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Abstract

Bone grafts used to repair weight-bearing tibial plateau fractures often experience cyclic loading,
and there is a need for bone graft substitutes that prevent failure of fixation and subsequent
morbidity. However, the specific mechanical properties required for resorbable grafts to optimize
structural compatibility with native bone have yet to be established. While quasi-static tests are
utilized to assess weight-bearing ability, compressive strength alone is a poor indicator of in vivo
performance. In the present study, we investigated the effects of interfacial bonding on material
properties under conditions that re-capitulate the cyclic loading associated with weight-bearing
fractures. Dynamic compressive fatigue properties of polyurethane (PUR) composites made with
either unmodified (U-) or polycaprolactone surface-modified (PCL-) 45S5 bioactive glass (BG)
particles were compared to a commercially available calcium sulfate and phosphate-based (CaS/P)
bone cement at physiologically relevant stresses (5-30 MPa). Fatigue resistance of PCL-BG/
polymer composite was superior to that of U-BG and CaS/P at higher stress levels for each of
fatigue failure criteria, related to modulus, creep, and maximum displacement, and was
comparable to human trabecular bone. Steady state creep and damage accumulation occurred
during the fatigue life of the PCL-BG/PUR and CaS/P cement, whereas creep of U-BG/PUR
primarily occurred at a low number of loading cycles. From crack propagation testing, fracture
toughness or resistance to crack growth was significantly higher for the PCL-BG composite than
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for the other materials. Finally, the fatigue and fracture toughness properties were intermediate
between those of trabecular and cortical bone. These findings highlight the potential of PCL-BG/
polyurethane composites as weight-bearing bone grafts.
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1. Introduction

Tibial plateau fractures involve a weight-bearing joint and often have depressed portions
that require extensive open reduction and internal fixation approaches along with
subchondral grafting to maintain articular congruence. Bone grafts utilized in the clinical
management of these fractures are subjected to repetitive, dynamic physiological loading
from everyday activities, such as sitting, standing, and walking (Ramakrishna, Mayer et al.
2001). Anatomic reduction and maintenance of the joint is important for both bone healing
and articular regeneration, since lack of articular congruence after fractures increases the
likelihood of osteoarthritis (Anderson, Van Hofwegen et al. 2011). While the use of calcium
phosphate cements (CPCs) mitigates the loss of reduction compared to autograft (Simpson
and Keating 2004), CPCs are contra-indicated for filling bone voids that are intrinsic to the
stability of the bony structure. Consequently, direct reduction of tibial plateau fractures
requires stable internal fixation, which is associated with high rates of complications, such
as non-union and loss of reduction (Schatzker, McBroom et al. 1976, Young and Barrack
1994, Papagelopoulos, Partsinevelos et al. 2006, Hall, Beuerlein et al. 2009, Musahl, Tarkin
et al. 2009). Injectable grafts with bone-like mechanical properties could potentially reduce
the amount of internal fixation required and/or allow earlier weight-bearing. Considering
that failure of fixation often results in re-hospitalization and an increased risk of poor
outcomes (Bosse, MacKenzie et al. 2002), there is a compelling clinical need for weight-
bearing bone grafts that prevent failure of fixation and subsequent morbidity.

The criteria for non-resorbable cements designed to maintain the stability of the bony
structure have been extensively investigated (Gilbert, Ney et al. 1995, Lewis 2006). Fatigue
failure is a predominant in vivo failure mode of non-resorbable bone cements used in hip
replacements, such as poly(methyl methacrylate) (PMMA) (Ramakrishna, Mayer et al.
2001). Despite the recognized need for resorbable grafts for repair of weight-bearing bone
defects (Rezwan, Chen et al. 2006), the specific mechanical properties required for these
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materials to optimize structural compatibility with native bone have yet to be established
(Ramakrishna, Mayer et al. 2001, Johnson and Herschler 2011). Tensile strength, fracture
toughness, and fatigue life have been suggested as key mechanical properties that should be
assessed and optimized (Gisep, Kugler et al. 2004, Bohner 2010, Johnson and Herschler
2011). While quasi-static load-to-failure tests in compressive mode are frequently utilized to
assess whether a materials is “weight-bearing” (Johnson and Herschler 2011), compressive
strength alone is a poor indicator of in vivo performance, since physiologic loads typically
include shear components and are cyclic (Gisep, Kugler et al. 2004, Bohner 2010). Thus,
there is a gap between the methods by which materials are tested and the mechanical
environment they encounter post-implantation in vivo due to cyclic loading (Bohner 2010).

Reporting only the mean quasi-static strength is often misleading, considering that materials
fail under cyclic loads that are below the reported strength of the material (Bohner 2010)
(Krause and Mathis 1988). Nonetheless, properties such as fatigue life or fracture toughness
are infrequently reported for CPCs or polymer/ceramic composites (Latour and Black 1993,
Morgan, Yetkinler et al. 1997, Gisep, Kugler et al. 2004, Johnson and Herschler 2011,
Slane, Vivanco et al. 2014). Brittle materials are susceptible to micro-cracking when
subjected to repetitive subcritical loading, as is often applied in dynamic fatigue (Morgan,
Yetkinler et al. 1997, Kessler, Sottos et al. 2003, Tilbrook, Moon et al. 2005, Pinter,
Ladstatter et al. 2006). Micro-crack growth or general damage accumulation can lead to a
degradation of material properties that is difficult to detect because it often forms internally
within the microstructure. Thus, we considered the assessment of initial fracture toughness
and fatigue life at physiologically relevant loads to be a more stringent test (compared to
quasi-static methods) of the ability of a bone graft to sustain in vivo service loads over time
(Morgan, Yetkinler et al. 1997, Gisep, Kugler et al. 2004, Lewis 2006, Bohner 2010).

