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Abstract
The aim of this study was to use CO2 at sub-critical pressures as a tool to sinter 3D, macroporous,
microsphere-based scaffolds for bone and cartilage Tissue Engineering Porous scaffolds
composed of ~200 µm microspheres of either poly(lactic-co-glycolic acid) (PLGA) or
polycaprolactone (PCL) were prepared using dense phase CO2 sintering, which were seeded with
rat bone marrow mesenchymal stromal cells (rBMSCs), and exposed to either osteogenic (PLGA,
PCL) or chondrogenic (PLGA) conditions for 6 weeks. Under osteogenic conditions, the PLGA
constructs produced over an order of magnitude more calcium than the PCL constructs, whereas
the PCL constructs had far superior mechanical and structural integrity (125 times stiffer than
PLGA constructs) at week 6, along with twice the cell content of the PLGA constructs.
Chondrogenic cell performance was limited in PLGA constructs, perhaps as a result of the
polymer degradation rate being too high. The current study represents the first long-term culture of
CO2-sintered microsphere-based scaffolds, and has established important thermodynamic
differences in sintering between the selected formulations of PLGA and PCL, with the former
requiring adjustment of pressure only, and the latter requiring the adjustment of both pressure and
temperature. Based on more straightforward sintering conditions and more favorable cell
performance, PLGA may be the material of choice for microspheres in a CO2 sintering
application, although a different PLGA formulation with the encapsulation of growth factors,
extracellular matrix-derived nanoparticles, and/or buffers in the microspheres may be
advantageous for achieving a more superior cell performance than observed here.
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1.0 Introduction
In recent years, microsphere-based scaffolds have found a significant number of applications
in the field of tissue engineering [1–4]. Microspheres offer the advantages of control over
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release rate of the encapsulated drug, degradation kinetics of the polymer and ease of
fabrication [5]. Scaffold properties can be tailored by altering the microsphere design.
Further control over the macromechanical and degradability properties of the scaffold can be
achieved by selecting a suitable polymeric raw material. Poly(lactic-co-glycolic acid)
(PLGA) and polycaprolactone (PCL) are two polymers that have been extensively used for
various applications such as in drug delivery, diagnostics and other applications of clinical
and basic science research, including cardiovascular disease, cancer, vaccine and tissue
engineering [6–18]. These polymers offer control over the degradation properties, which can
be modified by altering one or more factors such as molecular weight, co-polymer ratio,
tacticity, crystallinity, etc. [19, 20].

Techniques used to prepare microsphere-based scaffolds include solvent casting/particulate
leaching [21], solvent/non-solvent treatment (using acetone and ethanol) [22], heat sintering
[23, 24] and an anti-solvent sintering technique using ethanol [25]. Each of these methods
has its own advantages, but they mostly make use of large amounts of organic solvents and/
or exposure to elevated temperatures, which limits their use. CO2 technology provides an
attractive alternative to these traditional methods of scaffold fabrication [26–30]. CO2 has
been widely used since it has a relatively low critical temperature (Tc=31.1 °C and Pc=73.8
bar), which makes it suitable for processing thermo-sensitive compounds. It has the
advantages of being inexpensive, non-toxic and non-flammable. The recovery of final
products and removal of CO2 can be done easily with no residue left behind [31].

Ever since the use of CO2 for scaffold fabrication in tissue engineering was popularized in
the mid-1990s as a tool for producing polymeric foam scaffolds, numerous dedicated studies
have been successfully carried out that have leveraged CO2 as a swelling agent to
impregnate scaffolds with drugs and other bioactive additives, and for encapsulation of
plasmids within scaffolds for gene delivery. Moreover, in contrast to CO2 foaming, which
typically relies on supercritical CO2 at very high pressures, CO2 at much lower pressures
has also been used to sinter polymeric microspheres together in the presence of cells to
create cell-seeded scaffolds in a single step.

Building on these advantages and based on our previous evaluations of utilizing the
plasticizing properties of CO2 to produce scaffolds using monodisperse microspheres [32,
33], the goal of the present study was to evaluate the performance of rat bone marrow
mesenchymal stromal cells (rBMSCs) on these scaffolds over a 6 week period, in particular
under either osteogenic or chondrogenic conditions. An additional purpose of this study was
to examine the sintering of microspheres of either PLGA or PCL, with the former requiring
adjustment of pressure only, and the latter requiring the adjustment of both pressure and
temperature.

