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a b s t r a c t
Soluble particulate ﬁllers can be incorporated into antibiotic-loaded acrylic bone cement in an effort to enhance
antibiotic elution. Xylitol is a material that shows potential for use as a ﬁller due to its high solubility and potential
to inhibit bioﬁlm formation. The objective of this work, therefore, was to investigate the usage of low concentrations of xylitol in a gentamicin-loaded cement. Five different cements were prepared with various xylitol loadings
(0, 1, 2.5, 5 or 10 g) per cement unit, and the resulting impact on the mechanical properties, cumulative antibiotic
release, bioﬁlm inhibition, and thermal characteristics were quantiﬁed. Xylitol signiﬁcantly increased cement
porosity and a sustained increase in gentamicin elution was observed in all samples containing xylitol with a
maximum cumulative release of 41.3%. Xylitol had no signiﬁcant inhibitory effect on bioﬁlm formation. All
measured mechanical properties tended to decrease with increasing xylitol concentration; however, these effects
were not always signiﬁcant. Polymerization characteristics were consistent among all groups with no signiﬁcant
differences found. The results from this study indicate that xylitol-modiﬁed bone cement may not be appropriate
for implant ﬁxation but could be used in instances where sustained, increased antibiotic elution is warranted,
such as in cement spacers or beads.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Prosthetic joint infection is one of the most devastating complications that can occur following total joint replacement with a prevalence
rate of approximately 2.2% for both hip and knee implants [1]. Often
times, these infections are attributable to bacterial colonization through
bioﬁlm formation on the implant’s surface, which makes treatment
with traditional systemic antibiotics exceedingly difﬁcult [2]. As a prophylactic measure against infection, antibiotics are often incorporated
into bone cement in order to provide local drug administration at the
implant site and avoid systemic toxicity concerns. Despite some positive
outcomes with this technique [3], the relative hydrophobic nature of
bone cement limits the amount of antibiotic that can be released
and typically only ~ 10% of the total incorporated drug is eluted from
the cement [4]. Moreover, the antibiotic release proﬁle normally
observed is characterized by a high initial burst release followed by a
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low, non-therapeutically effective phase [5] wherein bioﬁlm formation
may still persist.
In an effort to enhance antibiotic elution, inert soluble poragens can
be added to bone cement. As the poragen dissolves in vivo, an interconnected porous network is left behind which increases ﬂuid inﬁltration
into the cement, theoretically leading to increased, prolonged antibiotic
diffusion [4,6]. A wide variety of materials have been studied including
soluble sugars [7–11], chitosan [12,13], tricalcium phosphate [14], and
glycine [15]. These materials are typically employed in high poragen/
cement loading ratios (e.g. 22 g xylitol per 40 g cement [16]) which
have a signiﬁcant adverse impact on the cement’s mechanical properties rendering them unsuitable for prosthesis ﬁxation in primary
arthroplasty. Therefore, there is a necessity to investigate alternative cement formulations that utilize lower poragen concentrations in hopes
of achieving high antibiotic release levels without inducing deleterious
effects on the cement’s mechanical properties.
Xylitol is a material that shows high potential as a ﬁller within bone
cement. It is a highly water-soluble crystalline powder that is nonimmunogenic, inexpensive and widely available. Xylitol has demonstrated in animal models to affect bone metabolism and lead to increased
bone density [17] and improved structural/mechanical properties [18].
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More importantly, it has been shown to have an inhibitory effect on
bacterial adhesion against both Staphylococcus aureus [19,20] and
Pseudomonas aeruginosa [21], two bacterial strains that are commonly
isolated in cases of prosthetic joint infection. The action of xylitol does
not prevent bacterial growth rather it can stop planktonic bacteria
from adhering to a surface, which is the ﬁrst step in bioﬁlm formation
[22]. Despite these potential beneﬁts, the bioﬁlm inhibition properties
of a bone cement modiﬁed with xylitol have not been studied.
In order to extend the use of a xylitol-modiﬁed bone cement for load
bearing applications, such as in primary arthroplasties or in articulating
cement spacers used in revision procedures, a thorough understanding
of the resulting impact on the cement’s properties is needed. Therefore,
the purpose of this study was to quantify the static mechanical properties, cumulative antibiotic release, bioﬁlm inhibition properties and
thermal characteristics of a commercially available antibiotic-loaded
bone cement modiﬁed with various concentrations of xylitol.
2. Materials and methods
2.1. Bone cement preparation
Palacos R+G bone cement (Heraeus Medical GmbH, Wehrheim,
Germany) was used as received for all testing. Each Palacos unit
contained a 40.8 g powder sachet (with 0.5 g gentamicin pre-mixed)
and a 20 mL methyl methacrylate monomer ampoule. Five experimental conditions were examined: standard Palacos R+G and the addition
of 1, 2.5, 5 or 10 g of xylitol to a single cement unit. Prior to use, xylitol
(≥99%, Sigma-Aldrich, St. Louis, MO) was crushed with a ceramic mortar and pestle and sieved to a particle size of 95–125 μm. The xylitol was
combined with the powder component of the cement using a tumbler
mixer operating at 2 Hz for approximately 2 min. The powder component of the control samples (plain Palacos R+G) was also mixed in
the same manner to ensure consistency across all groups. Cement
mixing was then performed by hand at atmospheric conditions according to the manufacturer’s instructions. Once the dough phase of the cement was reached, the cement was transferred into custom aluminum
molds and cured for 1 h. Following removal from the molds, samples
to be used for mechanical testing were wet ground with 400 grit silicon
carbide paper and cured using either a dry or wet method. In the former,
samples were placed in atmospheric conditions for 24 ± 2 h prior to
testing. For the wet method, samples were submerged in 15 mL of
phosphate buffered saline (PBS) and placed in an incubator operating
at 37 °C for 21 days. Samples used for gentamicin elution and bioﬁlm inhibition testing were cured using the dry method only. It is important to
note that xylitol is highly soluble in water [6] (0.66 g/mL) yet relatively
insoluble in methyl methacrylate.
2.2. Mechanical testing
Mechanical testing was performed in air at ambient conditions using
an electromechanical materials testing frame (Criterion C43.104, MTS
Systems, Eden Prairie, MN) with force and displacement data recorded
at 100 Hz. Static compression and four-point ﬂexural testing were conducted in accordance with ISO 5833 [23], with the only modiﬁcation
being the addition of the wet curing process. These wet samples were
kept hydrated at 37 °C until immediately prior to testing to mitigate
the effect of sample drying and temperature change. A minimum of 7
and 10 samples were used for ﬂexural (75 × 10 × 3.4 mm) and
compressive (12 × 6 mm) testing, respectively. The ultimate compressive strength was calculated using the 2% offset method, as described
in ISO 5833, and the compressive modulus was taken as the slope of
the linear portion of the stress–strain curve. The ﬂexural strength, σF,
was calculated from
σF ¼

