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Abstract
The use of a strategy involving space maintenance as the initial step of a two-stage regenerative
medicine approach toward reconstructing significant bony or composite tissue defects in the
craniofacial area, preserves the void volume of bony defects and could promote soft tissue healing
prior to the subsequent definitive repair. One of the complications with a biomaterial-based space
maintenance approach is local infection, which requires early, effective eradication, ideally through
local antibiotic delivery. The purpose of this study is to develop a dual function implant material for
maintaining osseous space and releasing an antibiotic to eliminate local infection in bony defects.
Colistin, a polymyxin antibiotic, was chosen specifically to address infections with Acinetobacter
species, the most common pathogen associated with combat-related traumatic craniofacial injuries.
Porous polymethylmethacrylate (PMMA) constructs incorporating poly(lactic-co-glycolic acid)
(PLGA) microspheres were fabricated by mixing a clinically used bone cement formulation of
PMMA powder and methylmethacrylate liquid with a carboxymethylcellulose (CMC) hydrogel (40
or 50 wt%) to impart porosity and PLGA microspheres (10 or 15 wt%) loaded with colistin to control
drug release. The PMMA/CMC/PLGA construct featured mild setting temperature, controllable
surface/bulk porosity by incorporation of the CMC hydrogel, reasonably strong compressive
properties, and continuous drug release over a period of 5 weeks with total drug release of
68.1-88.3%, depending on the weight percentage of CMC and PLGA incorporation. The
concentration of released colistin was well above its reported minimum inhibitory concentration
against susceptible species for 5 weeks. This study provides information on the composition
parameters that enable viable porosity characteristics/drug release kinetics of the PMMA/CMC/
PLGA construct for the initial space maintenance as part of a two-stage regenerative medicine
approach.

*Corresponding Author: Antonios G. Mikos, Ph.D., Rice University, Department of Bioengineering – MS 142, P.O. Box 1892, Houston,
Texas 77251-1892, Tel.: +1 713 348 5355; Fax: +1 713 348 4244, mikos@rice.edu.
Paper submitted to Biomaterials
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biomaterials. Author manuscript; available in PMC 2011 May 1.

Published in final edited form as:
Biomaterials. 2010 May ; 31(14): 4146–4156. doi:10.1016/j.biomaterials.2010.01.112.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Bone tissue engineering; Scaffolds; Biodegradable microspheres; Polymethylmethacrylate;
Carboxymethylcellulose; Colistin

1. Introduction
Craniofacial trauma is among the most debilitating forms of injury facing civilian and military
populations due to the important aesthetic and functional role of the craniofacial complex [1,
2]. Blast injuries and injuries from high velocity projectiles (e.g., those encountered on the
battlefield) often require a staged repair where the surgical revision, however, is sometimes
complicated by distortion of surgical landmarks, diminished volume of the defect space,
fibrosis of the tissue bed and/or local contamination [3-8]. Over the course of a staged
reconstruction, the placement of a temporary, alloplastic implant may eliminate many of the
aforementioned complications [9,10]. Toward treating traumatic craniofacial injuries with
significant bone/tissue loss, our laboratory is developing a two-stage regenerative medicine
approach consisting of a first stage using temporary space maintenance to not only maintain
the void space but also to prime the wound site for later definitive reconstruction [10]. The
initial space maintenance using a non-biodegradable implant material (i.e., a space maintainer)
preserves the original dimensions of the bony defects and prevents soft tissue ingrowth while,
importantly, allowing for wound/tissue healing over the material. Successful space
maintenance creates a soft tissue envelope with definitely preserved volume and well-healed
surrounding tissues, ideal for the placement of a tissue engineering construct designed for bone
regeneration during the subsequent reconstruction stage [9-12]. In order to advance the
development of this two-stage regenerative medicine approach, we herein designed a
polymethylmethacrylate (PMMA)-based space maintainer featuring a porous structure to
promote wound/tissue healing over the material and implant retention at the host site [10]. In
addition, an antibiotic delivery system is incorporated to mitigate/prevent local infections,
thereby reducing the potential for any infection-related complication associated with space
maintenance.

Self-hardening PMMA cement has been successfully used in a variety of orthopaedic
conditions because of its appealing physical and chemical characteristics [13,14]. The non-
degradability allows PMMA constructs to maintain sufficient mechanical support over an
extended time period. It can also be molded intraoperatively to fill complex defects, making
PMMA implants particularly suited for osseous space maintenance in oral and craniofacial
reconstructions [9,15-17]. While conventional PMMA cement has been previously used in
space maintenance applications, problems with implant extrusion or wound dehiscence have
been reported [10,11,18]. It has been demonstrated that the porous structure of an implant
material plays an essential role in anchoring the material to the host by allowing for rapid
ingrowth of fibrovascular and soft tissue into the pores to promote wound healing and the
formation of a stable interface [10,18-22]. A porous PMMA structure thus becomes the gold
standard for designing an effective space maintainer in the envisioned two-stage approach.

Infections following traumatic injuries, including combat wound infections and osteomyelitis,
are a common occurrence [7,8,23-25]. Latent or active posttraumatic and postsurgical
infections may potentially hinder wound healing and tissue regeneration, underscoring the
importance of effective, early eradication/prevention by antibiotic drugs. The multidrug-
resistant (MDR) Acinetobacter baumannii species has been demonstrated to be the
predominant organism recovered in trauma-related infections sustained by US soldiers in Iraq
and Afghanistan [24-26]. Colistin, one of the last-resort antibiotics for this species, holds
promise as an effective antimicrobial agent [27-30]. The parenteral administration of colistin
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requires a long course of therapy due to the poor penetration of the antibiotic into bone. Long-
term parenteral colistin administration is associated with a high incidence of nephrotoxicity
and neurotoxicity [28,30], whereas a local delivery of antibiotic drugs promises to achieve
local therapeutic drug levels over an extended duration while eliminating systemic exposure
to potentially toxic drug concentrations [31-33]. Consequently, the development of a local
antibiotic delivery system delivered through an implant becomes a potentially important
strategy in space maintenance.