We recently reported that surface-modification of 45S5 bioactive glass (BG) particles via
surface-initiated polymerization of e-caprolactone significantly increased the initial quasi-
static compressive and torsional strength of resorbable lysine-derived polyurethane (PUR)
polymer/BG composites to levels exceeding that of human trabecular bone (Harmata, Ward
et al. 2014). In the present study, we investigated the effects of interfacial bonding on
material properties under conditions that re-capitulate the cyclic loading associated with
tibial plateau and other weight-bearing fractures (Gisep, Kugler et al. 2004, Bohner 2010).
We evaluated the initial cyclic compressive fatigue properties of PUR polymer/BG
composites when subjected to physiological (5-15 MPa) (Ramakrishna, Mayer et al. 2001,
ASTM 2010) or supra-physiological (15-30 MPa) loads. Experimental composites were
compared to a commercially available, resorbable, and biphasic CPC (CaS/P), which has
been reported to support rapid remodeling and an early return to weight-bearing activities
when used to reconstruct bone voids following intra-lesional curettage of primary benign
bone tumors (Evaniew, Tan et al. 2013). Furthermore, the selected biphasic CPC has similar
compressive properties to those of monophasic apatitic cements (Dumas, BrownBaer et al.
2012, Dumas, Prieto et al. 2014). The fatigue life (Nf) was determined for three independent
definitions of failure, which were chosen to represent three potential mechanisms of clinical
failure, including accumulation of internal micro-crack defects, plastic deformation, and
subsidence. In order to evaluate the ability of the composites to resist crack growth, fracture
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toughness testing of single edge-notched beam specimens in mode | was conducted. The
stress intensity factor (K) and J-integral values were calculated to determine the toughness to
initiate cracking and the additional contribution of inelastic deformation (e.g., plasticity) as
well as the toughness of a growing crack, respectively (Ritchie, Koester et al. 2008).

2. Materials and methods

2.1 Materials

Melt-derived 45S5 bioactive glass particles (150-212 um diameter) were purchased from
Mo-Sci Corp. (Rolla, MO). (3-Aminopropyl)triethoxyilane (APTES) and e-caprolactone
were purchased from Sigma-Aldrich (St. Louis, MO). Magnesium sulfate, stannous octoate
(Sn(Oct),), and phosphate-buffered saline (PBS) were acquired from Thermo Fisher
Scientific (Waltham, MA). Triethylenediamine (TEDA) was purchased from Evonik
(Parsipanny, NJ). A lysine triisocyanate (LTI)-polyethylene glycol (PEG) prepolymer (21%
NCO) was supplied by Medtronic (Memphis, TN). ,,-lactide and glycolide were supplied by
Polysciences (Warrington, PA). Polyester triol of 300 Da was synthesized with a backbone
comprising 70% e-caprolactone, 20% glycolide, and 10% ,,, -lactide (T7C2G1L300).
Commercially available PRO-DENSE®), a biphasic bone cement composed of calcium
sulfate and calcium phosphate (CaS/P) was obtained from Wright Medical (Memphis, TN).
PRO-DENSE® comprises 75% CaSQy4 and 25% CaPO, (brushite and granular tricalcium
phosphate).

2.2 Preparation of experimental specimens

The study design included comparing the fatigue life of three synthetic bone grafts at
multiple stress levels, although not all materials could withstand more than 1 cycle at higher
levels (Table 1). BG particles ranging from 150-212 um diameter were used, since this size
range has been reported to enhance new bone formation (Chan, Thompson et al. 2002,
Malinin, Carpenter et al. 2007, Dumas, Davis et al. 2010). The two BG/polyurethane (PUR)
composites investigated incorporated either: (a) cleaned and unmodified BG particles (U-
BG), or (b) cleaned BG particles subsequently modified by surface-initialed polymerization
of e-caprolactone (PCL-BG) (Harmata, Ward et al. 2014). For cleaning, BG particles were
sonicated for 5 min in a solution of acetone and deionized (DI) water (5/95 by volume %,
respectively) at room temperature, followed by rinsing in DI water under sonication for 5
min (Verne, Vitale-Brovarone et al. 2009). A total of three washing cycles were performed.
PCL-BG were modified by adsoprtion of APTES molecules, incubated in a 2 uM solution of
APTES in 9:1 (v/v) ethanol:DI water for 5 h at room temperature (Jiang, Walker et al. 2005,
Harmata, Ward et al. 2014), and annealed at 100°C for 1 h, followed by ring-opening
polymerization (ROP) e-caprolactone. A mixture comprising a 1:1000 molar ratio of
Sn(Oct),: e-caprolactone(Jiang, Walker et al. 2005) and a 0.83:1 weight ratio of Sil-BG: -
caprolactone was reacted with silane-modified BG particles while stirring at 110°C for 24h.
The resulting PCL-BG particles were extracted with chloroform to remove non-grafted PCL
and dried at 40°C for 24 h (Harmata, Ward et al. 2014).