3Fa
bh2

ð1Þ
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where F is the applied load at failure, a is the distance between inner and
outer supports (20 mm), b is the sample width and h is the sample
thickness. The ﬂexural modulus, E, was calculated using [24]:


a 3Lx−3x2 −a2 ΔF
E¼
Δd
12I

ð2Þ

where L is the distance between outer supports (60 mm), x is the
position at which deﬂection is measured, I is the area moment of inertia
and ΔF/Δd is the slope of the linear portion of the force–displacement
curve. In this study, displacement was measured at the position of
load application; therefore, x = a.
Fracture toughness testing was conducted on a minimum of ﬁve wet
cured samples (44 × 10 × 3 mm) using the single-edge notched beam
method at a loading rate of 10 mm/min. A slow-speed diamond blade
band saw operating under water irrigation was used to create a notch
in each sample that was then sharpened with a fresh razor blade. The
ﬁnal crack length was between 0.45 and 0.55 of the sample thickness,
as measured using a stereomicroscope. The mode I plain strain fracture
toughness, KIc, was calculated from [25]:
K Ic ¼

3PL
f ðxÞ
2bw3=2

ð3Þ

where P is the maximum applied load, L is the lower span length
(40 mm), b is the sample thickness and w is the sample width. The
function f(x) is a calibration factor that is dependent on the sample’s
crack length, a, and width:
f ðxÞ ¼ 1:93

