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Prosthetic joint infection is one of the most serious complications that can lead to failure of a total joint replace-
ment. Recently, the rise of multidrug resistant bacteria has substantially reduced the efficacy of antibiotics that
are typically incorporated into acrylic bone cement. Silver nanoparticles (AgNPs) are an attractive alternative
to traditional antibiotics resulting from their broad-spectrum antimicrobial activity and low bacterial resistance.
The purpose of this study, therefore,was to incorporatemetallic silver nanoparticles into acrylic bone cement and
quantify the effects on the cement's mechanical, material and antimicrobial properties. AgNPs at three loading
ratios (0.25, 0.5, and 1.0% wt/wt) were incorporated into a commercial bone cement using a probe sonication
technique. The resulting cements demonstrated mechanical and material properties that were not substantially
different from the standard cement. Testing against Staphylococcus aureus and Staphylococcus epidermidis using
Kirby-Bauer and time-kill assays demonstrated no antimicrobial activity against planktonic bacteria. In contrast,
cementsmodifiedwith AgNPs significantly reduced biofilm formation on the surface of the cement. These results
indicate that AgNP-loaded cement is of high potential for use in primary arthroplasty where prevention of bac-
terial surface colonization is vital.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The development of prosthetic joint infection (PJI) is one of themost
devastating complications that can arise after total joint arthroplasty.
Although the current incidence rates are 2.0 and 2.4% for hip and knee
replacement procedures, these values are projected to steadily increase
[1]. The development of PJI can cause severe physical and emotional
pain to a patient while simultaneously placing a significant burden on
the healthcare system in terms of cost and resource allocation. Often
times, PJI is attributable to bacterial colonization through biofilm forma-
tion on the implant's surface, which makes treatment with traditional
systemic antibiotics exceedingly difficult [2]. In response, one of the
most common prophylactic techniques against PJI is to incorporate
antibiotics into acrylic (PMMA) bone cement to prevent bacterial colo-
nization and proliferation by providing local antibiotic delivery directly
at the implant site [3].

The recent rise and spread of multidrug resistant (MDR) microor-
ganisms has become a problem of significant importance worldwide.
The widespread use of antibiotics over the past several decades has re-
sulted in the development of genetic and biochemical mechanisms that
allow bacteria to survive in antibiotic environments [4]. There has been
3046, Madison, WI 53706, USA.
significant concern over the efficacy of commonly used antibioticswith-
in bone cement, particularly gentamicin, due to the aforementioned rise
in MDRmicroorganisms [5,6]. For example, Hellmark et al. [7] obtained
33 clinical isolates of Staphylococcus epidermidis during PJI revision pro-
cedures and found a 79% resistance to gentamicin. Similar results were
confirmed by Thornes et al. [8] who noted an increased resistance to
gentamicin-loaded Palacos bone cement in a rat model. It is generally
accepted that while the use of antibiotic-loaded bone cement reduces
the possibility of PJI, there is an increase in the possibility of bacterial re-
sistance development [9]. Thus, the problem of reduced antibiotic effi-
cacy has created the need to investigate the potential of incorporating
new antimicrobials into bone cement [5].

The use of metallic silver as an antimicrobial agent dates back to an-
tiquity where it was commonly utilized to preserve drinking water and
wine [10], however, the development of more potent antibiotics even-
tually displaced the utility of silver in the clinical setting. The availability
of silver nanoparticles (AgNPs) has reopened the use of silver inmedical
applications since the high surface to volume ratio of nanoparticles im-
parts unique chemical and physical properties which greatly enhance
the antimicrobial effects of silver [11]. Within recent decades, AgNPs
have been incorporated into a wide array of consumer and medical
products such as fabrics, textiles, plastics, cosmetics, catheters, stents,
and wound dressings [12]. Despite this wide usage, the exact mecha-
nism behind the antimicrobial properties of silver is still debated.
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Several mechanisms have been proposed including generation of reac-
tive oxidative species, cationic damage to the bacterial cell membrane,
silver–amino acid interaction, and silver–DNA interaction [13]. Regard-
less of which is correct, one key aspect that makes AgNPs an attractive
antimicrobial agent is their well-documented activity against a broad
spectrum of microorganisms.