2.0 Materials and Methods
2.1 Preparation of Microspheres

Poly(D,L-lactic acid-co-glycolic acid) copolymer (PLGA) having a lactide:glycolide content
of 50:50, molecular weight (MW) ~42,000–44,000 Da, degradation time of < 3 months and
an intrinsic viscosity of 0.37 dL/g was purchased from Lakeshore Biomaterials
(Birmingham, AL). Poly(ε-caprolactone) (PCL) having an intrinsic viscosity of 1–1.3 dL/g
and MW of ~110,000–125,000 Da with a degradation time of > 24 months was purchased
from LACTEL Absorbable Polymers (Birmingham, AL). Poly(vinyl alcohol) (PVA; 88%
hydrolyzed, MW~25,000 Da) was purchased from Polysciences, Inc. (Warrington, PA).
Dichloromethane (DCM; HPLC grade) was obtained from Fisher Scientific (Pittsburgh,
PA).
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Uniform PLGA and PCL microspheres were prepared as developed and described in our
previous work [25, 34, 35]. The particles were then lyophilized for 48 hrs and stored at −20
°C. A 10% polymer solution for PCL and 20% polymer solution for PLGA were used to
prepare the microspheres.

2.2 Scaffold Fabrication
Scaffolds were fabricated by exposure to sub-critical levels of CO2 in a custom-designed
stainless steel vessel having a pressure safety rating of 60 bar. Specific amounts of
microspheres (80 mg of PLGA microspheres or 60 mg of PCL microspheres) were loaded
into a Teflon mold and exposed to CO2. Based on parameters selected following preliminary
studies, PLGA microspheres were exposed to a CO2 absolute pressure of 364 psi (~25 bar)
at room temperature for a period of 1 hour followed by depressurization at 0.101 psi/s for 1
hour (Back pressure regulator (ABPR), Waters Technologies Corp, Milford, MA). In
contrast, PCL scaffolds were prepared by exposure to an absolute pressure of 690 psi (47.6
bar) at 45 °C for a period of 4 hours followed by depressurization at ~0.2 psi/s for 1 hour,
parameters that were identified to be suitable for PCL scaffold fabrication in our preliminary
studies. The target was to obtain a comparable degree of sintering between PLGA and PCL
as evidenced by porosity, SEM imaging and integrity over 1 week in PBS at 37°C. Scaffolds
were 7.8 ± 0.2 mm in diameter and 1.7 ± 0.7 mm in height for PCL constructs, and 8.3 ± 0.3
mm in diameter and 1.8 ± 0.5 mm in height for PLGA constructs. The porosities of the
cylindrical scaffolds were calculated as:

(1.0)

where ρapp is the apparent density of the scaffold, given by ρapp = 4 m/πd2h, ρ is the density
of the stock PLGA or PCL, m is mass of the cylindrical scaffolds, h is thickness and d is the
diameter. As per other studies, both PLGA [36, 37] and PCL [38] are expected to have high
hydrophobicity that would facilitate cellular adhesion.

2.3 Scanning Electron Microscopy (SEM)
Scaffolds in culture were fixed in glutaraldehyde followed by dehydration in ethanol.
Critical point drying of both PLGA and PCL scaffolds was done by dissolving in
hexamethyldisilazane (HMDS) for 30 min followed by coating with a gold/palladium target.
The imaging was performed using a Leo 1550 field emission scanning electron microscope
at an accelerating voltage of 5 kV under a high vacuum.

2.4 Cell Seeding of PLGA and PCL Scaffolds
Rat bone marrow stem cells (rBMSCs) were obtained from the femurs of fifteen young male
Sprague-Dawley rats (176–200 g, SASCO) following a University of Kansas approved
IACUC protocol (175-08). Briefly, all rats were euthanized by exposure to CO2 for 5
minutes followed by removal of the leg bones. The femur was then separated from the tibia
and all excess muscle was removed. The marrow cavity was then flushed out of the femur
using a syringe filled with 1% Antibiotic-Antifungal/PBS solution. All cells obtained were
plated for expansion in monolayer up to P1. The ‘plain rBMSC medium’ was composed of
Alpha MEM and 1% Penicillin-Streptomycin (both from Invitrogen Life Technologies,
Carlsbad, CA), and 10% fetal bovine serum qualified (FBS; Gemini, West Sacramento, CA)
and was changed every 2–3 days. After the second passage (P2), the cell solution was re-
suspended at the density of 1 million cells per mL of the freezing medium (Cell Culture
Freezing Media DMSO, Fisher Scientific). The cell suspensions were transferred to
cryotubes and stored at −80 °C overnight in Mr. Frosty freezing containers (Nalgene,
Rochester, NY), and then transferred to a liquid nitrogen cryogenic storage tank at −196 °C
for future use.