 a 1=2

−3:07

w 
a 9=2
þ 25:8
w

 a 3=2
w

 a 5=2
 a 7=2
þ 14:53
−25:11
w
w
ð4Þ

The microstructural morphology of the failure surface of wet cured
four-point bending 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 45 mA. 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.
2.3. Porosity and gentamicin release
The porosity percentage of the cements were determined using
Archimedes’ principle [26]. Cylindrical samples (6 × 4 mm) were submerged in 10 mL of deionized water and the mass of the samples was
monitored until there was no further change. Upon full hydration, the
wet mass and submerged mass of the samples were determined with
a density determination kit (A&D Weighing, Adelaide, Australia) and
the porosity was calculated. All testing was performed in triplicate.
Five cylindrical samples (6 × 4 mm) from each experimental group
were submerged in 5 mL of sterile PBS and placed in an incubator shaker
operating at 37 °C and 60 rpm. At predetermined time intervals (1, 2, 4,
8, 10, 15, 25 and 45 days), 3 mL of the PBS was aspirated off and the
sample was placed into fresh PBS. The aspirated ﬂuid was then stored
in cryotubes at −20 °C until time of analysis. The amount of gentamicin
present in the collected PBS was determined through an indirect spectrophotometric method [27]. Brieﬂy, a derivatizing solution was made
by adding 2.5 g of o-phthaldialdehyde, 62.5 mL methanol and 3 mL 2mercaptoethanol to 560 mL of a 0.04 M sodium borate solution. Equal
portions of the collected PBS solution, o-phthaldialdehyde reagent and
isopropanol (to prevent precipitates) were combined with a vortex
mixer and allowed to react for 30 min at room temperature. The absorbance was then measured at 332 nm using a spectrophotometer (Varian
Cary 300 UV-Vis, Agilent Technologies, Santa Clara, CA). A linear

170

J.A. Slane et al. / Materials Science and Engineering C 42 (2014) 168–176

calibration curve was constructed using 18 standard gentamicin
solutions at six different concentration levels, ranging from 5 to
100 μg/mL. The relationship between time and cumulative gentamicin
release was described using four kinetic models: Korsmeyer–Peppas
[28], Lindner–Lippold [29], Noyes–Whitney [30], and the coupled
mechanism [7]. The parameters of these models were estimated using
an unconstrained nonlinear minimization of the sum of squared
residuals (MATLAB 7.12, The MathWorks Inc., Natick, MA).

variance (ANOVA) with Tukey’s HSD post-hoc analysis. Regression
analyses were performed on collected mechanical testing data and
lack-of-ﬁt tests were used to verify linearity. A repeated measures
ANOVA was performed to compare cumulative gentamicin release data.

2.4. Bioﬁlm inhibition

For the dry conditioning method, all samples exceeded the minimum
requirements established in ISO 5833 for ﬂexural modulus, ﬂexural
strength and yield strength (Figs. 1 and 2). Flexural modulus was
found to increase linearly with increasing xylitol concentration and the
addition of 10 g of xylitol increased the ﬂexural modulus 25% relative
to standard Palacos R+G. Conversely, ﬂexural strength was found to
decrease linearly with increased xylitol loading with a 21% decrease
observed with the addition of 10 g xylitol. No relationship was observed
between xylitol concentration and compressive modulus or yield
strength.
Samples submerged in PBS for 3 weeks were observed to exhibit a
substantially different behavior than dry samples. For example, the ﬂexural strength of standard Palacos decreased by 23% post-submersion
relative to dry Palacos. This decrease in ﬂexural properties for wet samples can be attributed to the plasticizing effect of PBS and the porosity
induced from the dissolution of gentamicin and xylitol. Both the ﬂexural
compressive properties decreased signiﬁcantly with increasing xylitol
concentration and demonstrated a power law relationship. For ﬂexural
properties, several of the experimental groups tested fell considerably
below the requirements established in ISO 5833 (Fig. 1); however, the
yield strength for all wet samples except those with 10 g xylitol was

Six experimental groups were examined: Palacos R (no gentamicin,
negative control), Palacos R+G (positive control) and each with the addition of 1 g or 10 g xylitol. Cylindrical samples (12.6 × 4.2 mm) were
sterilized with ethylene oxide and then submerged in 10 mL of tryptic
soy broth (TSB; Becton Dickenson, Franklin Lakes, NJ) inoculated with
methicillin-resistant Staphylococcus aureus (n315 strain [31]) at a
bacterial concentration of 1 × 106 CFU/mL. Samples were placed in an
incubator shaker at 37 °C and the bioﬁlm growth was evaluated after
1 or 7 days (TSB was refreshed every 2 days for the 7 day trial). At the
end of each respective time point, samples were thoroughly washed
with deionized H2O to remove planktonic bacteria and then sonicated
and vortexed in 3 mL of deionized H2O to remove the bioﬁlm. The
bacterial suspension was then serially diluted and plated onto tryptic
soy agar plates. Following an overnight incubation period, the number
of colony forming units (CFU) was counted and expressed relative to
the sample’s surface area (CFU/cm2). All testing was performed in
triplicate for each time point.
2.5. Thermal characteristics

