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Abstract

Bone fractures at weight-bearing sites are challenging to treat due to the difficulty in maintaining 

articular congruency. An ideal biomaterial for fracture repair near articulating joints sets rapidly 

after implantation, stabilizes the fracture with minimal rigid implants, stimulates new bone 

formation, and remodels at a rate that maintains osseous integrity. Consequently, the design of 

biomaterials that mechanically stabilize fractures while remodeling to form new bone is an unmet 

challenge in bone tissue engineering. In this study, we investigated remodeling of resorbable bone 

cements in a stringent model of mechanically loaded tibial plateau defects in sheep. 

Nanocrystalline hydroxyapatite-poly(ester urethane) (nHA-PEUR) hybrid polymers were 

augmented with either ceramic granules (85% β-tricalcium phosphate/15% hydroxyapatite, CG) or 

a blend of CG and bioactive glass (BG) particles to form a settable bone cement. The initial 

compressive strength and fatigue properties of the cements were comparable to those of non-

resorbable poly(methyl methacrylate) bone cement. In animals that tolerated the initial few weeks 

of early weight-bearing, CG/nHA-PEUR cements mechanically stabilized the tibial plateau defects 
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and remodeled to form new bone at 16 weeks. In contrast, cements incorporating BG particles 

resorbed with fibrous tissue filling the defect. Furthermore, CG/nHA-PEUR cements remodeled 

significantly faster at the full weight-bearing tibial plateau site compared to the mechanically 

protected femoral condyle site in the same animal. These findings are the first to report a settable 

bone cement that remodels to form new bone while providing mechanical stability in a stringent 

large animal model of weight-bearing bone defects near an articulating joint.
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Introduction

Intra-articular fractures frequently involve a weight-bearing joint and often require internal 

fixation with subchondral grafting to maintain articular congruence.[1, 2] The use of calcium 

phosphate cements (CPCs) with buttress plating mitigates the loss of reduction[3], but the 

use of large internal fixation devices can increase complications.[4] Patients’ non-

compliance with limiting weight-bearing activities for 10 weeks also increases 

complications.[5] Consequently, up to 25% of severe tibial plateau fractures fail and require 

rehospitalization[5], resulting in increased risk of a poor outcome at 2 years post-injury.[6]

An ideal grafting material for treatment of intra-articular fractures would: (i) set within 

minutes after implantation in the defect, (ii) rapidly provide bone-like strength to stabilize 

the defect and maintain articular congruence with minimal use of hardware to support 

fixation, (iii) stimulate new bone formation, and (iv) resorb at a rate aligned with patient 

biology to maintain osseous integrity as the graft is gradually replaced by bone. Poly(methyl 

methacrylate) (PMMA) bone cements are indicated for structural repair of bone due to their 

high strength (70 – 90 MPa), but they are non-resorbable, do not integrate with host bone[7–

11], and are not suitable for treatment of tibial plateau fractures. Biomaterials that 

mechanically stabilize intra-articular fractures while remodeling to form new bone are not 

currently available and thus represent a long-standing unmet need in bone tissue 

engineering.

CPCs have been shown to be osteoconductive and resorbable in vivo.[2, 12–18] In an early 

study, a carbonated apatite cement mechanically stabilized weight-bearing tibial plateau slot 

defects in 25-kg mongrel dogs while slowly undergoing osteoclast-osteoblast coupled 

creeping substitution over a period of 72 weeks.[19] At 16 weeks, resorption of the cement 

was slightly faster in mechanically loaded tibial plateau defects (78% of the cement 

remaining) compared to mechanically protected femoral condyle defects (85% of the cement 

remaining). However, when implanted in mechanically loaded tibial plateau defects in 50-kg 

sheep, there were gaps between carbonated apatite cement and the host bone, cracks within 

the cement, and fractures in the tibial plateau.[20] Also in this study, a biphasic cement 

comprising a fast-resorbing dicalcium phosphate dehydrate (DCPD) matrix filled with slow-

resorbing β-tricalcium phosphate (β-TCP) granules remodeled faster than the carbonated 
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apatite cement but showed similar cracking and resorption gaps. Consequently, CPCs are 

indicated for use as bone void fillers and not for structural repair of bone.[20]

Injectable, settable, and resorbable biphasic poly(ester urethane) (PEUR) composite bone 

grafts exhibit working times comparable to CPCs, support bone remodeling, and degrade to 

nontoxic compounds.[21–26] However, the mechanical properties of these composites are 

limited by the low strength of PEUR.[27, 28] In a recent study, lysine triisocyanate (LTI) 

was grafted to nanocrystalline hydroxyapatite (nHA) particles and crosslinked with poly(ε-

caprolactone) triol to create nHA-PEUR hybrid inorganic-organic polymers with bending 

and compressive strengths >90 MPa, which is sufficiently high to support structural repair of 

bone.[29] nHA-PEUR stimulated osteoid mineralization and exhibited osteoclast-mediated 

resorption in vitro[29] and in vivo.[30] These nHA-PEUR hybrid polymers are resistant to 

hydrolytic degradation (<2% mass loss after 4 months at 37¼C in vitro)[31, 32] but readily 

degrade in the presence of reactive oxygen species (ROS) secreted by infiltrating cells.[32, 

33] Thus, nHA-PEUR-derived bone cements are anticipated to provide mechanical stability 

as they remodel, since they undergo negligible degradation until cells infiltrate the cement. 

While these biomaterials meet the criteria of bone-like strength, stimulation of osteogenic 

differentiation, and resorption by osteoclasts, their ability to promote bone healing of 

weight-bearing fractures has not been previously investigated.

In the present study, we hypothesized that biphasic ceramic/nHA-PEUR composite bone 

cements would maintain stability of mechanically loaded tibial plateau defects while 

remodeling to form new bone. The nHA-PEUR polymer was augmented with ceramic 

particles to yield settable cements with handling properties comparable to conventional bone 

cements. Two types of ceramic particles were tested: slow-resorbing ceramic mini-granules 

(CG, 85% β-tricalcium phosphate/15% hydroxyapatite) and fast-resorbing 45S5 bioactive 

glass (BG) particles. Biphasic cements were implanted in mechanically loaded tibial plateau 

slot defects in sheep. Previous studies have reported that currently available bone cements 

have failed in this mechanically stringent model.[20] Ceramic/nHA-PEUR cements were 

also implanted in mechanically protected femoral condyle plug defects in the same animal 

[20] to investigate the effects of ceramic composition and mechanical loading on remodeling 

of the implants.