BG/polymer composites were prepared by mixing the LTI-PEG prepolymer, polyester triol,
BG particles, and TEDA catalyst as previously described (Harmata, Ward et al. 2014). The

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harmata et al. Page 5

relative amounts of LTI-PEG prepolymer and polyol were calculated assuming an
isocyanate index of 140 (i.e., 40% excess isocyanate) (Guelcher, Patel et al. 2006). The
amount of BG was based on a density of 2.7 g cm™ and a targeted volume percent (56.7%)
in the final composite. All components were hand-mixed, loaded into a 1 mL syringe, and
injected into a mold at room temperature and 40-50% relative humidity.

Composites created for compressive fatigue testing were injected into a cylindrical mold (6
mm diameter) and cured under a load of 0.96 kg for 5 min to simulate compaction of the
material in a confined defect space. Composites were further cured at 37°C for 24 h while
not loaded. After curing, the ends of the composites were cut to ensure parallel faces and a
length:diameter ratio of 2:1. Composites created for fracture toughness testing were injected
into a rectangular metal mold with dimensions 7.4 mm x 3.7 mm x 36.9 mm (W x B x L),
with B = 0.5W, as per the fracture toughness test standard ASTM E1820 [1]. To fabricate the
commercially available CaS/P cement specimen, the mixing protocol provided ina 20 CC
kit was followed. The mixed CaS/P paste was injected into the same cylindrical or
rectangular mold as the BG/PUR composites, allowed to cure at 37°C for 24 h, and cut in
the same fashions. All specimens were conditioned in PBS at room temperature for 24 h
immediately before testing. While the calcium sulfate component in the CaS/P is soluble in
water, the mass loss of the CaS/P cement after 1 day under accelerated conditions has been
reported as <5% (Moseley and Blum 2008), and thus the effect of calcium sulfate
dissolution on mechanical properties was considered to be modest.

2.3 Compressive fatigue mechanical testing

Following ASTM F2118-10, cylindrical specimens were loaded in dynamic compressive
fatigue using a servohydraulic material testing instrument (MTS 858 Bionix, Eden Prairie,
MN). Compressive fatigue was employed because bone grafts are primarily subjected to
compression in vivo. Specimens were loosely wrapped in medical gauze in order to
distribute and maintain constant hydration during testing, as adapted from previous methods
(Caler and Carter 1989). Specimens were placed between two rigid compression platens.
The upper platen, which was attached to the actuator, was lowered until it made contact with
the specimen as determined by a detected force of 1 N transmitted through the lower
stationary platen attached to a load cell (Tovey Engineering Inc., SWT14-5K-000, with a
maximum capacity of 14 kN). A calibrated MTS extensometer (634.31F-24) with a gage
length of 20 mm was attached to both platens, via knife-edges with a VV-notch and silicon
elastic bands, to track the overall strain experienced by the specimens. Specimens were
cyclic-loaded in sinusoidal compressive testing under load control at a frequency of 5 Hz
(Slane, Vivanco et al. 2014). Specimens were loaded from the nominal compressive preload
(minimum stress of 0.03 MPa) to a varied maximum stress level (omax), from 5 to 30 MPa
(Table 1), which correspond to physiologically relevant service loads. All testing was
performed at room temperature and specimens irrigated with water via a drip-system to
maintain hydration and ambient temperature. When the overall strain on the specimen
reached 5% or it reached 1 million load cycles, whichever occurred first, the specimen was
unloaded and the testing was stopped. The MTS material testing instrument was tuned
(adjusting Proportional, Integral, and Derivative terms) for each of the material to ensure
that the cyclic loading sine wave reached the maximum stress (peak) and minimum stress

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harmata et al.

2.4 Fracture

Page 6

(valley) levels. The same tuning parameters were applied to all the specimens tested within
each group.

During the cyclic testing, the force vs. displacement data were recorded for the first cycle
and then for one complete cycle at intervals determined by projected fatigue life (Table 1).
The MTS control software acquired data at 50 Hz for the test parameters of load,
displacement, strain and number of load cycles. The following properties were then
calculated using standard mechanical equations for fatigue testing of cylindrical specimens.
The compressive engineering stress (o) was calculated by dividing the load by the cross
sectional area of the samples post-hydration. Secant modulus (E) was defined as the ratio in
change in stress (Ao) by change in strain (Ae) (Fig. 1). The number of cycles (N), overall
creep strain (relative to initial strain) (c), loading secant modulus (E), and maximum
displacement (dy,) were measured for each specimen (Fig. 1). Mechanical fatigue failure
was defined based on three different criteria: 1) 10% decrease in secant modulus, 2) 1%
creep deformation (cy), and 3) 3% maximum displacement (dp,). The initial modulus was
defined as the average of the moduli of the first 10 cycle intervals (Table 1), when >10
intervals occurred, otherwise the modulus of the first cycle interval. Cycle intervals were
defined differently for each material based on projected fatigue failure. The strains ¢ and
dm were defined based on the initial height of the specimen (set as the maximum potential cy
and dp,). The three failure definitions were chosen to represent three potential mechanisms
of clinical failure, accumulation of internal crack defects, plastic deformation, and
subsidence. The fatigue life (Nf) was defined as the number of cycles achieved until
mechanical failure per definition. The run-out maximum for N was set at 1 million cycles.
The mean fatigue life of groups at each corresponding stress level were statistically
compared by individual t-tests utilizing nonparametric setting with Mann-Whitney test.