Several previous studies have examined the feasibility of modifying
acrylic cements with silver particles for dental and orthopedic applica-
tions. For example, Fan et al. incorporated silver benzoate into dental
resins and found that the resin exhibited an inhibitory effect against
Streptococcus mutans [14], however, they noted that silver benzoate
concentrations above 0.2% wt/wt inhibited the resin from curing
properly. Bone cement modified with silver–tiopronin nanoparticles
displayed high antimicrobial efficacy against methicillin resistant
Staphylococcus aureus [15]. Similar findings were observed by Alt et al.
using bone cement loaded with silver nanoparticles against strains of
methicillin-resistant S. epidermidis and S. aureus [16]. Contrasting results
have also been found, most notably by Moojen et al. who reported that
metallic silver in bone cement did not prevent methicillin-sensitive
Staphylococcal infections in a rabbit model [17]. It is important to
note that their study did not examine the cement's ability to prevent
bacterial colonization, rather only the antimicrobial effect against plank-
tonic bacteria distant from the embeddedmetallic silver. They speculat-
ed that since metallic silver nanoparticles must be ionized before
possessing activity, the antimicrobial effect is delayed and primarily a
localized effect that protects the cement surface frombacterial coloniza-
tion [17]. This is an important characteristic of bone cement modified
with silver nanoparticles since PMMA is very susceptible to bacterial
adhesion and colonization [18], which is the first stage in the biofilm
formation.

While previous studies have investigated various acrylics modified
with silver nanoparticles, much of the previous work is limited in
scope since many important mechanical and material properties have
not been examined. Additionally, many of the techniques used to incor-
porate silver nanoparticles into acrylic cement utilize techniques that
would be difficult to implement in a clinical setting, thus limiting their
usefulness. Therefore, the purpose of this study was to modify a
commercially available acrylic bone cement with various loadings of
silver nanoparticles using a simplistic probe sonication technique. The
resulting impact on the cement's mechanical properties, material prop-
erties, antimicrobial efficacy, biofilm inhibition and biocompatibility
was quantified.

2. Materials and methods

2.1. Cement preparation

A commercially available poly(methyl methacrylate) bone cement,
Palacos R (Heraeus Medical GmbH, Wehrheim, Germany), was used as
received for all testing. A single cement unit contained a 40g powder sa-
chet and a 20mLmonomer ampoule. Silver nanoparticles (US Research
Nanomaterials, Houston, TX, USA) had a primary particle diameter of
30–50 nm and were surface functionalized with polyvinylpyrrolidone
(0.2% wt/wt). This functionalization was used to aid in particle disper-
sion andminimize agglomeration. Three loading ratios were examined:
0.25, 0.5 and 1.0% wt/wt (relative to the cement powder). The particles
were incorporated into the liquid monomer using an ultrasonic ho-
mogenizer equipped with a solid titanium tip (150VT, Biologics
Inc., Manassas, VA, USA). Themonomer/AgNPmixture was sonicated
for 12minwithin a jacketed reaction vessel. Tomitigate heating, cold
water was continuously pumped through the vessel and the homoge-
nizer was operated in a pulsed power mode. Standard Palacos (no
AgNPs) was also prepared in the same fashion, to ensure consistency
among all groups. The monomer/AgNP mixture and powder were
then combined by hand in a polymer mixing bowl for 30 s, spaulated
into aluminum molds, and allowed to cure for 30 min.
2.2. Mechanical characterization

2.2.1. Static mechanical testing
Four-point bending, compression and single-edge notched beam

fracture toughness testingwere conducted usingmethodswe previous-
ly described [19]. Following cement polymerization, samples were wet
ground to the proper dimensions using 400 grit silicon carbide paper.
Sampleswere then allowed to cure for 48±2 h in laboratory conditions
(21 °C, 22% humidity) prior to testing. A minimum of eight, ten, and six
sampleswere used for each testingmethod, respectively. All testingwas
conductedwith an electromechanicalmaterials testing framewith force
and displacement data collected at 100 Hz (Criterion C43.104, MTS
Systems, Eden Prairie, MN, USA).

2.2.2. Dynamic mechanical analysis
The viscoelastic properties (storage/loss modulus, tan delta) of the

cements were assessed using dynamic mechanical analysis (RSA III, TA
Instruments, New Castle, DE, USA). Flat beam samples (3mm thickness,
9.91mmwidth)were subjected to dynamic strain sweeps from0.0005%
to 0.08% at 37 °C using a three-point bending configuration with a
40 mm span. Strain was increased logarithmically with 30 points mea-
sured per decade. These strains are within the range found within the
cement mantle surrounding a femoral prosthesis during the single
stance phase of gait [20]. Loading frequencies of 1 and 10 Hz were
used and a constant static force of 0.1 N was applied to ensure continu-
ous contact with the bending fixture throughout testing.

