pubs.acs.org/Biomac

Fabrication of a Biodegradable Implant with Tunable Characteristics

for Bone Implant Applications

Iman Manawtehram, Ali Fathi, Ylwel Wang, Peter K. Ma1tz, % Farid ermohsem,} 2 Tegan L. Cheng,

Lauren Peacock David G. L1ttle, Aaron Schmdeler,

and Fariba Dehgham*’

"The University of Sydney, School of Chemical and Biomolecular Engineering, Sydney, 2006, Australia

*Burns Research Group, ANZAC Research Institute, University of Sydney, Concord, New South Wales 2139, Australia
SBurns and Reconstructive Surgery Unit, Concord Repatriation General Hospital, Concord, New South Wales 2139, Australia
”Orthopaedic Research and Biotechnology, The Children’s Hospital at Westmead, Westmead, 2145, Australia

LPaediatrics and Child Health, University of Sydney, Sydney, 2006, Australia

ABSTRACT: Biodegradable polymers are appealing material for the manufacturing of
surgical implants as such implants break down in vivo, negating the need for a subsequent
operation for removal. Many biocompatible polymers produce acidic breakdown products
that can lead to localized inflammation and osteolysis. This study assesses the feasibility of
fabricating implants out of poly(propylene carbonate) (PPC)—starch that degrades into
CO, and water. The basic compression modulus of PPC—starch (1:1 w/w) is 34 MPa;
however, the addition of glycerol (1% w/w) and water as plasticizers doubles this value and
enhances the surface wettability. The bioactivity and stiffness of PPC—starch blends is
increased by the addition of bioglass microparticles (10% w/w) as shown by in vitro
osteoblast differentiation assay and mechanical testing. MicroCT analysis confirms that the
bioglass microparticles are evenly distributed throughout biomaterial. PPC—starch—
bioglass was tested in vivo in two animal models. A murine subcutaneous pellet degradation
assay demonstrates that the PPC—starch—bioglass blend’s volume fraction loss is 46% after
6 months postsurgery, while it is 27% for poly(lactic acid). In a rat knee implantation
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model, PPC—starch—bioglass screws inserted into the distal femur show osseointegration with no localized adverse effects after
3 and 12 weeks. These data support the further development of PPC—starch—bioglass as a medical biomaterial.

1. INTRODUCTION

Biodegradable synthetic polymers are attractive for use in tissue
engineering, drug delivery, and medical implant devices.'™®
Compared to permanent implants made from metal or
nondegradable polymers, resorbable blomaterlal implants do
not require a secondary operation to remove.® A limited subset of
biodegradable, biocompatible polymers have regulatory approval
for human clinical usage. Several of the most commonly used
polymers such as poly(lactic acid) (PLA) and poly(lactic-glycolic
acid) (PLGA) break down to form acidic byproducts. This can
lead to local cellular necrosis and bone resorption,7_9 which
remains a significant challenge for clinical applications.'’
A composite material of poly(propylene carbonate) (PPC) and
starch that has a biologically benign degradation products could
be superior to the current standards."'

PPC—starch blends have already undergone considerable
optimization in preclinical development."" Starch fillers have
previously been shown to improve the amphiphilicity of
biodegradable polymers such as poly(e-caprolactone).'” How-
ever, the major hurdle for the medical application of studied
PPC—starch composites is the surface hydrophobic property
(water contact angle of 76.45 + 1.30°) that can impair cell
adhesion.'*'* In addition, the hydrophobicity of an implant may
restrict or delay cell growth, migration, and ultimately the tissue
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regeneration.>~"” Hydrophilic plasticizers such as water,

oligosaccharides, polyols, and lipids have been shown to improve
the surface hydrophilicity and plasticity of different polymer
mixtures.'® The addition of these plasticizers might improve the
bioactivity and biocompatibility of PPC—starch.

Ceramic materials such as hydroxyapatite (HA), calcium
phosphates, and silica (SiO,) based bioactive glass have all been
used alone or as coatings for orthopedic implants.'”*" The
addition of bioceramics typically enhances osseointegration, such
as the addition of plasma-sprayed HA onto implants in a canine
segmental femoral defect model.”’ However, in practice, the
loosening of the HA or calcium phosphate layers have been
problematic in some clinical trials.”*~>* The incorporation of
ceramic microparticles into PPC—starch could improve
bioactivity and reduce malleability without creating a surface
that could separate in vivo.