Bhamidipati et al. Page 3

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scaffolds were sterilized by ethylene oxide prior to seeding. After sterilization, the scaffolds
were air dried in a fume hood for 1 day and placed in a 24-well plate under sterile
conditions. Frozen rBMSCs were then thawed and expanded to P4, then seeded at a density
of 107 cells/mL of scaffold. 55.2 µL (50% of the scaffold volume, which approximately
corresponds to the pore volume [25]) of the cell suspension was placed directly on top of the
scaffolds, allowing cells to penetrate into the scaffold via capillary action. The cells were
then allowed to attach for 3 hours and the scaffolds were denoted as “week 0” at that time.
1.5 mL of the respective culture media was then added to all scaffolds and they were
cultured statically.

There were four groups in the study, all of which included rBMSCs. The first group
consisted of a PLGA control that was cultured in the aforementioned plain rBMSC medium
(no growth factors). Two groups were cultured in osteogenic medium, with either PLGA or
PCL scaffolds. These PLGA and PCL osteogenic groups were cultured in medium
consisting of Dulbecco’s modified Eagle medium (DMEM-LG; Invitrogen, Carlsbad, CA),
1% penicillin-streptomycin, 10% fetal bovine serum qualified, 50 µg/mL L-ascorbic acid
(Sigma), 10 nM 1α,25 dihydroxyvitamin D3 (Biomol International, Plymouth Meeting, PA),
10 mM β-glycerophosphate (disodium salt, pentahydrate; Calbiochem, San Diego, CA), 0.1
µM dexamethasone and 50 ng/mL BMP-2 (Peprotech, Inc., Rocky Hill, NJ). The fourth and
final group consisted of PLGA scaffolds cultured in chondrogenic medium, which was
composed of DMEM-high glucose (Invitrogen), 1X insulin-transferrin-selenium (ITS)-
premix (BD Biosciences, San Jose, CA), 50 µg/mL L-ascorbic acid (Sigma), 1% penicillin-
streptomycin, 40 µg/mL L-proline, 100 µM sodium pyruvate (Fisher Scientific, Pittsburgh,
PA), 1% non-essential amino acids (NEAA) (Invitrogen) and 10 ng/mL transforming growth
factor (TGF)-β3. Media were replaced for all constructs every 48 hrs. After 3 weeks in
culture, 15 mM HEPES buffer (Fisher Scientific) was added to the medium of all groups.

2.5 Biochemical Analyses
At weeks 0, 3 and 6, constructs (n=4) were analyzed for matrix production using
biochemical assays. The constructs were digested by adding 1.2 mL of papain solution
comprising of 125 µg/mL papain (from papaya latex, Sigma), 5 mM N-acetyl cysteine, 5
mM ethylenediaminetetraacetic acid (EDTA), and 100 mM potassium phosphate buffer in
ddH2O (20 mM monobasic potassium phosphate, 79 mM dibasic potassium phosphate in
ddH2O). The constructs were placed in microcentrifuge tubes containing papain solution and
left overnight at 60 °C. After digestion, the scaffolds were centrifuged at 10,000 rpm for 5
minutes to form a pellet of the polymer and other impurities and later stored at −20 °C for
biochemical analysis. The supernatant was later used to analyze DNA, and hydroxyproline
(HYP) content, and for the chondrogenic and control groups, also the glycosaminoglycan
(GAG) content.

The DNA content was analyzed using a PicoGreen kit (Molecular Probes, Eugene, OR)
according to the manufacturer’s protocol. GAG content was determined using a
dimethylmethylene blue (DMMB) assay kit (Biocolor, Newtownabbey, Northern Ireland) as
we have described previously [39]. Hydroxyproline content was determined using a
modified HYP assay method [40], as we have also described previously [39]. A conversion
factor of 11.5 can be used to convert the hydroxyproline mass to collagen content based on
our unpublished data.