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). Samplesweremounted on aluminum stubs coveredwith carbon
tape and then sputter coated with gold for 30 s at 45 mA. Images
were obtained with a LEO DSM 1530 field emission SEM (Zeiss-LEO,
Oberkochen, Germany) using an acceleration voltage of 5 kV and a
5 mm working distance.

2.3.2. Chemical analysis
Compositional changes in the cement caused by the inclusion of

AgNPs were monitored with Fourier transform infrared spectroscopy
(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 atten-
uated total reflectance mode at three random sections on each sample,
with 32 scans taken at each location. All collected datawere averaged to
obtain one spectra per cement.

2.3.3. Thermal characteristics
The glass transition temperatures, Tg, of the cements were deter-

mined with differential scanning calorimetry (Q100, TA Instruments,
New Castle, DE, USA). Samples (5–7 mg) were sealed in aluminum
pans and subjected to heating/cooling/heating cycles between 10–160
°C at 20 °C/min. The Tg was determined from the second heating cycle
using the method described in ASTM D3418 [21].

The thermal degradation properties of the cement composites were
investigated with thermogravimetric analysis (Q500, TA Instruments).
Thermogramswere obtained from30–600 °C in a nitrogen environment
at a linear heating rate of 20 °C/min. The initial andmidpoint decompo-
sition temperatures were determined, which are the points where 10%
and 50% of the material had decomposed, respectively.

2.3.4. Elemental composition
The presence of AgNPs in the cements was confirmed using X-ray

photoelectron spectroscopy (K-Alpha XPS, Thermo Scientific, Waltham,
MA, USA). Thin cross-sections (~2mm)were taken from cement beams
with a water-irrigated slow speed diamond saw. Initial survey spectra



Table 1
Results (mean ± SD) obtained from static mechanical testing. All cements exceed the benchmarks set in ISO 5833.

Sample Flexural modulus
(MPa)

Flexural strength
(MPa)

Yield strength
(MPa)

Compressive modulus
(GPa)

Fracture toughness
(MPa·√m)

Work-of-fracture
(kJ/m2)

Palacos R 2961 ± 142 71.5 ± 2.8 104 ± 1 1.85 ± 0.07 1.72 ± 0.11 0.80 ± 0.03
0.25% AgNP 2893 ± 65 69.0 ± 2.9 99 ± 2a 1.67 ± 0.12a 1.61 ± 0.14 0.64 ± 0.03a

0.5% AgNP 2907 ± 105 69.1 ± 2.6 98 ± 3a 1.74 ± 0.06a 1.60 ± 0.11 0.65 ± 0.03a

1% AgNP 2960 ± 161 68.8 ± 4.7 100 ± 1a 1.71 ± 0.06a 1.66 ± 0.07 0.60 ± 0.02a

a p b 0.05, relative to standard Palacos R.
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were acquired within a randomly chosen 400 μm region at a constant
pass energy of 200 eV from binding energies of 0 to 1350 eV with a
step size of 1 eV. Based on the survey spectra, regions of interest were
identified and high-resolution scans were obtained using a 50 eV pass
energy and step size of 0.1 eV.

2.3.5. Biocompatibility
A transgenic mouse osteoblast cell line (TMOb) was used to assess

the biocompatibility of the cements. TMOb cells were cultured to con-
fluence in growth medium containing minimum essential medium
(MEM) alpha, 10% fetal bovine serum, and 1% penicillin–streptomycin
(Invitrogen, Carlsbad, CA, USA) at 37 °Cwith 5% CO2. Cells were harvest-
ed using TrypLE Select (Invitrogen) and pooled in 15 mL of growth
medium. 0.1 mL of cell suspension/well was added to 6-well plates
containing 2 mL of non-mineralization medium. Cells were grown to
confluence and cement disks (6 mm diameter, 2 mm thickness) were
placed in the well. Cell viability was assessed after 1 and 3 d using an
automated cell counter (Countless, Invitrogen) according to the manu-
facturers' protocol. Each treatment was assessed in triplicate and all ce-
ment samples used were sterilized with ethylene oxide prior to testing.
An additional control of the well plate alone without exposure to any
cement was also tested.

