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ABSTRACT

The ability to release active agents from a porous scaffold structure in situ enables the
simultaneous structural support for the cells proliferating and differentiating towards tissue
as well as the stimulation of tissue regeneration. Due to the great potentiality of such
approach, drug-releasing scaffolds were fabricated from hydrolytically degradable polymers.
Three copolymers of poly(ethylene glycol), e-caprolactone, L- and D,L- lactide were
synthesized and blended with bone-growth inducing active agents, dexamethasone (DM) and
2-phospho-L-ascorbic acid trisodium salt (AS). Porous scaffolds were prepared by means of

super-critical carbon dioxide foaming.

In the final scaffold structures, the particle size, location and the water solubility of the drug
affected the release kinetics. As the large and water soluble AS particles were more exposed
to the buffer solution compared to small DM particles, the AS release was burst-like whereas
DM showed a long-term release. The material structure had a significant effect on the release
kinetics as the porous scaffolds released active agents faster compared to the solid cylinders.
Furthermore, this study showed the strong effect of polymer degradation and wettability on

the release, which were more determinative than the pore architecture.

Keywords: drug release, supercritical carbon dioxide foaming, hydrolytic degradation,

dexamethasone, 2-phospho-L-ascorbic acid trisodium salt, bulk degradation



1. INTRODUCTION

Bone is the second most common transplantation tissue in human body [1,2], with over 2
million bone graft procedures being performed annually [3]. The golden standard for bone
substitution is autograft, where the bone graft is harvested from the patient [2,3]. The
autograft is usually considered the ideal bone graft material, however donor site
complications are possible and bone availability in pediatric and elderly patients is limited
[2,4,5]. Therefore, the clinical need for synthetic bone grafts is increasing due to an aging

population [5].

Non-autologous, synthetic bone graft products commercially available are mainly ceramic
based materials, which are widely used in clinical practice [2,6]. Composites of ceramics and
resorbable polymers have been researched with the aim to produce bioactive tissue
engineering scaffolds. Scaffold bioactivity has been attempted to achieve with osteconductive
and osteoinductive agents, such as growth factors [7], hydroxyapatite (HA) [8,9], tricalcium
phosphate (TCP) [10,11] and bioactive glass (BAG) [12]. The bone-growth inducing active
agents used in osteogenic differentiation media, B-glycerophosphate, dexamethasone and
ascorbic acid [13—15], have not been as widely incorporated into polymer scaffolds, even
though they have been extensively used in cell cultivation. The function of f-
glycerophosphate is to provide phosphate ions for mineralization [14]. Dexamethasone (DM)
has been shown to induce proliferation, maturation and mineralization of osteoblasts in vitro
and in vivo [14-18] and it also inhibits inflammatory processes [19]. Ascorbic acid stimulates
collagen synthesis [20] and has been used in osteogenic cell differentiation with
dexamethasone and PB-glyserophosphate [13]. However, ascorbic acid is an unstable

compound and therefore more stable derivatives are often used [21].



In the early phase of development of resorbable polymers, research was focused on two-
dimensional structures, such as fixation devices and plates, and therefore several
commercially available solutions are on the market [6]. Nowadays, the focus is on three-
dimensional porous structures, which enable tissue to regenerate and grow throughout the
resorbing scaffold. Ideally, the regenerative bone tissue engineering scaffolds should be
highly porous [22] and the pores should be interconnected to enable cell in-growth [2,5,23].
There are conflicting reports on the optimal pore size for bone tissue engineering [24]. Many
studies show that the pore size should be in the range of 100-500um for bone cells [2,5,22,24],
however, smaller and larger pore size (20-1500um) have also been used in bone tissue
engineering [24]. Porous structures can be prepared with various techniques, such as using
porogen agents, additive manufacturing (AM) and supercritical carbon dioxide (scCO3)

foaming.