toughness mechanical testing

After removing materials from the rectangular molds (size and fabrication method described
above), single-edge notched beam (SENB) specimens were created using a low-speed
diamond wheel saw (SouthBay Technology Inc.) and sharpened further into a pre-crack by
means of a razor blade lubricated with 1 um Buehler MetaDi diamond particulate solution to
give original crack size ag = 1.4-2.2 mm (approximately 0.25W). The ag length was chosen
(as compared to ag = 0.5W, as required by ASTM E1820) in order to provide greater
opportunity for more stable cracking events in the brittle materials. A VanGuard 12424MM
series confocal microscope, at 10X magnification, measured the exact length of the starter
notch. After positioning the SENB specimens horizontally on two 1 mm diameter supports
with a ~30 mm span S (equal to 4xW), they were loaded mid-span (in-line opposite to the
notch) in three-point bending clamps (Instron Fixtures Series 2810-413) using another axial
servo-hydraulic testing system (DynaMight 8841, Instron, Norwood, MA) with 1 kN load
cell (Honeywell). With this mode of crack surface displacement (Mode 1), tensile loading is
exerted on the specimen such that crack propagates as the crack faces move apart. The force
vs. displacement (LVVDT) data were recorded at 50 Hz as the specimen was tested in
displacement control to failure with a progressive, multiple loading (+0.07 mm at 0.01
mm/s)-unloading (—0.04 mm at 0.015 mm/s)-dwell scheme (rising R-curve approach). The
time between load/unload sequence was kept as short as possible while allowing sufficient
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time to adjust the macro focus of the camera macro lens and take a picture of the imparted
crack propagation. All testing was performed at room temperature.

The bone cement and composites exhibit non-linear mechanical behavior (i.e., a significant
amount of plastic deformation). Thus, the fracture behavior of these materials was studied in
the framework of elastic-plastic fracture mechanics. The fracture resistance was
characterized in terms of the J-integral for all groups tested, without the correction of crack
extension (i.e. crack lengths (a) = initial crack length (ag)). The value of J was calculated for
each cycle by adding its elastic and plastic components:

_K%*(1-0v?)
E

J +T, @

The critical stress intensity required to initiate cracks (Kjnit) was computed as

J-E
Kinit= 1 _ o2 at the maximum load (P = Pp5) and J was the value of the J-integral at

fracture (P = Py,j1). The detailed equations used to compute the stress-intensity K and the
plastic component of J are provided in ASTM E1820 (ASTM 2005). Additionally, R-curve
analysis was conducted on the BG/PUR composites. After correcting J-integral for crack
extension, crack growth toughness was determined as the slope of J versus corresponding
crack extensions (Fig. 10). Statistical significance between the means of parameters
corresponding to each material tested was determined by a one-way ANOVA with Tukey
honest significant difference (HSD).

2.5 SENB notch and fracture characterization

A Canon EOS 5D Digital SLR camera mounted with a macro photo lens MP-E 65mm 1:2.8
was used to qualitatively characterize the compressive fatigue tested specimens.
Additionally, images of starter notch and subsequent crack propagation were taken in
between loading cycles during fracture toughness mechanical testing by the SLR camera to
qualitatively characterize stable and unstable crack extensions. Scanning electron
microscope (SEM) imaging at 45X magnification and 5 kV (Hitachi S-4200 SEM
(Finchampstead, UK)) was used to obtain fractography images of the internal cracked
surface of specimens post fracture toughness mechanical testing.

3. Results

A summary of the groups tested in cyclic compressive fatigue, the corresponding maximum
stress levels applied (omax), @nd cycle intervals between recorded cycles are shown in Table
1 (n=6 for each specimen and maximum stress level pairing). Cyclic compression test data
for BG/PUR composites and CaS/P bone cement showed progressive loss of secant modulus
(and thus broadening of hysteresis loop) and accumulation of residual strains (cyclic creep).
For the PCL-BG/PUR composite and CaS/P cement groups (Fig. 1B and C, respectively),
there was creep and damage accumulation (modulus loss) during a relatively long fatigue
life, whereas U-BG/PUR composite showed primarily viscoelastic behavior over a short

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harmata et al.