Building upon the advantages of a porous implant structure to improve incorporation into the
surrounding tissue bed through the incorporation of controlled drug delivery to address local
infections, a space maintainer was designed as a poly(lactic-co-glycolic acid) (PLGA)
microsphere-incorporating porous PMMA construct. The antibiotic drug colistin was first
loaded into biodegradable PLGA microspheres, and the PLGA microspheres were then mixed
with the PMMA cement, while a carboxymethylcellulose (CMC) hydrogel component was co-
incorporated to impart porosity throughout the constructs [10,21,34]. All components in these
PMMA/CMC/PLGA constructs are regulated by the United States Food and Drug
Administration (FDA) for orthopaedic and/or craniofacial applications. A construct
successfully developed from this combination has the potential to transition readily from
experimental research into clinical use.

The aim of the present in vitro study was to elucidate the influence of material composition of
PMMA/CMC/PLGA constructs on their physical properties and provide predictive insight into
the expected space maintenance and drug delivery capability of the space maintainer over time
in vivo. Specifically, it was hypothesized that the overall porosity would be tailored by the
incorporation of CMC hydrogel and would not be significantly changed with the addition of
PLGA microspheres. The incorporation of PLGA microspheres in porous PMMA constructs
was hypothesized to allow for a sustained, high concentration colistin release over weeks. To
test these hypotheses, four formulations of PMMA/CMC/PLGA constructs with 40-50 wt%
CMC and 10-15 wt% PLGA microsphere incorporation were investigated for surface and bulk
morphology, porosity, pore interconnectivity and compressive mechanical properties initially
and throughout a degradation process of 12 weeks. In vitro drug release kinetics were also
examined over a period of 5 weeks.

2. Materials and methods
2.1 Materials

Poly(lactic-co-glycolic acid) (PLGA) (copolymer ratio of 50:50, weight average molecular
weight of 61.1 kDa and number average molecular weight of 37.3 kDa as determined by gel
permeation chromatography based on polystyrene standards) was purchased from Lakeshore
Biomaterials (Birmingham, AL). Colistin sulfate salt was purchased from Sigma-Aldrich (St.
Louis, MO). PMMA cement (SmartSet®, High Viscosity) was from DePuy Orthopaedics Inc.
(Warsaw, IN). Carboxymethylcellulose sodium was purchased from Spectrum® chemical
MFG Corp. (Gardena, CA). Poly(vinyl alcohol) (PVA) (88% hydrolyzed, nominal molecular
weight 22 kDa) was from Acros Organics (Geel, Belgium). All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO) and used as received.

2.2 Preparation of colistin-loaded PLGA microspheres
Colistin-loaded PLGA microspheres were fabricated by a water-in-oil-in-water (W/O/W)
double emulsion solvent evaporation technique [35]. Briefly, PLGA polymer (2.0 g) was
dissolved in methylene chloride at a concentration of 50 mg/mL as an oil phase, and colistin
(650 mg) was dissolved in 2 mL distilled water (internal aqueous phase) containing 0.4 wt%
PVA. The colistin solution was dispersed in the polymer solution by a homogenizer (PRO250,
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Pro Scientific Inc., Monroe, CT) at 26,000 rpm for 30 s. This stable W/O emulsion was slowly
added into an aqueous solution (external aqueous phase, 400 mL) containing 0.4 wt% PVA
and 0.5 M NaCl under stirring at 500 rpm and the solution was stirred at 500 rpm for 30 min.
Solvent removal and microsphere hardening was achieved by stirring at 300 rpm for another
3.5 h. The microspheres were isolated by centrifugation, washed with distilled water three
times, and then vacuum-dried for 24 h.

The drug content in the PLGA microspheres was determined by first dissolving microspheres
in methylene chloride and then extracting colistin with phosphate buffered saline (PBS) buffer
(pH 7.4). Briefly, 20 mg colistin-loaded microspheres were dissolved in 1 mL methylene
chloride and then 20 mL PBS was added to the solution. The solution mixture was vigorously
stirred for 2 h allowing for the extraction of colistin by the aqueous phase and evaporation of
the organic solution.

The colistin concentration in the PBS buffer was analyzed by high-performance liquid
chromatography (HPLC) (Waters®, Milford, MA) [36]. The HPLC system consisted of a
Waters 2695 separation module and a 2996 photodiode array (PDA) detector. The separation
was performed using an XTerra® RP 18 column (250 cm × 4.6 μm, Waters®) at a column
temperature of 45°C and a flow rate of 0.5 mL/min in a mobile phase consisting of acetonitrile
(HPLC grade with 0.1 vol% trifluoroacetic acid) and water (HPLC grade with 0.1 vol%
trifluoroacetic acid). Peaks were eluted with a linear gradient of 10–65% acetonitrile in water
over 20 min. Absorbance was monitored at λ = 214 nm. The two main components colistin A
and colistin B were eluted at approximately 14.9 min and 15.7 min, respectively. Standard
solutions with colistin in PBS buffer (pH 7.4) were tested in the range of 5–1000 μg/mL.
Calibration curves were obtained using the combined peak areas of colistin A and colistin B
versus the colistin concentration.

