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Abstract. Biodegradable polymeric scaffolds with suitable morphological and mechanical
properties are known to be useful for several biomedical and hard-tissue engineering
applications. Moreover, the combination of biocompatible polymers with silica
nanoparticles (SNPs) and bioactive substances may lead to nanocomposite materials
having enhanced physical and biological properties for the above referred applications.
This work reports the development of dexamethasone (DXMT)-loaded biocomposites that
were prepared with poly(e-caprolactone) (PCL) and with mesoporous MCM-41 SNPs and
by using supercritical carbon dioxide (scCO,) processes, namely scCO,-assisted
foaming/mixing and scCO2 deposition of bioactive substances. Pure PCL and PCL/MCM-
41 composite materials (90:10 and 70:30, wt.%) were processed by scCO, foaming/mixing
at different experimental density (801.4 and 901.2 kg/m®), processing time (2 and 14
hours) and depressurization (0.2 and 3.0 dm*/min) conditions. Additionally, mesoporous
MCM-41 and SBA-15 SNPs were loaded with DXMT using a scCO, deposition method
and later incorporated into DXMT/PCL physical mixtures using the previously employed
scCO,-assisted foaming/mixing method and at the aforementioned experimental
conditions. All prepared materials were characterized by FTIR, mercury intrusion
porosimetry, helium pycnometry, nitrogen adsorption, simultaneous differential thermal
analysis (SDT) and scanning electron microscopy (SEM). Drug release studies were
performed in order to evaluate and to compare DXMT release profiles. Results indicated
that biocomposites physical and morphological properties were strongly dependent on the
employed processing conditions. In addition, in vitro DXMT release experiments
presented quite distinct release profiles, which were also dependent on the employed
experimental foaming/mixing operational conditions as well as on the relative composition
of previously DXMT-loaded SNPs. In conclusion, these results demonstrated the viability
of using scCO, deposition and foaming/mixing methods for the development of DXMT-
loaded PCL/SNPs biocomposite materials that present advantageous properties for hard-
tissue engineering applications.

Keywords: Supercritical carbon dioxide, foaming/mixing, drug deposition, poly(e-caprolactone),
dexamethasone, mesoporous silica nanoparticles.

1. Introduction
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Many techniques allow the conventional production of porous scaffolds, however when the incorporation
of bioactive additives is intended, these methods make use of organic solvents/chemicals, which must be
removed by additional extraction/purification steps, and/or use high temperatures that may induce drug
thermal/chemical degradation [1].

Supercritical fluids (SCF), namely supercritical carbon dioxide (scCO,), have emerged as “green” routes
to overcome the drawbacks of conventional techniques [1, 2, 3]. Adequate porosity and pore sizes may be
created controlling process parameters. Upon depressurization, when the polymer phase is supersaturated with
CO,, thermodynamic instability occurs, and the gas leaves the polymer phase occurring gas bubble
nucleation. This nucleation stage involves the assembling of CO, molecules, with concurrent homogeneous
and heterogeneous nucleation mechanisms occurring upon phase separation of the polymer—CO, solution [4].
Moreover, the use of scCO, as mobile phase can facilitate the diffusion of an additive and improve its
incorporation rate in inorganic matrixes [5] and in previously processed polymeric or composites material [6],
as well as simultaneous preparation of 3D structures and the incorporation of additives at mild processing
conditions [7], avoiding several steps in the production of these materials that characterize conventional
techniques.

The main objective of this work was the development and characterization of composite foams and the
incorporation during processing of a model bioactive molecule widely used drug in osteogenic media to
improve stem cell differentiation towards the osteogenic lineage [8, 9]. Thus, scCO, was used as a foaming
agent at mild processing conditions to control poly(e-caprolactone) PCL and PCL/silica nanoparticles (SNPs)
composite foam characteristics, and to incorporate dexamethasone (DXMT) into the melted polymer.