3. Results
3.1. Mechanical testing

The polymerization characteristics of Palacos R+G with and without
the addition xylitol were assessed using a thermocouple and customfabricated mold. The mold conformed to the dimensions given in
ISO 5833 and was constructed from polypropylene, which mimics
the thermal diffusivity of bone [32]. A copper-constantan T-type
thermocouple was placed in the center of the mold and interfaced
with a computer through a four-channel thermocouple input module
(NI 9211, National Instruments, Austin, TX). Once the dough phase of
the cement was reached it was inserted within the mold and a top
plunger was secured, producing a cement mantle approximately
6 mm thick. Temperatures were recorded at 2 Hz until cements reached
their peak temperature and began to noticeably decrease. The
procedure was performed twice for each experimental group, as recommended in ISO 5833. The peak exotherm temperature and setting time
(when temperature is Tmax + Tamb/2) were determined.
The glass transition temperature, Tg, of the cements was determined
using a differential scanning calorimeter (Q100, TA Instruments, New
Castle, DE). Samples between 5 and 7 mg were sealed in aluminum
pans and subjected to heating/cooling/heating cycles between 10 and
160 °C at 20 °C/min under nitrogen purge. The Tg was determined
from the second heating cycle using the method described in ASTM
D3418 [33] and all testing was performed in triplicate.
2.6. Statistical analysis
All statistical analysis was performed using Minitab 15 (Minitab Inc.,
State College, PA). A signiﬁcance level of 5% was used for all tests. Results from ﬂexural and compression testing were found to exhibit
non-normal distributions using the Kolmogorov–Smirnov method and
therefore nonparametric statistical analyses were employed. Kruskal–
Wallis tests were used to determine the inﬂuence of environmental
condition and xylitol loading on the measured mechanical properties.
Post-hoc analysis was conducted using the Mann–Whitney U-test
with Bonferroni correction. Fracture toughness, thermal properties
and bioﬁlm inhibition data were analyzed using a one-way analysis of

Fig. 1. Results from four-point ﬂexural testing (mean ± SD). The dashed horizontal
lines represent ISO 5833 requirements (1800 and 50 MPa). An * indicates a signiﬁcant
(p b 0.05) difference from Palacos R+G for each environmental condition.
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Fig. 4. The mode I plane strain fracture toughness (mean ± SD) obtained using the singleedge notched beam method. An * indicates a signiﬁcant (p b 0.05) difference from Palacos
R+G. Fracture toughness testing was only performed on wet cured samples.

Fracture toughness was found to decrease in a linear fashion with increasing xylitol content (Fig. 4). A signiﬁcant (p b 0.05) reduction relative to standard Palacos R+G was found in samples containing 2.5, 5
and 10 g of xylitol. Palacos R+G was found to exhibit a mode I plane
strain fracture toughness of 2.18 ± 0.07 MPa · √m, which corresponds
closely to the value reported by Lewis of 2.14 ± 0.05 MPa · √m using a
similar method with Palacos R cement [34]. In contrast, the addition of
10 g xylitol lowered the KIc of Palacos R+G by ~36%.
3.2. Porosity and gentamicin release
Fig. 2. Results from compressive testing (mean ± SD). The dashed horizontal line represent ISO 5833 requirement (70 MPa). An * indicates a signiﬁcant (p b 0.05) difference
from Palacos R+G for each environmental condition.

higher than the ISO standard of 70 MPa. Analysis of the SEM micrographs (Fig. 3) revealed that the fracture surface of the four-point
ﬂexural samples tended to substantially increase in roughness and
tortuosity with higher xylitol content.

The addition of xylitol signiﬁcantly (p b 0.001) increased the porosity of the cements (Table 1). A strong positive linear correlation was
found between xylitol content and porosity (R2 = 0.997). Relative to
standard Palacos R+G, the addition of 10 g xylitol increased the porosity
by 317%. The low level of porosity in Palacos R+G can be attributed
to the dissolution of gentamicin and the formation of pores that are
inherent to the bone cement preparation process.
The addition of xylitol was found to have a signiﬁcant (p b 0.05) effect on the cumulative gentamicin release over a 45 day period (Fig. 5).

