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Abstract

To help reduce the need for autografts, calcium sulfate-based bone graft substitutes are being
developed to provide a stable platform to aid augmentation while having the ability to release a
broad range of bioactive agents. Calcium sulfate (CS) has an excellent reputation as a
biocompatible and osteoconductive substance, but addition of bioactive agents may further
enhance these properties. Samples were produced with either directly loaded small, hydrophobic
molecule (i.e., simvastatin), directly loaded hydrophilic protein (i.e., lysozyme), or 1 and 10 wt%
of H6 poly(B-amino ester) (PBAE) particles containing protein. Whereas sustained release of
directly loaded simvastatin was achieved, direct loading of small amounts of lysozyme resulted in
highly variable release. Direct loading of a larger amount of protein generated a large burst, 65%
of total loading, followed by sustained release of protein. Release of lysozyme from 1 wt% PBAE
particles embedded into CS was more controllable than when directly loaded, and for 10 wt% of
protein-loaded PBAE particles, a higher burst was followed by sustained release, comparable to
the results for the high direct loading. Compression testing determined that incorporation of
directly loaded drug or drug-loaded PBAE particles weakened CS. In particular, PBAE particles
had a significant effect on the strength of the composites, with a 25% and 80% decrease in
strength for 1 wt% and 10 wt% particle loadings, respectively. CS-based composites demonstrated
the ability to sustainably release both macromolecules and small molecules, supporting the
potential for these materials to release a range of therapeutic agents.
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Introduction

Bone augmentation through the application of onlay autogenous bone grafts is a suitable
method for vertically restoring maxillofacial bone defects.1~8 Although autografts are
considered the ‘gold standard’ for augmentation procedures, they have multiple
disadvantages as well. Their availability from intra-oral donor sites is limited, and
harvesting tissue, which requires a secondary surgery, can lead to undesirable donor site
morbidity and chronic discomfort.2:%-19 Many groups are developing synthetic grafting
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substitutes to replace the current standard. In doing so, several performance criteria must be
met. The synthetic bone graft substitute needs to be biocompatible, osteoconductive to help
create a secure bond with the surrounding host tissue, and mechanically stable to ensure that
vertical augmentation can be achieved without collapse.2%-22 Calcium sulfate (CS)
hemihydrate has an excellent reputation as a biocompatible and osteoconductive
substance.16:23-27 |n vivo, calcium sulfate becomes osteogenic in the presence of bone and is
completely absorbed without inducing a significant inflammatory response.16:24-27 |n
addition, CS is mechanically similar to cancellous bone.28

Although synthetic grafting alternatives, such as CS, can be effective, their osteoconductive
properties may be improved using bioactive agents, such as growth factors or other drugs
capable of stimulating new bone formation.29 Studies have shown enhancement of synthetic
bone grafts through the release of bioactive molecules.2”29:30 An ongoing question relates
to how these molecules can be delivered to maximize their therapeutic potential.31 One
possible approach is to load drug directly into a CS construct. If homogeneously distributed
throughout the matrix, dissolution of CS will result in release of the drug. Based on release
of fibroblast growth factor, Rosenblum et al. concluded that CS could be a suitable carrier
for sustained drug delivery.2’ Another way to load drug is through the aid of carrier
particles. Biodegradable hydrogel networks provide specific advantages for drug delivery
due to their high water content, general biocompatibility, and controlled degradation via
hydrolysis or by enzymatic degradation leading to controlled drug delivery.31-33 In
particular, the poly(B-amino ester) (PBAE) family of hydrogels has properties that are easily
tuned to achieve great control as a drug delivery vehicle.32:34.35 Previous research has
shown that PBAE particles can be homogeneously embedded into a CS matrix, which may
allow further control over the release of drug from these particles as the CS matrix erodes.20