To determine alkaline phosphatase (ALP) activity and calcium content for the osteogenic
and control groups, constructs (n=4) were homogenized in 1 mL of 0.05% Triton X-100
(Sigma) and stored at −20 °C. The total ALP activity was expressed as a measure of
liberated pnitrophenol concentration/µg protein/min, as described elsewhere [41]. The
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protein content was determined by combining 20 µL of the lysate with 40 µL BioRad
reagent and subsequent reading at 600 nm.

Calcium content was determined by using QuantiChrom™ Calcium Assay Kit (DICA-500;
QuantiChrom) according to the manufacturer’s instructions.

2.6 Mechanical Testing
Mechanical characterization of the constructs (n=5) was carried out using a uniaxial testing
apparatus (Instron Model 5848, Canton, MA, 50 N load cell) under unconfined compression
using a custom-built bath-platen apparatus [42]. Cylindrical scaffolds prepared by CO2
sintering were tested under hydrated conditions (phosphate buffered saline (PBS) comprised
of 0.138 M sodium chloride, 0.0027 M potassium chloride) at 37 °C. At week 0, cell-seeded
scaffolds of PCL and one group of PLGA were tested (7.8 ± 0.2 mm diameter, 1.7 ± 0.7 mm
height for PCL constructs; 8.3 ± 0.3 mm diameter, 1.8 ± 0.5 mm height for PLGA
constructs). It was assumed that there would be no detectable differences in the mechanical
properties of the three PLGA groups at week 0 given that those scaffolds were all identical.
At week 6, all four groups were tested. The dimensions of the constructs at week 6 were
13.7 ± 1.4 mm in diameter and 1.1 ± 0.5 mm in height for the Control PLGA constructs. The
Chondrogenic PLGA group constructs were 13.6 ± 1.2 mm in diameter and 2.5 ± 0.8 mm in
height. The Osteogenic groups had a diameter of 11.8 ± 1.7 mm and a height of 1.9 ± 0.6
mm for the PLGA group and a diameter of 7.5 ± 0.2 mm and a height of 1.9 ± 0.4 mm for
the PCL group. Compressive moduli of elasticity were obtained from the linear regions of
the stress-strain curves. A continuous deformation rate of 5 mm/min was used during the
compression testing. The stress was defined as the ratio of the load to the initial cross-
sectional area, and the strain was defined as the ratio of the change in length to the original
length.

2.7 Statistical Analyses
Statistical analyses were performed using a single factor analysis of variance with a Tukey’s
post hoc test (ANOVA) in Origin 6.0 software. All quantitative results (numerical values
and representative diagrams) were expressed as the average ± standard deviation.

3.0 Results
3.1 Microspheres and Scaffold Fabrication

PLGA and PCL microspheres having uniform diameter were prepared using the Precision
Particle Fabrication method [34]. The microspheres displayed high monodispersity and had
a nominal diameter of ~200 µm. Cylindrical scaffolds containing two types of polymers,
PLGA and PCL, were produced using subcritical CO2. Morphological assessment of the
scaffolds using scanning electron microscopy (SEM) revealed that there were slight
distortions on the surfaces of the microspheres, but the spherical shape was largely retained
as seen in Figure 1. The porosity was calculated according to equation (1) and was found to
be 44.6 ± 4.1% for PCL scaffolds and 43.2 ± 0.2% for PLGA scaffolds (no statistically
significant difference). SEM imaging after 6 weeks showed that PCL microspheres retained
their spherical shape while PLGA microspheres had degraded (Figure 1).

3.2 DNA Content
The overall DNA content for all constructs decreased over the period of 6 weeks (p < 0.05)
as seen in Figure 2. There was a statistically significant decrease in DNA content for each
group at weeks 3 and 6 compared to their week 0 values. The three PLGA groups decreased
by about 70% at week 6 (p < 0.005) compared to their week 0 values, while the Osteogenic
PCL group decreased by 38% over the 6 week time period (p ≤ 0.01). However, there were
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1.8 times and 2.0 times higher DNA contents in the Osteogenic PCL group compared to the
Osteogenic PLGA group at weeks 3 (p < 0.005) and 6 (p ≤ 0.01), respectively. The average
DNA content in the Control PLGA and Osteogenic PLGA groups were not found to be
statistically significantly different from each other at week 6.