Fig. 3. Representative scanning electron micrographs at 500× showing the failure surface of the wet-cured four-point ﬂexural specimens (a) Palacos R+G, plus the addition of (b) 1 g
xylitol, (c) 2.5 g xylitol, (d) 5 g xylitol, and (e) 10 g xylitol.
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Table 1
Measured porosity (mean ± SD) as a function of xylitol
concentration.
Cement

Porosity (%)

Palacos R+G
1 g xylitol
2.5 g xylitol
5 g xylitol
10 g xylitol

2.40
3.25
4.69
6.27
9.99

±
±
±
±
±

0.27
0.35a
0.26b
0.21b
0.08b

a

p b 0.05, bp b 0.001, relative to Palacos R+G.

Standard Palacos R+G was found to release 9.1% of the incorporated
gentamicin, which agrees with the general consensus that approximately 10% of the incorporated drug is liberated over a 6–8 week period
[4]. This result is also consistent with that reported by van de Belt et al.
[35] who observed an 8.4% gentamicin release from Palacos after
1 week. With the addition of 10 g xylitol, total gentamicin release was
41.3%. Interestingly, there was seemingly minimal difference between
samples containing 2.5 or 5 g of xylitol and they each released a total
of 33.4% and 34%, respectively. Even with the addition of 1 g of xylitol
there was a signiﬁcant increase in gentamicin release relative to
standard Palacos R+G (28.6% compared to 9.1%).
A large gentamicin burst effect was observed, as expected, for all
samples immediately after being submerged in ﬂuid. This is advantageous since a high initial antibiotic concentration can minimize the
risk of infection in the immediate post-operative period [7]. The release
proﬁle for standard Palacos R+G leveled off after day 8 of the elution
assay. In contrast, all of the other cement variations tested continually
released gentamicin over the 45 day period. The collected gentamicin
elution data were found to be well described by the four kinetic release
models (Table 2); however, the release component, n, was often less
than 0.45 which suggests that the drug release proﬁle is complex and
cannot be fully characterized with a power law alone [36]. Therefore,
the coupled mechanism model was determined to result in the best ﬁt
to the experimental data. Additionally, while the Lindner–Lippold
model resulted in an acceptable coefﬁcient of determination and sum
of squared errors, the negative values obtained for the burst effect
contribution make physical interpretation difﬁcult. With the coupled
mechanism model it was found that increasing xylitol concentration
increased the burst effect contribution in a near linear fashion. For cements containing the addition of 1 and 2.5 g of xylitol, estimates for

Fig. 5. Cumulative gentamicin release over a 45 day period (mean ± SD). The solid lines
represent the couple mechanism kinetic model.