2. Materials and Methods

2.1 Chemicals

The PCL pellets (M,, of 45000 Da), dexamethasone (purity 98%), methanol, acetone and mesoporous
silica nanoparticles MCM-41 (pore volume 0.98 cm®/g and 2.3-2.7 nm of pore size, surface area of 1000
m?/g) were supplied by Sigma-Aldrich. SBA-15 SNPs were provided by ClaytecInc (average BJH Framework
Pore Size 8.5 nm, total pore volume 0.93 cm®/g, surface area 718 m?/g). Panreac supplied ethanol (99.5%
purity). CO, was obtained from Praxair with purity of 99.998%. Dialysis membranes (molecular weight cut-
off of 8000 Da) and clamps were supplied by Spectrum Laboratories.

2.2 Experimental Procedure

Polymer preparation. PCL was dissolved in acetone and precipitated in methanol and water to acquire
the powder form. Samples were centrifuged, dried and stored. PCL powders and MCM-41 SNPs were
physically mixed (90:10 and 70:30, wt.%) in glass vials.

scCO,-assisted foaming. Experimental conditions were varied based on literature [2, 3, 4, 9] and scCO,
properties in order to optimize SCF foaming. PCL and MCM-41 SNPs were physically mixed in a glass vial
prior to scCO,-assisted foaming and then introduced in the high pressure cell. Thus, for the same temperature
(35°C), two pressures and two different proportions of PCL:MCM-41 were studied: 14.0 MPa and 25.0 MPa
(0.801 and 0.901 g/cm?, correspondingly), 70:30%wt and 90:10%wt, respectively. Also, for each parameter
previously mentioned, the process time and depressurization rate were varied: 2 and 14 h and 0.2 and 3.0
dm?®/min, respectively. Moreover, control samples were processed for the same conditions where PCL:MCM-
41 ratio was 100:0. All the assays were performed in duplicate.

scCO, deposition and mixing. DXMT was loaded into pure mesoporous MCM-41 and SBA-15 SNPs by
scCO, impregnation/deposition, at the previously mentioned pressures and temperature, for 2h and 14 h with
depressurization rate of 0.2 L/min. SNPs were placed into sealed dialysis membranes and then introduced in a
high pressure view-cell which was previously loaded with DXMT. DXMT-loaded SNPs were then
incorporated into 2%wt DXMT/PCL physical mixtures using scCO,-assisted foaming at the previously
mentioned pressures and temperature, for 14 h and 0.2 dm*/min. Physical mixtures PCL/DXMT were also
foamed.
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2.3 Characterization

FTIR-ATR spectroscopy measurements were performed on a Jasco FTIR spectrometer (Infrared
Spectrum, Jasco, 4200 type A) using the Attenuated Total Reflectance (ATR) technique. The spectra were
obtained at a 4 cm™ resolution, 256 scans and processed by Jasco Spectra Analysis.

Thermal behavior of PCL-pellet, PCL-powder and scCO, processed material was determined on a
Simultaneous Differential Thermal equipment (TA Q600) using standard alumina pans. Measurements were
made on samples of 7-11 mg in the temperature range between 25 and 700 °C at a heating rate of 2 °C/min.
The instrument was calibrated with indium. Mass loss, characteristic temperatures and enthalpies were
calculated using the software TA Universal Analysis. The results are the average and standard deviation of
two samples.

PCL and composites crystalline phases were compared before and after foaming experiments using a
Philips X’Pert diffractometer with Co radiation (Ak, = 0,178896 nm and Ak, = 0,179285 nm). 26 values were
varied from 6° up to 60°. Acquisition step was 0.004° and acquisition time was 1s/step (40kV and 35mA).

Average pore diameter, pore volume and surface area were determined by nitrogen adsorption using a
ASAP 2000 Micromeritics, model 20Q-34001-01. Surface area was determined by the BET method, pore
volume and average pore diameter were calculated using BJH method. Pore size distribution, total pore
volume and porosity were determined by mercury intrusion. Apparent and bulk densities were also
determined by this method using Autopore IV 9500 Micromeritics. The density of the foams was measured by
helium picnometry (Quanta-Chrome, MPY-2). The results are the average and standard deviation of two
samples.

The scCO,-foamed samples were analyzed for compression employing a texture analyzer (TA.XT plus).
The analytical probe (P/10, 1 cm diameter) compressed each sample at a 1 mm/s rate and at a 3 mm depth.
Employed activation force was 5 gf and the parameters were determined at 10% strain.