Several osteogenic drugs are available. These range from larger proteins, such as bone
morphogenetic proteins (BMPs; 30-38 kDa) down to small molecules, such as the statin
family of drugs (<1 kDa). BMPs control tissue induction and morphogenesis and are directly
involved in the differentiation of cartilage and bone.?1:36:37 Introducing BMPs into grafting
devices can stimulate rapid new bone formation, allowing for a reduction in healing time to
achieve sufficient new bone volume for proper anchoring of an inserted implant.3038 Like
all statins, simvastatin (419 Da) is commonly known as an inhibitor of 3-hydroxy-3-methyl-
glutaryl coenzyme A (HMG-CoA) reductase and often prescribed to control cholesterol
levels.3940 Importantly, however, simvastatin promotes bone formation in vitro and in vivo
through the stimulation of osteoblastic activity and inhibition of osteoclastic activity.3940
Due to its pharmacokinetic characteristics of being actively cleared in the liver, controlling
the local release of relatively higher amounts of simvastatin from a synthetic bone graft can
maintain a therapeutic level of drug suitable for accelerated bone regeneration.*°

In the present study, previously developed CS-based composites were investigated for their
ability to control the release of drugs.2? Because candidate bioactive agents, ranging from
growth factor to intracellular signaling molecule, will differ in their structure, stability, and
mode of action, a larger hydrophilic protein and a smaller hydrophobic molecule were
evaluated to demonstrate that a range of osteogenic drugs could be released from the
composites, either loaded in hydrogel particles or directly loaded into the CS matrix. Having
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the ability to deliver a wide range of osteogenic agents would allow for the devices to be
tuned based on patient needs. Lysozyme was chosen as a model protein to determine the
potential to adjust protein release, and simvastatin was used as a representative small
molecule drug.

Materials and Methods

Hydrogel synthesis

H6 PBAE macromer was synthesized according to previously described methods.20-32 To
review, polyethylene glycol (PEG) 400 diacrylate (Polysciences, Inc., Warrington, PA) and
isobutylamine (Sigma-Aldrich, St. Louis, MO) were combined in a 1.2:1 molar ratio and
placed in a flask partially submerged in a silicon oil bath pre-heated to 85°C. The reaction
mixture was continuously stirred for 48 hr and then removed from the heat. The resulting
macromer was stored at 4°C until used.

Biodegradable hydrogels (HG) were made by photopolymerization. Two grams of cooled
macromer and 1 wt% of 2,2-dimethoxy-2-phenyl-acetophenone (DMPA,; Sigma Aldrich, St.
Louis, MO) initiator were dissolved in 1.25 mL of dimethyl sulfoxide (DMSO). H6 loaded
with lysozyme was made the same way except that 100 mg of lysozyme (14 kDa; Sigma-
Aldrich; solubility: ~300 mg/mL in H,0) was added along with the initiator. After vortexing
for 60 sec, the homogeneous mixture was pipetted between glass plates separated by a 1.5
mm Teflon spacer. The macromer was exposed to UV radiation at room temperature under a
Lesco UV flood source with an intensity of 14 mW/cm? for 5 min. After polymerization, the
gel was washed with ethanol for 30 minutes to remove any unreacted initiator and macromer
and then lyophilized overnight.

Protein release from H6 PBAE gels

To assess release kinetics from the gel alone, circular (diameter: 9 mm) samples of protein-
loaded H6 PBAE were weighed, submerged in 4 mL of PBS, and incubated at 37°C on a
plate shaker. For the first hr, supernatant was collected for measurement and replenished
every 10 min. During the second and third hr, supernatant was collected and replenished
every 20 min. After 3 hr, the time intervals were increased to every hr until the samples
completely degraded. Collected supernatant was measured using the MicroBCA Protein
Assay (Thermo Fisher Scientific, Rockford, IL) according to the manufacturer’s protocol.

