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Abstract

The water-reactive tissue adhesive 2-octyl cyanoacrylate (OCA) was microencapsulated in
polyurethane shells and incorporated into Palacos R bone cement. The tensile and compressive
properties of the composite material were investigated in accordance with commercial standards,
and fracture toughness of the capsule-embedded bone cement was measured using the tapered
double-cantilever beam geometry. Viability and proliferation of MG63 human osteosarcoma cells
after culture with extracts from Palacos R bone cement, capsule-embedded Palacos R bone
cement, and OCA were also analyzed. Incorporating up to 5 wt % capsules had little effect on the
compressive and tensile properties of the composite, but greater than 5 wt % capsules reduced
these values below commercial standards. Fracture toughness was increased by 13% through the
incorporation of 3 wt % capsules and eventually decreased below the toughness of the capsule-
free controls at capsule contents of 15 wt % and higher. The effect on cell proliferation and
viability in response to extracts prepared from capsule-embedded and commercial bone cements
were not significantly different from each other, whereas extracts from OCA were moderately
toxic to cells. Overall, the addition of lower wt % of OCA-containing microcapsules to
commercial bone cement was found to moderately increase static mechanical properties without
increasing the toxicity of the material.
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INTRODUCTION

Self-healing materials (SHM) are a rapidly emerging class of materials that prevent failure
through the autonomous repair of microdamage in situ. One of the most broadly reported
SHMs is the matrix repolymerization scheme pioneered by White, Sottos, and coworkers in
which a polymer matrix is co-embedded with catalyst and microcapsules containing a
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reactive healing agent.1~7 On encountering a propagating microcrack, the microcapsule shell
ruptures and releases the healing agent into the crack plane, exposing it to the catalyst
embedded in the matrix. In situ curing of the healing agent ensues halting crack propagation.

Numerous implants fail because of fatigue, wear, and environmental cracking after the
accumulation of microdamage, 8812 marking these biomaterials potential candidates for the
introduction of self-healing biomaterials; however, there has been little discussion of
extending SHM into biomaterials. Consequently, none of the existing SHM systems
currently under development use materials and reagents acceptable for in vivo load-bearing
applications. Furthermore, no SHM have been tested under conditions that simulate the in
Vivo environment.

Because of its long history of use, ease of fabrication, and susceptibility to fatigue, acrylic
bone cement is an attractive candidate for the first self-healing biomaterial based on the
matrix repolymerization approach to self-healing. 6:7:13.14 Acrylic bone cement is a space-
filling matrix that forms mechanical interlocks between the metallic stem of a total joint
replacement and the surrounding bony tissue,® serving to transfer loads from the prosthesis
to the bone.16 Bone cement is a two-component thermoset consisting of a low-molecular-
weight poly(methyl methacrylate) (PMMA) powder containing an initiator (e.g. benzoyl
peroxide) and liquid methyl methacrylate (MMA) monomer. In situ mixing the two
components initiates polymerization to yield a workable dough that is applied to the implant
and hardens into a solid mass after the stem is inserted.’ 17

The total loading experienced by bone cement in vivo is a mixture of compressive, bending,
tensile, shear, and torsional forces,18 and as such, procedures to determine the mechanical
properties involve the application of various static or dynamic stresses. Bone cements must
adhere to static mechanical standards for tensile, compression, and fracture toughness testing
before it is deemed suitable to investigate more biomimetic cyclic testing.18

Bone cements are also subject to cytotoxicity and tissue compatibility standards. Primary
toxicity concerns associated with PMMA-based bone cements include localized cell death
because of the exothermic reaction of the MMA and leaching of residual monomer from the
matrix.1® An estimated 3-5% of the MMA remains 15 min post-polymerization and is
reduced to about 1-2% over time as the residues are eliminated through the
bloodstream.2%:21 N,N-dimethyl-p-toluidine, which is present in small amounts (<2% of the
liquid component) and initiates MMA polymerization when it reacts with benzoyl peroxide
present in the powder component is toxic at low concentrations and is able to inhibit protein
synthesis and cause chromosomal mutations.20

Although the overall aim is to develop a bone cement capable of self-repair in response to
damage, any new material proposed must also meet the standards required for the static
mechanical properties of commercial formulations. Recently, we reported the
microencapsulation of 2-octyl cyanoacrylate (OCA) in polyurethane shells and the
distribution and fracture of the capsules embedded in a commercial bone cement matrix.’
Among candidate cyanoacrylates, OCA is an attractive healing agent for a self-healing
biomaterial because it is widely used clinically?223 and because its use would eliminate the
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need for the incorporation of a potentially toxic catalyst into the matrix; the catalyst for
OCA polymerization is ambient moisture from the surrounding tissue.