The aim of this study was to assess for the first time the
teasibility of using a PPC—starch blend in an orthopedic setting
to validate the utility of this biomaterial. We hypothesized that
the combination of these biodegradable polymers with bioglass
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Figure 1. Effect of plasticizers on (A) contact angle measurement and (B) the compressive modulus of the PPC—starch (PPC/ST) that was blended
with different plasticizer concentration (*p < 0.05, **p < 0.01, and ***p < 0.001). The contact angle test was carried out using water drops. The SEM
images of PPC/ST composite (C) and blends containing 1% (D), 5% (E), and 10% (F) (w/w) plasticizers. Scale bar = 100 ym. The white and black

arrows are referring to PPC and starch phases, respectively.

could produce a superior biomaterial that addresses the shortfalls
of currently available polymers. To this end, a hot melt com-
pression technique was developed for the preparation of these
blends. The physical properties of the blend such as compressive
modulus and surface wettability were optimized using different
concentrations of hydrophilic plasticizers and bioglass. Finally, in
vitro testing was performed to examine osteoblast cell adhesion
to these materials, while in vivo tests were conducted to compare
their biodegradation and osseointegration with PLA.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(propylene carbonate) was supplied by Human
Global Capital Pty Ltd. with the molecular weight (M,,) of 160 kDa.
Microparticles of soluble starch (~25 um; ACS reagents), phosphate
buffer saline (PBS, pH 7.4), tetraethyl orthosilicate (TEOS),
P-tricalcium phosphate (puriss. p.a, >98%), poly(p,L-lactide) IV 0.49
dL/g (average M,, 75—120 kDa), trimethyl phosphate, McCoy’s SA
medium modified, and trypsin were purchased from Sigma-Aldrich and
were used without any further purification unless explicitly mentioned.
Simulated body fluid (SBF, gH 7.42) was prepared based on the method
described by Kokubo et al.*> Briefly, 8.035 g of sodium chloride, 0.072 g
of sodium sulfate (Merck Chemicals), 0.225 g of potassium chloride,
0.292 g of calcium chloride (Silform Chemicals), 0.355 g of sodium

bicarbonate, 0.231 g of potassium phosphate dibasic, and 0.311 g of
magnesium chloride (Sigma-Aldrich) were dissolved in deionized water
at 36 °C and the pH was adjusted between 7.42 and 7.45 by the addition
of Tris (Plus one) and 1 M solution of hydrochloric acid (HCI 32%,
Merck Chemical). All these chemicals and reagents were used without
further purification. Alkaline phosphate assay kit was purchased from
Abnova. Fetal bovine serum, L-glutamine, and antibiotic-antimycotic
were obtained from Life Technologies. [3-(4,5-Dimethylthiazol-2-yl)-S-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] was
purchased from Promega for the MTS assays.

2.2. Fabrication of Bioglass. The bioglass microparticles were
prepared via a sol—gel method described previously by our research
group.20 In summary, TEOS, deionized water, and HCI (100:800:1
molar ratio) were vigorously stirred for 30 min to obtain a clear solution.
Known amounts of calcium chloride dihydrate and trimethyl phosphate
as calcium and phosphorus sources for the preparation of sol—gel
derived bioglass were used. This solution was kept in a sealed container
for a few days to obtain a gel. Thermal sintering using a furnace at 700 °C
was carried out to prepare a fine powder of the bioactive glass, followed
by ball milling (Mikro-Dismembrator U from Sartorius Co.) to acquire
desired ceramic particle size using 2000 rpm speed for 2 min. The
average particle size measured using a Malvern mastersizer.

2.3. Fabrication of Polymer Blends. PPC and starch with a
ratio of 1:1 (w/w) were thoroughly mixed at 170 °C for 10 min in a
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Figure 2. (A) Particle size analysis of the bioglass microparticles (3 repetitions); (B, C) SEM-EDS scans of the PPC—starch (PPC/ST) and
PPC—starch—bioglass (PPC/ST/BG) blends, respectively; (D) reconstructed images of the PPC/ST/BG using 10% (w/w) of bioglass microparticles
via microCT scanning; (E) the false color diagram obtained via microCT scanning marking ceramic particles with higher optical densities; (F) the
clustering amount of ceramic microparticles inside the polymer ceramic blend; scale bar is 250 ym.