the parameters of the coupled mechanism model suggest the diffusion
process contribution prevailed over the dissolution process. Finally,
the overall shapes of the elution curves are consistent among all
samples containing xylitol. This suggests that xylitol does not alter the
manner in which gentamicin is released from the cement, only that it allows a greater release to occur by creating a porous network through
which ﬂuid can penetrate and dissolve the gentamicin deep within
the cement (Fig. 6).
3.3. Bioﬁlm inhibition
For bioﬁlms evaluated after 1 day, the addition of 1 and 10 g xylitol to
Palacos and Palacos R+G bone cement did not reduce bacterial colonization of the sample’s surfaces (Fig. 7). For the non-antibiotic loaded cements there was a slight increase in the number of colony forming
units (CFU/cm2), although these results were not signiﬁcant (p N 0.05).
Interestingly, the addition of gentamicin had no signiﬁcant effect on
bioﬁlm inhibition after 1 day; however, these ﬁndings are in general consensus with those previously reported [12] and could be attributable to
the speciﬁc bacterial strain used. After 7 days in solution, Palacos
cement containing 1 and 10 g xylitol had a signiﬁcantly increased
CFU/cm2 relative to the plain cement. The addition of gentamicin significantly reduced the bacterial concentration relative to the plain cement,
and while the inclusion of xylitol tended to increase bacterial colonization, these results were not signiﬁcant.
3.4. Thermal characteristics
The addition of xylitol was found to have no signiﬁcant effect
(p N 0.05) on either the peak polymerization temperature or setting
time (Table 3). Peak exotherm temperatures during polymerization varied from 38.7 to 41.7 °C and setting times ranged from 12.3 to 12.6 min.
The Tg of the cements was consistent amongst all cements, except for
the addition of 2.5 g xylitol which signiﬁcantly (p b 0.05) lowered the
Tg. Representative thermograms obtained from the ﬁrst heating cycle
are shown in Fig. 8. The large endothermic peak, which increases with
increasing xylitol content, is caused by xylitol melting and occurs near
the Tg. This makes analysis of the ﬁrst heating cycle difﬁcult, and therefore, the Tg was calculated using the second heating cycle, a common
technique for bone cement [37,38].
4. Discussion
The elution of antibiotics from acrylic cement has been described by
four primary mechanisms: (1) diffusion through the solid PMMA
matrix, (2) diffusion through cracks/voids in the cement, (3) passive
surface release, and (4) a combination that is initially controlled by passive surface release and sustained elution depends on ﬂuid penetration
into the cement [4]. Regardless, due to the rather hydrophobic nature of
bone cement only 10% of the incorporated antibiotic is released. One
method to overcome this deﬁciency is by incorporating high concentrations of antibiotics into the cement [39] or to use a combination of
several antibiotics which work together in a synergistic manner [40].
While effective, this approach signiﬁcantly increases the cost associated
with orthopedic procedures. Soluble particulate ﬁllers are an attractive
alternative since they can greatly enhance antibiotic elution while
potentially mitigating antibiotic costs. As demonstrated in this study,
the elution proﬁle of gentamicin from Palacos bone cement shows a biphasic proﬁle consisting of an initial burst release followed by a gradual,
sustained elution. The magnitude of the sustained phase is highly
dependent upon the amount of xylitol incorporated into the cement
matrix and with the addition of 10 g xylitol a near four-fold increase
in antibiotic elution can be obtained relative to standard cement.
A wide range of particulate ﬁller–cement composites has been
investigated with varying degrees of success. For example, Frutos et al.
incorporated 10 and 20 wt.% lactose into CMW 1 bone cement and
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Table 2
The estimated parameters, coefﬁcient of determination (R2) and sum of squared errors (SSE) for the investigated kinetic models.
Model

Parameter

Palacos R+G

1 g xylitol

2.5 g xylitol

5 g xylitol

10 g xylitol

Korsmeyer–Peppas Mt = k · tn

k
n
R2
SSE
a
k
n
R2
SSE
a
k
n
R2
SSE
a
b
k
c
R2
SSE

5.948
0.132
0.977
1.619
−0.04
5.987
0.131
0.977
1.617
0.237
8.408
0.728
0.963
2.495
0.071
7.087
1.030
0.350
0.983
1.144

5.032
0.459
0.999
0.540
−0.170
5.518
0.454
0.999
0.507
2.457
27.132
0.059
0.980
12.76
0.175
2.642
0.224
3.852
0.999
0.230

5.377
0.479
0.999
0.226
0.089
5.312
0.481
0.999
0.217
3.065
32.906
0.049
0.978
18.622
0.279
1.816
−0.010
5.080
0.999
0.345

5.813
0.463
0.999
0.671
0.074
5.758
0.465
0.999
0.665
3.348
32.896
0.052
0.973
23.519
0.344
39.688
−0.001
5.416
0.999
1.003

8.641
0.420
0.993
8.533
−0.559
9.072
0.410
0.994
8.176
3.517
37.981
0.075
0.982
24.249
0.893
10.555
0.159
4.525
0.997
3.915

Lindner–Lippold Mt = a + k · tn

Noyes–Whitney Mt = a + k · (1 − e−nt)

Coupled mechanism Mt = a + b · (1 − e−kt) + c√t

Mt, cumulative drug release; t, time; k, constant; n, release component; a, burst effect component; b, dissolution process contribution at any t; c, diffusion process contribution at any t.