Formation of drug-loaded calcium sulfate composites

The composites consisted of calcium sulfate (B-hemihydrate form; Sigma-Aldrich) as the
structural matrix and different amounts of lysozyme-loaded HG particles. Hydrogel particles
were hand-ground from polymerized gel slabs using a mortar and pestle at room
temperature. In order to coat the gel particles and prevent them from sticking to one another,
as well as to allow grinding to be efficient, small amounts of CS powder were added during
grinding. Particle sizes of 53—150 um and 150-250 um were obtained from grinding and
sieving. After grinding, gel particles were washed with 100% ethanol for 1 min to remove
residual CS, filtered, and air-dried.
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CS samples were fabricated as previously described.20 Briefly, control (drug- and HG-free)
CS samples were made by thoroughly mixing 1 g of CS powder and 800 pL of deionized
(DI) water in 3 mL syringes fitted with blunt-tipped needles. The slurry was loaded into a
custom Teflon mold having a diameter of 4.7 mm and a height of 6.5 mm and allowed to set
at 43°C for 24 hr. Similar to the CS control samples, 1 wt% composite samples were created
by mixing 0.01 g HG particles with 0.98 g CS and 850 pL DI water. Samples with 10 wt%
protein-loaded particles were made by mixing 0.1 g HG, 0.8 g CS, and 900 uL DI water. As
for the controls, the composite mixtures were also allowed to set at 43°C for 24 hr.CS
samples directly loaded with lysozyme were also made for comparing with protein release
from CS-HG composites. Two different loadings were selected to match the amounts in
hydrogel composite samples. Briefly, 500 pg or 5 mg of lysozyme were mixed with 1 g CS
powder and 800 pL DI water to create the low and high loadings, respectively. The slurries
were loaded into a mold and allowed to set at 43°C for 24 hr.

Simvastatin-loaded samples were created by adding 20 mg of simvastatin (Haouri Pharma-
Chem, Inc., Edison, NJ; 419 Da; solubility: 12.2 pg/mL in H,0) to 1 g of CS powder prior
to mixing with 850 pL of DI water. The slurry was injected into a custom-fabricated Teflon
mold and placed in a 43°C oven for 24 hr to set the CS.

To visually demonstrate surface exposure of HG particles at the surface of CS, composites
were loaded with 10 wt% HG particles (150-250 um) that had been stained with blue food
coloring. Samples were imaged using a Canon DS126071 camera fitted with a 60 mm macro
lens prior to exposure to PBS and after 24 hr of dissolution in 4 mL PBS.

Drug release from CS samples

Protein release from CS composites was conducted with samples for each treatment (blank,
1%HG 53-150 um, 10%HG 53-150 pm, 1%HG 150-250 pm, 10%HG 150-250 pm, direct
low, and direct high) initially weighed, submerged in 4 mL of PBS, and incubated at 37°C
on a plate shaker. Every 4 days, supernatant was collected for measurement and replaced
with 4 mL of fresh PBS until all samples had completely degraded. Collected supernatant
was measured using the MicroBCA Protein Assay slightly modified from the manufacturer’s
protocol due to CS precipitation observed when the working reagent was added. Briefly, 200
pL of supernatant and 200 pL of working reagent were combined and incubated at 37°C for
2 hr. Vials were centrifuged at 10,000 G for 2 min to separate any CS precipitate that formed
during incubation, and absorbance of the cleared reagent was measured at 562 nm.
Lysozyme standards were also assayed using this process to allow for consistent results.

Simvastatin release was conducted by pre-weighing both blank and simvastatin-loaded CS
samples, submerging them in 4 mL of PBS, and incubating at 37°C on a plate shaker. Every
4 days, supernatant was collected for measurement and then replenished with 4mL of fresh
PBS. The collected supernatant was treated with 100% ethanol in a 50:50 volume ratio of
supernatant to solvent. After filtration (0.45 um), absorbances were measured at 240 nm and
compared to a series of standards.
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Mechanical properties

Statistics

Results

Compression testing was performed to determine whether incorporation of directly loaded
drug (simvastatin and lysozyme) or protein-loaded H6-PBAE particles into CS would affect
the mechanical properties. Testing was conducted using a Bose ELF 3300 system. Contact
surfaces were lightly sanded, if necessary, using 600 grit SiC paper to provide smooth,
parallel surfaces in contact with the compression platens. Control (blank, drug-free), directly
loaded simvastatin, low and high dose of directly loaded lysozyme, 1 wt%HG, and 10 wt
%HG samples were tested at a rate of 0.5 N/sec until failure. Compressive modulus (M) and
ultimate compressive strength (UCS) were calculated.