Materials and Methods

Materials

Lysine triisocyanate (LTI) was purchased from Jinan Haohua Industry Co., Ltd (Jinan, 

China) and purified by refluxing with activated carbon (Fisher Scientific) in t-butyl methyl 

ether (TBME, Across-Organic) at 63°C for 22 hours before use. Poly(ε-caprolactone) (PCL) 

triol (Mn = 300 Da) and nHA particles were purchased from Sigma-Aldrich and dried under 

vacuum at 80°C for 48 hours before use. Iron acetylacetonate (FeAA) catalyst, 3-amino-

propyl-triethoxysilane (APTES), and ε-caprolactone were purchased from Sigma-Aldrich 

and used as received. Magnesium sulfate and stannous octoate (Sn(Oct)2) were purchased 

from Thermo Fisher Scientific. Melt-derived 45S5 bioactive glass (BG) was purchased from 

Mo-Sci Corporation (Rolla, MO). Slow-resorbing ceramic granules (CG, 85% β-tricalcium 

phosphate / 15% hydroxyapatite) were supplied by Medtronic (Memphis, TN) and ground to 
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100–300 μm diameter using a mortar and pestle. BG and CG particles were cleaned by 

sonicating with 95% acetone for 5 minutes, triple rinsed with DI water, and vacuum dried 

before use. CD31 antibody (NB 100-65900, Novus Biologicals, Littleton, CO), endomucin 

antibody (LS-C383339-100, LifeSpan BioSciences, Inc., Seattle, WA), and secondary 

antibodies (C-2764 and A-31574, ThermoFisher Scientific) were diluted according to 

manufacturers’ recommendations for immunofluorescence staining. Immunohistochemical 

staining was performed using anti-sclerostin primary antibody (ab63097 AbCam) and goat 

anti rabbit-HRP secondary antibody (sc-2004 SantaCruz) diluted as recommended by the 

manufacturers. A NovaRed Chromagen Kit and hematoxylin stain were purchased from 

SK-4805 Vector Laboratories and Fisher Scientific, respectively.

Surface-initiated polymerization of ε-caprolactone on BG

We have previously shown that grafting PCL to non-porous BG particles significantly 

enhances the strength and fatigue properties of BG/PEUR composites due to increased 

interfacial bonding between the BG and PEUR phases.[34] The method for surface-initiated 

polymerization of ε-caprolactone on BG has been described previously.[35] Briefly, clean 

BG particles were stirred in APTES solution (2 μM in 9:1 (v/v) ethanol:DI water) for 5 

hours at room temperature, followed by annealing at 100°C for 1 h. Before polymerization, 

ε-caprolactone was dried in the presence of magnesium sulfate. Silanized BG particles were 

reacted with a mixture comprising 0.001M Sn(Oct)2 in dried ε-caprolactone at weight ratio 

of 1:3.679 at 110°C for 24 hours. The PCL-grafted BG particles were extracted, washed 

with chloroform, and dried at 40°C under vacuum. Grafted BG particles contained 0.16 wt% 

PCL as measured by TGA.[35]

Synthesis of nHA-LTI prepolymer

nHA-LTI prepolymer was synthesized by mixing nHA particles (65 wt%) with LTI (35 wt

%) in the presence of FeAA catalyst (5% solution in ε-caprolactone, overall 0.55 wt%) at 

weight ratio of 1:0.0055 for 10 minutes and maintained at 50°C for 3 hours to yield a 

viscous liquid.[29]

Synthesis of polymer/ceramic composite bone grafts

nHA-LTI prepolymer crosslinked with PCL triol yields a tacky nHA-PEUR polymer that 

can be injected but not handled as a putty prior to cure.[32] The reactive nHA-PEUR 

polymer (54 wt% nHA) was augmented with CG or a mixture of CG and BG to yield a putty 

that could be implanted by hand into the defects. Polymer/ceramic composite bone grafts 

were made by first mixing PCL triol (Mn = 300 Da) with FeAA catalyst (5% solution in ε-

caprolactone, overall 0.44 wt% FeAA in PCL triol) until homogenous. The PCL triol/FeAA 

mixture was then mixed with CG (55 wt%) or a blend of BG (37.5 wt%) and CG (22.5 wt%) 

particles until the surface of the particles was uniformly covered by PCL triol/FeAA. The 

amount of CG and BG in the blend was designed to achieve a 1:1 volume ratio of CG:BG. 

Finally, the PCL triol/FeAA/CG and PCL triol/FeAA/BGCG pastes were reacted with nHA-

LTI prepolymer by hand-mixing for another 30 s. The ratio of isocyanate (NCO):hydroxyl 

(OH) equivalents was 1.4:1. The resulting composite bone grafts were denoted as CG/nHA-

PEUR and BGCG/nHA-PEUR. The CG/nHA-PEUR cement incorporated 55 wt% CG, 24.3 
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wt% nHA, and 20.7 wt% PEUR, and the BGCG/nHA-PEUR cement incorporated 37.5 wt% 

BG, 22.5 wt% CG, 21.6 wt% nHA, and 18.4 wt% PEUR.

In vitro characterization of ceramic/nHA-PEUR composite bone grafts

Thirty seconds of mixing yielded a moldable cement that can be conformed to the defect 

space prior to in situ cure. Working time was determined as the time at which the grafts 

could no longer be compressed, and tack-free time was measured as the time at which a 

metal spatula no longer stuck to the graft. The tack-free time approximates the setting time 

for bone cements.[36]

Compressive mechanical properties

Cylindrical specimens were used for all mechanical testing. Composites were mixed as 

described above, cured in a 6-mm diameter tube under a 1.0-kg weight for 24 hours[37], and 

cut to a height of 12 mm using a Buehler IsoMet Low Speed Saw to maintain parallel 

surfaces. Specimens were hydrated in water for 24 h at 37 °C prior to quasi-static 

compressive testing. Hydrated specimens were compressed at a rate of 25 mm min−1 using 

an MTS 858 Bionix Servohydraulic Test System. Compressive modulus, yield strength, and 

yield strain were calculated from the resulting engineering stress-strain curve (n = 7 for CG/

nHA-PEUR and n = 8 for BGCG/nHA-PEUR). The yield point (intersection between the 

dashed line and the CG curve in Figure 1A) was calculated based on the 0.2% offset method, 

and the ultimate point (intersection between the solid line and the CG curve in Figure 1A) 

was defined as the maximum stress. The compressive failure point (intersection between the 

dotted line and the CG curve in Figure 1A) was defined as the first inflection point after 

softening (drop in compressive stress after reaching the ultimate point). The post-yield strain 

was defined as the additional strain after yielding required to reach material failure. The 

stress-strain curve was divided into the three zones shown in Figure 1A: (1) elastic zone 

(from the initial to the yield point), (2) post-yield zone (from the yield to the ultimate point), 

and (3) fracture zone (from the ultimate to the failure point).[38] The energy absorbed by the 

composite in each of these zones was calculated as the area under the curve of the 

corresponding zone. The modulus of resilience represents the elastic energy absorbed (zone 

1), while the post-yield toughness (zone 2) and fracture zone toughness (zone 3) represent 

the energy absorbed during plastic deformation and are a measure of ductility.

Fatigue testing was performed as described previously (n = 3).[26] The linear actuator was 

equipped with cylindrical platens having a diameter only slightly larger than the specimen. 