custom-made stainless steel vessel using a stirrer (WiseStir HS30D
stirrer) at a rotation speed of 300 rpm as described previously by our
research group.'' The resulting paste was then placed in a custom-made
cylindrically shaped mold with 1 cm in diameter and 10 cm in length.
The temperature was slowly decreased to ambient conditions (25 °C),
and the sample was stored at room temperature for further charac-
terizations. Polymer blends were produced using hydrophobic plas-
ticizers, water, and glycerol, at ratios ranging from 0 to 10% (w/w).
Subsequently, a polymer blend with the 1% (w/w) plasticizer was mixed
with ceramic content between O and 10% (w/w) for additional
comparisons. Screws were manufactured in a prewarmed custom-made
screw mold, and S tonnes force was applied to shape the screw. A similar
process was performed to form PLA and PLA/calcium phosphate (CaP)
screws with a composition of 70% PLA:30% CaP (w/w).*® Aseptic
conditions were used for in vitro and in vivo animal studies.

2.4. Contact Angle Measurement. Surface wettability of the
samples was evaluated by static contact angle measurement (Rame-hart
Instrument). Contact angle measurements for water were performed at
room temperature from the droplet image using the tangent method.
Three solid flat disks of polymer blends were used to estimate the
correct mean and standard deviation.

2.5. Compression and Bending Test. The mechanical strength of
samples was measured using uniaxial compression tests in an unconfined
state by Instron (Model 5543) with a 1000N load cell using the method
described in our previous study.”” The compression (mm) and load (N)
were obtained at a crosshead speed of 30 um s™! and up to 0.3 mm mm™"
of strain level. The compressive modulus was then calculated as the

tangent slope of stress—strain curves in the linear strain region of 0.1 to
0.2 mm-mm™". Furthermore, the maximum load (N) and deflection at
failure (mm) were tested with the same load cell using the four points
bending jigs by Instron (Model 5944).

2.6. Microcomputed Tomography (MicroCT). PPC—starch—
bioglass specimens were scanned with a microfocus X-ray source using
Skyscan 1072 Micro-Computed Tomography scanner (Bruker Corp).
During scanning, the specimen was rotated in small increments over
360 °C, and an X-ray projection image was captured at each step with the
source voltage and source current equal to 58 kV and 100 uA,
respectively with the image pixel size of 11.83 ym and 295 ms exposure.
The 3D volumes and the false color images were generated using
Avizo 3D (FEI Visualization Sciences Group originally designed and
developed by the Visualization and Data Analysis Group at Zuse
Institute Berlin (ZIB) under the name Amira) software.

In the knee implantation model, femora containing PPC—starch—
bioglass and PLA—calcium phosphate implants were scanned using a
Skyscan 1174 (Bruker Corp). Bones were scanned at an isotropic voxel
resolution of 14 ym with a 0.5 mm aluminum filter, 50 kV X-ray tube
voltage, 800 ;A tube electric current, and 4500 ms scanning exposure
time. A cutoff for mineralized tissue of 0.3 g cm™ mineral was used for
3D reconstruction using NRecon software.

2.7. Scanning Electron Microscopy with Energy-Dispersive
X-ray Spectroscopy (SEM-EDS). As an indication of biocompatibility,
specimens were incubated with SBF at 37 °C for up to 28 days. The
collected samples were washed twice with milli-Q water to remove
the precipitated salts. The formation of calcium phosphate layer on the
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Figure 3. EDS spectra for the blend of PPC—starch (A) and PPC—starch with 10% (w/w) bioglass (B) incubated in SBF for a period of 28 days;
(C) The composition of the scanned spot of the surface of the sample; (D—F) The distribution maps of the Si, Ca, and P ions on the surface of the blend

(scale bar is 250 ym for panel A and 100 ym for panel B).

surface of the sample incubated in SBF was examined by Zeiss EVO 50
SEM, operating at an acceleration voltage of 10 kV fitted with a LaB6
filament. Routine EDS measurements are possible using an iXRF
Iridium Ultra EDS system. The AZtec software (Oxford Instruments,
U.K.) was integrated into SEM device to identify the chemical compo-
sition of polymer ceramic implants. The samples were mounted on
aluminum stubs using conductive silver paint, and then carbon coated
before SEM analysis.