Samples were freeze-fractured in liquid nitrogen and the obtained cross-sections were examined by SEM
(Philips XL30, 10kV), after gold-sputtering for 25s. SNPs presence was confirmed by image analysis of
backscattered electrons and by EDX.

Drug sorption studies were performed in order to determine the drug loading ability of MCM-41 and
SBA-15 in conventional liquid solvents. Thus, MCM-41 and SBA-15 was immersed into different
dexamethasone solutions: aqueous and ethanolic solutions (26 g/ml). At predetermined time intervals up to
72h, an aliquot of the liquid media was read in a UV-Vis spectrophotometer (Jasco, Model V650, Japan).

Drug release assays from loaded SNPs, PCL and composites, were performed placing the samples inside
dialysis membranes, and again, at predetermined time intervals, an aliquot of the liquid media was read in the
UV-VIS spectrophotometer. For SNPs, every 24h the release media was replaced by fresh Milli-Q water, and
after 72h, samples were leached out until no drug could be detected. The analysis was performed in
quadruplicate and results are the average and standard deviation of at least two samples. In the case of the
loaded foams, UV reading was performed during one week and the analysis was performed in triplicate and
results are the average and standard deviation of at least two samples. Release kinetics was characterized by
Korsmeyer-Peppas [10], Short-time and Long-time [11] equations considering slab geometry.

3. Results
3.1 Thermal Characterization

Thermogravimetric analysis shows that the samples with 70%wt of PCL present a corresponding mass
loss was of 71.2 + 3.5 % of the total mass. When concerning 90:10%wt samples, the residual mass
corresponded to 9.8% and processed PCL, PCL-powder and PCL-pellet showed mass losses of 99.7 + 0.6 %.
This means that apparently the physical mixture of SNP and PCL prior to scCO, assisted foaming was
efficient, once the mass loss corresponds to percentage of polymer in each formulation. Additionally, FTIR-
ATR and SEM-EDX reveal the presence of the silica and PCL in the final formulations.

While the supplier reports PCL melting temperature values around 56-64 °C, SDT results (Figure 1)
indicated different and higher values (~67-68 °C). Considering the indicated standard deviations, no apparent
change occurred in the melting temperatures of PCL pellets and powder, but scCO,-assisted processing
lowered the PCL foam melting temperature when compared with the unprocessed samples. This effect
becomes more pronounced (65 °C) for the higher processing pressure due to the formation of different
lamellar thickness, as reported by [2, 4]. The incorporation of MCM-41 SNPs during the scCO, processing
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also seems to induce a further decrease in PCL melting temperature [12] and melting enthalpies. PCL
degradation temperatures remain almost constant for all processed samples despite a decrease in these values
can be observed for samples containing higher MCM-41 SNPs amounts. This indicates that the process
decreased the crystallinity of PCL and composites, as indicated by XRD results in Figure 2. In our case, the
lack of intercalation between MCM-41 and PCL physical mixture will ease thermally induced melting and
degradation. However, melting and degradation temperatures obtained are above the physiological
temperature, making these materials suitable for biomedical applications. Additionally, it is possible to
predict/control degradation rate through crystallinity, varying the operational conditions.
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3.2 Foams Morphology

Samples density is mainly affected by the inorganic filler amounts, and as such, the increasing MCM-41
SNPs content led to higher density for all tested conditions, from 1.09 to 1.31 g/cm® within the range reported
for bone tissue [13]. Increasing pressure slightly augments the density in 70:30%wt and 90:10%wt samples,
while processing time and depressurization rate seem to have no strong effect on final sample density.

Regarding porosity, the major variable that affects this property is MCM-41 content while pressure does
not have a clear effect, but the tendency is to slightly decrease the porosity with increasing pressure. Longer
processing time tends to increase porosity once CO, sorption and polymer melting is enhanced for higher
process times [14]. Depressurization rate seems to have no influence on the porosity of 70:30%wt composites,
but for 90:10%wt and PCL foams (and both pressures) increasing depressurization rate led to a decrease in
porosity. Nevertheless, the highest porosity value, ~55.4%, was found for 70:30%wt samples processed at
high supercritical solvent density, regardless the remainder operational conditions, and the lowest was found
for PCL samples processed at the same pressure (11.9%). The composites composed of an intermediate SNP
composition show, once again, intermediate values.