The current study presents the first mechanical and cytotoxicity characterization of a
biomaterial formulation consisting of OCA-containing microcapsules embedded in
commercial PMMA bone cement. Incorporating up to 5 wt % capsules had little effect on
the compressive and tensile properties of the composite, but greater than 5 wt % capsules
reduced these values below commercial standards. Fracture toughness was increased by
13% through the incorporation of 3 wt % capsules and eventually decreased below the
toughness of the capsule-free controls at capsule contents of 15 wt % and higher. Extracts
prepared from capsule-embedded and commercial bone cements had little effect on cell
proliferation and viability and were not significantly different from each other, whereas
extracts from OCA alone were moderately toxic to cells. Overall, the addition of lower wt %
of OCA-containing microcapsules to commercial bone cement was found to moderately
increase static mechanical properties without increasing the toxicity of the material.

EXPERIMENTAL

Reagents

Unless otherwise specified, materials were obtained from commercial suppliers and used
without further purification. OCA was generously donated by Ethicon, Raleigh, NC 27616.
Methyl ethyl ketone (MEK), methyl isobutyl ketone (MIBK), and cyclohexanone (Sigma
Aldrich) were used as solvents, and 2,4-toluene diisocyanate (TDI) and 1,4-butanediol (1,4-
BD) (Sigma Aldrich) were used to synthesize the polyurethane prepolymer (pPUR)
following the protocol outlined by Yang et al. and reported by the authors previously.’24
Pluronic F-68 (Sigma Aldrich) was used as a surfactant. Para-toluenesulfonic acid (PTSA;
Sigma Aldrich) was added to the organic phase as a stabilizer for the OCA monomer.
Commercially available Palacos R PMMA bone cement (Zimmer) was used for all
experiments reported herein.

Microcapsule preparation

Microcapsules were prepared and characterized as described previously.” Briefly, at room
temperature (RT), Pluronic F-68 surfactant (1.84 g) was dissolved in deionized water (90
mL) in a 250-mL beaker. The solution was agitated for 1 h with a digital mixer (VWR
PowerMax Elite Dual-Speed Mixer) before beginning the encapsulation procedure. The
aqueous phase was suspended in a hot water bath and heated to 50°C before the addition of
the organic phase and chain extender.

OCA (4 mL) was dissolved in MIBK (8 mL), and pPUR (3 g) was dissolved in MEK (10
mL) separately at RT. PTSA (1%) was added to the OCA-MIBK solution to further stabilize
the OCA monomer. The pPUR- and OCA-containing solutions were then added
simultaneously to the aqueous phase but not mixed before this addition. After the organic
and aqueous phases were combined, the 1,4-BD (3 mL) chain extender was added dropwise
to the stirring mixture through a syringe to form the segmented PUR shell material
consisting of hard TDI-based segments and soft 1,4-BD segments. After a reaction time of 2
h at an agitation rate of 700 rpm, the mixer was switched off and the suspension of
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microcapsules rinsed with deionized water and vacuum filtered. Capsules were air dried
before use in the following experiments.’

Preparation of capsule-containing bone cement samples

The powder component was mixed with the liquid component according to the
manufacturer’s instructions,2> OCA-containing capsules were added to the slurry, and the
resultant material was added to molds to form the desired specimen shape. Samples were
cured in the molds for at least 1 h, released, and smoothed with 240 mesh silicon carbide to
conform to the specified geometrical requirements. The wt % of OCA-containing capsules
in the bone cement composites ranged from 0 to 40 wt % where the wt % of total
particulates (OCA capsules plus PMMA powder) was held constant at 67 wt % in all
specimens.