scCO; foaming is an environmentally friendly and inexpensive way to produce porous
structures, even in industrial large-scale manufacturing. The process is operated at low
temperature without organic solvents, which may allow the use of thermosensitive
molecules/compounds and even cells [25]. It has been shown that the foaming process may
remove unreacted monomers, catalysts and initiators from the polymer [26] and it has also
been used for sterilization under specific conditions [27]. During the foaming process, high
pressure CO; plasticizes the polymer and pores are formed as the CO; escapes from the
polymer. The processing parameters (CO; saturation pressure, soaking time, temperature,
and depressurization rate) can be adjusted to control the pore architecture [25,28] making
scCO; foaming an extremely promising option for the preparation of interconnected and
highly porous structures. scCO; processing results in the formation of a polymer skin on the

sample [27,29] that is, however, easy to remove with a sharp blade or machining.
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CO; solubility and diffusivity are greatly influenced by the molecular structure of the polymer.
Dissolution of CO; is enhanced if there are carbonyl or ether groups in the polymer, since it is
based on Lewis acid-base interactions, where CO; has Lewis acidity in the carbon atom, and
the polymer contains Lewis base sites. [30] Therefore, poly(ethylene glycol) (PEG) has
stronger interactions with CO, compared to polyesters. Polymer crystallinity also affects the
foaming process since CO; has relatively low solubility and slower diffusivity in highly
crystalline polymers, since crystallinity reduces the amount of accessible free volume.

[27,30,31]

Several neat polymers have been porogenized with scCO, for biomedical applications:
poly(caprolactone-co-lactide) [10], poly(L-lactide) [31], poly(D,L-lactide) [28,31],
poly(pentadecalactone-co-caprolactone) [32], and poly(methyl methacrylate) [33]. In
addition, composites of poly(caprolactone-co-lactide) and TCP has been used successfully
foamed [34]. Some polymer and drug or growth-factor combinations have been studied, such
as, polycaprolactone (PCL) [35,36], poly(D,L-lactide-co-glycolide) (PLGA) [7], poly(D,L-lactide)

[37,38] and poly(methyl methacrylate)—poly(l-lactic acid) (PMMA-PLA) blends [39].

In this study, three PEG-P(CL-co-LA) polymers with different monomer ratios were
synthetized and blended with bone-growth inducing agents dexamethasone (DM) and
ascorbic acid derivative 2-phospho-L-ascorbic acid trisodium salt (AS). The polymers were
porogenized with scCO, and drug release from the porogenized and solid samples were
monitored for 20 weeks. It can be hypothesized that incorporating poly(ethylene glycol) into
the back-bone of P(CL-co-LA) would increase the hydrophilicity of the polymer. Increased
hydrophilicity would improve the wettability of porous samples, which is beneficial as some

of the pores formed by scCO; are small. To the best of the authors’ knowledge, there have



been no previous studies regarding scCO, foamed PEG-P(CL-co-LA) scaffolds releasing bone-

growth inducing active agents.

2. MATERIALS AND METHODS

2.1. Materials

Prior to the polymerization of experimental polymers, e-caprolactone (Fluka) was distilled and
L- and D,L- lactide (Corbion) were dried in vacuum. Sn(ll)octoate (stannous 2-ethylhexanoate)
(Sigma-Aldrich) was the initiator and used as received. Linear poly(ethylene glycol) with OH-
end groups (PEG, average M, 20 000g/mol) (Sigma-Aldrich) was used as a co-initiator and
dried in vacuum prior use. Medical grade poly(L-lactide-co-s-caprolactone) 70/30 from

Corbion (code PLC 7015) was used as a reference polymer.

Active agents, 2-phospho-L-ascorbic acid trisodium salt (AS, 95%, Sigma-Aldrich) and
dexamethasone (DM, 98%, Sigma-Aldrich), were used as received. The water solubility of AS
and DM are 32g/1000g and 0.09g/1000g, and molecular weight 322.05g/mol and
392.46g/mol, respectively. Potassium dihydrogen phosphate (KH.PO.) (J.T. Baker) and
sodium phosphate dibasic anhydrous (Na;HPO4) (J.T. Baker) were used to prepare Sérensen
buffer solution according to ISO 15814 standard (Implants for surgery — Copolymers and

blends based on polylactide — In vitro degradation testing).

2.2. Polymer synthesis and characterization

Polymer synthesis was carried out in bulk under nitrogen atmosphere in a conically shaped
batch reactor (Design Integrated Technology Inc., 4CV Helicone Mixer) at 160 °C. The amount
of co-initiator PEG was 0.04mol-% and initiator Sn(ll)octoate 0.05mol-% respective to the

amount of monomers. Polymerization times were 3h15min for PEG-P(CL30-LLA70), 4h30min



PEG-P(CL30-DLLA70) and 4h20min for PEG-P(CL15-DLLA85). Polymers were dissolved into
dichloromethane (99.8%, Merck KGaA) and precipitated from ethanol (Etax B, Altia Oyj).
Polymers were stored in vacuum before further use to prevent moisture in air from degrading
the polymers. The compositions of synthetized polymers were confirmed by 3C NMR (Bruker
Ultrashield 400Hz) [40]. Peaks for CL-units were observed at 172 and 173 ppm, LA-units at
170 and 169 ppm and PEG-unit at 70 ppm (Fig. S1). Figure 1 presents the skeletal formula of
the polymers and Table 1 the abbreviations of polymers used in this study. P(CL30-LLA70) was

commercial reference.
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Figure 1. Skeletal formula of a. P(CL-LA) and b. PEG-P(CL-LA).