2.3 Preparation of microsphere-incorporating porous PMMA constructs
Antibiotic-releasing porous PMMA constructs were fabricated by mixing a clinical grade bone
cement formulation of PMMA powder and MMA liquid with a CMC hydrogel and colistin-
loaded PLGA microspheres. The percentage of PLGA microspheres was varied (10 wt% or 15
wt%) to adjust the drug content in each volume unit of the construct. The percentage of CMC
hydrogel was varied (40 wt% or 50 wt%) to control the surface/bulk porosity of the constructs
(Table 1). The CMC hydrogel was prepared by dissolving carboxymethylcellulose sodium (9
wt%) in distilled water, which resulted in a highly viscous hydrogel [10]. The following mixing
procedure was employed to provide the most reproducible and homogeneous distribution of
hydrogel phase according to previous experience: first the PMMA powder and the PLGA
microspheres that were needed for 10 or 15 wt% relative to the polymer phase (PLGA+PMMA
+MMA) were fully mixed using a spatula. Then the powder mixture was dispersed in a
predetermined weight of CMC hydrogel (40 or 50 wt% in the constructs of CMC+PLGA
+PMMA+MMA) by manual stirring. The monomer liquid was added into the mixture and the
two phases were mixed carefully to ensure uniform distribution of the monomer while
minimizing air entrapment. After the mixture reached a dough-like consistency (approximately
90 s), the mixture was subsequently inserted into Teflon molds. The cement mixtures were
allowed to harden in the molds for 30 min at ambient temperature (21°C). After the removal
of constructs from the molds, the constructs were vacuum-dried overnight.

Cylinders 6 mm in diameter and 12 mm in height were used for mechanical testing based on
the International Organization for Standardization Standard ISO5833 [37]. Cylinders 10 mm
in diameter and 6 mm in height, which were designed for a previously developed rabbit
mandibular defect model [10,38] were used for the degradation study/in vitro drug release.
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2.4 Scanning electron microscopy (SEM)
SEM was employed to examine the external and internal morphology of colistin-loaded PLGA
microspheres and the surface roughness and porosity of microsphere-incorporating constructs.
The microspheres or the surface of constructs were sputter-coated with gold for 40 s at 100
mA using a CrC-150 sputtering system (Torr International, New Windsor, NY) and observed
under a FEI Quanta 400 field emission scanning electron microscope (FEI company, Hillsboro,
OR) at an accelerating voltage of 10 kV.

2.5 Setting temperature and time
Setting temperature and time were measured simultaneously by recording the temperature of
the cement mixture as a function of time after the addition of the last component. According
to ISO5833 for acrylic resin cements [37], the dough-like mixture was packed into a Teflon
cylindrical mold (60 mm in diameter, 6 mm in height) where a temperature measurement probe
connected to a multimeter (Datalogging Multimeter, Data Acquisition System ML720, Extech
Instruments Corp., MA) was positioned in the center of the mold to record the temperature of
the mixture every 0.2 s until the temperature began to drop. The setting temperature was
calculated as:

Tset = (Tmax + Tamb)/2

where Tmax is the highest temperature attained during polymerization, and Tamb is the recorded
ambient temperature.

For each measurement, the temperature change was plotted against time and the setting time
tset was measured from the beginning of mixing until the temperature reached the setting
temperature Tset. The average and standard deviation of Tset and tset were determined from
three measurements.

2.6 Microcomputed tomography (microCT)
A SkyScan 1172 microCT imaging system (Aartselaar, Belgium) was used to perform
nondestructive imaging and quantify the 3D microarchitectural morphology of original and
degraded constructs. The samples (n=3) were imaged with an X-ray tube voltage of 40 kV and
current of 250 mA without a filter. Volumetric reconstruction and analysis were conducted
using the software NRecon and CTAn provided by SkyScan. The images obtained from
acquisition were first reconstructed to serial coronal-oriented tomograms using a 3D cone beam
reconstruction algorithm and then segmented into binary images using adaptive local
thresholding to distinguish polymer material from pore space and to eliminate background
noise. An optimal threshold value of 60-255 was applied for all 3D reconstructions and
quantitative analyses. Representative 3D reconstructions of constructs were generated based
on the binarized tomograms to visually show the 3D models of microstructures of scaffolds.
To quantitatively analyze the porosity and interconnectivity, a cylindrical volume of interest
(VOI) 5.8 mm in diameter and 9.8 mm in height was selected in order to eliminate potential
edge effects. The bulk porosity of constructs was calculated as:

Bulk porosity = 100%-vol% of binarized object in VOI

The interconnectivity was quantified as the fraction of the pore volume in a construct that was
accessible from the outside through openings of a certain minimum size (a sphere diameter of
40-160 μm). A shrink-wrap process was performed to shrink the outside boundary of the VOI
in a construct through any openings where the spheres could pass, and the total volume of the
VOI (V) and the volume of the binarized object (Vshrink-wrap) were measured. If 100% of the
porosity was accessible to the sphere, then V = Vshrink-wrap; otherwise, Vshrink-wrap < V because
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the volume of the VOI includes the volume of the construct plus any void space that is not
accessible. Interconnectivity was calculated as follows:

Interconnectivity = (V-Vshrink-wrap)/(V-Vm) × 100%

where V is the total volume of the VOI, Vshrink-wrap is the VOI volume after shrink-wrap
processing, and Vm is the volume of construct materials.

2.7 Compressive modulus and strength
The compressive mechanical properties of microsphere-incorporating constructs were
measured to establish the influence of CMC/PLGA incorporation on mechanical performance.
In accordance with ISO5833, 6 mm × 12 mm cylindrical constructs (n=6) were compressed
along their long axis at a cross-head speed of 20 mm/min using a mechanical testing machine
(MTS, 858 Mini Bionix, Eden Prairie, MN) with a 10 kN load cell.