After loading the hydrated specimen with ~1 N force, an MTS extensometer (634.31F-24) 

was attached to both platens. Hydration was maintained throughout the testing by a constant 

water drip supplied from a water bath heated to 37 °C. Fatigue properties were assessed by 

cyclically loading specimens to a maximum stress of 5 MPa (minimum ~0.3 MPa to 

maintain contact) at a frequency of 5 Hz. The same proportional and integral terms were 

used for the entire group. Force and strain were recorded for every 500th cycle at an 

acquisition frequency of 200 Hz. Testing was stopped when runout (106 cycles) or greater 

than 3.5% strain was reached. Compressive fatigue failure was defined by either 1% creep 

deformation or 3% increase in strain. Creep deformation was measured by comparing the 

minimum strain value of each cycle to that of the initial cycle recorded.
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In vivo sheep study

This study was approved by the Institutional Animal Care and Use Committee of the US 

Army Institute of Surgical Research and conducted in compliance with the Animal Welfare 

Act, the implementing Animal Welfare Regulations, and the principles of the Guide for the 

Care and Use of Laboratory Animals. Eight skeletally mature (4-years old) female 

Rambouillet sheep weighing 54.9 + 4.3kg were used for the in vivo animal study. Animals 

received glycopyrrolate (0.01mg/kg, SC) approximately 1 hour prior to surgery and were 

premedicated with carprofen (2mg/kg SC) and a caudal epidural injection of morphine 

(0.1mg/kg). Anesthesia was induced with a combination of ketamine hydrochloride 

(2.75mg/kg) and medazolam (0.25mg/kg) given intravenously and a surgical plane of 

anesthesia maintained with 1–3% isoflurane via endotracheal intubation. With fluoroscopic 

guidance, two types of bony defects were prepared in each posterior extremity: a non-

weight-bearing femoral plug defect (n = 16 per treatment group) and a weight-bearing tibial 

plateau slot defect (n = 8 per treatment group). Two non-weight-bearing plug defects, with a 

6 mm diameter and a 16 mm depth, were created on the medial and lateral distal condyles of 

both femurs. This defect size has been reported as suitable for evaluating bone regeneration 

in sheep.[39] A single weight-bearing tibial plateau slot defect was created proximal to the 

patella tendon insertion and approximately 3 mm distal to the tibial plateau articular surface 

as described previously.[20] A load of 1.21 ± 0.24 kN, which corresponds to approximately 

two times the weight of the sheep and occurs during its normal gait, has been reported to be 

sufficient to fracture the plateau if the defect is not grafted.[40] The defects encompassed the 

entire medial to lateral width, had a depth that was approximately 50% of the total anterior 

to posterior tibial depth, and were 6 mm high. Each of the defects was filled with one of two 

grafts, BGCG/nHA-PEUR or CG/nHA-PEUR, by hand-packing the cement into the defect. 

Each sheep received both grafts in separate extremities, and the placement of grafts was 

alternated between animals. For example, one sheep had BGCG/nHA-PEUR grafts in the 

left posterior extremity and CG/nHA-PEUR grafts in the right posterior extremity, and the 

other one had BGCG/nHA-PEUR in the right and CG/nHA-PEUR in the left. The animals 

were recovered and placed in a sling for 3 days post-operatively before allowing full weight-

bearing as tolerated. Animals received slow-release buprenorphine (10mg/kg IM) 

immediately postoperatively and as needed for breakthrough pain. Immediately after surgery 

and at 4, 8, 12, and 16 weeks, animals were sedated and imaged using computed 

tomography (CT, Prime Aquilon, Toshiba, Tokyo, Japan) at a resolution of 0.5 mm. Animals 

were sedated and euthanized at 16 weeks and femurs and tibias were harvested and placed in 

10% neutral buffered formalin.

Micro-computed tomography (μCT)

Specimens were loaded into 48-mm diameter tubes filled with 10% formalin and scanned 

using a μCT50 (SCANCO Medical, Bassersdorf, Switzerland). Micro-computed tomography 

(μCT) was performed with isotropic voxel size of 24.2 μm for qualitative analysis. For the 

tibial plateau and one of the femoral condyle defects in each limb, Scanco software was used 

to contour an area from the host bone-implant interface (excluding residual implant) to 2 

mm away from the defect. Four femoral condyle and four tibial plateau defects (two from 

each group) were not included in the analysis due to tibial plateau fractures at 2 – 3 weeks. 

However, defects from the contralateral limbs that did not fracture were included in the 
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analysis, considering a previous study reporting trabecular thickening near implanted bone 

grafts as early as 2 weeks.[23] Thus, n = 6 for the BGCG/nHA-PEUR and CG/nHA-PEUR 

groups at each anatomic site. The contour was subsequently segmented and morphed 

through 100 slices resulting in a representative volume of >100 mm3 around the defect. The 

bone morphometric parameters in this interfacial region were analyzed in the Scanco 

software using a threshold setting of 240 mgHA/cm3 and a sigma of 0.2 and support of 1 

(Gaussian filter) to suppress noise. The same procedure was used to analyze the distant 

region (2 – 4 mm away from the defect), which was projected 2 mm radially from the outer 

edge of the initial contour (Figure 2E).

Histology and histomorphometry

Sheep femurs and tibias were fixed in 10% formalin for 2 weeks, dehydrated in a series of 

ethanol solutions, and embedded in PMMA. An Exakt band saw was used to cut 200-μm 

sections (sagittal sections of tibias, transverse sections of femurs) from the center of the 

defects that were then ground (40–70 μm) and polished using an Exakt grinding system. The 

resulting sections were stained with Sanderson’s Rapid Bone stain, counterstained with van 

Gieson, and imaged under a light microscope. For histomorphometric analysis, the defects 

were divided into rectangular areas of interest (AOI) with 1 mm height and widths one-half 

of the total depths of the defects as we have described previously (Figure 3).[37, 41] Each 

AOI was numbered from the center of the defects based on its distance from the mid-section. 

As shown in Figure 3, the outer AOIs 4 and -4, which lie 3 – 4 mm away from the center 

line, include both cement and host bone due to the irregular boundaries of the defect. 

Considering previous studies reporting densification of host bone surrounding the cement 

[37, 41], the reaction of the bone to the implanted cement was assessed in the interfacial 

AOIs 4 and −4. Area-% new bone, CG, and nHA-PEUR were measured for each region at 

early and late time points using Metamorph® software. For area-% CG and nHA-PEUR 

measurements, overexposed images were taken in order to distinguish them from the graft 

bulk.

Immunofluorescence Staining

Polished sheep sections were washed with PBS and blocked with 5% goat serum in PBS for 

1 h. CD 31 (1:50) and endomucin (1:500) primary antibodies were diluted in 5% goat serum 

and incubated with sections at room temperature for 2 h. The sections were then washed 

with TPBS and incubated in the dark with secondary antibodies (4 μg/ml) for 1 hour. Finally, 

sections were washed with TPBS and mounted with Aquamount. Stained sections were 

imaged using a Zeiss LSM 710 confocal microscope.

Immunohistochemical staining

Polished sheep sections were washed with PBS with 0.1% Triton x-100 to permeabilize the 

membrane. Heat-mediated antigen retrieval was performed with citrate buffer at 80°C for 30 

min. Samples were blocked in 5% goat serum for 1 h and incubated with anti-sclerostin 

antibody (1:25) overnight at 4°C followed by incubation in goat anti rabbit-HRP secondary 

antibody (1:500) for 1 h at room temperature. Sclerostin expression was detected with 

NovaRed Chromagen Kit following the manufacturer’s directions. Samples were 

counterstained with hematoxylin and cover slipped with Aquamount. Stained sections were 
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imaged at 4x, 10x, 20x, and 40x magnification using an Olympus BX41 Microscope. 