2.4. Antimicrobial testing

A modified Kirby-Bauer disk diffusion assay was used to determine
the inhibitory zone of antimicrobial activity of the cements against
S. epidermidis and S. aureus. A positive control cement containing a 2%
wt/wt loading of gentamicin (Palacos R + G) was also tested. Six
bacterial isolates were used: two controls (S. aureus ATCC 29213 and
S. epidermidis ATCC 35984) and four clinical isolates (CI) obtained
Fig. 1. Left— Results fromDMA strain sweeps. Only data from 1 Hz is shown, for clarity purpose
the relative magnitudes were increased. Right— Normalized loss modulus curves (E″/E″max)
from patients with active joint infections (two S. aureus and two
S. epidermidis). The bacteria were incubated on Mueller-Hinton agar
(MHa) for 18 to 24 h at 37 °C. Colonies were then suspended in saline
to a 0.5 McFarland standard turbidity measurement. An inoculum of
~106 CFU/mL was obtained by spreading 200 μL of the suspension
onto MHa plates. Cement disks (6 mm diameter, 2 mm thickness)
were placed on top of the MHa plates and incubated for 18 to 24 h at
37 °C. The resulting zone of inhibition (area of no bacterial colony
growth) was measured and compared to the negative control cements.

Time-kill assays against planktonic cells were performed using two
isolates: one clinical methicillin-resistant S. aureus (MRSA) isolate col-
lected from a patient with PJI and one control strain of S. epidermidis
(ATCC 35984). Bacterial cultures were maintained in Mueller-Hinton
broth supplemented with 25 mg/L calcium and 12.5 mg/L magnesium.
A starting inoculum of 5 × 105 CFU/mL (colony forming units) was ob-
tained in culture from a 100-fold dilution of a 0.5 McFarland standard
measured using a densitometer. Each experiment was conducted in a
total volume of 2 mL of media in 24 well TPP tissue culture-treated
plates (Sigma-Aldrich, St. Louis, MO, USA). Cement disks (6mmdiame-
ter, 2 mm thickness) were placed into the 2 mL well culture containing
the test organism at the standardized inoculum and incubated with
shaking at 80 rpm at 35 °C. 0.1 mL aliquots were removed from the
cultures at 0, 2, 4, and 8 h and were serially diluted in cold 0.9% NaCl.
Bacterial counts were determined by spot plating 20 mL aliquots of
time samples on Mueller-Hinton agar and manually counting bacterial
colonies to determine CFU/mL after 18–24 h of incubation at 35 °C.

The ability of the cements to prevent biofilm formation was evaluat-
ed in a modified adhesion culture assay using the same strains as in the
time-kill assays. All studieswere performed in Tryptic soy broth supple-
mented with 1% glucose to facilitate rapid biofilm development [22]. To
evaluate prevention of biofilm formation, the disks were placed in a
s. At a loading frequency of 10 Hz, similar profiles for all cementswere observed, however,
for cements at a loading frequency of 1 Hz. The legend is applicable to both curves.



Fig. 2.Representative scanning electronmicrographs at 300× of the failure surface of four point bending samples. The scale bar is applicable to all images. a) Palacos, b) 0.25% AgNP, c) 0.5%
AgNP, and d) 1% AgNP.
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bacterial culture of 5 × 105 CFU/mL obtained as described previously
and allowed to co-incubate at 35 °C for 24 h with agitation at
120 rpm. The disk and medium were carefully removed and the wells
were gentlywashedwith 1mL of a 1× PBS solution three timeswithout
disrupting the biofilm adhesion on the well bottom. The biofilm was
dried and fixed to the bottom of the plate by heat incubation at 60 °C
for 1 h. The biofilmwas then stained with 1mL of a 1% crystal violet so-
lution, and the residual stain was removedwith deionized water. Plates
were air-dried and the optical density at 570 nm (OD570) of the stained
adherent bacterial filmswasmeasured [23]. For all antimicrobial assays,
Fig. 3. SEM image taken at 10 kx (insert at 50 kx
testing was performed in triplicate and cement samples were sterilized
with ethylene oxide (EtO) prior to testing.

