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Featured Application: Volume and rate of tissue regeneration may be enhanced with increased
scaffold porosity as well as increased numbers of non-cultured bone marrow cells.

Abstract: For clinical treatment of skeletal defects, osteoinductive scaffolds must have the ability to
conform to the unique geometry of the injury site without sacrificing biologically favorable properties,
including porosity. This investigation seeks to combine the osteoinductive properties of porous
hydroxyapatite (HA) scaffolds with the beneficial handling characteristics of granules or putties,
while evaluating the effects of mesenchymal stem cell (MSC) concentration on the composite grafts’
ability to regenerate bone in vivo. The results demonstrate that porous HA granules regenerate
significantly larger volumes of bone compared to non-porous HA. Increased MSC concentrations in
autologous bone marrow aspirate (BMA) contributed to greater bone regeneration. This effect was
most predominant with non-porous HA. While the extent of bone regeneration using non-porous HA
was strongly correlated with MSC concentration of the marrow, porous HA microparticles combined
with autologous BMA were successful in faster treatment of critically-sized bone defects and with
less dependence on the MSC concentration than non-porous HA.

Keywords: hydroxyapatite; biomaterial porosity; mesenchymal stem cell; bone marrow aspirate;
bone regeneration

1. Introduction

Critically-sized bone defects arise from traumatic injury, tumor resection, autologous bone graft
harvesting, and surgical procedures, including spinal fusion. Autografts, considered the gold standard
in bone substitutes, are impractical for use in larger defects, as graft size would be limited to patient
sample availability. Additionally, pain and local donor site morbidity are commonly reported at the site
of graft harvesting [1]. Nonetheless, autografts are successful in defect treatment because they combine
a number of key components necessary for tissue growth. Bone regeneration requires contributions
from all aspects of the “tissue engineering paradigm”, including progenitor cells, which are a scaffold
to guide tissue formation and remodeling, and biochemical/biomechanical stimuli.

Significant research has investigated various biomaterials and scaffolding techniques with
osteoconductive or osteoinductive properties. Among these biomaterials is hydroxyapatite (HA),
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the primary crystalized form of calcium phosphate comprising the inorganic portion of bones,
which has consistently demonstrated the ability to promote bone growth in vivo [2,3]. Monolithic
scaffolds are commonly utilized, usually conforming to the pre-determined geometry of controlled
defects created in animal models [4,5]. In clinical application, this type of scaffold would be impractical.
The implanted scaffold must span the full volume of the defect—thus, having a pre-sized scaffold
would limit its application to defects of specific sizes, or require the physician to modify the graft or the
graft site. Graft modification requires costly operating-room time and introduces the risk of damaging
the biomaterial. Graft site modification could have deleterious effects to the patient, in that use of
a reamer or burr causes heat generation and local tissue necrosis. Ultimately, a moldable formulation
may reduce time in surgery and avoid additional bone loss or trauma to the surrounding tissue area [6].
It would therefore be advantageous for the scaffolding material to be moldable to irregular geometries
presented in most clinical cases to completely fill the defect and bridge the native bone. There are,
however, a number of physical characteristics of bone grafts that need to be retained. The inclusion of
porosity in the HA scaffolds cannot be understated, as there is typically a correlation between the extent
and interconnectivity of pores and the scaffold’s ability to regenerate bone [7–10]. Interconnected
porosity encourages the in vivo infiltration of autologous cells and vasculature. High porosity may be
achieved with ceramics by employing a granular or microparticle preparation. This approach has been
validated in limited studies without specific tailoring of granule porosity or surface area, nor thorough
characterization of the cellular component of the graft [11–13].