Constructs (cylinders of 10 mm in diameter, 6 mm in height) that were designed for a
mandibular defect model [10,38] were used in the degradation study. Although these
dimensions do not conform to ISO specifications, the mechanical testing over time of these
degraded constructs was performed to provide insight on the change of mechanical
performance over time in vivo. The degraded cylindrical constructs (n=3) were compressed
along their long axis at a cross-head speed of 1 mm/min with a 10 kN load cell (MTS).

For both compressive tests, force and displacement were recorded throughout the compression
and converted to stress and strain based on the initial specimen dimensions. The compressive
modulus was analyzed using the TestStar 790.90 mechanical data analysis package designed
by MTS and calculated as the slope of the initial linear portion of the stress-strain curve. The
offset compressive yield strength was determined as the stress at which the stress-strain curve
intersected with a line drawn parallel to the slope defining the modulus, beginning at 2.0%
strain (based on ISO5833) [37].

2.8 In vitro drug release
The in vitro drug release study was carried out in triplicate at 37°C in PBS buffer (pH 7.4).
Each construct was incubated in 5 mL PBS buffer under mild shaking. At predetermined time
intervals, the release medium from each sample was completely removed and replaced with
fresh PBS buffer. The release medium was filtered with a 0.2 μm filter and tested by HPLC to
determine the colistin concentration. The HPLC method is described above in Section 2.2. The
cumulative release (%) was expressed as the percent of total colistin released over time. The
daily release of colistin was calculated from the absolute amount of colistin released between
three or four consecutive days divided by the corresponding release time as well as the construct
volume, and was expressed as μg colistin/mL construct/day.

2.9 Statistical analysis
For porosity, setting temperature and time, and compressive modulus data, statistical analysis
was performed with a single-factor analysis of variance (ANOVA) with a 95% confidence
interval (p<0.05). In the case of statistically significant differences, Tukey's post hoc test was
conducted. For comparing the cumulative release data in the in vitro colistin release study, a
repeated measures analysis of variance was performed, followed by a Tukey's multiple
comparison test to determine statistical significance at an alpha level of 0.05. The comparison
of the first day release of constructs with PLGA microspheres and the pairwise comparison of
the release rate of sustained release period (phase 3) of constructs were performed with a single-
factor analysis of variance followed by a Tukey's multiple comparison test. Data are presented
as means ± standard deviation.
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3. Results
3.1 Colistin-loaded PLGA microspheres

The ability of PLGA microspheres to control colistin release was first examined. Colistin-
loaded PLGA microspheres with a 16.1±2.5 wt% drug loading were prepared by a water-in-
oil-in-water double emulsion method. The SEM images of external and internal morphologies
(Figure 1 inset) showed spherically shaped microparticles with smooth surfaces and a highly
porous internal polymeric matrix. The colistin-loaded PLGA microspheres exhibited a typical
three-phase release profile (Figure 1), including an initial burst of 52.3±6.2% release at days
0-2, a lag phase characterized by a moderate drug release (0.9±0.2% per day at days 2-11), and
a sustained, accelerated drug release (1.9±0.2% per day at days 11-25) lasting for two weeks.
The PLGA microspheres alone exhibited a continuous colistin release over a period of 4 weeks
with an 87.5±9.9% total colistin release.

3.2 Microsphere-incorporating PMMA/CMC/PLGA constructs
To prepare the microsphere-incorporating porous constructs, the PLGA microspheres were
first mixed with the PMMA powder, and then the powder mixture was homogenously dispersed
in the CMC hydrogel, followed by the addition of the MMA liquid phase. Curing of the mixture
occurred when the initiator in the powder phase started polymerization of the reactive MMA
monomer, thus trapping the PLGA microspheres, PMMA microparticles, and CMC hydrogel
within the polymerizing matrix. The CMC hydrogel dispersed throughout the polymerizing
matrix, yielding the initial surface/bulk porosity. The surface morphologies of dry construct
samples were characterized by microCT and SEM (Figure 2). Higher CMC hydrogel
incorporation (50 wt% versus 40 wt%) resulted in greater roughness and pore depth on the
construct surface (Figure 2A and 2B). Importantly, the PLGA microspheres were
homogeneously dispersed among the PMMA microparticles (the PLGA microspheres could
not be distinguished from the PMMA particles in SEM images due to similar sizes) (Figure
2C). The PLGA microspheres and PMMA particles were more likely entrapped within the
continuous polymer phase rather than localized inside the pores.

The temperature change during the setting process was monitored following ISO5833 for
acrylic cements to elucidate the influence of CMC/PLGA addition on the setting temperatures
and times. Due to the exothermic nature of the PMMA/MMA polymerization reaction, the
temperature in the pure PMMA cement rapidly increased to 88.3±0.6°C. Notably, CMC
hydrogel incorporation significantly reduced the maximum temperature of constructs (Figure
3 and Table 2). When incorporating CMC hydrogel alone, the maximum temperature was
reduced to 43.7±2.1°C for the 40 wt% CMC incorporation and 36.3±1.2°C for the 50 wt%
CMC incorporation (compared to 88.3±0.6°C for the solid PMMA) (p<0.05). Importantly,
higher CMC incorporation resulted in significantly greater reduction in the maximum
temperature (p<0.05). The addition of PLGA besides CMC further reduced the maximum
temperature in the 15%PLGA-40%CMC construct (38.7±1.2°C versus 43.7±2.1°C for the 40
wt% CMC-incorporating construct without PLGA) (p<0.05), whereas it did not alter the
maximum temperatures (p>0.05) in other constructs. The setting times of PMMA/CMC or
PMMA/CMC/PLGA constructs were reduced (p<0.05) by the presence of CMC hydrogel and/
or PLGA microspheres except in the construct with 50 wt% CMC incorporation alone (Table
2).