Tensile testing of capsule-embedded bone cement

Following ASTM D638, bone cement specimens were cured in “dog bone”—shaped silicone
rubber molds for 1 h and then smoothed, producing specimens with midsection dimensions
of 13 £ 0.5 mm by 3.2 £ 0.4 mm [Figure 1(A)]. Twenty-four hours post-manufacturing,
specimens were subjected to uniaxial tensile testing at a cross-head speed of 5 = 1 mm/min
until failure using a Tinius Olsen 1000 Ultimate Testing Machine. All tests were performed
in air at RT. The ultimate tensile strength (UTS) was calculated as the force at failure
divided by the cross-sectional area measured for each sample.

Compression testing of capsule-embedded bone cement

Following ASTM F451, bone cement specimens were cured in a polytetrafluoroethylene
mold for 1 h and smoothed, yielding cylindrical specimens with a diameter of 6 £ 0.1 mm
and height of 12 + 0.1 mm [Figure 1(B)]. After 24 h post-fabrication, specimens were
subjected to uniaxial compression testing at a cross-head speed of 20 mm/min using a Tinius
Olsen 1000 Ultimate Testing Machine. All tests were performed in air at RT. The ultimate
compressive strength (UCS) was calculated as the peak load divided by the pretest cross-
sectional area measured for the specimen.

Fracture toughness testing of capsule-embedded bone cement

Fracture toughness, K, of capsule-embedded PMMA samples was determined using tapered
double-cantilever beam (TDCB) specimens as described previously for other self-healing
systems?:26-28 [Figure 1(C)]. Before mechanical testing, a razor blade was used to create a
precrack in the grooved centerline region of the TDCB specimen, and specimen was loaded
into a Test Resources Q series machine. The specimen was subjected to vertical
displacement at 5 um/s until the peak critical load, P;, was reached and crack propagation
was initiated.

Biocompatibility of capsule-containing bone cement

Preparation of bone cement and OCA extracts—Rectangular specimens of bone
cement containing 0 or 10 wt % OCA-containing capsules were prepared in silicone rubber
molds; the total particulates (OCA-containing capsules plus PMMA powder) in the
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composites were held constant at 67 wt %. The bone cement samples were cured at RT for
24 h and then autoclaved at 120°C for 30 min. Each sample was immersed in a 50-mL
conical tube containing sterile complete culture medium and incubated for 24 h at 37°C.19 A
ratio of 0.2 g bone cement to 1 mL extract medium was maintained.2°

To prepare OCA extracts, 15 uL. OCA was added to 5 mL culture medium and incubated at
37°C for 24 h in a 15-mL conical tube.3%:31 As the OCA was not received sterile, the media
was then filtered before use in these experiments. Loctite® Super Glue (ethyl cyanoacrylate)
and copper sheets!® were selected as positive controls for this study. To prepare the Super
Glue extracts, 15 uL of Super Glue was added to 5 mL culture medium and incubated at
37°C for 24 h in a 15-mL conical tube. Copper samples were immersed in a 15-mL conical
tube and incubated at 37°C for 72 h; a ratio of 0.2 g copper to 1 mL extract medium was
maintained.2% Extracts from the Super Glue and copper were both filtered before addition to
cells.

Cell viability and proliferation—MG63 human osteosarcoma cells have been used in
numerous biocompatibility studies®-20:32-35 hecause they share several features with
normal human osteoblasts, including secretion of insulin-like growth factor, binding
proteins, matrix metalloproteinases, and osteocalcin. Similar to undifferentiated osteoblasts,
MG63 cells also synthesize collagen types | and 111 and have a low basal expression of
alkaline phosphatase that is increased in response to 1,25-dihydroxyvitamin D333

MG63 human osteosarcoma cells were cultured in minimum essential medium eagle
(Sigma) supplemented with 10% heat-inactivated fetal bovine serum, and 1% each of
sodium pyruvate (100 mM), nonessential amino acids (100x), and penicillin—streptomycin
(10,000 units/mL penicillin and 10,000 pg/mL streptomycin; Gibco). Cells were routinely
passaged and incubated at 37°C in a humidified environment of 5% CO, in air.