Statistical analysis of the mechanical compression results was performed using two-way
ANOVA. As appropriate, the analysis was followed with a Tukey-Kramer multiple
comparisons post hoc test. Differences between groups were considered to be significant
with p-values < 0.05.

Protein release from H6 PBAE gels

Figure 1 displays the kinetics of lysozyme release from H6 PBAE discs. During the first hr,
the gels swelled steadily with little protein (~4.5%) being released. For the next two hr, the
rate of protein release continued to increase from 13% per hr to a steady state of 22.8% per
hr, which was sustained for the remainder of the experiment. After four hr, the gels became
too difficult to handle, and consequently the degree of swelling could not be determined.

Surface exposure of HG particles on CS surface

Figure 2 shows images of CS composites in which blue HG particles have been embedded.
In the freshly made sample, particles appeared to be homogeneously distributed at the
surface. After incubation in PBS, CS dissolved from the surface to expose HG particles that
degraded, leaving behind pockets in the CS.

Protein release from composites

Displayed in Figure 3 are the results for the release of lysozyme directly loaded into CS. For
the lower loading, no protein was released during the first 4 days (Figure 3(a)). From 4-16
days, release was fairly steady at a rate of 4.5%/day, and at day 16, the rate decreased to
about 1.4 %/day. During the final 4 days, the rest of protein was released at a rate of 8.7%/
day. However, large variations in release were observed; fluctuations as high as +30%/day
were seen. The instantaneous release pattern was erratic and unpredictable. Figures 3(b)
show results for samples with the high direct loading of protein. A large burst (~65%) of
protein was observed, after which release was fairly steady at a rate of 1.15%/day with some
fluctuations. The high direct loading also showed large deviations (£15-20%/day) among
the samples.

Figure 4 shows the release kinetics for CS composites containing embedded PBAE particles
loaded with lysozyme. A steady release of lysozyme from 1 wt% HG composite loadings
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(both particle sizes) was observed, where a 30-40% burst of protein was measured during
the first 4 days, and 70-80% of the protein was released after 14 days (Figure 4(a)). The rate
of protein release from 1 wt% HG samples slowly decayed over the duration of the
experiment. At the beginning, the average rate of release was as much as 7-10%/day at 4
days, while at later time points, the average rate decreased to 5-7%/day at 12 days and
4%]/day at 24 days. On the other hand, for composites loaded with 10 wt% HG, release
started with a much larger burst of protein (55-70%) at an average rate of about 17%/day
during the first 4 days followed by 80-90% being released during the first 12 days of the 24
day study (Figure 4(b)). After about 8 days, release remained fairly steady at an average rate
between 0.5% and 3%/day.

Simvastatin release from calcium sulfate

Figure 5 illustrates the release kinetics for CS composites directly loaded with simvastatin.
There appeared to be an initial delay of 8 days in the release of simvastatin during which
only about 12% of the drug was released. Following this lag period, the average rate shifted
upward to about 5.5% of simvastatin per day and remained steady between days 8 and 20.
After 20 days, release slowed to 3%/day and remained close to this rate for the final 8 days
of the 28 day study.

Mechanical properties

For the ultimate compressive strength, Figure 6(a), CS blanks were significantly stronger
than samples with the high dose of directly loaded lysozyme (p<0.01), 1 wt% HG
composites (p<0.001), and 10 wt% HG composites (p<0.001). The strength of 10 wt% HG
(1.0 £ 0.3 MPa) compared to CS blanks (5.5 + 0.6 MPa) was about 80% weaker. Compared
to all drug loaded samples, the strength of 10 wt% HG was also significantly lower than all
other samples (p<0.001). In addition, the decrease in strength for the high direct loading of
lysozyme (4.3 £ 0.5 MPa) and 1 wt% HG composites (4.1 £ 0.4 MPa) was only about 20—
25% compared to the CS blanks.