Page 8

fatigue life (Fig. 1D). Additionally, there was less overall creep exhibited by CaS/P cement
compared to BG/PUR composites. Fatigue resistance of PCL-BG/PUR was superior to that
of U-BG/PUR and CaS/P at the higher stress levels for each of fatigue failure definition: A)
10% decrease in secant modulus, B) 1% creep (ck), C) 3% maximum displacement (dy,,)
(Fig. 2). Overall, the fatigue behavior of each sample type at each failure definition
exhibited the expected linear relationship with a negative slope between the maximum stress
level applied (omax) and fatigue life (log scale). At omax=5 MPa, surface-modified PCL-BG
composites and the CaS/P cement had a similar fatigue life when failure was defined with
respect to secant modulus degradation (damage), but the fatigue life was higher for PCL-BG
than for CaS/P when failure was based on overall creep and maximum displacement (Fig.
2B and 2C). Unmaodified BG/PUR composites had a substantially lower fatigue life for all
definitions of failure compared to both the surface-modified BG composite and CaS/P
cement (Fig. 2). In addition, the PCL-BG/PUR composite had longer fatigue life compared
to the CaS/P cement at omax = 10-15 MPa irrespective of failure definition (Fig. 2). The
median number of cycles until failure (creep-based failure definition) tested at omax = 5 MPa
for PCL-BG/PUR composite, CaS/P cement, and U-BG/PUR composite was 230500,
23500, and 3, respectively (Table 2). The difference in fatigue life between PCL-BG/PUR
composite and CaS/P cement was also statistically significant at higher loads of 10 and 15
MPa.

Creep strains developed throughout cyclic fatigue loading in force control, and PCL-
BG/PUR composite and CaS/P cement exhibited the three stages of creep for a viscoelastic
material: primary rapid strain increase in the first loading cycles, steady state-creep over the
majority of the fatigue life, and a rapid increase in deformation near the end of the fatigue
life (Fig. 3). The non-linear relationship between creep and loading cycle was similar
between both surface-modified BG composites and CaS/P cements at omax = 5 MPa (Fig.
3A), but the CaS/P cement failed sooner and the steady state creep rate occurred at a higher
stain than PCL-BG/PUR composite. This typical creep behavior was maintained with the
surface-modified BG composite that was loaded at oyax between 10-30 MPa (Fig. 3B) as
well CaS/P cement loaded at o, Of 10 and 15 MPa (Fig. 3C). After a specimen reached a
creep of approximately 0.2 mm or strain of 1.7%, complete failure usually occurred shortly
thereafter. Also at these stress levels, surface-modified BG composites showed a more
gradual transition from the second to third stage of creep compared to the CaS/P cement
(Fig. 3B vs. Fig. 3C). As for the U-BG/PUR composite, the steady creep state occurred at
lower number of cycles and at higher strains leading to lower fatigue life compared to the
other materials (Fig 3D vs. Fig. 3A). The modulus of both surface-modified BG/PUR
composite and CaS/P cement degraded throughout the fatigue testing (Fig. 3E-F). The
BG/PUR composite showed a steady decrease in modulus as creep occurred, while CaS/P
cement maintained a stiff modulus (within a small range) until failure drastically reduced the
overall modulus within a small amount of creep.

All specimens showed macroscopic failure at cycles exceeding those defined by failure
mechanisms related to modulus, creep, and displacement, which is supported by images of
tested specimens at strains >5% (Fig. 4A—-C). PCL-BG composites stayed intact at these
high strains, failing primarily at the specimen ends (Fig. 4A). CaS/P cement showed
numerous cracking events throughout the gain region of the specimen, often crumbling apart

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harmata et al. Page 9

as fatigue loading completed (Fig. 4B). U-BG composites often failed in the gage region of
specimen but usually disassembled in large fractures rather than complete crumbling (Fig.
4C).

To critically evaluate the fracture toughness of each material, we determined the stress
intensity factor or resistance to crack initiation (Kjpit) and J-integral from the load vs.
displacement curves (Fig. 5A-C). Images of the SENB specimen taken during fracture
toughness testing revealed propagation of a crack from the micro-notches in PCL-BG
composite and CaS/P cement (as indicated by white arrow in Fig. 5D-E, respectively).
Cracking from the micro-notched was not observed for the exterior of the U-BG/PUR
composite specimen, but failure did occur. Fracture toughness properties (Kijpi: and J-
integral) of PCL-BG composite were significantly higher compared to the other two groups
(Table 3), but there was no significant differences between the U-BG composite and CaS/P
cement. There was a sufficient number of crack events for only the U- and PCL-BG/PUR
composites (i.e., rising R-curves behavior), allowing the crack growth toughness of these
specimens to be determined. J-integral was plotted against crack extension (Fig. 6A). The
surface modification of the BG before incorporation with the PUR binder significantly
increased the elasto-plastic J-integral (Table 3) and change in J per crack extension (Fig.
6A). This crack growth toughness is not existent in the brittle CaS/P material because crack
instability occurred early in the loading of SENB specimens. SEM images of fractured
surfaces show that BG/PUR composites (Fig. 6B and D) had substantially rougher fracture
surface than the CaS/P cement (Fig. 6C), suggesting a more tortuous path for crack
propagation. No noticeable difference was observed between the fracture surfaces of the two
BG/PUR composites tested.

