the load
transfer between the two. Non-adherence between the nano-
particle and the matrix can form a discontinuity which
results in the reinforcement material being unable to effec-
tively carry load. As observed in this study, this leads to a
decrease in the material's strength with increasing particle
concentration. Young's modulus is not influenced by the
particle/matrix adhesion since it is typically determined at
loads/displacements where particle debonding has not yet
occurred (Fu et al., 2008). Therefore, the results obtained from
static mechanical testing indicate that a poor adhesion
between the MSNs and PMMA matrix was obtained, despite
the large surface area of the nanoparticles (719 m2/g).

Results from the flexural fatigue testing show that the
addition of MSNs to acrylic bone cement severely degrades
the plain cement's fatigue properties. The Weibull mean
fatigue life, suggested as the best metric of fatigue perfor-
mance (Lewis and Li, 2010), and the characteristic fatigue life
both dramatically decreased with increasing MSN content.
All loading levels of mesoporous silica were ineffective at
improving fatigue performance, likely attributable to crack
initiation at the particle/matrix interface (Kane et al., 2010)
which is similar to that observed for static mechanical
testing. The initial secant modulus of the cement signifi-
cantly increased with higher MSN loadings and the modulus
degradation curves revealed that standard Palacos was able
to withstand increased damage prior to failure relative to
cements modified with MSNs. This is indicative of increased
brittleness of the samples containing mesoporous silica.

Many different techniques have been reported on meth-
ods used to incorporate nanoparticles into a polymer matrix.
For bone cements specifically these include dry blending,



Table 5 – Results (mean7SD) obtained from water
absorption testing.

Cement Hydration degree (%) Elution (%)

Palacos RþG 2.6970.06 0.4070.06
0.5% MSN 2.7570.04 0.4170.04
2% MSN 2.7770.13 0.5070.05
5% MSN 3.0470.10b 0.5470.05a

a po0.05, Relative to standard Palacos RþG.
b po0.001, Relative to standard Palacos RþG.

Fig. 5 – Representative scanning electron micrographs at 500x showing the failure surface of the fatigue specimens (a) Palacos
RþG, (b) 0.5% MSN, (c) 2% MSN and (d) 5% MSN.
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magnetic stirring, ultrasonication (Khaled et al., 2011; Ormsby
et al., 2010a, 2012) high-shear mixing (Marrs et al., 2006) and
hand mixing (Misra et al., 2011), among others. Additionally,
the use of solvents to aid in the dispersion of nanoparticles is
a commonly used and effective technique (Jana and Jain,
2001), however, their use in bone cement is limited since
removal of the solvent prior to implantation would be
difficult. This study utilized a direct ultrasonication techni-
que in an effort to disrupt the weak bonds formed between
agglomerated mesoporous silica nanoparticles. Despite this
attempt, it is possible that complete disruption of the MSN
agglomerates was not achieved, leading to the formation
of stress initiation sites. This could potentially explain the
observed reduction in the mechanical properties; it is known
that at these points cracks can initiate within the cement, as
has been reported for agglomerates of barium sulfate parti-
cles (Shearwood-Porter et al., 2012) and carbon nanotubes
(Ormsby et al., 2010b) in bone cement.

Flexural fatigue rather than the widely used fully reversed
uniaxial tension-compression method (Kane et al., 2010) was
employed for fatigue testing since it best represents the
stress distribution seen in vivo (Kuehn et al., 2005). Although
the stress level used in the current study was higher than the
in vivo cement mantle stress (Lennon and Prendergast, 2001),
the fatigue methodology was used as a screening tool to
evaluate the performance of MSN-modified cements and
due to machine time constraints, it was deemed appropriate
to utilize a higher stress level to accelerate specimen
failure. The obtained Nf results are in accordance with those
published by Kuehn et al. (2005) who also used a stress of
40 MPa while performing flexural fatigue testing of Palacos
bone cement. Analysis of fatigue data was conducted using
the three-parameter Weibull relation, however, many other
analysis techniques exist (Lewis, 2003). This method was
used since it provides additional insight into a material's
fatigue performance, such as the calculation of the Weibull
modulus (a measure of variation) and mean fatigue life,
which other methods do not characterize. Additionally, the
three-parameter Weibull relation offers an advantage over
the commonly used two-parameter approach (Kane et al.,
2010; Lewis and Sadhasivini, 2004) since it does not assume a
zero baseline and requires the calculation of the minimum
fatigue life (No) (Marrs et al., 2006).