3.3 Glycosaminoglycan Content
GAG analysis was carried out for the Chondrogenic PLGA group and the Control PLGA
group. Higher GAG values were observed in the Control PLGA group over the
chondrogenic group at weeks 0 and 3, however, statistically significant differences in the
GAG content were not observed in either group over time (Figure 3).

3.4 Hydroxyproline Content
The hydroxyproline (HYP) data for all groups is shown in Figure 4. Statistically significant
differences in the absolute HYP content were not observed among the groups during the 6
weeks. However, with the aforementioned decrease in DNA content over time, all three of
the PLGA groups showed a significant increase in HYP/DNA content at weeks 3 and 6
compared to the week 0 Control PLGA group (p < 0.01). For example, HYP/DNA contents
of the Control PLGA and the Chondrogenic PLGA constructs at week 3 were 3.0 times (p <
0.005) and 4.2 times (p < 0.001) higher than at week 0, respectively. In contrast, no
significant changes were observed in the Osteogenic PCL group throughout the 6 weeks.
The HYP/DNA content of the Osteogenic PCL group was about 47% lower than the Control
PLGA group both at week 3 (p < 0.01) and at week 6 (p < 0.05). Significant differences
between the two osteogenic groups were not observed at any of the time points.

3.5 Calcium Content
Calcium contents for any given group did not increase significantly from week 0 to week 1
(Figure 5). However, at week 2, the Osteogenic PLGA group increased to 22 times its week
0 value (p ≤ 0.02), and the Control PLGA group increased by a factor of 5.1 (p < 0.001), but
the Osteogenic PCL group did not change significantly. By week 6, the Osteogenic PLGA
group had 6.2 times more calcium than the control group (p < 0.001) and 10.0 times more
than the Osteogenic PCL group (p < 0.001).

Normalized data showed a similar trend with increases in calcium content from week 2
onward. The Osteogenic PLGA and Control PLGA groups had significantly higher calcium/
DNA contents at week 2 (35.9 times higher, p ≤ 0.02 for Osteogenic PLGA; 12.6 times
higher, p < 0.001 for Control PLGA) and week 3 (44.6 times higher, p < 0.001 for
Osteogenic PLGA; 21.3 times higher, p ≤ 0.05 for Control PLGA) compared to the their
respective week 0 values. In contrast, the Osteogenic PCL group did not show any
significant increase in calcium/DNA content over its week 0 value. In comparing the groups
to each other, the calcium/DNA content in the Osteogenic PLGA group was found to be
significantly higher than the PCL group at weeks 2 (10.2 times higher, p ≤ 0.03), 3 (12 times
higher, p < 0.001) and 6 (13.5 times higher, p < 0.001).

3.6 Alkaline Phosphatase Activity
The Osteogenic PCL and PLGA groups both had significantly lower ALP activity than the
Control PLGA group at weeks 1 and 6 (Figure 6). The Control PLGA group showed a
significantly higher ALP activity (p < 0.005) at the end of weeks 1, 2 and 3 when compared
to its week 0 value, and the Osteogenic PLGA group also experienced an increase in ALP
activity from week 0 to week 6, being 1.82 times higher (p < 0.005). The ALP activity of the
Osteogenic PCL group also increased by 3.4 times at the end of 6 weeks relative to its week
0 value (p < 0.005). The ALP activity of the Osteogenic PLGA group was 2.0 times higher
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than the Osteogenic PCL group at week 0 (p < 0.001) and 1.4 times higher at week 1 (p ≤
0.01).

3.7 Mechanical Testing
From unconfined compression testing, the modulus of elasticity was determined for all
groups at week 0 and week 6 (Figure 7). All of the groups except week 6 Osteogenic PCL
group showed an initial linear region followed by a nonlinear region in the stress-strain
curve. The compressive moduli were determined from the stress-strain plots using the initial
linear regions which were chosen before the onset of the nonlinear region which generally
extended up to 40% strain for all the PLGA groups, while the week 0 PCL and PLGA
groups were linear up to 20% strain. For the week 6 Osteogenic PCL group, the modulus of
elasticity was calculated from the initial linear region that extended up to only 10% strain.