The contribution of cells is often overlooked in biomaterials-based approaches for orthopedic
healing. However, it is ultimately the cells, whether they be transplanted with the graft or recruited
endogenously, that are responsible for new tissue generation and remodeling [14,15]. We recently
reported that many Food and Drug Administration (FDA)-cleared or approved biomaterials for bone
healing are not efficient at retaining bone marrow-derived cells and, in many instances, were cytotoxic,
with pH values less than 7 or greater than 10 when reconstituted in plasma or saline [16]. Materials
that were not easily soluble (allograft bone and calcium phosphates) were most successful at retaining
bone marrow mesenchymal stem or stromal cells (MSCs) and inducing osteogenic gene expression
in an in vitro simulation of surgical graft preparation. In addition to the effects of materials on cells,
the source and number of cells must be considered. Many in vivo studies combine biomaterials with
culture-expanded autologous or allogeneic cells as an implantable graft. Although this is convenient
to standardize “doses” of therapeutic agents and seemingly control one variable of the regenerative
paradigm, researchers often fail to recognize the inherent variability of cell potency from donor to
donor, the effects of culture conditions/passage number, or the value of a heterogenous population,
including multiple progenitor phenotypes (mesenchymal, hematopoietic, endothelial, etc.). The clinical
translation of an in vitro expanded cell approach is further in question due to regulatory restrictions
of the United States FDA and other agencies. The usage of autologous cells at the point-of-care is
an appealing alternative, with less regulatory requirements and a decreased risk of cell contamination
or rejection. A growing amount of data has suggested strong correlations in clinical outcomes
with non-union fracture, degenerative disc disease, rotator cuff tear, avascular necrosis, and other
orthopedic injuries, based on the concentration of MSCs present in bone marrow at physiological
levels, or concentrated up to 10× [17–19]. The effects of non-cultured MSC concentration on bone
formation when combined with HA granular particles are presently unreported in the literature.

In the present study, we investigated the combination of autologous bone marrow aspirate with
porous or non-porous HA granules. Both of these materials were prepared with a collagen-derived
carrier to quickly absorb the bone marrow and form a moldable putty, to pack into bilateral,
critically-sized femoral chondyle defects in adult rabbits. An aliquot of each animal’s bone marrow
was evaluated for nucleated cell concentration and MSC content to retrospectively examine the effects
of MSC concentration in fresh marrow, as well as the effects of granular porosity with identical cell
populations in the same animal.
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2. Materials and Methods

2.1. Implant Materials

Non-porous (Nanoss® Bioactive, Pioneer Surgical, Marquette, MI, USA) and porous (Solum IV,
Celling Biosciences, Austin, TX, USA) HA particles are a combination of sintered nanocrystalline
(<500 nm) HA and a collagen-derived carrier, and have been cleared by the FDA for use as a bone
void filler. The HA granules’ diameters were in the range of 400–2000 µm. Porous HA granules
featured 90% porosity with an average macroporosity (interconnected pore diameter) of 300 ± 100 µm,
and a microporosity (internal surface pore diameter) of 25 ± 10 µm. Both materials were characterized
for average pore size and pore interconnectivity by scanning electron microscopy (Figure 1).
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Figure 1. Porous hydroxyapatite (HA) granules (A) present significantly greater surface area per
volume than traditional, non-porous microparticles (B); while the surface topography based on the
500–800 nm size of pre-sintered HA particles is similar for the porous (C) and non-porous (D) granules.
(E) Mesenchymal cells proliferate throughout the porous HA scaffold in vitro observed by staining for
nuclei (blue, DAPI) and fibrillar actin (red, rhodamine phalloidin). (F) The porous (left) and non-porous
(right) HA graft materials form a moldable putty when hydrated with bone marrow aspirate.