Quantification of sclerostin staining in the sheep sections was performed on 4x images using 

thresholding and ROI analysis on Metamorph Image Analysis Software (Molecular 

Devices). A line to define the ROI was drawn around the trabeculae (excluding voids 

between trabeculae and bony surfaces to minimize artefacts) of the host bone adjacent to the 

graft approximately 3.5 mm deep. The area% sclerostin was calculated as the area stained 

positive for sclerostin divided by the total area.

Dynamic histomorphometry

Animals intravenously received calcium-binding fluorochromes, which are deposited at sites 

of active mineralization and allow for sequential monitoring of new bone formation using 

histology.[42] Fluorochromes were given at the following time points: calcein green 

(10mg/kg) at 4 weeks, xylenol orange (80mg/kg) at 8 weeks, and oxytetracycline (20mg/kg) 

at 15 weeks. Sections were prepared as described above and imaged using a fluorescent 

microscope equipped with a DAPI/FITC/Texas Red filter (Chroma, Bellows Falls, VT).

Statistical analysis

All data are plotted as the mean ± standard error of the mean (SEM). A Student t-test was 

applied to identify significant differences in mechanical properties between the BGCG/nHA-

PEUR and CG/nHA-PEUR groups. A multiple ANOVA was applied to assess the 

significance of the effects of material composition, anatomic site, and proximity to the 

implant on the morphometric parameters of the host bone. For histomorphometry, a one-way 

ANOVA was performed for each AOI (−4 to 4) between the mechanically loaded tibial 

plateau and mechanically protected femoral condyle defects at 16 weeks. A one-way 

ANOVA was also performed for the CG/nHA-PEUR and BGCG/nHA-PEUR groups for 

each AOI on the distal surface (AOIs 1 to 4) between the sheep sacrificed at <3 weeks and 

16 weeks.

Results

In vitro characterization of polymer/ceramic composite bone grafts

The working times for CG/nHA-PEUR grafts and BGCG/nHA-PEUR grafts were 2.08 

± 0.07 min and 2.26 ± 0.11 min, respectively (Table 1). For both groups, the tack-free time 

was equivalent to the working time, which suggests that the ceramic granules enhanced 

handling properties by reducing the tackiness of the settable polymer. Both groups hardened 

within 20 s after the working time, yielding a rigid cement that could not be compressed by 

hand.

Samples for mechanical testing were prepared by the same procedure and cured in 

cylindrical tubes for testing. Representative stress strain curves show the elastic (zone I), 

post-yield (zone II), and fracture (zone III) zones for the BGCG/nHA-PEUR and CG/nHA-

PEUR groups (Figure 1A). The Young's modulus of the BGCG/nHA-PEUR group was 

significantly higher than that of the CG/nHA-PEUR group (Figure 1B), while the ultimate 

strength (Figure 1C), yield strength (Figure 1D), and stress softening (Table 2) were 

comparable for the two groups. However, the yield strain (Figure 1E), failure strain (Figure 

Lu et al. Page 8

Biomaterials. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1F), strain at ultimate strength (Table 2), and post-yield strain (Table 2) were significantly 

lower for BGCG/nHA-PEUR compared to CG/nHA-PEUR. Furthermore, CG/nHA-PEUR 

absorbed a greater amount of energy than BGCG/nHA-PEUR, as indicated by a significantly 

higher modulus of resilience (zone I), post-yield toughness (zone II), fracture zone 

toughness (zone 3), and overall toughness (zones I - III) (Table 2). These findings suggest 

that the addition of BG to the composites made the material more brittle.

The dynamic compression fatigue testing is illustrated schematically in Figure 4A–B. All 

specimens exceeded a runout of 106 cycles of loading at a peak compressive stress of 5 MPa 

for both definitions of failure (1% creep deformation and 3% increase in strain). 

Representative hysteresis loops for the first (black) and last (gray) recorded cycle (n = cycle 

number) are shown for CG/nHA-PEUR (Figure 4C) and BGCG/nHA-PEUR (Figure 4D) 

grafts. Creep strain at cycle n (minimum strain of nth cycle – minimum strain of first 

recorded cycle) experienced by the grafts increased dramatically the first 50,000 cycles, but 

then reached a steady state as the tests progressed (Figure 4E–F). Neither group experienced 

greater than 0.25% creep up to 1,000,000 cycles, which confirms that the specimens did not 

fail before runout was reached. A slightly higher increase in creep strain at runout (n = 

1,000,000 cycles) for CG/nHA-PEUR (0.25%, Table 2) compared to BGCG/nHA-PEUR 

(0.14%) indicates accumulation of strain as the test proceeded.

Pre-clinical outcomes

Representative CT images acquired immediately following the surgery show axial and 

sagittal views of tibial plateau and femoral plug defects filled with CG/nHA-PEUR (Figure 

5A–C) and BGCG/nHA-PEUR (Figure 5D–G) grafts. Four of the eight sheep were sedated 

and euthanized early due to a combination of a ruptured patellar tendon and tibial shelf 

fractures near the upper surface of the defects in one of the posterior limbs. Of these, two 

sheep treated with BGCG/nHA-PEUR experienced ruptured tendons and fractures at 6 and 

11 days, and two sheep treated with CG/nHA-PEUR experienced ruptured tendons and shelf 

fractures at 18 and 20 days (Table 3). However, it is not clear which of these events occurred 

first. Diagnostic CT (Supplemental Figure 1A) and μCT (Supplemental Figure 1B) images 

taken on the day of early sacrifice showed that one of the BGCG implants had fractured, 

while the others were intact. Additionally, two sheep visibly favored the CG/nHA-PEUR 

side immediately postoperatively, but their gait was improved after 3 weeks and the animals 

survived to 16 weeks. CT images of tibial plateau defects (Supplemental Figure 2) showed 

evidence of fragmentation of BGCG/nHA-PEUR grafts at 8, 12, and 16 weeks, while CG/

nHA-PEUR grafts remained intact for the duration of the study.

Histology analysis at early time points

The limbs of the sheep euthanized early (at 6 – 20 days) due to tibial plateau fractures were 

processed for histology (Figure 6). Among four CG/nHA-PEUR and four BGCG/nHA-

PEUR tibial plateau explants, only one BGCG/nHA-PEUR explant showed significant 

material degradation (Supplemental Figure 1). The other seven grafts implanted in tibial 

plateau defects remained intact. In the femoral plug defects, all grafts remained intact for the 

duration of the study. Images of histological sections showed that the interface between the 

grafts and host bone was well-defined for both tibial plateau (Figure 6A, B) and femoral 
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plug defects (Figure 6E, F). While there was minimal incorporation of the graft with the host 

bone at this early stage, high magnification histology images of regions (shown in white 

boxes) near the host bone interface showed appositional bone growth near the interface 

(Figure 6C, D, G, H, stained red and labeled "B"). Residual nHA-PEUR (grayish brown 

regions labeled "P"), CG (black), and BG (transparent) were also evident in the high-

magnification images. There were no resorption gaps or fibrous tissue observed in these 

defects.

μCT at 16 weeks

At 16 weeks, BGCG/nHA-PEUR grafts implanted in tibial plateau defects degraded and 

fragmented (Figure 2A). There were large (>1 mm) gaps between the grafts and the host 

bone, and a rim of reactive new cortical bone appeared to be forming around the defect to 

compensate for the loss of mechanical stability caused by the rapid degradation of the grafts. 