At week 0, the modulus of elasticity was 4.25 times higher for the PLGA constructs than for
the PCL constructs (p < 0.001). However, after 6 weeks the PCL constructs were at least 125
times stiffer than the PLGA groups (p < 0.001). The moduli of the PLGA constructs dropped
drastically after 6 weeks in culture. They decreased by over 99% of their week 0 values at
the end of week 6 (p < 0.001). On the other hand, the elastic modulus for the PCL constructs
actually increased by 75% from week 0 to week 6 (not statistically significant).

4.0 Discussion
We have demonstrated the feasibility of using a novel microsphere based scaffold sintered
using subcritical CO2 for osteogenic and chondrogenic tissue engineering. This work builds
on our previous efforts with CO2-sintered microsphere-based scaffolds [32], where only cell
viability was demonstrated, by completing a full 6-week in vitro study with both
osteogenesis and chondrogenesis, as well as establishing sintering parameters for PCL that
include modification of temperature in addition to pressure.

The overall objective of this study was to investigate the use of a novel microsphere based
scaffold formed by subcritical CO2 sintering for osteogenic and chondrogenic tissue
engineering. Two commonly used polymeric scaffold materials, PLGA and PCL, were used
in this study. Subcritical CO2 sintering (~25 bar for PLGA at 25°C, and ~47 bar for PCL at
45°C) was used to prepare scaffolds due to the high solubility of CO2 in polymers and its
ability to plasticize polymers by lowering the glass transition temperature or melting point
[43]. From the SEM images at week 0 and the porosity data, comparable degrees of sintering
were observed in both PCL and PLGA constructs. Since the molecular structure and
morphology of the polymers greatly influence CO2 solubility and diffusivity, PLGA having
more accessible free volume (due to the methyl group from the lactic acid protruding from
the polymer chain) may allow a greater solubility of CO2 than PCL [44]. Therefore, a
shorter equilibration time with CO2 was needed for PLGA (1 hour), while PCL needed a
relatively longer time (4 hours) at a higher pressure and slightly elevated temperature of
45°C. Due to the relatively short exposure time, plasticization of the entire polymer was
avoided and the microspheres were only fused with each other, thereby retaining their
spherical shape. A moderate depressurization rate was found to be desirable (0.101 psi s−1

for PLGA scaffolds and ~0.2 psi s−1 for PCL scaffolds) for the production of sintered
matrices. Instantaneous depressurization was avoided because it results in foaming of the
prepared scaffolds. During depressurization, thermodynamic instability occurs within the
polymer, resulting in nucleation of gas cells. These gas cells give rise to nanopores within
the scaffold. Faster depressurization rates could be applied in the future to increase porosity,
or alternatively porogens like NaCl can be added to increase the porosity.
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The slow degradation rate of PCL enabled the microspheres to better retain their shape
throughout the 6 weeks in culture. On the other hand, the selected PLGA formulation has a
faster degradation rate than PCL. Although the swelling rates, water uptake and degradation
rates were not calculated here, it was observed that swelling and change in size occurred as
early as ten days in culture for the PLGA constructs. Changes in pH were also noticeable at
this stage for the PLGA constructs, evidenced by medium color change. Hence, to prevent
further damage to cells, HEPES buffer was added to the culture media around week 3 to
maintain the pH around 7. In future studies, steps may be taken to maintain the culture
medium near a pH of 7 at all times, either by buffering of the medium or by encapsulation of
buffers such as sodium bicarbonate or calcium carbonate [45].

During the culture period, a loss of cells was observed. We have previously observed a
similar phenomenon in a different scaffolding system, whereby a rapidly degrading PGA
mesh was accompanied by a decrease in DNA content over time [46]. It was noted in our
previous study that the degradation rate was not equal to the rate of extracellular matrix
synthesis, resulting in a contraction of scaffolds. Since the cell number (DNA content) in the
PLGA scaffolds in the current study did not further decrease from week 3 onward, it
indicates that a more stable construct may have been achieved. The cell loss was
accompanied by a GAG loss in the Control PLGA constructs. However, the Chondrogenic
PLGA constructs showed an increased GAG production after week 3.