2.5. Statistics

Statistical analysis was performed using Minitab 15 (Minitab Inc.,
State College, PA) with a significance level of 5% set for all tests.
Normality of the mechanical testing data was first confirmed using the
Kolmogorov–Smirnov method and data were therefore analyzed using
a one-way analysis of variance (ANOVA) with Tukey's HSD post-hoc
) showing small agglomerations of AgNPs.

image of Fig.�3
image of Fig.�2


Table 2
The glass transition (Tg), initial thermal decomposition temperature (T10), and midpoint
decomposition (T50) obtained from TGA and DSC testing.

Sample Tg (°C) T10 (°C) T50 (°C)

Palacos R 98.5 ± 0.6 337.8 382.2
0.25% AgNP 98.0 ± 0.7 329.0 380.5
0.5% AgNP 97.2 ± 0.7 327.6 379.9
1% AgNP 97.6 ± 0.6 323.6 377.6

Fig. 4. Collected ATR-FTIR spectra for each cement. Each curve is an average of 96 individual
measurements. The slight peak seen for 1% AgNP at ~2400 cm−1 is attributable to atmo-
spheric CO2 and is not indicative of the material.
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analysis. All other collected data were analyzed using the same
method. Where applicable, data are presented as the mean± standard
deviation.

3. Results

3.1. Mechanical characterization

3.1.1. Static mechanical testing
Standards for theflexural and compressive properties of acrylic bone

cement are established in ISO 5833 [24]. According to this standard,
cements must possess a flexural strength, flexural modulus and
compressive strength of 50 MPa, 1800 MPa, and 70 MPa, respectively.
All cements tested in this study easily surpassed these requirements.
Flexural properties were not influenced by the addition of AgNPs
(Table 1). While both the flexural modulus and strength tended to
slightly decrease with higher AgNP concentration, these results
were not significant. Yield strength and compressive modulus both
significantly decreased with the addition of AgNPs. For yield
strength, the largest percent decrease was observed for the 0.5%
loading (5.8%) while for modulus the 0.25% loading (9.7%). Fracture
toughness was not significantly influenced by particle addition,
however, work-of-fracture significantly decreased with increasing
AgNP concentration.

3.1.2. Dynamic mechanical analysis
The storage modulus (E′), loss modulus (E″) and tan delta (tanδ) of

the cements are shown in Fig. 1. Similarmagnitudes in storagemodulus
were observed for all cements, with 1% AgNP being slightly lower than
others. The storagemodulus profileswere consistent for all cements ex-
cept 1%AgNP,which exhibited a broadened slope and began to decrease
after the other cements. More prominent differences were observed in
the loss modulus of the cements, which differed in magnitude and pro-
file, and cement containing 1% AgNP had the largest deviation from
Palacos. The value of tanδ was consistent among cements, however,
the peak location of tanδ occurred at slightly different strain levels. Test-
ing frequency was found to have an impact on the resulting viscoelastic
properties, as expected. With increased frequency, the profiles of all
properties stayed consistentwith those observed at 1Hzbut the relative
magnitudes increased.

The impact of AgNP addition on the properties of the cements was
demonstrated by normalizing the loss modulus curves, as shown in
Fig. 1. For 0.25% and 0.5% AgNPs, the resulting E″/E″max curve is essen-
tially a pure horizontal shift, relative to standard Palacos. In contrast,
for 1% AgNP, the curve is broadened and higher in magnitude at larger
strains. This slight change in viscoelastic response could result from
polymer chain immobilization by the AgNPs and secondary interactions
between the polymer and particle [25].

3.2. Material properties

3.2.1. Morphology
Analysis of the fracture surface of four-point bending samples with

scanning electronmicroscopy revealed no apparent differences, indicat-
ing that the addition of AgNPs did not alter the failuremechanism of the
standard cement (Fig. 2). The sonication technique used to incorporate
the AgNPs within the cement resulted in a relatively homogeneous
dispersion of particles. AgNPs were observed to agglomerate within
the cement, however, even the largest of these agglomerations were
under 1 μm in size (Fig. 3).

3.2.2. Chemical analysis
Collected FTIR spectra displayed characteristic peaks for acrylic bone

cement, as expected (Fig. 4). The most prominent peaks occurred at
1730 cm−1 and 1140 cm−1 which correspond to a C_O stretch and
O\C\C stretch, respectively. Analysis of the collected FTIR spectra
showed no differences in the position or magnitude of intensity peaks
between the different cements, indicating that there was no formation
of new chemical groups.