2.8. Osteoblast Culture and Functional Assays. The Saos-2 cells
(Sarcoma osteogenic) attachment on the surface of the specimens was
measured at different time intervals within 28 days postculture. Sterile
samples were placed in 24-well plates, and 75 uL of cell suspension
was added to each well for a total of 2 X 10° cells/well. The primary
and secondary fixatives (2.5% glutaraldehyde and 1% osmium tetroxide
in 0.1 M PBS) were used to fix the cells for an hour followed by three
PBS washes at room temperature. Sequential dehydration using 30%,
50%, 70%, 90%, and pure ethanol was performed. This was followed
by treatment with 0.5 mL of hexamethyldisilazane (HMDS) for 2 min
at room temperature in a desiccator to eliminate ethanol residue.
Samples were mounted on aluminum stubs using conductive carbon
paint, then gold coated by using an Emitech K7550X instrument for
SEM analysis.

Samples fabricated in aseptic conditions were placed in 24-well plates,
and SO L of Saos-2 (Sarcoma osteogenic) cell suspension was added to
each well to reach the initial cell count of 2 X 10° per well plate. Cell
viability test was studied by using the MTS assay at different time points,

for example, 1, 3, and 7 days postculture. At each time point, old media
removed from the wells followed by three times PBS washing. Then,
samples soaked in 250 pL of fresh media and 50 uL of MTS solution for
1 hat 37 °C incubator. The viability of cells was quantified by measuring
the absorbance of the resulting solutions at 490 nm wavenumbers.

The differentiation of Saos-2 cells was determined using alkaline
phosphate assay (ALP) as an osteogenic marker.”® After 14, 21, and
28 days postculture, the cells were trypsinized from the surface of
samples, and their ALP activities were evaluated based on manufacture’s
procedure. The ALP activity of cells was quantified by measuring the
absorbance of the resulting solutions at 415 nm wavenumbers with a
microplate reader (Bio-Rad 680).

2.9. In Vivo Degradation. A mouse subcutaneous implantation
model was used with pathogen-free male and female Balb/c mice, aged
12 weeks and weighing 25 + 1.7 g (male) and 22 + 1.2 (female).
Animals were housed (19—22 °C, 12 h light, 12 h dark cycle) in cages
with unrestricted access to food and water. Procedures were approved
by SLHD Animal Welfare Committee Australia (AWC NO.2013/
019B). Each mouse (n = 12) was anesthetized individually by
intraperitoneal injection of a mixture of ketamine (75 mg mL™") and
xylazine (10 mg mL™") at 0.01 mL g™ of body weight. The dorsal hair
was shaved; the skin was cleaned with betadine solution and washed
with sterile saline. Four adjacent but identical incisions were created
surgically in the dorsal area to create a subcutaneous pouch. The PPC—
starch, PPC—starch—bioglass, and PLA screws were inserted before
closing with 5—0 silk sutures and covering by Atrauman (Hartmann,
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Figure 4. SEM micrographs of PPC—starch—bioglass (PPC/ST/BG) blends with different magnifications before the cell incubation (A, B); Osteoblast
cells cultured on surfaces of the PPC—starch (PPC/ST) and PPC/ST/BG blends after 1 day (C, D) and 3 days (E, F), respectively. (G) Cytotoxicity test
from MTS assay. (H) Alkaline phosphate activity of the osteoblast cells after 14, 21, and 28 days containing different amount of bioglass microparticles

(***p < 0.001).

Australia) and IV3000 wound dressings (Smith and Nephew) for 7 days.
Carprofen (5 mgkg™") was given at the time of anesthesia and following
2 days postsurgery for analgesia. After surgery, mice were caged individ-
ually for the first 2 days and then 3 mice per cage thereafter with free
access to water and food. Biopsies were collected for MicroCT analysis

at 4, 12, and 24 weeks postimplantation. Biopsies were fixed in 10%
formalin for 24 h.

2.10. Osseointegration Study. A knee implantation model was
performed in 15+ weeks old male Wistar Rats (Animal Resources
Centre). In brief, animals were anesthetized with ketamine/xylazine
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Figure S. Biodegradable screw made via melt blending method (A), visualized after 3D scanning with microcomputed tomography and reconstruction
with Avizo software (B). The screw was placed into a synthetic bone drilled with drill bit number 7/64 in. (C). (D) Maximum bending load and

deflection at the failure of the polymer ceramic blends.