2.2. Surgical Protocol

The animal surgical protocol for this study was reviewed and approved by the Ibex Preclinical
Research Institutional Animal Care and Use Committee (IACUC). The protocol number was
C12611-Ibex-09-10 and approved on 10 April 2013. All animal work, histology, and radiographic
analysis were completed by WuXi AppTec (St. Paul, MN, USA) unless otherwise stated. A total of
30 adult, male, New Zealand white rabbits were bilaterally implanted with grafts of porous and
non-porous HA granules into a critical size defect created on the femoral condyle. First, bone marrow
aspirate was harvested from the iliac crests of each animal (2 cc per rabbit). The porous and non-porous
HA grafts were separately mixed with the autologous bone marrow aspirate (BMA) of each animal
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prior to implantation by combining 0.5 cc BMA with 0.5 cc porous or non-porous HA granules (1:1 ratio
by volume), respectively. Each biomaterial contained a gelatin carrier that dissolved when wetted with
BMA and formed a viscous gel around each HA particle. The resulting putty was loaded into 1 mL
syringes, with the distal tip removed in order to form bone graft logs for implantation. The excess BMA
was transported to the laboratory (Celling Biosciences, Austin, TX, USA) for cell analysis. Two drill
defects (approximately 6 mm in diameter and 8–10 mm in length) were created in each animal—one in
each femoral condyle—and were filled with porous HA graft on the left side and non-porous HA graft
on the right side (Figure 2). Approximately 0.25 cm3 of hydrated graft material was implanted in
each defect by pushing the putty out of the 1 mL syringe. Each animal received sufficient analgesic
(butophanol 0.5–1.0 mg/kg) injection prior to and after the surgery. The animals also received a fentanyl
transdermal patch on the skin for additional analgesia up to 3 days. Ten animals were implanted per
time point (4, 8, and 13 weeks).
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Figure 2. At the onset of surgery, bone marrow aspirate was drawn from the iliac crest of each rabbit
(A) and mixed with porous or non-porous hydroxyapatite granule at 1:1 ratio by volume in a 1 mL
syringe (B) to form implantable cylinders (C). 6 mm × 8 mm (diameter × length) defects were created
bilaterally in the femoral chondyles (D) and packed with the graft materials (E), which were observed
radiographically (F).

Radiographs were collected post-operatively and at termination for each animal. At necropsy,
4, 8, or 13 weeks after implantation, the randomly assigned 10 animals were euthanized, and gross
observations of the implant sites were observed and recorded. Implantation sites were excised and
placed in 10% neutral buffered formalin for fixation. Radiographic microCT analysis was performed
on the 8- and 13-week animals (Numira Biosciences, Inc., Salt Lake City, UT, USA). Histological
preparation was done immediately after animal sacrifice for the 4-week samples, and following
microCT analysis on the 8- and 13-week samples. Standard techniques were used to prepare slides
for histological analysis. This included decalcification, paraffin embedding, microtome sectioning,
and staining. Two slides were prepared from each defect, one at the central level of the drill defect
and one from the interface with original bone. The slides were stained with hematoxylin/eosin
(H&E). Each section was analyzed by a pathologist for local tissue reaction, following the ISO 10993-6
guidelines—first by an independent pathologist (WuXi ApTec, St. Paul, MN, USA), and reviewed by
a second independent pathologist (NAMSA, Minneapolis, MN, USA).
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2.3. Cellular Analysis of Bone Marrow Aspirate

BMA samples from late harvest-time-point animals (8 and 13 weeks) were transported to
the laboratory in 5 ◦C temperature-controlled packs and analyzed within 24 h of aspiration.
Total nucleated cell (TNC) counts and viability were quantified by NucleoCounter (New Brunswick,
Enfield, CT, Canada) after diluting the 1 mL BMA aliquot with 9 mL phosphate-buffered saline (PBS)
and 2% fetal bovine serum (FBS, HyClone human mesenchymal stem cell grade, Logan, UT, USA).
The frequency of colony-forming unit-fibroblast (CFU-F), a marker for mesenchymal progenitor cells,
was determined after the density-gradient depletion of red blood cells (Ficoll-Paque, GE Healthcare,
Piscataway, NJ, USA), after which nucleated cells where plated in serial dilutions in 12-well cell culture
plates with medium (MSCM, ScienCell Research Laboratories, Carlsbad, CA, USA) containing 5%
FBS and 1% antibiotic (penicillin/streptomycin, ScienCell Research Laboratories, Carlsbad, CA, USA)
for 10 days in vitro (n = 3 per dilution). Complete media changes were performed on days 4 and 7.
The average CFU-F concentration in the BMA was determined by multiplying TNC concentration
(TNC/mL) by CFU-F frequency (CFU-F/TNC). Excess composite graft (BMA + porous HA granules)
samples were analyzed by cell viability after 24 h by NucleoCounter after diluting the graft in PBS.
Individual granules of non-implanted grafts were imaged by washing and fixing cells with 2% formalin
and performing confocal microscopy after staining actin filaments with FITC-phalloidin (Invitrogen,
10 mg/mL) and rhodamine anti-vinculin/DAPI (Invitrogen, 10 µg/mL) staining, for cell membrane
focal adhesions and nuclei, respectively (Figure 1E).