Cells were passaged and plated in 96-well plates at a density of 2000 cells/well and allowed
to attach for 24 h. After 24 h, the growth media was replaced by the same volume of
treatment media. Media was also changed in the control wells so that cells in all wells were
exposed to a media change 24 h after plating. For all experiments, cells in three different
wells received each treatment, and the experiments were performed four times with new
extract media prepared from different material samples for each trial.

To investigate the effects of bone cement extract, four treatment groups were studied: an
undiluted capsule-free PMMA extract; undiluted capsule-embedded PMMA extract (10 wt
% capsules); and capsule-embedded PMMA extract (10 wt % capsules) diluted to 50 and
25% using fresh media.19 To investigate the effects of OCA extract, three treatment groups
were studied: OCA extract diluted to 50, 25, and 10% using fresh media.39 A negative
control of cells not treated with any material extract and positive controls of cells treated
with extract prepared from Loctite® Super Glue and copper sheets were also investigated.

Cell viability was assessed by a combination of staining with calcein AM and Hoechst
33342 (Invitrogen). After 72 h culture, the various treatment media were removed and cells
rinsed twice with Dulbecco’s phosphate-buffered saline (DPBS) containing calcium chloride
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and magnesium chloride (1x; Gibco) and then incubated at 37°C in calcein AM in DPBS
(0.75 uL/1.5 mL) for 20 min. The DPBS containing calcein AM was removed, and the cells
were rinsed twice with DPBS and incubated an additional 20 min at 37°C in DPBS
containing Hoechst 33342 (1.5 uL/1.5 mL). The DPBS containing Hoechst 33342 was
removed, and the cells were rinsed twice with DPBS and then imaged using a Nikon Eclipse
TE2000-U inverted fluorescence microscope and NIS Elements software (Nikon). Images
were analyzed with ImageJ.

Cell proliferation was investigated with EdU staining following the manufacturer’s
instructions included with the Click-iT EdU Alexa Fluor 488 kit (Invitrogen). The stain was
performed after 24, 48, and 72 h of culture to examine potential effects of extract dilution
and exposure time on proliferation. The plates were imaged using a Nikon Eclipse TE2000-
U inverted fluorescence microscope and NIS Elements software (Nikon). Images were
analyzed with ImageJ.

Statistical analysis

RESULTS

Statistical analyses were performed to compare the results of treatment cultures with respect
to the negative and positive controls using a one-way analysis of variance with the
significance of individual differences established by Tukey post hoc test. In all cases, the
level of statistical significance was set at p < 0.05.

Capsule morphology

Capsules fabricated at an agitation rate of 700 rpm were shown to have uniformly spherical
morphology with average diameter and shell thickness of 121 + 24 um and 3 £ 0.9 um,
respectively, consistent with measurements obtained previously.” Capsules made at this
agitation rate were used for all experiments.

Tensile testing of capsule-embedded bone cement

Capsule-free (unfilled) Palacos R bone cement used in the current study had a UTS of 41.2 +
1.5 MPa (average + SEM, n=5) and a Young’s modulus of 1.85 + 0.04 GPa (average +
SEM, n = 5), both of which fall within the reported literature ranges of 25-70 MPa16.18:37
and 1.36- 3.07 GPa,16:37-39 respectively. The UTS of the capsule-embedded (filled)
specimens decreased monotonically with increasing wt % capsules [Figure 2(A)], whereas
the Young’s modulus of capsule-containing samples seemed to drop more sharply up to 5 wt
% and then decreased more slowly thereafter [Figure 2(B)]. The UTS of cements filled with
5wt % was 29.1 + 1.1 MPa (average + SEM, n = 5), which lies above the lower limit of the
literature-reported values; however, at this capsule content, the Young’s modulus for the
material (1.13 + 0.04 GPa, average + SEM, n = 5) was outside the range of values reported
in the literature.