The compressive modulus and offset yield strength (2.0% offset) were determined based on
ISO5833 (Figure 4). The compressive modulus of porous PMMA/CMC/PLGA constructs
varied between 262±33 and 658±80 MPa depending on the amount of CMC incorporation, and
was lower than that of solid PMMA (2666±218 MPa) (p<0.05). The compressive mechanical
performance was affected by the amount of CMC hydrogel incorporation, with greater CMC
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incorporation resulting in significantly lower compressive modulus (586±80-658±80 MPa for
the 40 wt% CMC incorporation versus 262±33-313±41 MPa for the 50 wt% CMC
incorporation) (p<0.05). The offset yield strength of PMMA/CMC/PLGA constructs presented
a similar CMC-incorporation dependence (p<0.05).

3.3 Degradation behavior of PMMA/CMC/PLGA constructs
Construct formulations (cylinders 6 mm in height and 10 mm in diameter) that were designed
for implantation within a recently developed rabbit mandibular defect model [10,38] were
degraded over a period of 12 weeks in vitro, and the degradation process was characterized by
the changes in the bulk porosity and pore interconnectivity (Figure 5) and compressive
mechanical performance (Figure 6). The cross-sectional morphologies of constructs (Figure
5A) demonstrated significant porosity and interconnectivity among pores of constructs in the
different degradation stages. Figure 5B and 5C illustrate the quantitative increase of porosity
and interconnectivity over the degradation process of 12 weeks. The PMMA/CMC/PLGA
constructs initially featured a relatively low bulk porosity (5.9±3.8-8.0±7.0% for the 40 wt%
CMC incorporation and 14.7±5.4-20.8±0.9% for the 50 wt% CMC incorporation at day 0).
The bulk porosity increased significantly after the first day of degradation in the construct 15%
PLGA-40%CMC (17.6±2.4%), 10%PLGA-50%CMC (32.4±1.2%) and 15%PLGA-50%
CMC (36.9±3.0%) (p<0.05), but did not change significantly in the construct 10%PLGA-40%
CMC (12.1±3.9%) (p>0.05). The bulk porosity exhibited an increasing trend over the
degradation process of 12 weeks, reaching a plateau of 20.7±0.6-26.1±3.8% and 46.5±2.7-53.9
±1.3% for the 40 and 50 wt% CMC incorporation groups, respectively (Figure 5B). Notably,
the formulations fabricated with greater CMC incorporation (50 wt%) possessed significantly
higher porosity during the degradation process, and their porosity increased significantly after
the 12 week degradation (p<0.05); nevertheless, with the same CMC incorporation, the
constructs with 10 and 15 wt% PLGA incorporation possessed similar porosities at the various
stages of degradation. Similar CMC-incorporation dependence was also found in the pore
interconnectivity of PMMA/CMC/PLGA constructs (Figure 5C): the constructs with higher
CMC hydrogel incorporation exhibited higher pore interconnectivity (p<0.05) at smaller
minimum connection sizes after the first day degradation (the dependence of pore
interconnectivity on CMC hydrogel incorporation at different degradation stages was similar;
data not shown). For example, at 40 μm connection size, 62.0±4.8-72.6±3.8% of the pores
inside the 50 wt% CMC-incorporating construct were interconnected through openings,
whereas the interconnectivity in the construct with lower CMC incorporation was significantly
less (20.5±7.9-29.8±7.2% at 40 μm connection size) (p<0.05).

Constructs of cylindrical form with dimensions of 6 mm in height and 10 mm in diameter were
tested mechanically to determine the influence of CMC/PLGA degradation on compressive
mechanical properties and to provide predictive insight into the expected mechanical
performance of the constructs over time in vivo [10]. The compressive modulus declined to
39.4±0.7-77.0±6.5% of the original compressive modulus after the first day of degradation and
12.2±2.0-32.0±2.0% after 12 weeks (Figure 6). The decrease in compressive modulus after 12
weeks was significantly greater than that after the first day of degradation for the same construct
(p<0.05). Notably, the construct with both higher CMC and PLGA incorporation (15%
PLGA-50%CMC) processed the greatest reduction in compressive modulus after 12 weeks
(p<0.05).

3.4 In vitro colistin release
A 35-day in vitro release study was conducted to characterize the release kinetics of colistin.
The PMMA/CMC/PLGA constructs exhibited triphasic release profiles similar to PLGA
microspheres: an initial burst (17.5±0.9-24.0±0.7% per day at days 0-2), moderate release lag
phase (0.5±0.0-0.9±0.0% per day at days 2-15), and sustained release periods (0.6±0.1-3.4
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±0.2% per day at days 15-28) (Figure 7A and Table 3). Incorporating PLGA microspheres into
PMMA constructs significantly reduced the initial release at the first day (23.0±1.5-32.8±1.9%
for the PMMA/CMC/PLGA constructs versus 45.9±2.9% for the PLGA microspheres)
(p<0.05), whereas the lag phase lasted longer for the PMMA/CMC/PLGA constructs (days
2-15 for the PMMA/CMC/PLGA constructs versus days 2-11 for the PLGA microspheres).
Notably, the colistin release from the PMMA/CMC/PLGA constructs continued for another
week (phase 4) after the accelerated, sustained release phase (0.6±0.1-1.0±0.3% and 1.8
±0.3-1.9±0.7% colistin release for the 40 and 50 wt% CMC-incorporating constructs,
respectively, during the fifth week) versus little or no colistin release after 4 weeks for the
PLGA microspheres alone. All PMMA/CMC/PLGA constructs achieved considerable colistin
release after 5 weeks (68.1±3.3-88.3±5.8%). The constructs prepared with higher CMC
incorporation featured significantly greater amounts of colistin release for the same PLGA
incorporation (85.4±7.2-88.3±5.8% versus 68.1±3.3-70.7±5.5%) (p<0.05) (Table 3), whereas
varying PLGA microsphere incorporation did not significantly alter the total drug release for
the same CMC incorporation (p>0.05). In terms of the release rate at the sustained release
phase 3, increasing either the CMC or the PLGA incorporation resulted in significantly higher
release during this period (p<0.05) (Table 3).