3.2.3. Thermal characteristics
The addition of silver nanoparticles had no significant influence on

the glass transition temperature of the cements (Table 2). The initial
decomposition temperature decreased with increasing AgNP con-
centration. This finding likely results from the degradation of the
polyvinylpyrrolidone coating on the silver nanoparticles. The midpoint
decomposition temperatures were slightly different between cements,
but the differenceswere not as pronounced as the initial decomposition
point.

3.2.4. Elemental composition
The elemental composition of the cements determined using X-ray

photoelectron spectroscopy was found to consist of carbon, oxygen, sil-
ver, and zirconium (the radiopacifier in the cement). High-resolution
XPS spectra collected from binding energies of 360 to 380 eV showed
an increase in peak intensities with increasing AgNP content, as expect-
ed (Fig. 5).

image of Fig.�4


Fig. 5. XPS spectra of the cements. Left — XPS survey spectra, right — high-resolution XPS spectra of Ag3d.
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3.2.5. Biocompatibility
The viability of TMOb cells was assessed following exposure to

cement disks for 1 and 3 d. It was found that cement exposure, re-
gardless of AgNP content, had no significant effect on the viability
of the osteoblast cells. This result was consistent for both 1 and 3 d.

3.3. Antimicrobial testing

Results obtained from the Kirby-Bauer assays demonstrated that
plain Palacos and cements modified with AgNPs had no antimicrobi-
al activity (Table 3). In contrast, the positive control (cement with
gentamicin) exhibited large zones of inhibition for all bacterial
strains tested. Interestingly, small colony variants were found within
the zone of inhibition for a clinical isolate of S. epidermidis (Fig. 6).
These colonieswere further tested for specific susceptibility to gentami-
cin and the minimum inhibitory concentration exceeded 32 mg/L,
indicating heteroresistance to gentamicin. Similar results were also
confirmed in the time-kill studies; AgNP-loaded cement had no antimi-
crobial effect on planktonic bacteria (Fig. 7a and b). In contrast, biofilm
formation was significantly influenced (p b 0.001) by the presence of
AgNPs within the bone cement. For both tested strains, cement con-
taining 0.5% AgNP resulted in the highest biofilm inhibition for
S. epidermidis and S. aureus, respectively (Fig. 7c and d) however
these results were not always significant relative to the other AgNP
loading ratios.

4. Discussion

The use of antibiotic-loaded bone cement was first popularized in
the early 1970s by Buchholz and Engelbrecht, who added lyophilized
Table 3
Resulting (mean ± SD) zoneof inhibition (mm) from theKirby-Bauer assays against control an
gentamicin premixed into the cement.

Cement S. aureus
ATCC 29213

S. epid
ATCC 35984

S. au
CI-1

Palacos R 0 0 0
Palacos R + G 27.3 ± 3.4 22.0 ± 7.3 28.8
0.25% AgNP 0 0 0
0.5% AgNP 0 0 0
1% AgNP 0 0 0

a Heteroresistance to gentamicin observed.
gentamicin to Palacos bone cement [26]. Since that time, gentamicin
has become one of the most common antibiotics used in both
surgeon-prepared and commercially available antibiotic-loaded
bone cements, despite issues pertaining to bacterial resistance.
Other antibiotics such as vancomycin and tobramycin are also fre-
quently used in bone cement, especially in revision procedures, but
again reports of resistance have emerged thus limiting their effec-
tiveness [27–29]. Silver nanoparticles are attractive alternatives to
conventional antibiotics since it is postulated that microorganisms
are unlikely to develop silver-resistance. The wide variety of phar-
macological targets of silver implies that bacteria would have to
develop multiple phenotypic and genetic mutations simultaneously
to be protected from its antimicrobial actions [30].