Compression testing of capsule-embedded bone cement

Compressive tests of bone cement specimens filled with 5 wt % or fewer capsules all
exceeded the minimum standard for the compressive strength of 70 MPal8 [Figure 3(A)],
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whereas specimens filled with 10 wt % or higher capsules all had compressive strengths that
declined steadily below this standard. In addition, specimens containing 10 wt % or fewer
capsules deformed plastically on failure, whereas specimens with higher capsule content
fragmented on failure [Figure 3(B,C)].

Fracture toughness testing of capsule-embedded bone cement

Figure 4(A) compares the load—vertical displacement curves for unfilled bone cement
(dashed line) and bone cement filled with 3 wt % capsules (solid line). The unfilled
specimen exhibited instantaneous crack growth to complete failure on reaching the peak
critical load (~197 N), whereas the specimen filled with 3 wt % capsules exhibited slow and
progressive crack growth beyond the peak critical load (~211 N) before the initiation of
rapid propagation leading to complete failure.

Fracture toughness, K, varies based on numerous factors, including the molecular weight of
the PMMA, sterilization methods, mixing techniques, storage conditions, and specimen
geometry. The fracture toughness of unfilled specimens was found to be 2.11 + 0.09 MPa
m?/2, and the effects of capsule inclusion on K are shown in Figure 4(B). The addition of 3
wt % capsules resulted in a modest 13% increase in average K, whereas samples filled with
5 and 10 wt % capsules yielded K values approximately equal to that of unfilled control
samples. Increasing capsule content to 15 and 20 wt % resulted in decreases of 26 and 45%
in K, respectively, when compared with unfilled controls, but remained within the literature-
reported range of 0.88-2.58 MPa m1/2.16:40-43

Scanning electron microscopy (SEM) images of the crack planes of unfilled [Figure 4(C)]
and filled [3 wt %; Figure 4(D)] specimens revealed a marked increase in the roughness of
the crack plane with increasing capsule content. In capsule-containing specimens, regions of
slow, progressive crack growth exhibited subfracture plane microcracking that was less
evident in capsule-free control specimens.

Cytotoxicity testing of OCA and capsule-embedded bone cement

MG63 viability—The cytotoxic effects of leachates extracted from unfilled bone cement,
bone cement filled with 10 wt % capsules, and OCA tissue adhesive were assessed after 72 h
exposure using calcein AM staining to detect live cells and Hoechst 33342 staining to detect
all cells. Cells cultured in media containing no material extract served as negative controls.
Loctite® Super Glue (ethyl cyanoacrylate) and copper sheets!® were used as positive
controls. Viability was assessed as the total area covered by live cells in the treatment
groups compared with coverage by live cells observed in control samples.

Extracts from all bone cement specimens exhibited significantly reduced cell viability
compared with the negative control but not with respect to each other; a slight but not
significant dose-dependent response was also observed [Figure 5(A)]. In contrast, extracts
from OCA-containing medium showed a significant reduction in coverage by live cells for
all dilutions with respect to control samples and a significant dose-dependent dilution effect
was observed [Figure 5(B)]. No live cells were present after 72 h culture with extract from
either the copper or Super Glue positive controls.
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MG63 proliferation—The effects of bone cement and OCA extracts on MG63 cell
proliferation over 24, 48, and 72 h are shown in Figure 6(A—F). Compared with extract-free
negative controls, cell proliferation was significantly reduced on exposure to undiluted
extracts from unfilled and filled bone cement and to 50% diluted extracts from OCA at all
time points, but proliferation trended upward with increased dilution of the extracts.

Overall, cell proliferation in undiluted extracts from unfilled and capsule filled bone cements
was nearly indistinguishable, indicating that the addition of capsules to the bone cement did
not significantly affect proliferation of cells at 24, 48, or 72 h [Figure 6(A-C)]. However,
the dose-dependent dilution effect for capsule-filled bone cement was significant only at 48
h between undiluted extract and extract diluted to 25%.

In contrast, extract obtained from OCA had a more substantial effect on curtailing cell
proliferation, thus requiring that 50% dilution be the least diluted extract tested [Figure 6(D—
F)]. A significant decrease in the proliferation of cells exposed to OCA extract-containing
medium diluted to 50% was observed at each time point with respect to the negative control,
with the largest decrease observed after 48 h. The dose-dependent dilution effect for OCA
extract was significant between all dilutions at 48 h and between 50 and 10% at 72 h.
Treatment with extract from Super Glue and copper sheets eliminated proliferation at every
time point. In addition, cells in all groups exhibited decreased proliferation over time.