Figure 7B presents the release rate of colistin (i.e., the average concentration of released colistin
per day), providing insight into the immediate local drug concentration throughout the release
period. The daily release varied in accordance with the colistin release rate at different release
phases. During the release period of 5 weeks, the concentration of released colistin within/
around the construct remained at a level much higher than or around 10 μg/mL. For example,
at the lowest point of lag phase of day 15, the constructs released colistin at a concentration of
16.6±8.4-42.3±7.5 μg/mL.

4. Discussion
Space maintenance, as the initial stage of a two-stage regenerative medicine approach toward
reconstructing large bony defects, is particularly attractive when immediate reconstruction is
not indicated [9,10,39]. An implant with the desirable characteristics of PMMA with additional
features such as improved incorporation into the surrounding tissue bed would be ideal. A
porous PMMA structure induced by the CMC hydrogel addition was thus designed to promote
tissue healing and material retention by allowing for tissue ingrowth into the pores [10].
Furthermore, given the increasing trend in combat related Acinetobacter infections during
recent military conflicts, a colistin releasing strategy was incorporated to mitigate infection-
associated complications.

PLGA has been used for antibiotic delivery in the treatment of local infections either as a bone
implant itself [40-42] or as the degradable component in composite implant materials [43]. The
colistin release profile presented in Figure 1 illustrates a typical degradation-controlled release
pattern [44]: the initial burst is the rapid release of surface-associated drugs; the lag phase of
moderate drug release reflects the time necessary for PLGA hydrolysis to a critical chain length
to allow dissolution and release of entrapped drug; and a sustained, accelerated drug release is
followed where pore formation and fragmentation of the microspheres enhance erosion-
accelerated drug release. To fabricate a colistin-releasing porous PMMA construct, CMC
hydrogel and PLGA microspheres were co-incorporated into a clinically used PMMA cement.
Physically mixing all components (PLGA microspheres, PMMA powder, CMC hydrogel and
MMA monomer) prior to MMA polymerization is an appealing method that could be used
intraoperatively to create a porous construct with PLGA microspheres homogeneously
entrapped within the polymer phase (Figure 2). The aqueous CMC hydrogel micro-
coalescences were dispersed throughout the curing material, creating a filament network
(Figure 2). Resorption of the inclusions by the aqueous environment left voids forming the
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pore structure [10,21,34] (Figure 5). The incorporation of CMC hydrogel created immediate
surface/bulk porosity after fabrication. The degradation of PMMA/CMC/PLGA constructs
(due to the dissolution of CMC and PLGA as well as any PMMA cement erosion upon contact
of the construct with the aqueous/biological environment) generated further porosity
throughout the constructs (Figure 5). By varying the PLGA and CMC composition, the PMMA/
CMC/PLGA constructs featured both low (12.1±3.9-26.1±3.8% created by the 40 wt% CMC
incorporation) and high (32.4±1.2-53.9±1.3% created by the 50 wt% CMC incorporation)
porosity initially and throughout the degradation process, which matched the porosity of
previously evaluated PMMA/CMC constructs (16.9% or 44.6% porosity), which improved
oral mucosal healing as compared to non-porous PMMA over a clean/contaminated bone defect
created in the rabbit mandible [10].

Besides imparting immediate porosity, an additional advantage offered through CMC
incorporation was a substantial reduction of the setting temperature (Figure 3 and Table 2)
[21,34]. The high temperature attained by exothermic polymerization of conventional PMMA
cements has largely limited the types of antibiotics effectively incorporated into the cement.
With the CMC hydrogel acting as an efficient heat sink and the CMC/PLGA addition “diluting”
the polymerization (relatively less monomer polymerizes per unit volume), the PMMA/CMC/
PLGA formulations produced maximum temperatures close to the physiological temperature
of 37°C. This allows the loaded constructs to cure in vivo with little potential for thermal
damage to sensitive antibiotic drugs or surrounding cells and tissues.

The creation of a porous structure, however, led to an expected and undesirable decline in the
compressive mechanical properties relative to solid PMMA (Figure 4), in accordance with the
typical porosity-mechanical property relationship in scaffold materials [34,45-49]. The
decrease in compressive properties (262±33-658±80 MPa original compressive modulus; the
compressive mechanical property declined further over time with construct degradation and
subsequent bulk porosity increase) (Figure 4-6) presents a compromise if the construct is to be
used for load-bearing applications, especially when long-term mechanical support (i.e., weeks
or months) is required. For application in the craniofacial complex, porous PMMA constructs
with significant porosity (50 vol%) remain useful in correcting craniofacial contour deformities
and repairing defects in clinical applications [18,19,50], so even after 12 weeks of degradation
(where the porosity of the PMMA/CMC/PLGA constructs did not exceed 50%), the PMMA/
CMC/PLGA implants hold promise in providing support of craniomaxillofacial structures. In
addition, the amount of CMC incorporation primarily determined the physical properties of
the PMMA/CMC/PLGA constructs, making it feasible to tune the balance between porosity
and subsequent drug release with the mechanical properties to meet a specific need of space
maintenance/drug delivery.