In contrast, all 4 BGCG/nHA-PEUR grafts remained intact in femoral condyle defects at 16 

weeks post-surgery and showed ingrowth of new trabeculae, suggesting that BGCG/nHA-

PEUR grafts integrated with host bone (Figure 2B). CG/nHA-PEUR grafts were stable in 

both tibial plateau and femoral plug defects (Figure 2C–D). For the interface (adjacent to the 

implant) and the distant (far from the implant, Figure 2E) regions, the bone morphometric 

parameters BV/TV (Figure 2F), Tb.N. (Figure 2G), and Tb.Th. (Figure 2H) were measured. 

There were significant effects of proximity to the graft and anatomic site on BV/TV, Tb.N., 

and Tb.Th. The effects of implant composition were not significant and no significant two- 

or three-way interactions were observed. Consequently, pair-wise t-tests were performed to 

compare individual groups. Differences between adjacent and distant regions were 

significant for all BGCG/nHA-PEUR implants and for CG/nHA-PEUR tibial plateau 

implants. Differences in Tb.Th. between anatomic sites were significant for the BGCG/nHA-

PEUR implants. For all other groups, morphometric parameters trended higher for the 

interface region and tibial plateau defects (Figure 2F–H).

Histology at 16 weeks

Histological sections of the tibial plateau (Figure 7A, C, E) and femoral plug defects (Figure 

7B, D, F) confirmed that the CG/nHA-PEUR grafts were stable. Images of histological 

sections of the tibial plateau defects near the host bone/graft interface showed structures 

similar to osteons (white circle) and Haversian canals (white arrow), which are the 

fundamental functional units of cortical bone (Figure 7C). Representative high-

magnification images of interior regions of the tibial plateau (Figure 7E) and femoral plug 

(Figure 7F) defects showed ingrowth of new bone into the space between CG particles, 

which was formerly filled with nHA-PEUR, resulting in new bone growth on the surface of 

the CG particles. Multi-nucleated osteoclast-like cells were observed resorbing nHA-PEUR 

in the CG/PEUR group (Supplemental Figure 3A,C), and cellular infiltration was evident in 

histological sections of BGCG/PEUR (Supplemental Figure 3B,D). In contrast, BGCG/

nHA-PEUR grafts fragmented in tibial plateau defects (Supplemental Figure 4A), and large 

resorption gaps filled with fibrous tissue and residual implant material were observed 

(Supplemental Figure 4C,E). Similar to the CG/nHA-PEUR group, structures appearing to 

be blood vessels were observed near the host bone/graft interface in tibial plateau defects 

(Supplemental Figure 4C). BGCG/nHA-PEUR grafts were stable in femoral plug defects 
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(Supplemental Figure 4B) and showed evidence of new bone and blood vessel formation 

(Supplemental Figure 4D, F).

A higher magnification confocal microscope image of a representative Haversian system is 

shown in Figure 8A. A ring of new bone labeled with xylenol orange deposited at 8 weeks 

(arrow, Figure 8B) was observed surrounding the Haversian canal. New bone labeled with 

calcein green deposited at 4 weeks was also observed (arrow, Figure 8C). Osteoblasts form 

lamellae sequentially from the external surface of an osteon inward toward the Haversian 

canal. The calcein green band deposited at 4 weeks is closer to the osteon than the xylenol 

orange band deposited at 8 weeks, indicating that the new bone formation observed in the 

lower right corner of Figure 8F was directed away from the osteon. Thus, the locations of 

the labeled bands suggest that this new bone formed independently of the osteon in the 

center. Immunofluorescence staining of endothelial markers CD31 (red staining, yellow 

arrow, Figure 8D) and endomucin (blue staining, yellow arrow, Figure 8E) revealed evidence 

of blood vessels in the new bone that formed after graft resorption. The images in Figures 

8B, C, D, and E were merged in Figure 8F. Due to overlapping emission spectra between the 

xylenol orange (610 nm) and the Alexa 635 label for the CD31 antibody (635 nm), the 

newly formed xylenol-stained bone is also evident in Figure 8D. However, only CD31 and 

endomucin were evident in the newly formed bone near the blood vessels in the center of the 

canal. These observations are consistent with a previous study evaluating monophasic apatite 

cements implanted in tibial plateau defects in dogs, where blood vessels and Haversian 

systems were observed at 32 weeks.[19]

Histomorphometric analysis

In order to compare the rates of new bone formation and graft resorption at mechanically 

loaded and mechanically protected sites, histomorphometric analysis was conducted (Figure 

9). Three out of four samples from each tibial plateau group were analyzed (Supplemental 

Figure 5). One of the BGCG/nHA-PEUR samples had a collapsed tibial shelf (Supplemental 

Figure 5H). One of the CG/nHA-PEUR samples showed a gap filled with fibrous tissue 

(Supplemental Figure 5D). This gap was attributed to a filling defect, since the fibrous tissue 

was localized near the mid-section of the distal surface of the implant, in contrast to the 

BGCG/nHA-PEUR grafts, which showed resorption around the entire perimeter of the 

implant. Furthermore, there was minimal evidence of residual CG/nHA-PEUR graft within 

the fibrous tissue. These two samples were excluded from the analysis to ensure that the 

results are representative. All eight samples from each femoral condyle group were 

analyzed. For the CG group, the area% bone was significantly higher in region 4 of the tibial 

plateau compared to the femoral condyle (Figure 9A). The area% CG (Figure 9B) and nHA-

PEUR (Figure 9C) trended lower in some of the regions of the tibial plateau compared to the 

femoral condyle. These findings suggest that CG/nHA-PEUR grafts implanted at 

mechanically loaded sites remodeled faster than grafts implanted at mechanically protected 

sites. At both sites, the remodeling was balanced, as the resorbing graft was replaced by new 

bone. In contrast, for the BGCG/nHA-PEUR group, the area% bone was significantly lower 

in Regions −4 and 4 of the tibial plateau compared to the femoral condyle due to resorption 

(Figure 9D). Furthermore, the area% CG (Figure 9E) and area% nHA-PEUR (Figure 9F) 

were lower in the tibial plateau compared to the femoral condyle in some regions. These 
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findings suggest that remodeling of BGCG/nHA-PEUR implanted in the tibial plateau defect 

was not balanced, since resorption of both the implant and the host bone were observed.

New bone formation and graft resorption were also compared between sheep that were 

sacrificed early (6 – 20 days) due to tibial plateau shelf fractures and those that were 

sacrificed at the planned end point of 16 weeks for the CG/nHA-PEUR (Figure 10) and 

BGCG/nHA-PEUR (Supplemental Figure 6) groups. While the degree of mechanical 

loading in the animals that fractured likely differed from the animals that did not, only a 

minimal amount of new bone ingrowth and graft resorption would be expected at time points 

<3 weeks. Furthermore, the defects in the contra-lateral limbs did not experience shelf 

fractures. Data were reported for the distal surface (regions 1 to 4) only due to the fracture of 

the plateau shelf. New bone formation in the CG/nHA-PEUR group implanted in tibial 

plateau defects was higher in the outer region 4 at 16 weeks compared to <3 weeks (Figure 

10A). In contrast, new bone formation in region 4 of the femoral condyle defects at 16 

weeks was comparable to that <3 weeks (Figure 10B). The area% residual CG and nHA-

PEUR in regions 3 and 4 trended lower at 16 weeks compared to <3 weeks. The differences 

in area% nHA-PEUR were significant in region 3 of both the tibial plateau and femoral 

condyle defects. These findings suggest that the CG/nHA-PEUR implants resorbed and were 

replaced by new bone in the tibial plateau defects over the period of 3 to 16 weeks. In 

contrast, BGCG/nHA-PEUR implants showed evidence of bone and graft resorption at the 

tibial plateau site over the period of 3 to 16 weeks (Supplemental Figure 6A).