observed a 12.23% cumulative gentamicin release over an 8 week period
[7]. They noted signiﬁcant reductions in the ﬂexural, compressive
and fracture properties of the cement with increasing lactose concentration and also found similar porosity levels as measured in the
current stud. In a similar study Virto et al. incorporated lactose and
hydroxypropylmethylcellulose in weight ratios up to 20% into CMW 1
cement and found that lactose increased cumulative gentamicin release
to 12%, while hydroxypropylmethylcellulose had no beneﬁcial impact
[41]. Dunne et al. [12] and Tunney et al. [13] both investigated the use
of chitosan within Palacos R+G bone cement and found that it reduced
antibiotic release and the cement’s mechanical properties and had no
increased efﬁcacy in preventing bioﬁlm formation. A recent study conducted by Salehi et al. [11] aimed to determine the optimized amount
of xylitol to incorporate into acrylic bone cement. While their study reports valuable information there are several key differences in their
study relative to the current including xylitol particle size, cement
curing times, cement formulation, mixing technique and incorporated
antibiotic. These differences make it hard to compare to the current
study, since different antibiotics and cement varieties (e.g. medium or
high viscosity) behave differently in terms of mechanical properties
and antibiotic release proﬁles [42]. Additionally, Salehi et al. used a
bone cement/antibiotic combination that is not as clinically prevalent
as the one utilized in the current study nor did they characterize the bioﬁlm inhibition properties. Similar work performed by Nugent et al. [8]

investigated the effect of xylitol (1, 2, 4, 8 and 16 g) on the compressive
strength and antibiotic release of tobramycin-loaded Simplex bone cement. Their results generally agree with those found in the current
study that the use of xylitol signiﬁcantly enhances antibiotic elution
while decreasing the mechanical properties, but again, due to differences in cement and antibiotic type, a direct comparison to the results
in this study is difﬁcult.
Flexural and compression testing in this study was conducted following two protocols, one which adhered to the guidelines established
in ISO 5833 (dry samples) and a slightly modiﬁed version of the ISO
standard that better replicated in vivo conditions (wet samples). All
dry samples were found to surpass the requirements set in the standard,
regardless of xylitol concentration. For the addition of 10 g xylitol, the
ﬂexural modulus signiﬁcantly increased relative to standard Palacos
R+G. This is a common ﬁnding for polymer–particle composites since
the rigidity of the particles is typically substantially higher than the organic polymer matrix [43]. In contrast, all mechanical properties for wet
samples were found to progressively decrease with increasing xylitol
concentration and in some instances fell below the ISO requirements.
These results highlight the importance of testing conditions and data
interpretation used in bone cement testing. While the ISO standard is
useful for comparison between standard cements, it may not adequately characterize alternative formulations that contain soluble materials,
such as antibiotics and ﬁllers. It is therefore important to test these

Fig. 6. Scanning electron micrographs at 100× comparing the porosity of Palacos R+G (left) to +10 g xylitol (right). The porosity of cement containing xylitol was irregular in pattern and
not always spherical.
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Fig. 7. Average bacterial colonization (mean ± SD) on the surfaces of Palacos R (Pal, no gentamicin) and Palacos R+G (PalRG, contains gentamicin) containing various loadings of xylitol
(Xyl) after 1 and 7 days.

alternative formulations in wet conditions and to allow sufﬁcient time
for any soluble particulate material to dissolve.
An important aspect that must be considered is the technique used
to incorporate ﬁllers into bone cement. Micron sized particles, such as
those used in this study, have a tendency to agglomerate into clusters
with much larger overall dimensions than the individual particles.
This can subsequently result in the formation of large pores or agglomerates (if the ﬁller is not soluble or only partially dissolved) within the
cement, which could lead to the development of stress concentration
and fracture initiation sites. Therefore, it is important that the blending
technique adequately disperses the ﬁller within the cement matrix. In
this study, an attempt was made to use a standardized and rigorous
technique by means of a mechanical mixer that would result in a homogeneous blend. Despite this, a signiﬁcant decrease in all measured mechanical properties for samples soaked in ﬂuid was observed in this
study, possibly suggesting that the mixing technique was not adequate
to break the xylitol agglomerates that formed in the grinding process
resulting in the formation of large pores upon xylitol dissolution.
Previous studies have demonstrated the bioﬁlm inhibition properties of xylitol against Staphylococcus aureus [19,20] and Pseudomonas
aeruginosa [21]; however, in these studies xylitol was used as a solution,
not a particulate ﬁller. Nevertheless, we hypothesized that upon incorporation into acrylic bone cement, xylitol would reduce the bacterial
colonization of the cement’s surface. The results obtained in this study
clearly demonstrate the converse, that xylitol had no beneﬁcial effect
on bioﬁlm inhibition and even caused a signiﬁcant increase in bacterial
colonization in some instances. A potential explanation for this ﬁnding
is that the porosity generated upon xylitol dissolution provides an increase in surface area for bacterial colonization. Dunne et al. noted a
similar ﬁnding when using chitosan within bone cement [12]. Additionally, the dissolution rate and concentration of xylitol at the surface of
the cement may not be high enough to induce an inhibitory effect
with the loadings of xylitol used in this study. Lastly, we analyzed the