In these PMMA/CMC/PLGA constructs, the original porosity and the porosity change over
time would consequently impact the progressive tissue ingrowth (as in an in vivo environment),
mechanical performance, and most importantly, drug elution through the open paths. The
investigation of these properties throughout construct degradation will help to predict their
capacity to allow tissue to integrate and correlate drug release kinetics with the porosity
characteristics of the construct. As seen in Figure 5B, the significant increase in the bulk
porosity after the first day of degradation could be mainly attributed to the rapid dissolution of
CMC to the surrounding aqueous environment. This immediate porosity will be essential for
the initial tissue ingrowth, since it is during the first 7 days after implantation that extensive
invasion of vascularised fibrous connective tissue into surface pores occurs [18]. The
continuous CMC/PLGA dissolution created further porosity over a period of 12 weeks (Figure
5B), which will potentially allow for the further integration of soft tissue or even the gradual
ingrowth of hard tissue [18], promoting the formation of a stronger interface between the tissue
and material. In addition, the development of the porosity was slow, which will help to prevent
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early bacterial seeding of the implants, a development which potentially caused an
inflammatory reaction in response to more porous formulations of PMMA/CMC implants
tested in vivo in a clean/contaminated wound model [10].

Importantly, the surface/bulk porosity characteristics of PMMA/CMC/PLGA constructs was
predominantly controlled by the CMC incorporation (Figure 5B) (i.e., the higher the CMC
incorporation, the greater the surface/bulk porosity and pore interconnectivity). With respect
to the concept of anchoring the constructs by tissue ingrowth into the surface pores, the degree
of tissue ingrowth depends on the degree of surface porosity and dictates the strength of tissue-
material interfaces [51]. The tunable surface/bulk porosity of the PMMA/CMC/PLGA
constructs allows for the preparation of constructs with different degrees of porosity and the
use of these constructs in applications at a wide range of sites where various strengths of the
tissue-porous implant interface are expected.

The rapid dissolution of CMC yielded initial porosity and allowed fluid to penetrate into the
inner phase of the construct to initiate PLGA hydrolysis and subsequent drug release. The
CMC/PLGA dissolution generated more open paths, which largely benefited the drug elution
from the inner structure of the constructs. The impact of bulk porosity and pore
interconnectivity on the drug release was confirmed by the significantly higher drug release
rate and total amount of released drug (Table 3) achieved by the constructs with 50 wt% CMC
incorporation. The colistin release from the PMMA/CMC/PLGA constructs achieved a
prolonged release duration (5 weeks) and significantly enhanced cumulative release (68.1
±3.3-88.3±5.8%) (Figure 7A) relative to those reported for solid or porous PMMA constructs
[13,52-57]. Existing antibiotic-releasing PMMA formulations, where antibiotic drugs are
directly mixed into the cement, usually feature a poor drug elution profile consisting of a large
initial burst release followed by an ineffective slow release over days or weeks. The non-
degradable polymer entraps medications in its inner domain with limited accessibility to the
exterior for drug diffusion, thus leading to incomplete release of entrapped antibiotics [13,
53-55]. Although the release kinetics can be improved by creating additional elution
mechanisms (such as increasing drug loading or incorporating solid porogens to induce
porosity), the resulting enhancement in the total amount of drug released is not significant
(10-20%) [52,54-57]. The PMMA/CMC/PLGA constructs described here overcome the
problems associated with existing antibiotic-releasing PMMA cements resulting in extended
periods of high drug concentration and nearly complete drug release. In these PMMA/CMC/
PLGA constructs, both the CMC and the PLGA incorporation play essential roles in improving
drug release: the rapid CMC dissolution creates open paths for fluid penetration to initiate
PLGA polymer hydrolysis; the gradual PLGA degradation controls drug release for a
prolonged period and creates further paths for more complete drug release. Eliminating either
the PLGA or CMC component did not yield improved drug release, as our previous experiences
demonstrated that PLGA microsphere-incorporating solid PMMA constructs (without CMC
to impart porosity) exhibited a low initial burst with little or no further release due to the lack
of open paths for polymer degradation and drug dissolution; drug-incorporating porous
PMMA/CMC constructs (without PLGA microspheres loaded with drugs) exhibited a large
initial burst with little or no further release due to the lack of a controlled release mechanism
(data not shown).

Notably, the daily colistin release from the PMMA/CMC/PLGA constructs remained at a
relatively high level considering that colistin exhibits excellent activity against susceptible
species with reported minimum inhibitory concentrations (MICs) of 0.5-5 μg/mL [58-60]. The
released colistin presumably created a local concentration well exceeding its inhibitory
concentration (e.g., 33-84 fold higher than the MIC of colistin against Acinetobacter
baumannii at the lowest point of lag phase of day 15) during the release period of 5 weeks
(Figure 7B). Antibiotic release at a concentration significantly greater than the MIC has great
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potential for rapid bacterial clearing. For these PMMA/CMC/PLGA constructs, both the
amount of drug release and the release duration meet the criteria of efficient local antibiotic
delivery [32].