Dynamic histomorphometry

Sheep received calcein green (4 weeks), xylenol orange (8 weeks), and oxytetracycline (15 

weeks) injections. Representative fluorescent images of CG/nHA-PEUR grafts implanted in 

tibial plateau (Figure 11A) and femoral condyle (Figure 11B) defects showed evidence of 

new bone stained with xylenol orange (red) and oxytetracycline (yellow-green) in the 

trabecular bone adjacent to the graft at 16 weeks. Representative images near the implant/

bone interface (Figure 11C) show appositional new bone formation parallel to the implant 

surface (yellow arrows), which is consistent with appositional bone growth observed in the 

histological sections (Figures 6 and 7) and trabecular thickening of host bone near the 

implant/bone interface observed by μCT (Figure 2F–H). Ingrowth of new bone (white 

arrows) stained with xylenol orange and oxytetracycline normal to the surface of CG/nHA-

PEUR implanted in a femoral condyle defect was also observed. This observation is 

consistent with the histological images at 16 weeks (Figure 7E–F) showing that new bone 

formed within the implant after resorption of nHA-PEUR, since the presence of the low 

porosity implant precludes bone ingrowth prior to resorption of the nHA-PEUR component.

Sclerostin expression

The Wnt signaling antagonist sclerostin is secreted by osteocytes and inhibits bone 

formation by osteoblasts.[43–45] Considering that mechanical stimulation reduces sclerostin 

expression [46], we assessed sclerostin expression at the tibial plateau and femoral condyle 

sites treated with CG/nHA-PEUR by IHC. Positive staining for sclerostin was observed at 

both anatomic sites (yellow arrows Figure 12A–B). The area% sclerostin (area stained 

positive for sclerostin divided by the total area) in the host bone was calculated in the region 
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extending from the host bone-implant interface (excluding residual implant) to 3.5 mm away 

from the defect. A representative area of interest at 4x magnification is shown in Figure 12C 

(the voids between trabeculae and the bony surfaces enclosed by the dashed yellow lines 

were excluded from the analysis to minimize artefacts). Host bone adjacent to the femoral 

condyle defects showed significantly higher expression of sclerostin compared to the tibial 

plateau defects (Figure 12D).

Discussion

Repair of tibial plateau fractures often requires extensive mechanical fixation with protected 

weight-bearing for 10 weeks, as currently available bone grafts have inadequate mechanical 

properties to stabilize the defect. CPCs have initial compressive strength exceeding that of 

trabecular bone, but the bending strength, torsional strength, fatigue resistance, and fracture 

toughness are lower than that of trabecular bone[47]. Consequently, CPCs are indicated for 

use as a bone void filler and not for structural repair of bone[20]. The objective of this study 

was to test the hypothesis that a resorbable bone cement with initial mechanical properties 

sufficiently high to support structural repair of bone (70 – 90 MPa) would stabilize 

mechanically loaded tibial plateau defects while actively remodeling in a large animal 

model. Implantation of the cements in mechanically protected femoral condyle defects 

allowed for investigation of the effects of loading on remodeling. The initial compressive 

strengths of the cements exceeded 75 MPa. The cements also showed a fatigue life of 

>1,000,000 cycles at a physiological loading of 5 MPa[48], compared to 23,500 cycles for a 

biphasic CPC[26]. When implanted in mechanically loaded tibial plateau defects without 

external fixation, CG/nHA-PEUR cements stabilized the defect for 16 weeks and showed 

evidence of cellular infiltration, new bone formation, osteoclast-mediated resorption, and 

integration with host bone.

While hydroxyapatite and β-tricalcium phosphate undergo solution-mediated dissolution, 

they have relatively low solubility and remodel primarily by creeping substitution, a process 

characterized by an appositional bone formation phase followed by a resorptive phase[49]. 

In contrast, 45S5 bioactive glass (BG) more readily dissolves to release ionic species that 

stimulate new bone formation.[50–54] We blended BG with CG in the BGCG/nHA-PEUR 

group to test the hypothesis that the BG particles would accelerate remodeling of the 

composite cements. In tibial plateau defects, BGCG/nHA-PEUR cements almost completely 

resorbed by 16 weeks, resulting in formation of a dense rim of cortical bone surrounding the 

defect. However, BGCG/nHA-PEUR cements implanted in femoral condyle defects showed 

balanced new bone formation and graft resorption with minimal fibrous tissue after 16 

weeks. In a previous study, composites consisting of 60% polyurethane and 40% calcium 

silicophosphate glass granules (63 – 200 μm) remained intact for 24 months after 

implantation and showed ingrowth of new bone when implanted in mechanically loaded 

tibial plateau defects in sheep[55]. However, this model was less mechanically stringent than 

that used in the present study due to the fact that the cortex was not removed, as evidenced 

by the observation that empty defects remained stable throughout the study[56]. Considering 

that BGCG/nHA-PEUR was stable in the femoral plug defects and exhibited comparable 

initial mechanical properties to CG/nHA-PEUR, the extensive resorption observed in the 
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tibial plateau defects is likely related to a combination of mechanical loading and cellular 

interactions with the graft.

The nHA component enhanced both the mechanical and osteogenic properties of the 

cements. Since nHA-PEUR is a tacky polymer that cannot be handled prior to cure, CG or 

BGCG was added to yield a putty-like material that hardened in < 5 min, which is 

comparable to working times for CPCs.[47] Addition of CG or BGCG reduced the ultimate 

compressive strength of the composites to 82 – 92 MPa (Figure 1C) compared to nHA-

PEUR hybrid polymers alone (100 MPa [29]). However, while the addition of the granules 

reduced the initial compressive strength of the cements, it remained within the range of bone 

cements indicated for structural repair of bone (70 – 90 MPa).[57] Previous studies have 

shown that nHA with grain size less than 100 nm enhances osteogenic differentiation 

compared to micron-scale HA.[58–66] We have recently reported that human mesenchymal 

stem cells (hMSCs) cultured on nHA-PEUR promoted osteogenic differentiation and osteoid 

mineralization within 7 days, compared to 21 days for PEUR without nHA[29, 67]. 

Histological sections of CG/nHA-PEUR cements at 16 weeks showed minimal evidence of 

fibrous tissue, in contrast to previous studies with PEUR bone cements, which showed a 

greater degree of infiltration with fibroblasts and fibrous tissue[37, 68]. These previous 

studies support the notion that the nHA component of the polymer stimulated new bone 

formation, resulting in minimal ingrowth of fibrous tissue.