2.4. MicroCT, Histological and Radiographic Analysis

After 4, 8, and 13 weeks, 10 animals per time point were euthanized and a radiograph of
each implant per animal was obtained (dorsal-ventral and lateral views). The bone implant sites
were exposed and gross observations for local tissue reactions recorded, as per the ISO 10993-6
guidelines. The bone implant sites were placed in 10% neutral buffered formalin for fixation.
Each formalin-fixed bone implant site from the 8- and 13-week time points, prior to histopathological
analysis, was sent to Numira for microCT analysis of new bone formed and residual graft material
in and adjacent to the defect volume. All samples were scanned on a high-resolution microCT
scanner (µCT40, ScanCo Medical, Zurich, CH, Switzerland). The microCT images were analyzed using
Numira Biosciences’ VHLab. Analysis included determination of bone volume, total defect volume,
remaining implant (HA) volume, and bone density. Each explanted bone sample was processed by
standard histological techniques, including decalcification, paraffin embedding, microtome sectioning,
and staining, as described in the previous section.

2.5. Statistical Analysis

All measurements are represented as the mean ± standard error (n = 10, unless otherwise noted).
For statistical analysis, the means were compared using a one-way analysis of variance (ANOVA)
for each variable combination using JMP 9 statistical software (SAS, Cary, NC, USA). Data were
tested on a normal distribution and a p-value < 0.05 was considered to indicate significance, in which
statistical differences were determined using Tukey’s HSD test, with calculations performed using
Microsoft Excel.

3. Results

3.1. Cellular Analysis of Bone Marrow Aspirate

The twenty rabbits bone marrow aspirate samples contained an average of 3.20 × 107/mL
TNC/mL and 2710 CFU-F/mL. The average CFU-F frequency among nucleated cells was 0.0085%.
There were no statistically significant differences in TNC (3.23 × 107/mL vs. 3.18 × 107/mL) or
CFU-F concentration (2.49 × 103/mL vs. 2.94 × 103/mL) between the 8- and 13-week animal groups,
respectively (Table 1).
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Table 1. Average total nucleated cell (TNC) and colony-forming unit-fibroblast (CFU-F) concentrations,
and scaffold and bone characterization by MicroCT for porous and non-porous hydroxyapatite implants
at 8- and 13-week harvest time points (n = 10 per material per time point).

Data by Time Point: 8-Week Groups (n = 10) 13-Week Groups (n = 10)

Average TNC/mL 3.23 × 107 ± 5.44 × 106 3.18 × 107 ± 3.41 × 106

Average CFU-F/mL 2486 ± 933 2935 ± 488

Porous Non-porous p-value Porous Non-porous p-value
Residual Scaffold Vol. (mm3) 22.62 54.11 <0.001 14.59 42.50 <0.001

Bone Vol. (BV) (mm3) 22.25 15.87 0.009 29.63 16.16 <0.001
Bone Vol./Total Vol. 0.23 0.16 0.009 0.31 0.17 <0.001

Connectivity Density (1/mm3) 28.45 8.73 <0.001 40.40 12.84 <0.001
Trabecular Thickness (mm) 0.18 0.15 0.004 0.19 0.15 <0.001
Bone Surface Area (mm2) 446.02 410.81 0.384 576.81 442.76 0.003

Mean Bone Density (mgHA/cm3) 730.84 615.17 <0.001 771.76 644.94 <0.001

Data by Scaffold Type: Porous HA (n = 10) Non-porous HA (n = 10)

8 weeks 13 weeks p-value 8 weeks 13 weeks p-value
Residual Scaffold Vol. (mm3) 22.62 14.59 0.014 54.11 42.50 0.049

Bone Vol. (BV) (mm3) 22.25 29.63 0.003 15.87 16.16 0.901
Bone Vol./Total Vol. 0.23 0.31 0.003 0.16 0.17 0.899

Connectivity Density (1/mm3) 28.45 40.40 0.010 8.73 12.84 0.078
Trabecular Thickness (mm) 0.18 0.19 0.207 0.15 0.15 0.884
Bone Surface Area (mm2) 446.02 576.81 0.003 410.81 442.76 0.447

Mean Bone Density (mgHA/cm3) 730.84 771.76 0.016 615.17 644.94 0.027

3.2. Bone Formation and Scaffold Degradation

Histology reports indicated that the local tissue reaction to both the porous and non-porous
materials was similar. All specimen showed implanted material surrounded and divided by new
bone formation (indicated by presence of cartilage, woven bone, lamellar bone, and bone marrow).
An increase in neovascularization as compared to non-treated bone was also observed, a result
consistent with healing. Furthermore, the amount of woven bone decreased between 4 and 8 weeks
to 13 weeks in both porous and non-porous samples, indicating mature bone development and
remodeling. The pathologist concluded that the porous material had faster resorption and increased
new bone formation within the implant sites, as compared to the non-porous material. At 8 weeks,
approximately 25–50% of the HA remained, with no evidence of tissue toxicity in either group.