Mercury intrusion revealed that rapid depressurization and higher pressure led to the decrease of the pore
diameter, contrarily to slow depressurization rate which allows the formation of larger pores in the final
construct, due to the gas diffusion rate in the liquefied polymer [1, 3].

It can be observed by SEM pictures (Figures 3) that different process conditions originated distinct porous
morphologies. In general, increasing silica content led to large pores up to a certain amount of SNPs (10%)
and above this silica composition pore diameter value decreased, a result also obtained by nitrogen adsorption
and reported by other authors [15]. In 70:30%wt samples it is not possible to see pores due to their extremely
small size; in 90:10%wt materials is possible to observe pores with diameters from approximately 50 pm up
to pore diameters larger than 500 um. PCL processed material presents pore diameters from tens of micron up
to 500 um, while in some cases, for the presented magnification, it seems that there are no pores but these can
be inferior to 20 um. Concluding, it is possible to achieve a wide range of pore sizes and morphology that are
suitable for new tissue formation. This shows that, besides silica quantity, the predominant effect is CO,
density/pressure, and depressurization rate stands out as an important parameter when a 10%wt of SNPs is
used. As more SNPs are introduced, more nucleation points will be created and thus the number of growing
bubbles will be larger (for the same amount of dissolved scCO,) and the resulting pore dimensions will be
smaller [16].
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Figure 3. SEM micrographs for samples processed at 14 MPa and for 14 h. (A) PCL+30wt.% MCM-41 3 dm*min

(B) PCL+30wt.% MCM-41 0.2 dm*min (C) PCL+10wt.% MCM-41 3 dm®min (D) PCL+10wt.% MCM-41 0.2 dm*/min
(E) Pure PCL 3 dm*min (F) Pure PCL 0.2 dm*min. The scale bar is indicated in each picture.

3.3 Mechanical Properties

Variations in mechanical resistance can be observed (Figure 4) mostly due to the filler content and the
obtained results, especially for 90:10%wt samples, are similar to previous studies with other composite
materials [17, 18]. The mechanical compression results were calculated at a 10% strain, and suggest that
higher compressive stress (from 16+3 to 95 MPa) and moduli (from 164 to 60 MPa) were obtained for
samples containing an intermediate amount of SNPs, despite the processing conditions. However, these
values are still inferior to trabecular bone, reported as approximately 0.3 GPa for compressive modulus [17].
In the case of higher silica amounts (30%), the constructs become brittle and lower stress and modulus are
obtained, and PCL samples also exhibit unsuitable mechanical properties.

Increasing porosity conduced to a decrease of moduli and stress as predicted by Gibson and Ashby model
[18]; however, pure PCL samples (with the lowest values of porosity) also presented low mechanical
properties, resulted from internal architecture incongruences. ScCO,-foaming and a small quantity of SNPs
originated materials with improved mechanical properties and satisfactory morphological features for bone
tissue regrowth.
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3.4 InVitro drug release

Silica Nanoparticles. Dexamethasone was loaded into MCM-41 and SBA-15 by scCO, — assisted
deposition and drug release studies were performed in order to analyze the effect of the process conditions.
After 8h of DXMT release in milli-Q water it was found that, for all scCO,-loading conditions, the amount of
DXMT released was almost constant (approximately 1.5 and 3 pg/mg respectively, Figure 5). Complete
leaching was used to ease diffusion and determine the total amount of DXMT that was still entrapped after 72
h of release (Figure 6). The differences between both SNPs in sorption and release results can be explained by
SBA-15 physical properties because despite the slightly lower surface area, the pores are larger and the
hydrophilicity is also high, which leads to an increased and faster drug adsorption capability. The total
released value was also found to vary according to the employed pressure and processing time conditions,
revealing that lower pressures and longer processing times appear to increase drug deposition yields and that
faster drug release rates were obtained for those samples loaded at lower pressures. These results indicate that
perhaps DXMT has a better affinity to the SNPs surface, rather than for the scCO, mobile phase, and even
though the solubility in the latter is low [9], long-term release of DXMT is possible to achieve using
supercritical CO, —assisted deposition.
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Figure 5. Dexamethasone 8 hour release profile from SNPs for supercritical CO2 assisted deposition at <>14 MPa and
4 25 MPa and 14 h and slow depressurization.