The drug release study suggested that impregnating PLGA microspheres into PMMA porous
constructs resulted in a similar release pattern as that of PLGA microspheres alone. Potentially,
the PMMA/CMC/PLGA constructs developed in this study can serve as a platform of drug-
releasing porous implant materials for a wide range of drug delivery applications (e.g., other
than antibiotic delivery for infection control, growth factors can be controlled delivered via
these constructs to prime the wound site), where the pre-designed drug-releasing PLGA
microspheres can be readily impregnated into porous PMMA constructs and a desired drug
release pattern (including the release duration, release rate, and total release amount) can be
further manipulated by modifying the weight percentages of CMC and PLGA incorporated.

5. Conclusions
An antibiotic-releasing porous PMMA/CMC/PLGA construct was fabricated and
characterized towards application as a temporary implant for space maintenance/infection
control during the initial step of a two-stage regenerative medicine approach. The CMC
hydrogel was incorporated to impart porosity with the aim of anchoring the space maintainer
to the surrounding host tissue by soft tissue ingrowth into the pores. The colistin-releasing
PLGA microspheres were incorporated to control drug release over a prolonged time period
through a degradation-controlled mechanism. It was demonstrated that CMC incorporation
created controllable surface/bulk porosity and pore interconnectivity in the constructs. Colistin
release, benefiting from the open paths created upon the CMC/PLGA dissolution, achieved a
5-week continuous release, potentially creating a local drug concentration well above the MICs
of colistin. The surface/bulk porosity, compressive mechanical properties, and in vitro drug
release kinetics of the PMMA/CMC/PLGA constructs could be tuned by varying the weight
percentages of CMC and PLGA incorporation, offering optimal opportunities to further refine
the construct to match a specific clinical application in the two-stage regenerative medicine
approach.
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Figure 1.
Cumulative release of colistin from PLGA microspheres: the PLGA microspheres achieved a
continuous colistin release over a period of 4 weeks with a total release 87.5±9.9%. The inset
pictures show the external (left) and internal (right) morphologies of PLGA microspheres
characterized by SEM, where a smooth external surface and porous internal structure of the
microspheres are observed. Error bars represent standard deviation for n=3. Size bars are 100
μm.
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Figure 2.
Surface morphologies of PLGA microsphere-incorporating porous constructs characterized by
A) microCT (size bars represent 2 mm); B) SEM (lower magnification, size bars represent 500
μm); and C) SEM (higher magnification, size bars represent 100 μm): surface porosity was
created by incorporation of CMC hydrogel, and higher percentages of CMC incorporation led
to greater surface roughness.
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Figure 3.
Representative graphs of temperature change versus time during the setting process of PMMA,
PMMA/CMC and PMMA/CMC/PLGA constructs: the maximum temperatures of PMMA/
CMC and PMMA/CMC/PLGA constructs attained during the setting process were
substantially reduced due to the presence of CMC or CMC/PLGA.
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Figure 4.
Compressive modulus and offset yield strength of PMMA/CMC/PLGA constructs: higher
CMC incorporation resulted in relatively lower compressive moduli and offset yield strengths.
Error bars represent standard deviation for n=6 and statistical significance (p<0.05) between
relevant groups is denoted by *.

Shi et al. Page 20

Biomaterials. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Shi et al. Page 21

Biomaterials. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Shi et al. Page 22

Biomaterials. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Degradation of PMMA/CMC/PLGA constructs characterized by microCT: A) Representative
3D reconstruction of cross-sections in the middle of cylindrical constructs (80 μm thickness,
top view, size bar represents 2 mm) illustrates increased pores and interconnectivity among
pores due to CMC/PLGA component dissolution from the constructs; B) Change of bulk
porosity of constructs demonstrated an increased porosity over time. Higher CMC
incorporation resulted in greater porosity initially and throughout the degradation process; C)
Pore interconnectivity of constructs after one day of degradation was significantly enhanced
for the 50 wt% CMC-incorporating construct compared to that of the 40 wt% CMC-
incorporating construct at smaller minimum connection sizes. Error bars represent standard
deviation for n=3.
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Figure 6.
Change of compressive modulus of constructs during the degradation process, described as a
percent of the compressive modulus of the degraded construct over that of the non-degraded
construct: the decline of compressive mechanical properties of the cylindrical constructs (10
mm in diameter, 6 mm in height), whose dimension was designed for a mandibular defect
model in rabbits, provided predictive insight into the expected mechanical performance of the
construct over time in vivo. Error bars represent standard deviation for n=3.
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Figure 7.
In vitro colistin release from PMMA/CMC/PLGA constructs: A) The cumulative colistin
release from PLGA/PMMA/CMC constructs presented a continuous colistin release over a
period of 5 weeks. The total released colistin varied between 68.1±3.3-88.3±5.8% depending
on the composition of the construct. Statistical significance between relevant groups is denoted
by * and ** (p<0.05). B) The daily release of colistin, described as the concentration of released
colistin divided by the corresponding release time in days, demonstrated that a constantly high
colistin concentration (well above the reported MIC of colistin against its susceptible species)
was created via controlled colistin release over 5 weeks. Error bars represent standard deviation
for n=3.
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Table 2

Maximum temperature, setting temperature and setting time of various constructs examined

Constructs Maximum temperature (°C) Setting temperature (°C) Setting time (min)

PMMA 88.3±0.6 55.3±0.8 8.4±0.5

40%CMC 43.7±2.1 32.3±1.0 6.7±0.1

10%PLGA-40%CMC 39.3±2.5 29.8±1.0 6.2±0.8

15%PLGA-40%CMC 38.7±1.2 29.8±0.6 5.4±0.2

50%CMC 36.3±1.2 28.3±1.0 7.7±0.3

10%PLGA-50%CMC 34.0±1.0 27.5±0.5 5.7±0.5

15%PLGA-50%CMC 34.7±1.5 28.0±0.5 5.3±0.2
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