Table 1. Abbreviations of copolymers, co-monomer amounts and lactide type in feed.

Copolymer CL-content LA-content Lactide type PEG as co-
(mol -%) (mol -%) initiator
P(CL30-LLA70) 30 70 L N/A
PEG-P(CL30-LLA70) 30 70 L Yes
PEG-P(CL30-DLLA70) 30 70 DL Yes
PEG-P(CL15-DLLAS5S) 15 85 DL Yes

Capillary viscometry was used for analyzing inherent viscosities (IV). Measurements were
performed using a Lauda capillary viscometer (Lauda-Konigshofen) with Ubbelohde capillaries
(Schott-Instrument) and chloroform (99.0-99.4%, Merck KGaA) as a solvent at 25 °C. Two
parallel polymer samples were measured with a concentration of 1mg/ml. Sufficiently-high IV
(=1 dl/g) was required for reproducible foaming process with the equipment used in this

study.



Thermogravimetric analysis (TGA 500, TA Instruments) was used to study the decomposition
temperatures of the polymers. Analysis was conducted by heating the polymer samples

(19+2mg) at rate of 20°C/min up to 600°C under synthetic air.

2.3. Blending of active agents

Polymer and active agent (4 and 8wt-%) was fed into a twin screw midi-extruder (DSM,
capacity of 16 cm3 with screw length 150mm) under nitrogen atmosphere. The blend was fed
and mixed once (10min, 65rpm), extruded and fed again and mixed for an extra 2 minutes.
Extrusion temperatures for P(CL30/LLA70), PEG-P(CL30-LLA70), PEG-P(CL30-DLLA70) and
PEG-P(CL15-DLLA85) were 145°C, 140°C, 125°C and 100°C, respectively. The temperatures
used were chosen based on the rheological properties of polymers. Used temperatures were
as low as possible to avoid destroying the active agents. Neat polymers were also extruded to
obtain similar processing history for the samples. After extrusion, materials were compression
molded (Fortune TB 400) with 150kN pressure using the same processing temperatures to
form cylinders with diameter 5mm and height 2 mm for hydrolysis and drug release. These

compression-molded samples were used also in scCO,-foaming.

Thermogravimetric analysis (TGA) showed polymer decomposition above 250°C. Differential
scanning calorimetry (DSC) was used to evaluate the homogeneity of the blends and to
measure glass transition temperatures (Tg) and melting temperatures (Tm) of extruded and
heat pressed samples (5-10mg). DSC analysis was performed with a DSC Q1000 and Q2000
(TA Instruments, Delaware, USA) under nitrogen atmosphere. For the Q1000, two heating
scans were performed (20°C/min) from -20°C to 200°C with 1 minute isothermal section at
200°C and cooling at rate of -50°C/min. Tg was analyzed from the second heating and Tr, from

the first. The first DSC runs were conducted until 200°C, because according to TGA, the



decomposition of polymers begins when the temperature increases above 250 °C. According
to material safety data sheets, DM has a melting point at 262-264°C and AS at 260°C.
Therefore, to study the homogeneity of the blends, heating scans with a rate of 10°C/min
from -20°C to 300°C were conducted later with the DSC Q2000. For the analysis of the results,

TA Universal analysis software was used.

2.4 Foaming and micro-CT analysis

Porous samples were obtained using supercritical carbon dioxide (scCO;) foaming.
Compression molded polymer cylinders (diameter 5mm, height 2 mm) were used in the
foaming. Processing was conducted using high pressure and 90°C temperature in presence of
CO;. The foaming process utilized the same settings for all polymers. Prior to active agent

release and hydrolysis studies, polymer skin was manually removed with a sharp knife.