(75 mgkg™'/10 mg kg™"). A single incision was made at the knee, and a
hole was drilled into the distal femur. Implants (PLA—calcium
phosphate and PPC—starch—bioglass) were press-fit, and the surgical
site closed using Vicryl suture. Animals were monitored and given
0.1 mg kg™ buprenorphine up to every 12 h for pain relief. The experi-
mental end points were at 3 and 12 weeks (1 = 4 per group per time
point). Outcome measures included an X-ray (Faxitron), microCT
(Skyscan 1174), and histological appearance following bisection with a
diamond saw. Histological sections were performed on specimens
decalcified for 10 weeks, embedded in paraffin, and stained with
Picrosirius Red and Alcian Blue. The quantitative evaluation of newly
formed bone on PLA versus PPC/ST/BG samples was performed using
Image] analysis (Image, Adjust, Color Threshold, RGB mode (Red 161,
Green 171, and Blue 201). In this method, the sample position offset by
1 mm and the newly formed bone measured using the covered surface
area. The method was also validated using conventional Freehand
selection in Image] software with significantly no different results.

2.11. Statistical Analysis. Results of contact angle measurements,
mechanical properties, ALP activity, and degradation rate calculations
were reported as mean + SD, acquired from at least three independent
experiments in each condition. Statistical significance was tested using a
one-way analysis of variance (ANOVA). The statistical method used in
evaluating the amount of new bone were an unpaired ¢ test using a
statistical significance alpha < 0.0S.

3. RESULTS AND DISCUSSION

3.1. Addition of Plasticizer in the PPC—Starch Blending
Process. Despite prior data showing that starch can enhance the
hydrophilic properties of hydrophobic polymers,12 we observed
no difference between PPC and PPC—starch in contact angle

measurements (Figure 1A). Thus, in an attempt to alter the
amphiphilicity of the material, different plasticizers were used to
supplement the blend.

The impact of adding water/glycerol (1:1 v/v) was tested by
measuring surface contact angle. Increasing the amount of
plasticizer significantly enhanced the surface wettability of PPC—
starch samples (Figure 1A). The surface amphiphilicity values
were increased after using 1%, 5%, and 10% water/glycerol
(w/w) from 68.9 + 0.58 (no plasticizer) to 64.37 + 0.7, 58.67
+ 0.46, and 55.15 + 0.85°, respectively. Decreasing the contact
angle was anticipated to enhance the in vivo biocompatibility of
the material.””

The addition of plasticizer also had a significant impact on the
compressive modulus of the PPC-starch blend (Figure 1B).
Using 1% water/glycerol (w/w) increased the compressive mod-
ulus of the PPC-starch blend from 33.88 + 1.51 to 80.03 + 6.98 MPa
due to the enhanced miscibility of PPC matrix with starch as a
filler.***' However, further increases of plasticizer at 5% and 10%
(w/w) dramatically decreased the compressive modulus of the
PPC-starch blend. Similar behavior was also observed in the
study by Jost et al. using glycerol and sorbitol.** This pheno-
menon was attributed to the phase separation at higher
concentrations of plasticizer. Heterogeneous aggregates are
observed in SEM images with 5% and 10% (w/w) plasticizer
(Figure 1C—F). Thus, the 1% water/glycerol value was used for
subsequent experiments and the samples were noted as PPC/ST.

Hydrophilic plasticizers such as water, polyols, and oligosac-
charides are broadly used to enhance the surface wettability.
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They can also facilitate the processing of polymer blends due to
their low molecular weight and stability.>** These compounds
act as agents that promote intermolecular interaction between
PPC (hydrophobic) and starch (hydrophilic), therefore enhance
the miscibility between these two polymers. Our data is con-
sistent with prior reports showing that plasticizers can promote
the surface properties and wettability of hydrophobic polymer—
starch blends.*>*

3.2. Addition of Bioglass to the PPC—Starch Blend. A
melt blending method was used to prepare a homogeneous
mixture of bioglass in PPC—starch blends. The bioglass particles
employed in this study had an average particles size of 100 ym.
These particles were uniformly distributed in the polymer matrix
by the manufacturing process used and minimally agglomerated
as shown in Figure 2A—C. In preliminary studies by us (data not
shown) and others,”” addition of >10% bioglass (w/w) to the
polymer—bioglass blends formed brittle structures; thus, higher
amounts were not utilized in subsequent studies. Furthermore,
the water contact angle measurement after addition of bioglass
microparticles showed no significant difference in surface
wettability.