New bone formation and residual scaffold volume were measured by microCT at 8 and 13 weeks
after implantation. Bone and scaffold characterization were performed by microCT for the entire
volume of the defect (Figure 3). New bone and residual scaffold material were independently
identified and measured within the region of interest by utilizing the difference in opacity between
the newly-formed bone and the scaffold materials within the easily identifiable defect geometry.
All data are summarized in Table 1 and reported as a comparison of porous and non-porous HA
at 8 and 13 weeks, as well as a temporal comparison by material at 8 vs. 13 weeks. There were
statistically significant increases in bone volume, bone fill percentage (bone volume/total volume),
connectivity density, trabecular thickness, and mean bone density with porous granules as compared to
the non-porous at the 8- and 13-week time points, as well as bone surface area at 13 weeks. The average
rate of bone regeneration and volume of new bone for each animal is graphically illustrated in Figure 4.
There were statistically significant differences between the materials in new bone volume at both time
points (p < 0.01). The increase of new bone for each material between the 8- and 13-week time points
was only significant for porous HA (p < 0.005) and corresponded to resorption of the implant material.
Bone volume after implantation was statistically equivalent between 8 and 13 weeks for non-porous
HA. Resorption of scaffold materials between the two time points was significant for both materials,
with 35% less volume in porous scaffolds (p < 0.02) and 21% less volume in non-porous scaffolds
(p < 0.05).
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Figure 4. (A) Average bone regeneration versus time for porous (black) and non-porous (gray)
hydroxyapatite (HA) granules through 13 weeks in vivo, with significant differences at both time
points (p < 0.01) and improvement with porous HA between 8 and 13 weeks (p > 0.005); (B) new
bone and remaining scaffold volume at 8 and 13 weeks for each material with significant decreases in
residual scaffold for all scaffolds (p < 0.05). New bone volume regenerated by porous and non-porous
HA and corresponding colony forming units-fibroblast (CFU-F or MSC) concentration by rabbits at 8
(C) and 13 weeks (D) indicates improved function of non-porous scaffolds with increasing CFU-F/mL.
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3.3. Effect of MSC Concentration on Bone Formation

The quantified bone growth values (microCT) were compared to MSC (CFU-F) concentrations for
each animal at both time points (Figure 4C,D). More bone volume was generated using porous HA
granules in 8/10 animals at 8 weeks and 10/10 animals at 13 weeks. There was a positive correlation
between MSC concentration and new bone for both materials and at both time points, which was
more so with non-porous HA. Similarly, the difference in new bone volume between the materials
(i.e., Bone Volume(Porous HA)—Bone Volume(Non-Porous HA)) was compared with CFU-F/mL for each
animal and showed a negative correlation (R2 = 0.25), indicating that greater MSC content may
compensate for intrinsic deficiencies in the osteoinductivity of non-porous scaffolds.

4. Discussion

Porous and non-porous HA granules, combined with autologous BMA, was able to successfully
regenerate bone in all subjects. However, porous HA regenerated a significantly greater amount of
bone at 8- and 13-week time points (44% and 82% more, respectively). It is generally understood that
greater porosity of a scaffold is advantageous in tissue engineering and that material properties
must be considered based on the clinical application [20–22]. In the present study, both bone
void fillers had similar features, but key differences were the amount of surface area available
for cell retention and the total and interconnected porosity for tissue and vascular infiltration.
Previously, monolithic porous HA scaffolds were synthesized using similar methods and demonstrated
bone growth and vascular infiltration, but were custom-made based on pre-determined defect
dimensions [4,5,23]. These approaches achieved bone regeneration in a non-critically-sized canine
mandibular defect (36.4% volume) and a critically-sized rabbit radial defect (40 mm3 new bone).
By utilizing a microparticle-based formulation, it would be possible to capitalize on the osteogenic
properties of the scaffold material, though it should be done in a moldable formulation. This approach
would not only increase clinical ease of use in geometrically complex defects, but also the total surface
area of the materials, which may alter degradation rates allowing for faster implant incorporation [24].
Greater porosity and surface area would be created by replacing a single porous scaffold with hundreds
of smaller (<2 mm) porous scaffolds. Non-porous granules were found to be able to mold and pack
the defects but encompassed significantly less surface area and porosity.