4. Discussion

Injectable and settable bone grafts with bone-like mechanical properties have the potential to
improve clinical management of fractures at weight-bearing sites. Previous studies reported
that allograft/ or ceramic/polymer composites remodel and support new bone formation in
preclinical models of bone regeneration in metaphyseal defects (Adhikari, Gunatillake et al.
2008, Dumas, Davis et al. 2010, Dumas, Zienkiewicz et al. 2010, Yoshii, Dumas et al. 2012,
Harmata, Ward et al. 2014). While PCL-BG/polymer composites exhibited torsional
strengths exceeding those of trabecular bone and supported new bone growth when injected
into femoral condyle defects in rats (Harmata, Ward et al. 2014), their mechanical properties
under dynamic loadings have not been investigated. In this study, we measured the fatigue
and fracture toughness properties of U-BG and PCL-BG/polymer composites, as well as an
injectable CPC clinical control (CaS/P). While U-BG composites had torsional strength
(Harmata, Ward et al. 2014) and Kijpi: values equal to ~35% of those measured for PCL-BG
composites, the fatigue life of U-BG composites was almost 10° times shorter than that
measured for PCL-BG composites at a 5 MPa. Similarly, CaS/P showed torsional strength
(Dumas, Prieto et al. 2014) and Kjyjt values equal to ~20% of the values measured for PCL-
BG composites, but the fatigue life of CaS/P was 10 shorter at 15 MPa. These observations
underscore the importance of fatigue testing under dynamic loads to assess the weight-
bearing potential of bone graft substitutes, since materials with similar quasi-static
compressive modulus and strength can show dramatic differences in fatigue properties.
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A limited number of studies have evaluated dynamic compressive mechanical properties of
resorbable synthetic biomaterials for orthopaedic applications. Calcium silicate-gelatin
composites were reported to have fatigue life ranging from 103-10° at a 30 MPa load (Ding,
Wei et al. 2011). Additionally, 13-93 bioactive glass scaffolds made by robotic deposition
were reported to have fatigue lives ranging from 104-10° at loads from 10-30 MPa (Liu,
Rahaman et al. 2013). Although the fatigue lives of these synthetic biomaterials are slightly
longer than the PCL-BG composite in this study, they are not injectable or settable. The
compressive fatigue life of non-resorbable acrylic bone cements (e.g., PMMA) indicated for
structural repair of bone has been shown to be 103-106 at maximum compressive strengths
of approximately 13 — 60 MPa at 2 Hz (Jaffe, Rose et al. 1974, Krause and Mathis 1988).
Note that numerous intrinsic and extrinsic affect the fatigue life of PMMA (Lewis 2003,
Ajaxon and Persson 2014). Thus, surface polymerization of PCL on the BG surface
increased the fatigue life of the PCL-BG composites to values approaching that of structural
acrylic cement when tested in compression mode.

The compressive fatigue mechanical properties of both human cortical and trabecular bone
display S-N curves with N increasing with decreasing applied stress (Rapillarda, Charlebois
et al. 2006, Kruzic and Ritchie 2008), as observed for all synthetic bone grafts tested in the
present study. PCL-BG/polymer composites exhibited compressive fatigue properties in the
range of human trabecular bone tested at physiological and supra-physiological loads
(Haddock, Yeh et al. 2004, Rapillard, Charlebois et al. 2006, Dendorfer, Maier et al. 2008),
but not those of cortical bone (Caler and Carter 1989, Zioupos, Gresle et al. 2008). CaS/P
cement and U-BG/polymer composite did not exhibit compressive fatigue properties in the
range of either bone type. PCL-BG composite had an Ny in the range of 102-10* (Fig. 2A)
for maximum stress levels of 15-30 MPa (modulus-based failure definition, as was used in
comparative human bone studies). These stress levels are equivalent to normalized loads of
log(o/averaged Ep) = —2.37 to —2.6. In two previous studies, human vertebral trabecular
bone (independently tested healthy and elderly patients) was mechanically tested in dynamic
compression fatigue over a range of o/Eq values that corresponded to maximum stress levels
between 15-30 MPa. The published fatigue lives or these human specimens ranged from
approximately 102-10* (Dendorfer, Maier et al. 2008) and 102-10° (Haddock, Yeh et al.
2004) for healthy and elderly patients, respectively. Although it has been shown that higher
frequency of applied load increases N¢ (Kruzic and Ritchie 2008, Diel, Huber et al. 2012),
the sinusoidal frequency of loading applied in our study (5 Hz) was not much higher than
the human studies referenced (1.32-2.87 Hz and 0.9-3 Hz, respectively). The PCL-BG
composite N¢ exceeded values published in the former study (Haddock, Yeh et al. 2004).
Thus, we anticipate that an increase in frequency from 2-3 Hz to 5 Hz does not prevent the
appropriate comparison to these human bone studies.

The creep behavior shown for BG/PUR composites during fatigue testing (Fig. 3) matched
characteristic creep profiles shown for these human bone specimens. Human specimens
were shown to fail not only from modulus degradation but also from height subsidence,
which motivated including the creep- and displacement-based failure definitions within the
analysis of this study. During applied maximum stress levels of 10-30 MPa, PCL-BG
composites exhibited steady state creep during strains from 0.8-1.5% (cx=0.1-0.2 mm).
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Previous studies showed human trabecular bone exhibited steady creep during strains <0.6%
(Haddock, Yeh et al. 2004, Dendorfer, Maier et al. 2008). Thus, PCL-BG/PUR composite
can withstand creep strain equal to or higher than human trabecular bone before entering the
third stage of typical creep behavior.