Water absorption capacity is an important material prop-
erty that can influence the behavior of bone cement. For
example, the uptake of water can influence the cement's
mechanical properties since fluid acts as a plasticizer within
the polymer matrix. Additionally, uptake of water can lead
to the dissolution and release of water-soluble materials
trapped within the cement, such as antibiotics (Hernandez
et al., 2008). The hydration degree and elution percentage of
the cements tested in this study were found to be influenced
by MSN concentration, with significant increases observed for
5% MSN samples. A possible mechanism for this increased
hydration is that the porous nature of the mesoporous silica
particles created an interconnected pore network which
allowed for greater water uptake. It can be assumed that
the mass loss of the samples over time is attributable to
antibiotic dissolution, not residual monomer or radiopacifier
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loss, since the samples were given ample time to dry/cure
prior to the start of testing and zirconium dioxide is insoluble
in water. It should be noted that the method used only
describes the bulk antibiotic lost and provides no information
regarding the elution profile or drug release mechanisms,
which are important clinical parameters.

Mesoporous silica exhibits excellent thermal properties,
which has attracted the attention of much research (Nikkam
et al., 2011; Suzuki et al., 2011). Their inclusion into acrylic
bone cement could potentially reduce the peak polymeriza-
tion temperature of the cement while curing in vivo, although
this was not examined in this study. Work conducted with
multi-walled carbon nanotubes, which also have excellent
thermal properties, demonstrated a significant reduction in
polymerization temperature of acrylic cement with a rela-
tively small loading (0.1% (wt/wt)) of nanotubes (Ormsby
et al., 2010a). Additionally, this study did not quantify the
impact of MSN inclusion on the cement's handling charac-
teristics and rheology as it was deemed outside the scope of
the current project. These are important clinical features that
can affect a cement's practical applications. On a qualitative
level however, it was observed that the cements were
noticeably more difficult to mix and handle with the incor-
poration of 2% and 5% MSNs.

Several limitations of this study are noted. First, only a
single type of acrylic bone cement (Palacos RþG) was used,
however, other formulations with different viscosities and
chemical composition may elicit different results. This
cement was chosen because it is one of the most popular
commercially available cements in both the North American
and European markets (Spierings, 2007) and thus deemed
appropriate as a model cement. Second, slight adjustments to
the total amount of monomer were made to accommodate
the inclusion of the MSNs. This was done in order to assist
the sonication process and prevent the mixture from becom-
ing too viscous. The overall power/liquid ratio was constant
(2:1) but the variation in initiator/activator concentrations
could potentially influence the mechanical properties. This
variation was considerably small however. Third, the bio-
compatibility of the MSNs used in this study was not
assessed, although previous work conducted by Shen et al.
using similar mesoporous silica particles found no significant
cytotoxic effect of MSNs on mouse fibroblasts (Shen et al.,
2011). Similar results have also been conferred by Trewyn
et al. (2008). Fourth, the bulk porosity and pore distribution of
the cements was not measured, which are factors that can
influence the static and fatigue properties of bone cement. All
attempts were made to standardize sample preparation (the
same researcher fabricated all samples) in order to minimize
porosity induced during sample mixing and casting.

Future work should examine the potential of using surface
modified mesoporous silica, which could enhance the inter-
facial particle/matrix adhesion strength and aid in homoge-
neous particle dispersion (Wei et al., 2010). This could be
accomplished by chemically modifying the MSN's surface
with functional groups prior to incorporation with the liquid
monomer. Work conducted with surface modified multi-
walled carbon nanotubes found functionalization with
carboxyl and amine groups improved the cement's fatigue
properties relative to non-functionalized nanotubes (Ormsby
et al., 2012). The ultrasonication technique used to disperse
the MSNs in this study is known to be an effective technique
to disrupt particle agglomeration, however, in some instances
the applied acoustic energy can actually induce the formation
of agglomerates and/or aggregates (Taurozzi et al., 2011).
Therefore, the various mixing parameters such as sonication
power and sonication time should be studied in detail to
asses their influence on particle dispersion. Microhardness
testing should be incorporated in future work since it is a
technique that can quickly provide information regarding
inhomogeneities within a composite material (Cerrada et al.,
2001). Finally, a vacuum application stage could be intro-
duced after combining the mesoporous silica with the mono-
mer in an attempt to force the monomer to infiltrate the
pores of the MSN. This approach would create a strong
micromechanical bond between the particle/matrix since
polymerization would occur within the framework of the
particle itself (Samuel et al., 2009). It is likely that this
approach, while enhancing the mechanical properties, would
lead to a decrease in the hydration degree and elution since
the pores of the mesoporous silica would be occupied with
polymer, preventing the infiltration of fluid.
5. Conclusion

In this study, mesoporous silica nanoparticles were incorpo-
rated into a commercially available bone cement and the
resulting impact on the cement's static mechanical proper-
ties, fatigue life and absorption/elution characteristics were
quantified. The findings from this study indicate that the use
of MSNs in acrylic bone cement enhances several static
mechanical properties, the hydration degree and total elution
percentage while severely degrading the cement's fatigue and
fracture toughness properties. These results suggest that
mesoporous silica, as used in this study, is not an effective
reinforcement material for use in acrylic bone cement.
Further work is warranted to enhance the particle/matrix
adhesion strength through particle surface modifications
and/or micromechanical bonding between the particle and
matrix.
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