The elastic modulus, Figure 6(b), for CS blanks (406 + 126 MPa) was significantly higher
than that for directly loaded simvastatin samples (267 + 68 MPa) and 10 wt% HG
composites (189 + 89 MPa) (p<0.01). There were no significant differences between the
controls and low direct lysozyme, high direct lysozyme, and 1 wt% HG composite samples.
Elastic modulus for 10 wt% HG composites was also significantly less than that for low
direct lysozyme (430 + 154 MPa; p<0.001), high direct lysozyme (349 + 110 MPa; p<0.05),
and 1 wt% HG composites (383 = 126 MPa; p<0.01).

Discussion

The aim of the present study was to demonstrate that previously developed CS composites2?
are capable of controlling the release of different bioactive molecules. These molecules,
which have a broad range of physical and chemical properties such as size, function, and
solubility, were released from CS by means of either direct loading of drug into the CS
matrix or with the aid of PBAE hydrogel particles.
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Protein release from H6 PBAE gels

H6 PBAE particles were investigated as a drug delivery vehicle embedded in a CS matrix.
For this study, gel particles were loaded with the protein lysozyme. Lysozyme, an
extensively studied and characterized protein, has become a reliable substitute for larger
osteogenic molecules, such as bone morphogenetic proteins.*142 A study of protein release
directly from the gel was conducted first. After a slow initial release of lysozyme, a higher
steady state was sustained for the remainder of the experiment. The overall trend suggested
that lysozyme was trapped within the gel allowing only a slow diffusion of protein from the
matrix during swelling followed by protein being released as the gel degraded. This was
desired for allowing release of protein from the composites to occur only when the gel
particles are exposed and released themselves.

Hawkins et al. demonstrated sustained release of lysozyme from A11 poly(B-amino ester).43
The method for loading lysozyme in the A11 PBAE gels was similar to that used with H6
PBAE gels in this study. Although the two polymers have different compositions, they also
have some similarities as members of the PBAE family of hydrogels.32:34:3543.44 Among
this family of materials, a variety of possible combinations of diacrylates and amines can
produce similar range of properties.32:34:3543.44 The similarities between these two PBAEs
demonstrate the adaptability of this gel family to accommodate different formulations or
drug types if needed.

Protein release from CS

To determine the effectiveness of controlling release of protein from CS, a series of release
experiments compared the release of lysozyme from PBAE particles embedded into CS to
the release of protein directly loaded into the CS matrix. To allow for an accurate
comparison, the lysozyme amount for 1 wt% HG was matched with the low direct loading,
and the loading for 10 wt% HG was the same as that for high direct loading. Two different
release trends were seen for direct loading. During the 28 day study for the lower direct
loading of lysozyme, the amount of protein released fluctuated with no noticeable
consistencies. In addition to this variability, there was a delay in the release of protein during
the first 4 days.

When comparing the low direct loading to the 1 wt% HG samples, release of lysozyme from
the composites was more consistent. Previous research demonstrated good gel particle
distribution in the composites.2% The slow decay in the release of protein from the 1 wt%
HG composites was similar to that observed for a pilot study with the antioxidant
curcumin.2% An important difference from the curcumin release study was that the drug was
previously added during PBAE macromer synthesis, which allowed it to covalently bind
with the diacrylate.?® This process helped prevent premature release or diffusion of drug
from the gel matrix prior to hydrolysis, providing greater control over curcumin release.®
Instead of being covalently incorporated during macromer synthesis, the macromer was
polymerized around the protein in the present studies. Because lysozyme is a much larger
molecule, the protein could be entrapped in the polymer mesh structure. This trapping of
protein allows release from the gel matrix only after particles near the surface of the
dissolving CS have been freed and begun to degrade. As discussed in section for protein
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release from H6 PBAE gels, protein was prevented from leaving the gel matrix until the gel
showed signs of hydrolysis. This illustrates that protein was not prematurely released prior
to exposure of HG particles during composite erosion. Based on visualization of HG
particles embedded into CS, gel particles that were at or near the surface degraded following
erosion of CS. Further dissolution of CS exposed more particles below the surface to allow
polymer degradation. This observation demonstrates how the sustained release of protein
from embedded HG particles was governed by CS dissolution and HG degradation. These
macroscopic observations confirm microcomputed tomography (microCT) analysis from a
previous study that showed a homogeneous distribution of HG particles throughout the CS
matrix.20 The slow decay in the release of protein from the 1 wt% HG composites can be
attributed to the slow decrease in surface area of CS over the duration of the release study,
which leads to a smaller amount of gel particles exposed over time and thus a slowly
decreasing mass of protein being released.