Both histology (Figure 7A–B) and dynamic histomorphometry (yellow arrows, Figure 11C) 

images showed evidence of appositional new bone formation near the bone/implant 

interface, which is consistent with trabecular thickening of the bone near the interface 

observed by μCT (Figure 2F–H). Histology (Figure 7E–F) and dynamic histomorphometry 

(white arrows, Figure 11C) images at 16 weeks show that new bone grew into the implants 

through newly formed pores resulting from resorption of the nHA-PEUR component. This 

remodeling pattern is consistent with our previous finding that nHA-PEUR supports 

osteoclast-mediated resorption (due to the presence of nHA) both in vitro[29] and in 
vivo[30]. In addition, the PEUR component undergoes oxidative degradation of the lysine 

residue in the polymer[33]. Trabecular thickening of host bone adjacent to the implant and 

ingrowth of new bone into the implant suggest that mechanical loading is adequately 

transferred through the implant to the bone at 16 weeks. A previous study evaluating a 

biphasic CPC consisting of dicalcium phosphate dehydrate (DCPD) and β-TCP granules 

also showed ingrowth of new bone similar to that observed for CG/nHA-PEUR. Due to its 

faster degradation rate, the DCPD component was resorbed first, resulting in incorporation 

of free β-TCP granules within new bone[20, 69–71]. Other biphasic CPCs reinforced with 

polymers or metals show enhanced mechanical properties[36, 72–74] but have not been 

evaluated in mechanically loaded defect models.

Differences in graft remodeling were observed between the mechanically loaded and 

mechanically protected defects. In region 4 (Figure 9), 40 area% bone was observed in the 

tibial plateau defects, which was significantly higher than that measured in the femoral 

condyle defects (24 area%). Similarly, the area% CG in regions 3 and 4 of the tibial plateau 

defect trended lower than that in the femoral condyle defect. While the differences in surface 

curvature between the tibial slab-like and femoral cylindrical defects may limit comparison 
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of the two anatomic sites, the radius of curvature of the femoral defects (4 mm) is at least an 

order of magnitude larger than the thickness of the trabeculae (<300 μm, Figure 2H). Other 

limitations to the histomorphometry approach include the challenges of dividing the 

implants into eight 1-mm thick regions and the mixed (bone and residual graft) composition 

of the outermost region. However, in a similar study assessing allograft bone composites 

implanted in 6-mm femoral condyle defects in rabbits, we also observed an increase in area

% bone in the outermost 1-mm thick region compared to the internal regions at 12 

weeks[37]. Furthermore, our histomorphometic findings are consistent with the trabecular 

thickening of bone adjacent to the implant compared to that far from the implant assessed by 

μCT (Figure 2F–H).

Wnt signaling through the transmembrane low-density lipoprotein receptor Lrp5 is required 

for mechanical loading to initiate bone formation[75]. Sclerostin is secreted by osteocytes 

and inhibits Wnt signaling by binding to Lrp5[43]. When osteocytes sense mechanical 

stimuli, they reduce the production of sclerostin (encoded by SOST), which activates 

osteoblasts to stimulate new bone formation[75, 76]. Interestingly, expression of sclerostin 

was approximately 2.4 times higher in the femoral condyle compared to the tibial plateau 

(Figure 12C). This finding is consistent with a previous study reporting that mechanical 

loading reduces sclerostin expression[46]. Thus, decreased sclerostin expression in 

mechanically loaded grafts may contribute to their faster remodeling compared to 

mechanically protected grafts. Additional studies are warranted to fully elucidate the relative 

contribution of sclerostin to remodeling of bone grafts under mechanical loading.

Previous studies in mechanically protected defects have reported that calcium phosphate and 

HA cements remodel faster at femoral sites due to increased cell density and blood flow 

compared to the tibia[71, 77]. These findings suggest that in the canine model, where the 

rates of new bone formation were similar for tibial plateau and femoral plug defects[19], the 

effects of higher mechanical loading at the tibial plateau offset the effects of increased cell 

density and blood flow at the femoral condyle, resulting in comparable remodeling between 

the two sites. However, in larger animals such as sheep the effects of mechanical loading 

have been reported to enhance remodeling. In a previous study, a ceramic coating improved 

osseointegration of alumina in a mechanically loaded defect but not in a mechanically 

protected drill hole in sheep tibiae[78]. A controlled loading experiment further indicated 

that mechanical stimuli associated with physiological stresses improved incorporation and 

remodeling of morselized bone graft in goat femurs[79]. Taken together, these findings 

suggest that the increased mechanical loading in the sheep tibial plateau defects stimulated 

new bone formation and CG/nHA-PEUR graft resorption compared to the femoral plug 

defects[71].

While the tibial plateau slot defect is a mechanically stringent model of bone regeneration, 

there are limitations to the model. Remodeling of the grafts was evaluated at a single 4-

month time point, which is an established time point for evaluation of bone healing in 

sheep[20, 68]. Evaluation of remodeling at longer time points in future studies is necessary 

to ensure that the grafts maintain mechanical stability throughout the duration of the healing 

process[68]. Among the four (two CG/nHA-PEUR and two BGCG/nHA-PEUR) tibial 

plateau defects that fractured at early time points (6 – 20 days), three fractured on the 
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posterior side of the tibial shelf, which has been reported to be the weakest site due to a 

discontinuity in the bone architecture[79]. Micro-motion of the tibial shelf caused by 

mechanical loading and consequent pull-up strain by the anterior cruciate ligament (ACL) 

prior to sufficient integration of the graft with host bone is a potential cause of the fractures, 

which were not observed in the mechanically protected femoral condyle defects. However, it 

was not possible to determine which occurred first, the rupture of the patellar tendon or the 

fracture of the shelf. The animals were kept in a sling system for only 3 days before they 

were allowed to return to normal weight-bearing activities, which is shorter than the 14-day 

period reported previously[20]. Taken together, these observations suggest that a minimum 

period of reduced weight-bearing of 2 – 4 weeks may be necessary to allow for sufficient 

integration of the graft with host bone.

For the first time, we report a resorbable bone cement that stabilized mechanically loaded 

defects and remodeled to form new bone in a stringent weight-bearing model in sheep. We 

also found that a resorbable bone graft (BGCG/nHA-PEUR) that is stable in mechanically 

protected femoral condyle defects showed excessive resorption and cracking in the 

mechanically loaded tibial plateau defects. These findings underscore the importance of 

testing cements designed for structural repair of bone in stringent models of weight-bearing 

fractures.

Conclusions

Resorbable ceramic granule CG/nHA-PEUR bone cements with initial mechanical 

properties potentially suitable for structural repair of bone remodeled to form new bone 

while maintaining mechanical stability in a stringent weight-bearing tibial plateau defect 

model in sheep. The rate of remodeling of the cement was significantly faster at 

mechanically loaded tibial defects compared to mechanically protected femoral defects. CG/

nHA-PEUR cements exhibited handling properties comparable to conventional bone 

cements, stimulated new bone formation, supported osteoclast-mediated resorption, and 

integrated with host bone at 16 weeks. These findings highlight the potential of these 

materials as resorbable, weight-bearing bone cements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Compression properties of the grafts cured for 24 hrs. (A) Representative stress-strain curve 

for the BGCG and CG groups. The vertical lines on the CG curve show points selected for 

yield (dashed), ultimate strength (solid), and failure (dotted) and indicate 3 zones in which 

the compressive properties can be analyzed: (I) elastic zone, (II) post-yield zone, and (III) 

fracture zone. (B) Modulus, (C) ultimate strength, (D) yield strength, (E) yield strain, and 

(F) failure strain were measured from the stress-strain curves. Error bars represent standard 

deviation. **p < 0.01, ***p<0.001.
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Figure 2. 
Assessment of CG/nHA-PEUR and BGCG/nHA-PEUR implants by μCT at 16 weeks. (A – 

D) Representative μCT images of grafts. (A) BGCG/nHA-PEUR tibial plateau defect. (B) 

BGCG/nHA-PEUR femoral condyle plug defect. (C) CG/nHA-PEUR tibia plateau defect. 