inhibitory properties of xylitol in an inoculum culture associated with
an established infection. The inoculum effect is a well-described phenomenon wherein antimicrobial compounds are less effective with
increasing organism [44,45]. Coupled with the noted high and sustained
release of gentamicin, xylitol may prevent bacterial and bioﬁlm
proliferation in lower inocula during the initial stage of infection.
It was found that the addition of xylitol had no inﬂuence on the
polymerization characteristics of the cement. In contrast, Puska et al.
[46] observed signiﬁcant changes in both the peak polymerization temperature and setting time of Palacos bone cement with the addition of
oligomer and glass ﬁber ﬁllers. These results could indicate that there
was no chemical interaction between the incorporated xylitol and the
monomer. It is important that the incorporation of ﬁllers into bone cement does not alter the polymerization characteristics, as a change in
these properties could be indicative of incomplete curing, which could
lead to an increase in residual monomer content [47]. Interestingly,
the addition of 2.5 g xylitol resulted in a signiﬁcant, albeit slight, reduction in the glass transition temperature of the cement. This was not
found for any of the other xylitol loading ratios. It is known that xylitol’s

Table 3
Results from thermal characterization testing (mean ± SD).
Cement

Peak temperature (°C)

Setting time (min)

Glass transition (°C)

Palacos R+G
1 g xylitol
2.5 g xylitol
5 g xylitol
10 g xylitol

41.7
43.7
41.4
40.3
38.7

12.5
12.5
12.6
12.3
12.4

101.1
100.5
98.6
99.9
100.2

±
±
±
±
±

3.5
0.8
1.2
3.1
0.5

*p b 0.05, relative to Palacos R+G.

±
±
±
±
±

1.6
1.9
1.1
0.4
0.2

±
±
±
±
±

0.2
0.7
0.2*
0.3
0.2

Fig. 8. DSC thermograms of the ﬁrst heating cycle for the cement compositions. The
endothermic peak is attributable to xylitol melting.
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crystalline structure is stable up to its melting point (~93–94 °C) [48].
Therefore, the structure of the xylitol particles is likely unaffected during the cement curing process since the record peak polymerization
temperatures are substantially below the melting point of xylitol.
Several limitations of this study are acknowledged. Firstly, only a
single cement variety (Palacos R+G) was tested although other cements, such as those based on low or medium viscosity formulations,
may elicit different results. This cement was used because it is one of
the most popular cements available in the North American and
European markets [49]. Secondly, only a single xylitol particle size distribution (95–125 μm) was used. The use of smaller particles could lessen the impact of xylitol inclusion on the mechanical properties and
potentially lead to an increased xylitol dissolution rate. Thirdly, only
static mechanical testing was conducted in this study. While these
properties are of great importance, knowledge of dynamic properties
such as fatigue life, creep resistance and viscoelastic damping (tanδ) is
necessary to fully characterize the behavior of the cement. Finally,
only a single bacterial strain was used to determine the bioﬁlm inhibition properties of the experimental cement compositions, although
there are a plethora of alternative strains which may evoke different
responses [50]. The speciﬁc strain used in this study was chosen since
it is well described, widely used, and is a known homogeneous bioﬁlm
producer and was thus deemed an appropriate model.
5. Conclusion
The results obtained in this study indicate that the incorporation of
low concentrations of xylitol into acrylic bone cement has no signiﬁcant
beneﬁcial effect on the bioﬁlm inhibition properties. However, the
substantial increase in cumulative antibiotic elution suggests that a
xylitol-modiﬁed cement could be beneﬁcial in reducing the concentration of planktonic bacteria in the joint cavity over an extended period
of time. As demonstrated in this study, the negative inﬂuence of xylitol
on some mechanical properties of the cement implies that use for
ﬁxation in primary arthroplasty may not be appropriate. A more probable application of xylitol-modiﬁed bone cement could be use as a spacer
or bead for infection eradication during a two-stage revision procedure
where it is common to incorporate high doses of antibiotics into the
cement. The use of xylitol in these situations could signiﬁcantly reduce
cost while providing sustained antibiotic release.
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