The formation of biofilm on the surface of an orthopedic implant,
which begins with the passive adhesion of bacteria to a surface, is a
substantial problem that makes treatment of prosthetic joint infections
difficult [31]. For example, the antimicrobial minimum inhibitory con-
centrations of bacteria encased in biofilm can be 100 to 1000 times
higher relative to bacteria in the planktonic (non-adherent) state due
to high organism burden, non-replicating, stationary bacterial cells,
and poor antimicrobial diffusion in biofilm [32]. Bacterial adhesion test-
ing conducted in this study showed that bone cement containing AgNPs
significantly reduced biofilm formation, regardless of the loading ratio
of AgNPs. Furthermore, it was found that a loading ratio of 0.5%AgNP re-
sulted in the highest biofilm inhibition levels with reductions of 83.1%
and 76.7% for S. epidermidis and S. aureus, respectively (Fig. 7c and d).
These results were not always significantly different from the other
loading ratios. In contrast to the biofilm inhibition testing, the Kirby-
Bauer and time-kill assays performed in this study demonstrated no
antimicrobial activity for AgNP-loaded cements against S. aureus and
d clinical isolate (CI) strains of S. aureus and S. epidermidis. Palacos R + G contains 2%wt/wt

reus S. aureus
CI-2

S. epid
CI-1

S. epid
CI-2

0 0 0
± 0.9 20.8 ± 2.8 37.2 ± 1.5a 22.9 ± 1.0

0 0 0
0 0 0
0 0 0

image of Fig.�5


Fig. 6. Representative result from Kirby-Bauer assay testing against a clinical isolate of
S. epidermidis. The top three black samples contain AgNPs, bottom left is the negative con-
trol, and the bottom right contains gentamicin. Small colonieswere foundwithin the zone
of inhibition, confirmed as heteroresistance to gentamicin when individually tested for
susceptibility.
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S. epidermidis. Interestingly, the presence of heteroresistance to gentami-
cin was observed in one of the clinical isolate strains (S. epidermidis)
tested with the Kirby-Bauer assay (Fig. 6). Heteroresistance refers to
the presence of subpopulations of bacteria within the population
exhibiting reduced susceptibility to a specific drug [33]. This is of signif-
icant clinically importance because a fully resistant population can
emerge with antibiotic treatment, which has corresponded to treat-
ment failure [34,35].
Fig. 7. Results from planktonic time-kill assays on S. epidermidis (a) and S. aureus (b). AgNP-load
refers to plain tissue culture plastic. All cements containing AgNPs significantly (p b 0.00
significant (p b 0.05) difference.
Many different types of silver, such as metallic nanoparticles and
silver salts, have been used as antimicrobial agents within polymers.
One of the earliest examples of use within bone cement was demon-
strated by Spadaro et al. who incorporated various silver salts into
Simplex P cement and observed a significant antimicrobial activity
against Pseudomonas aeruginosa and S. aureus [36]. Caution must be
exercised however when using soluble silver salts since toxicity driven
by concentration dependency has been previously demonstrated [37].
For example, serious neurological defects were noted 5 yr post-op in a
patient who received a cemented total hip replacement impregnated
with ~3% wt/wt silver salt by Sudmann et al. [38].

In contrast to silver salts, insoluble metallic silver nanoparticles like
those used in the current studymust first be ionized prior to exerting an
antimicrobial activity. Upon contact with an AgNP, it is speculated that
the bacterial cell uptakes silver ions thus generating reactive oxygen
species that evoke an antimicrobial action [30]. Assuming that the par-
ticles are entrapped within the polymer matrix and not released into
the surroundingfluid, they are theoretically less prone to toxicity issues.
This approachwas attempted byMoojen et al. who usedmetallic AgNPs
(with aggregates of 2–5 μm) at loading ratios of 0.6 and 1.0% wt/wt to
modify Simplex P cement. These cements were implanted into an
infected rabbit wound bed model and no antibacterial efficacy was
found, however, they did not investigate the biofilm inhibition proper-
ties that are more akin to the initial stages of implant infections [17].
Similar results were confirmed in this study through the Kirby-Bauer
and time-kill assays. These results suggest that this type of AgNP-
impregnated cement is likely unsuitable for situations where an active
infection is present, such as use in an exchange arthroplasty. However,
the significant biofilm inhibitory properties may be of great use in
primary arthroplasties where it is important to prevent initial bacterial
colonization of the cement surface.