The two different higher loadings (high direct and 10 wt% HG) resulted in similar release
kinetics. The advantage of the 10 wt% composites, however, is the smaller variability
among samples and therefore better control of protein release. During the first several days
of the release, a large surface area of CS was exposed, allowing for a much larger volume of
gel particles to be released. This could lead to an accumulation of gel particles releasing
protein early on and thus contribute to the burst witnessed from the 10 wt% HG composites.
As for the high direct loading of lysozyme in CS, greater early protein release could result
from a segregation effect due to solubilized protein accumulating at the surfaces in excess
water as the CS slurry sets. Furthermore, as water was consumed by reaction from the
hemihydrate to dehydrate forms of CS, some solubilized protein may be precipitated and
trapped within the setting matrix. With the addition of carrier particles, such as protein-
loaded PBAE, the variations can be reduced or eliminated altogether.

Simvastatin release from CS

To demonstrate the release of small molecule osteogenic agents, simvastatin was directly
loaded into CS. Ginebra et al. described how drug may be trapped between crystals in a
ceramic matrix: dissolved in the liquid within pores, adsorbed to the crystal surface, or in
solid form as drug crystals.#6 Because simvastatin has low solubility in water, the drug was
likely to be suspended in the CS slurry and not dissolved. With this in mind, as water was
consumed during setting or excess water was driven to the exterior of the samples,
simvastatin remained in the CS matrix. As a result, the release of drug was governed by the
rate at which the material dissolved. Based on the ability to control release by directly
loading simvastatin in CS, incorporating the drug in hydrogel particles was unnecessary and
would introduce unneeded material in the system.

Nyan et al. also investigated simvastatin directly loaded into CS. They conducted an in vivo
study in critically-sized rat calvarial defects.2? A dramatic increase in bone volume was
observed after 8 weeks, which was significantly greater than for any other group.2?
However, substantial soft tissue inflammation was also observed during the first several
weeks, and the authors concluded that this was most likely caused by a burst release of
simvastatin following early resorption of CS.2% Although dissolution of the implants was not
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assessed, the present results support the hypothesis that rapid erosion of CS would release a
burst of drug.

Mechanical properties

With the incorporation of drug either directly loaded or in PBAE particles embedded in CS,
compromise of mechanical stability can become a concern. The present drug-loaded
composites are being developed as bone graft substitutes with tunable drug delivery
capabilities. With this in mind, it is important to note that much of the strength of the
grafting device must be preserved to allow for a stable implant capable of providing a
suitable “healing chamber’ for tissue regeneration as well as allow for controlled release of
drug as the implant dissolves. Because a previous study demonstrated that the addition of
additives as high as 10 wt% HG did not substantially affect dissolution of the composites,
attention was focused on preservation of the mechanical strength of the composites.2 In the
present study, the comparison of compressive properties for CS with directly loaded
simvastatin to those for blank CS showed that the drug did not have a significant effect on
the overall strength. However, incorporation of simvastatin reduced the modulus about 30%
compared to the CS control samples. Although a small molecule drug, simvastatin may be
creating small disruptions in the CS crystal interactions that could lead to greater shearing
along crystal surfaces resulting in more deformation prior to failure. Yin et al. reported that a
small amount (10%) of directly loaded simvastatin did not significantly compromise the
compressive strength of calcium phosphate.#” In the current study, 20 mg, or 20 wt%, was
loaded into CS prior to sample production. Although the materials were different, this
finding demonstrates that the incorporation of a small amount of simvastatin does not appear
to affect the supporting material, thus preserving its overall strength.