DISCUSSION

This work describes the static mechanical testing of an acrylic bone cement matrix
embedded with OCA-containing microcapsules using well-established ASTM and ISO
mechanical and cytotoxicity standards for acrylic bone cements. Each test was designed to
examine how capsule incorporation affected the integrity and cytotoxicity of the bone
cement relative to the unfilled control.

Overall, composites containing up to 5 wt % capsules had compressive strengths above the
commercially acceptable minimum and tensile strengths and stiffnesses within the reported
ranges for commercial acrylic bone cements. Incorporation of higher wt % capsules did
however result in mechanical weakening. Under compression, the composite began to
fragment at high capsule contents [>25 wt %; Figure 3(C)] and could be attributed to the
increased void space introduced by the capsules or possibly by altering the PMMA
powder:MMA monomer ratio that is well known to influence polymerization rate, setting
time, and mechanical properties of PMMA.#* The decrease in UTS could be attributed to a
reduction in the cross-sectional area occupied by bone cement matrix in samples containing
higher capsule contents or to poor shell/matrix interfacial bonding.

The weakening of a composite matrix through the addition of particulates typically occurs
when the particulate—-matrix interfacial adhesion is poor and increasing the particulate
content provides a path for crack propagation. These observations are consistent with the
general trend of limiting the incorporation of encapsulated healing agent to 5-10 wt % in
self-healing polymeric composites.28 Evidence of capsule pull-out after tensile tests, and the
fragmenting of the matrix under compression observed at high capsule contents suggests
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poor interfacial bonding between the polyurethane shell material and the PMMA matrix. In
addition to chemical modification of the shell, alterations to the physical properties of the
capsule, such as changing the shell material®® or adding a coating,*®4” could be investigated
to further promote adhesion through increased surface roughness.

The fracture toughness was relatively unaffected by capsule incorporation up to 10 wt %
capsules, above which it also declined. For a specimen containing 3 wt % capsules [solid
line in Figure 4(A)], the load increased linearly with increased displacement identically to
the unfilled specimen [dashed line in Figure 4(A)] until reaching a load of approximately
200 N, after which the crack in the unfilled specimen propagated immediately to failure,
whereas the crack in the 3 wt % sample advanced in short unstable jumps, as reflected by
the jagged load—displacement curve. This difference is also reflected in the distinctly
different morphologies of the crack planes of the two specimens [Figure 4(C,D)]. Previous
examinations of self-healing composites observed similar stick-slip crack propagation in
virgin load—displacement curves.#8:49

The addition of 3 wt % OCA-containing capsules only slightly increased the fracture
toughness when compared with capsule-free bone cement. In contrast, the addition of
microencapsulated dicyclopentadiene to an epoxy matrix was previously demonstrated to
increase fracture toughness up to 127%.28 As the acrylic bone cement is already a highly
filled composite of 60—-70 wt % PMMA particles in a PMMA matrix, the fracture toughness
of the bone cement here (2.11 + 0.09 MPa m/2) was already nearly four times higher than
that of neat EPON 828 epoxy?8 (0.55 + 0.04 MPa m/2). Consequently, the addition of 3 wt
% capsules does not seem to have a significant toughening effect on the bone cement
composite.

Numerous investigations of the cytotoxicity of various bone cement formulations have been
reported.19.20.3250-52 Ag the toxicity associated with bone cement has been primarily
attributed to the MMA monomer and its activator,1%-21 both of which are unchanged in the
capsule-embedded formulation, the similar cellular responses observed between the filled
and unfilled bone cements were anticipated [Figures 5 and 6(A-C)].

Similar to the results presented here, previous studies found the proliferation of MG63 cells
to be reduced as the exposure time to bone cement extracts was increased.2’ However, these
results also indicate the addition of capsules did not significantly affect cell proliferation or
viability in response to PMMA bone cement. It is also understood that the toxic effect of
bone cement on cells and tissue primarily occurs before and during polymerization in
vivo20:53; therefore, in vitro analyses of fully cured specimens do not fully reflect what
happens to the cells as the PMMA cures in vivo but do support the potential promise of the
system.