The significant differences in residual scaffold volume between porous and non-porous HA is
not surprising, considering the differences in the porosity of the materials. The increased rate of
material resorption in porous HA is hypothesized to be due to its greater surface area for contacting
biological fluids and tissue that could increase the mechanical stress on its thin struts, leading to
physical degradation of the material and potentially accelerating biological or osteoclastic breakdown
of the HA. It is also possible that faster osteoinduction within and around the scaffolds accelerated
the natural remodeling and turnover of the porous material. No correlation between TNC or MSC
concentrations in the graft preparations and the degradation rates of the implants was observed.

The present study utilized autologous BMA as a source of progenitor cells to be co-implanted with
the scaffolds. The choice of non-cultured, autologous cells was made for two reasons. Firstly, the use of
autologous cells at the point-of-care is safe (minimal risk of contamination, prevents possible immune
based reactions to allogeneic cells or culture medium proteins), and is easily translatable based on
regulatory statutes. Secondly, other studies have demonstrated the increased potency, on a per-cell basis,
of fresh or non-cultured bone marrow stromal cells compared to culture-expanded cell lines [25,26].
The contribution of MSCs had an apparent positive effect on bone formation. This was seen for
both materials, but more so for the non-porous HA particles. The more interesting result was the
reduction in differences between the porous and non-porous HA new bone volumes with increasing
mesenchymal cell content (Figure 4D). As CFU-F/mL increased, the amount of bone generated in
non-porous HA implants increased more than in porous HA grafts. This effect may be elucidated
using the value determined by Hernigou et al. to be the critical concentration of MSCs for healing
non-union fractures (1500 CFU-F/mL) [17]. At 13 weeks, rabbits with >1500 CFU-F/mL regenerated
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an average of 30.0 mm3 (porous) and 17.3 mm3 (non-porous) new bone, compared to rabbits with
<1500 CFU-F/mL that regenerated 28.1 mm3 (porous) and 11.5 mm3 (non-porous) new bone (p < 0.05).
Thus, it would seem that bone growth on non-porous scaffolding material was more dependent on cell
concentration as compared to a porous material.

It is unknown what contribution was made by hematopoietic, endothelial, platelets, and other cell
types comprised in BMA that are not present in a culture-expanded, homogeneous population of MSCs.
Typically, nucleated cell concentration correlated with CFU-F (R2 = 0.69), so it is probable that all cell
types were enriched proportionally to CFU-F (i.e., animals with greater MSC concentrations likely had
greater HSC concentrations as well). Further studies are warranted with phenotypic characterization of
cell populations within non-cultured bone marrow aspirate and the relationship with bone formation
and scaffold remodeling. The contribution of growth factors delivered by platelets and soluble in
plasma that are not present in culture-expanded cell preparations should also be considered [27–29].

5. Conclusions

Treatment of critically-sized skeletal defects requires optimization of scaffold materials,
cellular populations, and protein inclusions. The objectives of this investigation were to tandem the
benefits of porosity (common in large tissue engineering scaffolds) with the handling characteristics
and ability to pack small irregularly-shaped defects with granular putties and to identify any effects of
mesenchymal cell concentration on bone formation and scaffold resorption. Porous HA microparticles
were explored to maximize the porosity and surface area of a recognized osteoinductive substrate.
Porous HA regenerated more bone than non-porous HA in 80% of rabbits at 8 weeks and 100% of
rabbits at 13 weeks. The additional porosity resulted in significant increases in new bone formation
and osteoinductively compensated for grafts with low mesenchymal and nucleated cell counts.
The benefits from the greater MSC concentration was reaped most by the non-porous HA at 13 weeks
post-implantation.
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