The fracture toughness properties determined for the PCL-BG/PUR composite (Kipit =1.43
MPa m®-5, Table 3) were comparable to published values for bone and related orthopaedic
biomaterials. For Mode | testing (crack opening under tensile stress), wet trabecular and
cortical bone have been shown to have ranges of K;c = 0.1 — 0.8 MPa m%® (Oyen 2008, Fu,
Saiz et al. 2011) and 2 — 12 MPa m%5 (Melvin 1993, Morgan, Yetkinler et al. 1997, Cook
and Zioupos 2009 , Fu, Saiz et al. 2011, Granke, Makowski et al. 2015), respectively. The
K|c for six commercially available non-resorbable bone cements and poly(methyl
methacrylate) (PMMA) ranged from 1.03 — 2.32 MPa m%5 (Gilbert, Ney et al. 1995, Lewis
2006). For CaS/P cement, K;it=0.32 MPa m%-> (Table 3) was comparable to the K¢ of
another calcium phosphate cement (Norian Skeletal Repair System, SRS®) previously
reported (K;c=0.14 MPa m95) (Lewis 2006). Despite having a similar carbonated apatite
composition to the mineral phase of bone, Norian SRS® and CaS/P cements showed
considerably lower toughness compared to that of wet bone. Thus, the PCL-BG/polymer
composite has fracture toughness properties exceeding that of resorbable CPCs and
approaching the low end of the range for cortical bone and structural acrylic bone cements.

Fatigue creep and fracture toughness results from this study provide mechanistic insight
regarding the longer fatigue life of PCL-BG/polymer composite compared to CaS/P cement.
PCL-BG composite showed several stable cracking events throughout the fracture toughness
testing (Fig. 5A), whereas CaS/P did not show signs of stable cracking but rather unstable
cracking when an event was observed (Fig. 5B). Although the PCL-BG composite is not
immune to microcrack formation, this damage appears to be constrained to small areas of
the composite. This finding is supported by images of composites after complete fatigue
failure that showed signs of shear bands with the majority of the composite intact (Fig. 4A),
whereas the CaS/P cement showed numerous end-to-end catastrophic cracks throughout the
specimen (Fig. 4B). CaS/P cement appeared to have better resistance to initial creep
deformation compared to PCL-BG composite at loads above 5 MPa (Fig. 3C), but complete
failure occurred at lower overall creep and appeared to happen more rapidly (Fig. 3 E and
F). Thus it appears CaS/P cannot absorb loaded energy in a stable manner. When
microcracks formed, these unstable events led to failure of the CaS/P, presumably due to its
low fracture toughness.

A recent review reported that the majority of calcium phosphate/polymer composites had
quasi-static compressive mechanical properties below those of human trabecular bone and
bulk monolithic calcium phosphates (Johnson and Herschler 2011). The reason for these
sub-optimal mechanical properties may be due to poor interfacial bonding between phases
within the composite. Adequate interfacial bonding is necessary in order to capitalize on the
potential benefits of combining a tough ductile polymer phase with a strong brittle phase.
The high fracture toughness of bone has been attributed to a number of factors including
interfacial bonding between the collagen and apatite phases (Wang 2003, Wegst, Bai et al.
2015). Similarly, the superior fatigue and fracture toughness properties of PCL-BG
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composites are conjectured to result from interfacial bonding due to physical entanglements
between surface-polymerized PCL chains on the BG particles and the continuous PUR
network (Harmata, Ward et al. 2014).

To our knowledge, the surface-modified BG/PUR composite from the current study is the
first published injectable, settable, and resorbable, synthetic bone graft with initial quasi-
static and dynamic compressive mechanical properties equal to or greater than that of native
trabecular bone. Considering that PCL-BG composites resorb and remodel in vivo (Harmata,
Ward et al. 2014), their properties are anticipated to change with time. Consequently, it is
important to verify that PCL-BG composites completely fill the defect and maintain
sufficient fatigue resistance and fracture toughness properties throughout all stages of
remodeling. The rate of BG dissolution is also an important factor regulating remodeling.
Although 45S5 bioactive glass has been approved for commercial use by the FDA, future
composite formulations may be improved by the inclusion of a more slowly degrading
bioactive glass, such as 13-93, which may have prolonged a buffering affect (Jones 2013).
Since BG dissolution and hydroxyapatite formation proceed in a basic environment (Jones
2013), increases in the local pH as the composite remodels are conjectured to buffer the
acid-catalyzed degradation of poly(ester urethanes) (Hafeman, Li et al. 2008, Dumas, Prieto
et al. 2014) (Antheunis, van der Meer et al. 2009) (Vert, Li et al. 1992). These questions are
currently under investigation in a large animal load-bearing model of bone regeneration.

5. Conclusions

In this study, the dynamic compressive fatigue properties of BG/polymer composites when
subjected to physiological or supra-physiological loads were evaluated, and their properties
were compared to those of a commercially available biphasic CPC (CaS/P). Poly(e-
caprolactone) surface-modified BG/polymer composite fatigue resistance was superior to
that of CaS/P cement at low and high compressive stress. The fatigue failures of BG/PUR
composite and CaS/P biomaterials included both creep and damage accumulation. CaS/P
cement reached steady state creep during fatigue testing at a higher stain than PCL-BG/
polymer composite but showed catastrophic failure at a lower strain. Additionally, the
fracture toughness properties of BG/polymer composites and CaS/P cements were evaluated.
PCL surface modified BG/polymer composite showed significantly higher resistance to
crack growth than CaS/P and un-modified BG/polymer composite groups.
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Figure 1.