Micro-CT imaging was performed in order to achieve information about the scaffolds’ 3D
geometry and active agent particles in scaffolds. Scaffolds were stacked on top of each other
and 1600 x-ray projections from 360° were acquired with a Xradia MicroXCT-400 x-ray
imaging system (Carl Zeiss X-ray Microscopy Inc.). Source voltage was 80 kV and source
current 125 pA. A 4x objective was used with 2 binning which resulted 6.2 um voxel size.
Projections were reconstructed with XMReconstructor provided by the device manufacturer.
After reconstruction, image thresholds were adjusted manually. Porosities and pore sizes
were calculated from micro-CT images with Fiji [41] using the Bonel [42] plugin. In this study,
open porosity was outlined to the proportion of the internal pore space accessible by a sphere
of 12um diameter. All visualizations were conducted with Avizo 9.3.0 Software (Thermo
Fisher Scientific, Waltham). Active agent powder particle sizes were evaluated using scanning

electron microscope (SEM, TM-1000, Hitachi).



2.5. Contact angle measurements

Contact angle measurements were performed by depositing a 7l size droplet of distilled
water through a syringe onto the surface of polymer film (KSV Contact angle measurement
system and software). Samples were prepared by melting polymer in an oven between two
metal plates and polyethylene terephthalate sheets for 20 minutes at 180°C. Subsequently,
polymer films were cooled at room temperature between two metal plates. Dry samples were
stored in vacuum for two weeks before contact angle measurements. In order to measure the
effect of buffer solution on the contact angle, polymer films were immersed in phosphate
buffer solution pH 7.4 (FF-Chemicals Oy) for 24 hours before measurement and their surface

was dried quickly with compressed air prior to measurement.
2.6. Mass loss and degradation

Mass loss and degradation behavior of polymers were studied according to ISO 15814
standard by immersing the solid and porous cylindrically shaped polymer samples (diameter
5mm, height 2mm, n=3) in 10ml of Sérensen buffer solution (pH 7.4), which was replaced
with fresh solution in every two weeks. Samples were mildly agitated at 100rpm at 37°C.
Samples were dried in vacuum for at least 1 week and weighed. Polymer swelling was studied
by immersing the solid samples in Sérensen buffer solution and weighing the surface dried

samples immediately after immersion and again after drying in vacuum.

For degradation studies, polymers from the mass loss study were dissolved in chloroform at
a concentration of 10ppm. Dispersity was determined using size exclusion chromatography
utilizing a Waters Associates system equipped with a Waters 717Plus Satellite autosampler, a
Waters 510 HPLC solvent pump, four linear PL gel columns (104, 105, 103, and 100 A)
connected in series, and a Waters 2414 differential refractometer. The number average
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molecular weight (M,) and weight-average molecular weight (M) of the samples were

determined against polystyrene standards at room temperature.

2.7. Active agent release and stability

Unicam UV 500 UV-Vis-Spectrophotometer (Thermo Spectronic, Cambridge, England) was
used to analyze the active agent release by using calibration curves and to evaluate the
stability of the active agents in Sérensen buffer solution. Stability was tested by dissolving
active agents (40pg/ml) in Sérensen buffer solution and monitoring the concentration for one
week. Active agent release and stability studies were conducted in the same conditions as

swelling and hydrolysis studies.

3. RESULTS

3.1. Molecular weights and inherent viscosity

Molecular weights, dispersity (D) and inherent viscosity of the polymer samples are presented
in Table 2. As shown, scCO; processing decreased the molecular weights of the PEG-
containing polymers. In addition, blending with AS decreased the molecular weights 15% on
average, whereas DM did not have an effect on the molecular weights. Inherent viscosity of
P(CL30-LLA70) was also affected by the processing (extrusion and heat press) showing a

decrease in the IV value from 1.5 to 1.0dl/g.

Table 2. Measured My and M, for porous and nonporous polymer samples (n=2). Inherent
viscosity (1V) of heat pressed polymer samples, prior to scCO; processing (n=2).

Solid samples (g/mol) Porous samples (g/mol) vV
Polymer M,, M, D M,, M, D (dl/g)
P(CL30-LLA70) 235000 142000 1.7 232000 140000 1.7 1.0
PEG-P(CL30-LLA70) 78000 50000 1.6 65000 45000 14 0.8
PEG-P(CL30- DLLA70) 152000 88000 1.7 138000 92000 1.5 1.3
PEG-P(CL15- DLLA85) 220000 147000 1.5 157000 97000 1.6 1.6
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3.2. Thermal analysis and active agent solubility on polymer

DSC analysis showed neat, L-lactide containing polymers displaying crystallinity. P(CL30-
LLA70) had a melting peak with low enthalpy which was also visible in the first heating cycle
of the heat pressed sample. However, P(CL30-LLA70) samples containing active agents did
not show crystallinity. PEG-P(CL30-LLA70) on the other hand was also semi-crystalline as a

blend.