There are numerous studies dedicated to analyses of toxicity of cyanoacrylate adhesives for
clinical applications,30:31:54.55 glheit not in the context of a SHM. Cyanoacrylate adhesives
degrade into formaldehyde and cyanoacetate, which may cause tissue irritation,31:54-58
Shorter chain cyanoacrylate adhesives such as the Loctite® positive control used here are
known to be more toxic than longer alkyl chain adhesives such as OCA 31:54-59
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Proliferation and viability testing of OCA extracts [Figures 5B and 6(D-F)] clearly showed
the OCA was toxic to the MG63 cells in culture, and extracts from the Loctite® positive
control killed virtually all of the cells. Similar to the work of others with various
cyanoacrylates, these results showed both time- and dose-dependent effects on cell
proliferation and viability.31:55

Although 50 and 25% OCA extract significantly decreased proliferation with respect to the
negative control, there was no significant decrease in proliferation of cells treated with 10%
OCA extract, suggesting the effects of the extract were mediated through the dilution of the
extract. Therefore, it is hypothesized that some effects of both PMMA and OCA on
surrounding cells may be mediated through clearance (e.g. dilution) of the released leachates
in vivo. Furthermore, as the OCA is intended to polymerize within the PMMA matrix on
contact with moisture, limited exposure to cells is anticipated.

Finally, it is important to note that the testing described here examines OCA-containing
capsule-filled acrylic bone cement strictly within the context of ASTM and ISO commercial
standards for the static mechanical properties of acrylic bone cement. Therefore, these
results do not speak to the self-healing capacity of the system. Dynamic testing of the self-
healing capacity of the system will be presented in a subsequent manuscript.

CONCLUSIONS

The effects of capsule incorporation on the compressive, tensile, and fracture toughness
properties of bone cement showed that inclusion of greater than 5 wt % capsules resulted in
the decrease of UCS and UTS below the commercially required levels; the fracture
toughness was improved with the incorporation of 3 wt % capsules but declined as content
was increased above 15 wt %. The effects of extract from a capsule-embedded bone cement
on the proliferation and viability of MG63 human osteosarcoma cells indicated the addition
of capsules did not significantly affect the viability and proliferation of the cells in response
to the PMMA. The effects of both capsule-embedded bone cement and OCA extracts were
found to be mediated somewhat through dilution of the extract. These findings support the
future promise of this system and indicate that its toxicity is similar to existing commercial
formulations.
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FIGURE 1.
PMMA samples for (A) tension, (B) compression, and (C) fracture toughness testing. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 2.
Relationship between capsule content and (A) ultimate tensile strength and (B) Young’s

modulus (average + SEM, n=5).
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FIGURE 3.
(A) Relationship between capsule content and the ultimate compressive strength of bone

cement (average £ SEM, n = 3 with five replicates per group). Photographs of samples
containing (B) 0 wt % and (C) 40 wt % capsules postcompression testing. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4.

Load with increasing vertical displacement is shown in (A) for samples containing 0 and 3
wt % capsules. Effect of capsule content on fracture toughness is presented in (B) (average £
SEM, n = 5). Fracture plane roughness and subsurface microcracking are observed in SEM
images of the side views of samples containing (C) 0 wt % and (D) 3 wt % capsules.
Direction of crack propagation is indicated by arrows.
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Viability of MG63 human osteosarcoma cells after 72 h exposure to (A) PMMA bone
cement and (B) OCA extracts (average + SEM, n = 4). Coverage by live cells in the positive
controls, Cu and Loctite®, was significantly different from all treatment groups, although
significance is not indicated on the figures.
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Proliferation of MG63 human osteosarcoma cells in response to growth in extract from (A,
B, C) bone cement and (D, E, F) OCA after (A, D) 24, (B, E) 48, and (C, F) 72 h (average
SEM, n = 4). Proliferation of cells in the positive controls, Cu and Loctite®, was
significantly different from all treatment groups, although significance is not indicated on

the figures.
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