Compressive fatigue method and analysis. (A) Sinusoidal loading details for a maximum
stress applied (omax)=5 MPa and frequency=5 Hz. Representative stress (o) vs. strain (s)
curves (omax =5 MPa), first and last cycles recorded, for (B) PCL surface-modified 45S5
bioactive glass (BG) and polyurethane composite (PCL-BG/PUR), (C) calcium sulfate and
phosphate-based bone cement (CaS/P), and (D) un-modified BG and PUR composite (U-
BG/PUR). Included in panel B), secant modulus (E) was defined at change in stress (Ao),
divided by the change in strain (Ag), between the lowest and highest strain during loading.
Creep strain (cx) and maximum displacement (dp,,) were defined by translation along the x-
axis.
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Figure 2.

100 102 104 106

+ PCL-BG/PUR

o CaS/P

0 U-BG/PUR

Fatigue S-N plot of BG/PUR composites and CaS/P cement. Fatigue life (Ny) was

determined based on three different definitions of failure cycle, as the first cycle with (A)
10% decrease in secant modulus (E) compared to average of first 10 segments, (B) 1% creep
deformation (cy), and (C) 3% maximum displacement (d,,). Data shown includes n=6 for
each load/specimen group.
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Figure 3.

Fatigue testing creep (ck) behavior vs. cycle number. Tested at maximum stress level (0max)
of (A) 5 MPa for PCL-BG/PUR composite and CaS/P cement, (B) 10-30MPa for PCL-BG/
PUR, and (C) 10-15 MPa for CaS/P, and (D) 5 MPa for U-BG/PUR. Plots shown are
median, representative data of each specimen group/load group (n=6). Note that differences
between the groups/stress levels in the value of the final creep data point plotted were due to
interval span of cyclic data collected. Modulus (E) vs. creep (ck) for PCL-BG/PUR and

CaS/P at oax= (E) 5 MPa and (F) 10 MPa.
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Illilll
CaS/P 4|
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Figure 4.
Macroscopic specimen failure. Images of specimens post-fatigue testing (strain= 5%): (A)

PCL-BG/PUR, (B) CaS/P, and (C) U-BG/PUR. Centimeter ruler shown in images.
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Figure 5.
Fracture toughness testing. Applied load vs. load-line displacement curves for (A) PCL-BG/

PUR, (B) CaS/P, and (C) U-BG/PUR. Images of representative typical crack propagation for
each group (n=3) during fracture toughness testing. Displayed images respectively show
above/include the starter notch for (D/G) PCL-BG/PUR, (E/H) CaS/P, and (F/I) U-BG/PUR.
White arrows point to propagated crack. All images were taken at the same magnification.
Scale bar indicates 1 mm.
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Figure 6.
Fracture toughness analysis. Plot of (A) J vs. crack extension for PCL-BG and U-BG/PUR

composites. SEM images of pre-cut micro-notch (left half of image) and interior of cracked
specimen (right half of image) for (B) PCL-BG/PUR, (C) CaS/P, and (D) U-BG/PUR, after
fracture toughness testing. Scale bar indicates 667 um.
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Table 1

Compressive fatigue study design. The numbers corresponding to each maximum stress applied (omax) and

specimen tested refer to the interval length (number of cycles) between recorded cycles. “-* indicates the
specimen was not subjected to corresponding stress.

Omax (MPa) | PCL-BG/PUR | CaS/P | U-BG/PUR
5 1000 1000 1
10 1000 1 -
15 1000 1 -
20 10 - -
25 10 - -
30 1 - -
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Median fatigue life (Nf) based on 1% creep failure definition, at maximum stress applied (omax). Values

Table 2

Page 25

reported as ‘median (n=6), (25% percentile, 75% percentile).” ‘-’ indicates the specimen was not subjected to
corresponding stress. Mann-Whitney tests were performed to determine statistical significance between the
mean of groups.

Omax (MPa)

PCL-BG/PUR

CaS/P

U-BG/PUR

5

2305002 (66500, 495000)

23500 (12500, 36750)

3(2,3)

10 380002 (20250, 52000) 236 (70, 511) -
15 585002 (24500, 69250) 4 (3,16) -
20 9075 (5960, 15735) . ]
25 710 (327, 2443) - -
30 1115 (383, 1458) . ]

ap<.0022, at specific omax relative to to CaS/P.

bp<.0022, at specific omax relative to to PCL-BG/PUR.
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Fracture toughness properties. Statistical significance of quantified value compared to the other groups
determined by one-way ANOVA and Tukey HSD. Data shown is mean * standard deviation (n=3).

Material Kinit (MPam”0.5) | J (N/mm)
PCL-BG/PUR [ 1 43+ 0.042 1.54 +0.102
Cas/P 0.32£0.04 0.03 £0.01
U-BG/PUR 0.48 +0.07 0.62+0.10

a . . - .
p<.05, relative to either remaining material group.

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2016 November 01.

Table 3

Page 26