The two primary roles of bone cement are to provide immediate
implant fixation following surgery and to distribute loads from the im-
plant to the surrounding bone bed in order to avoid stress shielding.
Therefore, it is vital that additives to the cement do not substantially
alter the inherent mechanical properties. In this study, the static me-
chanical properties were tested following a post-fabrication curing
ed cement reduced biofilm formation for both S. epidermidis (c) and S. aureus (d). ‘Control’
1) reduced biofilm relative to the control and Palacos bone cement. An * indicates a
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time of 48 ± 2 h, while the ISO standard for bone cement calls for a
24±2 h curing time [24]. Although increasing the curing time after fab-
rication can enhance the static mechanical properties, the relative
change fromone to twodays is insignificant [39]. Interestingly, the com-
pressive properties of the cements significantly decreased with the
addition of AgNPs, yet their values were still considerably above those
stipulated in the ISO standard. The work of fracture was significantly de-
creased with AgNP addition, which could indicate particle/matrix
debonding [40]. This could also explain the slight, albeit non-significant,
reduction seen in the flexural properties and fracture toughness however
more work is needed to determine the exact mechanism.

Since bone cement distributes load to the surrounding bone it must
possess mechanical properties that are an intermediary of the prosthe-
sis and bone. DMA testing confirmed that this holds true for all AgNP-
loaded cements. At a frequency of 1 Hz and strain of 0.01%, the E′ ranged
from 2.09 to 2.2 GPa while tanδ was between 0.07–0.08. These values
are in good agreement and are between those of cancellous bone,
which has a storage modulus of 0.2 GPa and tanδ of 0.09–0.1 (cortical
bone 0.04), andmetals typically used for implants which have a storage
modulus exceeding 100 GPa and a tanδ of ~10−4 [41].

The intrinsic material properties of the Palacos cement were rela-
tively unchanged by the addition of AgNPs. Fourier transform infrared
spectroscopy revealed no change in cement composition from the addi-
tion of AgNPs and DSC/TGA testing showed no substantial effect on the
thermal properties, which is consistent with previously reported ther-
mal characteristics of silver nanocomposites [42,43]. Similarly, as seen
in Fig. 2, AgNPs did not alter the morphology of the samples and the
apparent failure mechanism was consistent across all groups. The soni-
cation technique used to incorporate the particles within the cement
achieved an overall good dispersion within the cement matrix with
relatively small particle agglomerations. The cementswere found to pos-
sess no cytotoxic effects against osteoblast cells and cell viability was not
significantly different for any cement type. Care must be taken however
when interpreting biocompatibility results since in vitro testing is a sub-
stantial simplification of the in vivo scenario. Finally, although not
assessed directly, on a qualitative level the handling characteristics
(e.g. curing time, apparent viscosity) of the cements were not influ-
enced by the presence of AgNPs, which is an important aspect from a
clinical viewpoint.

Several limitations to the current study are recognized. Firstly, only a
single cement variety (Palacos R) was used and other types with differ-
ent chemical formulations and viscosities could elicit different results.
This specific cementwas chosen because it is one of themost commonly
used bone cement formulations worldwide [44]. Secondly, the fatigue
properties of the AgNP-loaded cements were not measured although
it is well known that fatigue is a major contributor to in vivo cement
failure [45]. It was deemed beyond the scope of the current project to
perform fatigue testing. Thirdly, only two bacterial strains were used
for biofilm testing yet others could respond differently to the cements.
The clinical MRSA isolate was collected from an implant infection
known to involve large amounts of biofilm formation and represents
the increasing problem of multi-drug resistant infections in this setting
and the S. epidermidis control strain is a well-described high biofilm
producing control. Collectively, these two organisms represent the
vast majority of causative pathogens in implant infections, and there-
fore they were deemed highly relevant to evaluate biofilm inhibition.
Additionally, the biofilm assay was only conducted over 1 day for prac-
tical considerations, but future work should examine the inhibition
properties over an extended period to see if they persist. Finally, the bio-
compatibility testing only measured cell viability even though other
markers, such as cell proliferation and lactate dehydrogenase, are of
relevance. Future testing should include amore comprehensive analysis
of biocompatibility. Despite these limitations, this is the first study to
our knowledge to provide a detailed characterization of themechanical,
material, and antimicrobial properties of acrylic cement modified with
AgNPs.
5. Conclusion

In this study, it has been shown that acrylic bone cement can be
impregnated with low concentrations of metallic silver nanoparticles.
The resulting cement composites havemechanical andmaterial proper-
ties that are not substantially different from the standard cement.
Antimicrobial testingdemonstrated that AGNP cements have no antimi-
crobial activity against planktonic bacteria, however, they were able to
significantly reduce the formation of biofilm on the cement's surface.
These results imply that AgNP-loaded cements are of high potential
use in primary arthroplasties where prevention of bacterial adhesion
is required.
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