The calcium and phosphate ions that loaded into the silica
network via thermal sintering remained inside the structure.
Furthermore, the distribution of ceramic microparticles inside
the polymer blend matrix was visualized by microCT to validate
the homogeneity of the structure (Figure 2D,E) in false color
images. More than 96.81 + 2.11% of the bioglass aggregates in
the PPC—starch—bioglass implants were less than 125 ym; this
was comparable to the average particle size of ceramic powders
(100 pm) used for blending. Quantification showed that the
total volume of the agglomerated particles was less than 4%
(Figure 2F). The precision of this method was validated by

calculating the total volume of the ceramic particles measured by
microCT, which gave a value of 10.12 & 0.76%; equivalent to the
10% (w/w), which was measured and added.

Bioglass micro- and nanoparticles have been previously
used to enhance the bioactivity and biocompatibility of bone
implants.”®~*" While we have used a single size of bioglass
particles, other groups have shown that bioactivity measures can
be augmented by decreasing particle size.”’ It has been specu-
lated that this relationship is related to particle surface area, thus
implying that agglomeration (which would reduce surface area)
would be unfavorable.

3.3. In Vitro Properties of PPC—Starch—Bioglass. To
recapituate the conditions that an implant would be exposed
to in a biological/medical setting, samples were incubated for
28 days in simulated body fluid (SBF). The polymer blend was
unable to promote the de novo formation of a hydroxyapatite
layer featuring calcium and phosphorus on the specimen surface
(Figure 3A). In contrast, the addition of bioglass microparticles
did yield calcium and phosphorus as detected by EDS that eluted
from the implant surface (Figure 3B—F). The ratio between the
calcium and phosphate ions (Ca/P) was calculated to be 1.52 +
0.07. Notably, a Ca/P ratio between 1.50 and 1.667 corresponds
to the hydroxyapatite structure with the highest ability to regen-
erate bone tissue."" This ratio was calculated considering the
Ca, P signals from bioglass in the underlying substrate followed
by subtraction from the values after SBF incubation.

Using an in vitro culture system, cell adhesiveness of Saos-2
osteoblasts was measured on the surface of PPC-starch with and
without 10% bioglass (w/w). Cell adhesion was visualized using
SEM imaging (Figure 4A—F). Both polymer blends with and
without bioglass resulted in osteoblasts adhering at day 1 and
showing a flattened morphology after 3 days.
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Figure 7. Representative images of bisected distal femora containing polymer implants inserted into the knee in a rat model. PLA—calcium phosphate
(A, C) and PPC—starch—bioglass (B, D) implants were compared at 3 weeks (A, B) and 12 weeks (C, D). The majority of both implant types remained
at 12 weeks. The PPC—starch—bioglass samples showed evidence of swelling.

The osteoblastic differentiation ability of the samples was
studied by alkaline phosphatase (ALP) assays after 28 days
(Figure 4H). Osteoblastic differentiation is required for new
bone formation and may vyield superior outcomes in an
orthopedic setting.*” The ALP activity was found to increase in
proportion to the amount of bioglass (0%, 5%, and 10% w/w)
included in the blend. ALP data was normalized to cell number,
as measured by MTS assay (Figure 4G). These data are
consistent with prior findings that PPC promotes cell attachment
and is biocompatible.”>**

3.4. Fabrication of Biodegradable Screw. One potential
application for the PPC—starch—bioglass material was biode-
gradable screws that could be used for orthopedic applications.
Screws were fabricated using a melt molding method
(Figure SA,B). Well structurally defined screws could be fabri-
cated by melt mixing using the optimized 1:1 ratio of PPC and
starch, 1% plasticizers, and 10% bioglass at 170 °C.

Screws were tested in principle via insertion into a synthetic
bone. Polymer screws could be readily implanted (Figure SC).
Subsequently, four points bending tests were performed to
measure the maximum load and deflection at the failure of screws
(Figure SD). The deflection scores showed no significant
differences with the addition of ceramic microparticles, and the
low to average deflection values suggest that the screws have a
brittle structure. This is consistent with the findings of Halasz
et al.*® The maximum tolerated loads at the failure points showed
similar trends.

3.5. Biodegradation of Polymer Screws in a Subcuta-
neous Implantation Model. The in vivo degradation rate of
the biodegradable screw was measured to estimate the stability of
the screws in the body. The screws were implanted sub-
cutaneously in mice, and the volume of each sample was
calculated after 1, 3, and 6 months postsurgery. In this study,
volume fraction loss was selected as a primary outcome over
the loss of mass; the invasion of tissues and blood vessels into the
samples can cause inaccuracy when utilizing gravimetric
methods. The volume determined by microCT scanning and
the invaded tissues were separated from the polymers according
to optical density.