The effect of loading a much larger drug molecule compared to simvastatin on mechanical
stability of CS was also tested. Protein, i.e., lysozyme, was either directly loaded into the CS
matrix, or it was polymerized into H6-PBAE hydrogel particles that were then incorporated
into the CS. Misch et al. tested the mechanical properties of human trabecular bone from the
mandible.*8 The ultimate compressive strength and elastic modulus were determined to be
3.9+ 2.7 MPa 96.2 + 40.6 MPa, respectively. Based on these numbers, although CS
implants containing either directly loaded lysozyme or 1 wt% HG particles exhibited a 20—
25% decrease in strength compared to CS blanks, they had properties comparable to those of
tissue at the intended implantation site. Increasing the HG particle loading to 10 wt%,
however, has a greater adverse effect on the mechanical stability of CS. The significant
decrease in strength and modulus for 10 wt% HG particle loading demonstrates a possible
limit to the amount of drug-loaded particles that can be added. In a previous study, Orellana
et al. showed that the addition of 10 wt% of A1l PBAE particles decreased the strength and
modulus of CS by 50% and 70%, respectively29, which suggested a comparable upper
threshold of particle loading. The particle loading effect could be attributed to the altered
microstructure due to stress concentrators created by the gel particles or even minor bubbles/
pores.20 Based on the present findings, a loading of 1 wt% HG may be the best option to
preserve as much of the mechanical stability of CS while allowing for the controlled release
of drug as the material erodes.
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Conclusion

Controlled release of bioactive molecules has the potential to greatly enhance the ability of
calcium sulfate-based composites to become more effective bone graft substitutes. In the
present study, release kinetics were investigated for two different agents, a small,
hydrophobic drug and a much larger, hydrophilic protein, incorporated into CS. Controlled
release of both molecules could be achieved but by different means. Whereas direct loading
was appropriate for simvastatin, control of lysozyme release required incorporation of the
protein in degradable polymeric particles prior to embedding in CS. Adding a drug, either
directly into CS or via PBAE particles, however, can negatively affect mechanical
properties. In particular, greater amounts of gel particles significantly reduced compressive
strength and modulus. Therefore, the balance between drug content and mechanical
properties must be determined for different applications. Based on the current findings, CS-
based synthetic bone graft substitutes demonstrated the ability to sustainably release both
large and small bioactive molecules, opening up potential opportunities to deliver a broad
range of therapeutic agents.
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FIGURE 1.

Lysozyme release from PBAE gels along with the swelling profile of H6 PBAE. Data are
mean + standard deviation (n=3).
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Before Dissolution After One Day of Dissolution

FIGURE 2.
Images depicting HG surface exposure on CS composites. HG particles were dyed blue for

contrast. (Left) As-prepared sample. (Right) Sample after dissolution in PBS for 24 hr.
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FIGURE 3.

Cumulative release of lysozyme directly loaded into CS. (a) Low and (b) high protein
loading. Data are mean * standard deviations (n=5).
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FIGURE 4.
Cumulative release of lysozyme from CS composites having two different HG particle sizes

(53-150 pm and 150-250 um). (a) 1 wt% HG and (b) 10 wt% HG. Data are mean + standard
deviations (n=5).
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FIGURE 5.
Cumulative release of simvastatin directly loaded into CS. Data are mean * standard

deviation (n=5).
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FIGURE 6.
Mechanical properties of simvastatin- and protein-loaded CS. (a) Compressive strength; (b)

Compressive elastic modulus. Data are mean + standard deviation (n=10). Symbols (*) and
(#) indicates significant difference: p<0.0land p<0.05, respectively.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2016 January 01.