In a comparison of the two osteogenic groups, i.e., comparing the PLGA and PCL scaffolds,
instead of finding one to be clearly better than the other, it appeared that each had associated
advantages and disadvantages. For example, the PLGA constructs were superior in calcium
production, with over an order of magnitude more calcium than the PCL group. In contrast,
the PCL constructs had far superior mechanical integrity (125 times stiffer than PLGA
constructs at week 6) and structural integrity (change in geometry was far less drastic),
higher ALP expression activity toward the end of the study, and retained twice as many cells
as the PLGA constructs. The bottom line was that the PLGA scaffolds appeared to be better
for osteogenic differentiation than the PCL scaffolds, but at the expense of mechanical and
structural integrity. As our group has moved toward more in vivo studies with microsphere-
based scaffolds, the results of the current study and others have led us to more slowly
degrading PLGA formulations, which may provide more of a middle ground to better boost
cell performance as well as retain mechanical and structural integrity.

Certain strategies may be implemented in future studies to improve the performance of
constructs. First, selection of an adequate PLGA polymer having higher lactic acid content,
higher molecular weight and Tg can be utilized in microsphere preparation to decrease the
degradation rate of the polymer. Second, a bimodal distribution of microspheres can be used
during scaffold fabrication [32] to improve the mechanical properties of the scaffold,
although this would result in lower porosity. Addition of nanocomposite materials such as
calcium carbonate, hydroxyapatite, or tricalcium phosphate within the microspheres can also
help in maintaining the pH changes that occur during PLGA degradation, as well as
providing “raw materials” [47] to the cells and regenerating tissues in vivo. Third, faster
depressurization rates can be explored and porogens can be added during CO2 sintering to
improve porosity. Finally, cell attachment and viability can be improved by functionalizing
the polymer with haptotactic cues such as Arg-Gly-Asp (RGD) or Tyr-Ile-Gly-Ser-Arg,
(YIGSR) [48] or by encapsulating natural “raw materials” such as those noted earlier.
Additional studies on the mechanisms of cell adhesion and migration could further lend
insight into targeted functionalization.

The PLGA degradation rate for CO2 sintered microspheres in this study appeared to be too
high, at the expense of chondrogenesis, which may be addressed in the future with
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encapsulated buffers and/or a slower degrading PLGA, although we must emphasize that
sintering conditions will necessarily need to be adjusted to suit any given PLGA
formulation. In selecting sintering conditions for microsphere-based scaffolds [49], whether
by CO2heat [50–54], ethanol [25, 55, 56], ethanol/acetone [35, 57], or any solvent/non-
solvent combination [22], we recommend SEM and porosity as a general guideline for
selecting conditions to achieve a desired degree of sintering, with mechanical testing to
confirm integrity of the structure.

5.0 Conclusions
A key point to report in this investigation is that temperature, pressure and exposure time
were necessary to control for CO2 sintering of PCL (higher temperature and pressure
conditions with longer exposure time), as opposed to PLGA, which was sintered at ambient
temperature and pressure conditions (for 1 hour exposure). With osteogenesis, there were
marked differences between the PLGA and PCL constructs. Specifically, the PLGA group
produced an order of magnitude more calcium, while PCL retained its shape, size and
mechanical integrity and had twice as many cells per construct at 6 weeks. With feasibility
demonstrated after this first study of cell-seeded, CO2-sintered, microsphere-based
scaffolds, an expanded study that includes histology and gene expression is certainly
warranted with additional upgrades to the scaffolding system. The overall conclusion here is
that PLGA may be the material of choice in a CO2 sintering application, based on the
drastically superior calcium content observed in osteogenesis and the more straightforward
sintering conditions (controlling the pressure and exposure time at ambient temperature), but
that both chondrogenesis and osteogenesis may benefit from a slower degradation rate
(different PLGA formulation) and the encapsulation of growth factors, calcium-based
nanoparticles, and/or buffers in the microspheres to achieve superior cell performance.
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Highlights

➢ The first long-term culture of CO2-sintered microsphere-based scaffolds.

➢ Established important thermodynamic differences between sintering PLGA
and PCL.

➢ PCL sintering with CO2 required manipulation of both temperature and
pressure.

➢ PLGA may be preferred over PCL in a CO2 sintering application.