PCL and Composites. PCL, PCL/MCM-41 and PCL/SBA-15 composites were loaded with 2%wt
DXMT by scCO, mixing, and the profiles are represented on Figure 6. Considering the initial amount of
DXMT, the amount released from PCL and composites is according to the general expected tendency, that is,
higher released amounts for 70:30%wt and lower for PCL, while 90:10%wt remained with an intermediate
value. The composites with higher quantity of SNPs, as previously discussed, have higher porosity and
surface areas, and also more quantity of drug due to higher amount of loaded-SNPs and less PCL-slow
degrading hydrophobic matrix, leading to this behavior.
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The kinetic parameters indicate that supercritical foaming/mixing is a tunable process. In all cases,
increasing pressure the release rate increases, mostly due to the morphologic characteristics induced by this
experimental condition. Considering slab geometry, for PCL and 90:10%wt (PCL/SBA-15) samples
processed at higher pressure, n<0.5 and thus the release mechanism is controlled by Fick diffusion. The
remainder composites have n>0.5, which accounts for anomalous (non-Fickian) behavior that implies that
drug release is a superposition of Fickian and case-1l transport, and is probably due to the crystallinity
(already seen to decrease with increasing pressure and SNPs quantity) and initial polymer surface erosion
[10].

Release rate differences may be attributed to different morphologies, different drug available sites due to
different pore sizes, porosities, surface areas [6], and possibly different host dissolution rates provided by
SNPs amount and scCO, operational conditions already discussed in morphology results. Thus, for pure PCL
the effect of pressure in both diffusion coefficients (D; and D,) is not significant, but in the composites the
higher the pressure, the higher the D; and D,. Another parameter influencing the diffusion rate is the amount
of SNPs; the increase of SNPs quantity from 10 to 30%wt caused a D; increase of ~85%, and a similar
tendency is observed for D,. As well, the SNP type in the composite seems to have an effect on diffusion
coefficients: 70:30%wt composites from SBA-15 present a significantly higher D, rather than D,, also
confirmed by higher k, suggesting substantially higher rate and amount of drug released during the first
period, while the opposite trend (D, > D;) was obtained for the remaining composites. This result suggests
that the more hydrophilic character of SBA-15, compared with MCM-41, combined with the morphology
obtained at higher pressure, can indeed control DXMT release.

Because the release time was too short so that all DXMT was released, it is expected that a mechanically
reinforced matrix developed from pre-loaded SNPs and semi-crystalline PCL continue to release the
osteogenic and anti-inflammatory incorporated drug in a controlled way, contributing to the intended long-
term hard-tissue application. Although the biocompatibility was not tested in this work, there are evidences
that these materials are physiologically accepted and used for tissue engineering and/or drug delivery [19, 20].

4. Conclusions

The realization of this work presupposed the fabrication of PCL and PCL/SNPs scaffolds loaded with
dexamethasone through supercritical fluids, a green technology process. The main goals were attained once
PCL/SNPs biodegradable scaffolds were produced and successfully loaded with DXMT, several working
parameters where varied and studied, and distinct profiles were obtained. Thus, chemically PCL and its
composites presented no alteration induced by processing with scCO,. Also, PCL and its PCL/MCM-41
composites showed thermic characteristic that allow them to be used in the physiological media. Regarding
crystallinity, strongly related to degradability and drug release rates, was found to be tunable. Pore sizes and
porosities were found to be appropriate for hard tissue engineering application. The best morphology and with
the most suitable mechanical properties for tissue regrowth seams to occur in samples with 10%wt of MCM-
41 when processed at 25 MPa with low depressurization rate, and 14 MPa for 2 h and low depressurization
rate. Regarding drug loading, varying the working conditions can easily change process yields. PCL and
PCL/SNPs systems presented a sustained release profile, contrarily to SNPs (both MCM-41 and SBA-15) that
show burst release. Therefore, the main purpose of this work was accomplished. Supercritical CO, was
successfully and easily used to create drug-eluting systems based on PCL and silica nanoparticles with
distinct release profiles.

Additionally, scCO, technology allows different routes for industrial processing, such as extrusion and
injection molding, which will in due course define the application, that may be grind and integrated in a
hydrogel or in bone cement.
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