According to the material safety data sheets, DM has a melting peak at 262-264°C and AS at
260°C. In the DSC scans, DM had a melting peak at 262°C and blends had melting peaks in the
range 200-212°C. The melting peak for AS at 260°C is not visible in DSC graph. Instead, neat
AS has an exothermic peak at 228°C and the comparable peak in polymer blends varied from

210 to 223°C. Results of DSC scans are shown in Table 3.

Table 3. DCS results of DM, AS, PEG, polymers and polymer blends after processing. The
theoretical amounts of AS and DM in the polymer blends are 8 wt-%.

Sample Tg (°C) Tm (2C) Enthalpy (J/g) Tm (2C)
polymer AS/DM
DM - - 262
AS - - 228
PEG 20000 - 64 N/A
P(CL30-LLA70) 23 108 4.6 N/A
P(CL30-LLA70) AS 23 - 219
P(CL30-LLA70) DM 24 - 212
PEG-P(CL30-LLA70) 20 145 23.6 N/A
PEG-P(CL30-LLA70) AS 18 145 25.4 210
PEG-P(CL30-LLA70) DM 21 144 22.4 204
PEG-P(CL30-DLLA70) 35 N/A
PEG-P(CL30-DLLA70) AS 35 223
PEG-P(CL30-DLLA70) DM 37 204
PEG-P(CL15-DLLAS5) 29 N/A
PEG-P(CL15-DLLAS85) AS 31 216
PEG-P(CL15-DLLAS85) DM 31 200

12



TGA analysis showed degradation of polymers above 250°C and DM above 230°C. 2.5% of AS
decomposed already in the range of 90 to 200°C. The low decomposition temperature of AS
most probably affected the decrease of molecular weight of AS-containing polymers during

processing.

In addition to DSC, the blending of active agents with the polymer and amounts of particles
in blends can be evaluated using micro-CT (Figure 2). The active agent particles have been
detected from an area of 3x3x1mm. Particles smaller than 7.6pum are not included in the
micro-CT analysis due to the resolution and accuracy of the analysis method. The active agent
powders contain smaller than 7um particles as evaluated by SEM (Fig S2).Therefore, the
samples may contain also smaller particles than 7.6um or active agents that are dissolved in
the polymer. Qualitatively, DM containing samples have significantly less detected particles
in micro-CT analysis and the particles are smaller compared to particles of AS blends. The
diameter of an AS particle on average is 18um and DM particle 11um. Almost all of the DM
particles are smaller than 50um in diameter. On average, DM samples have only a few
particles larger than 40um in diameter, whereas those of AS have hundreds of particles. In all

of the samples, most of the particles have diameters in the range of 7 to 20um.
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Figure 2. Particle diameter range in blends analyzed with micro-CT. Blends contained a)
4wt-% of DM, b) 4wt-% of AS, c) 8wt-% of DM and d) 8wt-% of AS.

Even though the number of these small particles is significant, their volume fraction is small
as can be seen in the Table 4. Reference polymer P(CL30-LLA70) with dexamethasone is an
exception having larger volume fractions of small particles in both of the blends
(dexamethasone content of 4% and 8%). Since all blends were prepared similarly, it might be

that P(CL30-LLA70) and DM are chemically more compatible with each other and thus part of

the DM is dissolved in the polymer.
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Table 4. Volume fractions of small (<20um) and large (>20um) particles in different
blends. Particle diameter 20um corresponds to volume 4189um3.

AS 4% AS 8% DM 4% DM 8%
large small large small large small large small
P(CL30-LLA70) 96 4 96 4 21 79 34 66
PEG-P(CL30-LLA70) 91 9 97 3 82 18 79 21
PEG-P(CL30-DLLA70) 85 15 86 14 76 24 81 19
PEG-P(CL15-DLLAS5) 78 22 88 12 75 25 80 20

3.3. Pore structure

Pore architectures of the foamed samples were studied with micro-CT. Analysis focused on
determining porosity, amount of open pores, average pore size, wall thickness, surface area
to volume ratio (Table 5) and pore size range (Figure 3). Semi-crystalline PEG-P(CL30-LLA70)
displayed the lowest porosity range of 19-31%, whereas other samples exhibited porosities
in the range of 57-72%. The majority of the pores (>99.9%) were open to the surface, except
PEG-P(CL30-LLA70) having open porosity in the range of 83-95%. Semi-crystalline PEG-P(CL30-

LLA70) had the smallest pore size range of 31-58um.