➢ Microsphere encapsulation may have benefited cell performance.
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Figure 1.
Representative scanning electron microscopy (SEM) images of week 0 (A) and week 6 (B)
samples. Scaffolds were fabricated using PLGA and PCL microspheres at customized
processing conditions for sintering (CO2 exposure at 25 bar for 1 h at 25°C followed by
depressurization at a rate of 0.101 psi s−1 for PLGA; 45 bar for 4 hrs at 45 °C followed by
depressurization at a rate of 0.2 psi s−1 for PCL). Comparable degrees of sintering were
observed at week 0, and microsphere shape was better preserved in the PCL constructs by
week 6. Chondrogenic PLGA scaffolds are not shown as they did not withstand SEM
processing. Scale bars = 100 µm.
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Figure 2.
DNA content for all groups. All three PLGA groups had a statistically significant decrease
in cell number by week 6 compared to the week 0 Control group. Only Osteogenic PCL
group had similar cell number throughout 6 weeks, although it had significantly higher cell
number compared to the control group at weeks 3 and 6. Values are reported as mean ±
standard deviation, n = 4. Statistically significant difference @ = from the Control PLGA
group at week 0 (p < 0.05), # = from its value at the previous time point (p < 0.05), and * =
from the Control PLGA group at that time point (p < 0.05), and ! = between the two
osteogenic groups at that time point (p < 0.05).
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Figure 3.
Glycosaminoglycan (GAG) content for the chondrogenic groups, (A) per construct and (B)
normalized to DNA content. Significant differences in the GAG content were not observed.
Values are reported as mean ± standard deviation, n = 4.
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Figure 4.
Hydroxyproline (HYP) content for all groups, (A) per construct and (B) normalized to DNA
content. (A) Statistically significant differences in HYP content were not observed. (B) All
groups had statistically significant increases in HYP/DNA content at week 3 and 6 relative
to week 0. There were no statistically significant differences between the two osteogenic
groups at any time point. Values are reported as mean ± standard deviation, n = 4.
Statistically significant difference @ = from the Control PLGA group at week 0 (p < 0.05),
# = from its value at the previous time point (p < 0.05), and * = from the Control PLGA
group at that time point (p < 0.05).
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Figure 5.
Calcium content for the osteogenic groups, (A) per construct and (B) normalized to DNA
content. (A) Most groups had statistically significant increases in calcium content from week
0 to week 6, but only the Osteogenic PLGA constructs had significantly higher production
relative to the control at 6 weeks. Notably, this value was at least 6 times higher than any
other group at the end of the culture. At 6 weeks, the Osteogenic PCL group showed a lower
calcium content when compared to the Control group. (B) Osteogenic PLGA constructs
produced more Calcium/DNA than Control and PCL groups at week 6. An continuously
increasing Calcium/DNA content trend was observed for Control and Osteogenic PCL
groups until week 3, although both decreased from week 3 to week 6. Values are reported as
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mean ± standard deviation, n = 4. Statistically significant difference @ = from the Control
PLGA group at week 0 (p < 0.05), # = from its value at the previous time point (p < 0.05), *
= from the Control PLGA group at that time point (p < 0.05) and ! = between the two
osteogenic groups at that time point (p < 0.05).
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Figure 6.
Alkaline Phosphatase activity of the osteogenic groups. Alkaline phosphatase activity for all
constructs showed a varying trend throughout the 6 weeks. The Control PLGA group and
the Osteogenic PCL had an increasing ALP content at the end of week 3. Values are
reported as mean ± standard deviation, n = 4. Statistically significant difference @ = from
the Control PLGA group at week 0 (p < 0.05), # = from its value at the previous time point
(p < 0.05), * = from the Control PLGA group at that time point (p < 0.05) and ! = between
the two osteogenic groups at that time point (p < 0.05).
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Figure 7.
Elastic Modulus (kPa) at (A) Week 0 (following cell-seeding) and (B) Week 6. At week 0,
the PLGA scaffolds were 4.2 times stiffer than the PCL scaffolds (p < 0.05). However, the
opposite was true at 6 weeks, with the PCL scaffolds being over two orders of magnitude
stiffer than any of the PLGA groups. The inset graph in panel B represents the three PLGA
groups (y-axis units the same). While PCL scaffolds saw a statistically insignificant increase
of 75% from week 0 to week 6, a statistically significant decrease in elastic modulus was
observed for all three PLGA groups. The Osteogenic PLGA group was statistically higher
over the control at week 6. Values are expressed as mean ± standard deviation, n = 5.
Statistically significant difference & = between the two groups at week 0, @ = from the

Bhamidipati et al. Page 21

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Control PLGA group at week 0 (p < 0.001), * = from the Control PLGA group at that time
point and ! = between the two osteogenic groups at week 6 (p < 0.001).
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