(D) CG/nHA-PEUR femoral condyle plug defect. (E – H) μCT analysis of morphometric 

parameters of host bone outside the graft. (E) Representative μCT image showing the 

contours of the interface and distant regions used for analysis. The morphometric parameters 

(F) bone volume fraction (BV/TV), (G) trabecular number (Tb.N.), and (H) trabecular 

thickness (Tb.Th.) were calculated for all samples both the interface and distant region.
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Figure 3. 
Schematic illustrating histomorphometry areas of interest (AOI).
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Figure 4. 
Dynamic fatigue properties at 5 MPa applied stress. (A) Experimental setup for fatigue 

testing. Arrow points to water drip used to maintain hydration. (B) Samples were cyclically 

loaded to a maximum stress of 5 MPa (minimum ~0.3 MPa to maintain contact) at a 

frequency of 5 Hz. (C–D) Representative hysteresis loops for the first (black) and last (gray) 

recorded cycle (N= cycle number) for (C) CG/nHA-PEUR and (D) BGCG/nHA-PEUR 

composites. (E–F) Creep strain experienced by (E) CG/nHA-PEUR and (F) BGCG/nHA-

PEUR increased dramatically the first 50,000 cycles but approached a plateau as the tests 

progressed.
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Figure 5. 
Representative CT images of a CG/nHA-PEUR (A – C) and BGCG/nHA-PEUR (D – G) 

implant on the day of surgery showing fill of the defects. (A) Axial view of CG/nHA-PEUR 

tibial plateau defect. (B) Axial view of CG/nHA-PEUR femoral plug defects. (C) Sagittal 

view of CG/nHA-PEUR tibia plateau and femoral plug defects. (D) Axial view of BGCG/

nHA-PEUR tibial plateau defect. (E–F) Axial view of BGCG/nHA-PEUR femoral plug 

defects. (G) Sagittal view of BGCG/nHA-PEUR tibia plateau and femoral plug defects.
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Figure 6. 
Representative histological images of defects in sheep that were sacrificed between 6 – 20 

days due to tibial plateau fractures. (A,B) Low magnification images of (A) CG/nHA-PEUR 

and (B) BGCG/nHA-PEUR tibial plateau defects. (C,D) High magnification images of (C) 

CG/nHA-PEUR and (D) BGCG/nHA-PEUR tibial plateau defects near the host bone 

interface. B denotes bone (stained red), P residual nHA-PEUR polymer (stained light gray), 

and CG residual ceramic granules (stained dark gray) (E,F) Low magnification images of 

(E) CG/nHA-PEUR and (F) BGCG/nHA-PEUR femoral plug defects. (G,H) High 

magnification images of (G) CG/nHA-PEUR and (H) BGCG/nHA-PEUR femoral plug 

defects near the host bone interface. BG particles appear transparent[1] and CG particles 

appear dark gray.[2]
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Figure 7. 
Representative histological sections through the defects at 16 weeks. (A,C,E) Low and high 

magnification images of CG/nHA-PEUR tibial plateau defect at the (C) interface and (E) 

interior. A representative osteon is encircled (white circle) and the white arrow points to the 

Haversian canal. (B,D,F) Low and high magnification images of CG/nHA-PEUR femoral 

plug defect at the (D) interface and (F) interior. B denotes bone and CG denotes ceramic 

granules.
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Figure 8. 
High-magnification confocal microscope images (scale bar = 100 μm) of a representative 

Haversian system present in new bone formed near the CG/nHA-PEUR cement. (A) Bright-

field image of a representative osteon. (B) Fluorescent image of the fluorochrome xylenol 

orange verifies that new bone was mineralizing to form Haversian systems at 8 weeks 

(yellow arrow). (C) Fluorescent image of the fluorochrome calcein green (yellow arrow) 

reveals evidence of new bone formation outside the osteon at 4 weeks. (D-E) 

Immunofluorescence staining of the endothelial markers (D) CD 31 (stained red, yellow 

arrow) and (E) endomucin (stained blue, yellow arrow) reveals the formation of Haversian 

systems. (F) Overlay of the images in Panels B – E.
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Figure 9. 
Histomorphometric comparison of new bone formation and graft resorption between the 

tibial plateau and femoral condyle defects. (A) area% bone for the CG group, (B) area% CG 

for the CG group, (C) area% nHA-PEUR for the CG group, (D) area% bone for the BGCG 

group, (E) area% CG for the BGCG group, (F) area% nHA-PEUR for the BGCG group. 

Error bars represent SEM. Significant differences: * p < 0.05, ** p < 0.01, *** p < 0.005, 

**** p < 0.001.

Lu et al. Page 30

Biomaterials. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Histomorphometric comparison of new bone formation and graft resorption between the 

early (<3 weeks) and late (16 weeks) time points for the CG/nHA-PEUR group. (A) Tibial 

plateau and (B) femoral condyle defects. Error bars represent SEM. * p < 0.05, *** p < 

0.005, **** p < 0.001.
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Figure 11. 
Representative dynamic histomorphometry images of CG/nHA-PEUR grafts showing areas 

of xylenol orange (red, 8 weeks) and oxytetracycline (yellow-green, 15 weeks) binding. (A–

B) New bone formation near the bone-graft interface in the (A) tibial plateau and (B) 

femoral condyle defects. (C) Appositional growth of new bone parallel to the surface 

(yellow arrows) and ingrowth of new bone (white arrows) into CG/nHA-PEUR grafts 

implanted in a femoral condyle defect. CG denotes ceramic granules and P nHA-PEUR 

polymer.
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Figure 12. 
(A–B) Representative immunohistochemical images of bone near the (A) femoral condyle 

and (B) tibial plateau defects at 10x (scale bar = 200 μm), 20x (scale bar = 100 μm) and 40x 

(scale bar = 50 μm) magnification show differential sclerostin expression (yellow arrows) in 

the host bone. (C) Representative area of interest in the host bone at 4x magnification (scale 

bar = 500 μm). The voids between trabeculae and the bony surfaces enclosed by the dashed 

yellow lines were excluded from the analysis to minimize artefacts. (D) Quantification of 

sclerostin staining of sheep femoral plug and tibial plateau defect samples reveals a 

significant decrease in sclerostin expression in weight-bearing tibial plateau defects. *** 

p<0.0005.
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Table 3

Preclinical outcomes of tibial plateau defects.

Ceramic Time to failure (days) Radiology/necropsy observations

BGCG 8 Separation of shelf from tibia and material. Patellar tendon rupture

BGCG 6 Separation of shelf from tibia, fracture of material. Patellar tendon rupture

CG 20 Separation of shelf from material and tibia. Patellar tendon rupture

CG 13 Separation of shelf from material and tibia. Patellar tendon rupture
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