After the first month, mice who received PLA screws rejected
the implants, and some rodents tried to remove the implants
from their backs (illustrated in Figure 6A). This is consistent
with the acidic degradation of the implant causing irritation and
discomfort in the animals.*®*” To ameliorate this, extra wound
dressings were used to cover the surgical sites. The implanted
screws over 6 months postsurgery showed that the shape was
largely retained over the first 3 months (Figure 6B,C).

As the degradation of implants results in the decrease of
mechanical properties, they should last longer than the required
regeneration time to be applicable for load-bearing applications.
To this end, the volume fraction loss was measured over six
months and, as expected, the bulk degradation was only signifi-
cantly noted after this period. The time frame for this study is
relevant to orthopedic procedures and the period required for
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Figure 8. Hematoxylin and eosin staining of paraffin sections of the implantation site of (A, C) PLA—calcium phosphate and (B, D) PPC—starch—
bioglass screws 3 and 12 weeks postimplantations, respectively. The scale bars are 3 mm (left column) and 500 ym (right column). Black arrows in the
figure show the bone formed in the PLA—calcium phosphate screw threads. Black bordered white arrows indicate new bone invading the PPC—starch—

bioglass.

bone remodeling postinjury.***’ Conspicuously, the inclusion
of bioglass did not significantly affect degradation as PPC—starch
(446 + 1.8%) and PPC—starch—bioglass (45.82 + 1.3%)
showed higher volume loss than PLA (27.05 + 0.65%;
Figure 6D).

3.6.In Vivo Biocompatibility and Osseointegration in a
Knee Implantation Model. Polymer implants were inserted
into a drill hole in the knee in a modified knee implantation
model. Threaded implants were used to improve fixation and to
subsequently examine implant shape, degradation, and osseoin-
tegration. Both polymers were well tolerated by the animals. One
animal containing the PPC—starch—bioglass implants was pre-
maturely culled due to unexplained weight loss, however, a
postmortem revealed no cause for this and the implant site
showed no signs of inflammation or infection.

The remaining specimens were harvested at 3 and 12 week
time points and scanned by microCT. Reconstructed images
revealed that the drill holes were not filled in at either time point
(data not shown). Fixed specimens were then bisected using an
orthopedic diamond saw and implants examined (Figure 7A—D).
PLA samples showed minimal changes over the 12 week period
and new bone was found to form by 12 weeks adjacent to the
implants. In contrast, the PPC—starch—bioglass samples showed
significant swelling that could be potentially attributed to the
polymer—starch blend absorbing water.

Histological sections were examined from both time points
(Figure 8). Notably, those specimens containing PLA were
unable to retain the implant, however osseointegration was qual-
itatively observed by 12 weeks. There was no significant
breakdown of the PLA screws over the duration of the study as
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the threading was still present as shown by new bone outlining
the threads (Figure 8C’). In contrast, the PPC—starch—bioglass
screws were able to be sectioned. PPC—starch—bioglass implants
showed evidence of a healthy cellular response at 3 weeks sur-
rounding the implant (Figure 8B’). By 12 weeks the implants
were substantively osseointegrated, with the surrounding bone
starting to invade the implant (Figure 8D’). Particles of bioglass
could also be seen to be evenly distributed at high magnification.
In PPC/ST/BG samples, nearly 40.05 + 0.79% of the surface
of the selected area covered by new bone after 12 weeks of
implantation. However, this value for PLA was calculated as
33.50 & 0.94%.

4. CONCLUSIONS

In this paper, we describe a new and efficient blending method
for generating a polymer—ceramic composite utilizing PPC,
starch, plasticizer agents, and bioglass. This composite was
found to have enhanced physical and biological properties to
conventionally described PPC—starch. The blend showed
significantly higher mechanical strength and hydrophilicity,
which we anticipate would be ideal for medical applications.
Screws made from PPC—starch—bioglass were tested in
subcutaneous and bone implantation models. The results
showed that this material was well tolerated and with a
moderately faster degradation profile than PLA and a greater
capacity for bone ingrowth. Future studies will continue to
translationally develop this material for orthopedic applications.
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