Figure 3 shows pore size range of different polymer samples containing 8wt-% of DM. Other
polymer and active agent combinations follow the same trend: most of the pores in PEG-
P(CL30-LLA70) are small and there are only a few larger pores, whereas other polymers have

broader pore size range.
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Figure 3. Pore size range of polymer samples containing 8wt-% dexamethasone.

Table 5. Porosity, pore size, wall thickness and area/volume of porous polymer blend samples
containing 4% and 8% of AS and DM.

Sample Porosity (%)
P(CL30-LLA70) AS 4 62
P(CL30-LLA70) AS 8 60

Wall thickness correlates with pore size; polymers with large pores generally have a larger

wall thickness. PEG-P(CL15-DLLA85) has, however, a smaller wall thickness and average pore
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size compared to other polymers. Figure 4 presents porous structures with micro-CT images,

where large AS particles are can be detected as white spots.

Figure 4. 2D uCT-images of porous samples containing ascorbic acid salt (AS) and
dexamethasone (DM). P(CL30-LLA70) a) 4 wt-% AS, b) 8 wt-% AS, c) 4 wt-% DM, d) 8 wt-%
DM; PEG-P(CL30-LLA70) ) 4 wt-% AS f) 8 wt-% AS, g) 4 wt-% DM, h) 8 wt-% DM; PEG-P(CL30-
DLLA70) i) 4 wt-% AS, j) 8 wt-% AS, k) 4 wt-% DM, |) 8 wt-% DM; PEG-P(CL15-DLLA85) m) 4
wt-% AS, h) 8 wt-% AS, o) 4 wt-% DM and p) 8 wt-% DM. Length of scale bar is Imm for
samples a) to |) and 1.5mm for samples m) to p).
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3.4. Hydrophilicity

Generally, a static water contact angle less than 90° is defined as hydrophilic while greater
than 90° as hydrophobic [43]. However, a cutoff angle of 65° is also proposed, which is based
on long-range hydrophobic interactions [44]. Wettability of porous materials is difficult,
especially when the pores are small and material is hydrophobic, and therefore incorporation
of PEG into the copolymer was assumed to increase the hydrophilicity and decrease the
contact angle of the polymers. Table 6 lists the contact angles of dry and wet polymer
samples. As can be seen in the table, immersing the PEG-containing samples into water
decreases the contact angle significantly. Also the contact angle of P(CL30-LLA70) decreases,

but the effect is not so notable.

Table 6. Contact angles of dry (d) and wet (w) materials and number of samples (n).

d(°) w (°) difference (°) ndry nwet
P(CL30-LLA70) 72.3t4.5 67.716.1 4.6 11 14
PEG-P(CL30-LLA70) 72.1+4.1 59.716.0 12.4 8 7
PEG-(PCL30-DLLA70) 68.4+4.5 58.714.6 9.7 9 8
PEG-P(CI15-DLLAS85) 67.7t2.6  60.216.6 7.5 9 8
3.5. Polymer degradation and swelling

The weight of the samples did not change during the first 8 weeks (Figure 5a). After that, the
PEG- containing polymers displayed a significant decrease in weight. Mass loss of PEG-P(CL30-
LLA70) started after 12 weeks, and in the case of the commercial P(CL30-LLA70) after 14
weeks. Figure 5b presents the swelling behavior of solid polymer samples. PEG-P(CL15-
DLLA85) absorbs 5% of water during the first 24 hours and after 9 days already 20%. PEG-
P(CL30-DLLA70) also absorbs water, however the rate is slower. Polymers containing D,L-
lactide swell significantly faster compared to polymers containing L-lactide. P(CL30-LLA70)

swelled less than 2% during 11 weeks, whereas PEG-P(CL30-LLA70) reached 12% swelling.
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Figure 5. a) Sample weight and b) swelling of solid polymer: P(CL30-LLA70) (¢), PEG-P(CL30-
LLA70) (®), PEG-P(CL30-DLLA70) (m) and PEG-P(CL15-DLLASS) (A ).

Figure 6 shows the degradation of solid and porous polymers. Number average molecular
weight (Mn) decreased over 50% already after 2 weeks for PEG-containing polymers. Also the
M of P(CL30-LLA70) decreased relatively fast, 24% in the first two weeks and 36% in 4 weeks.
Since there was no change in specimen weight during the first 8 weeks even though the
number average molecular weight decreased to at least half compared to the initial My, the

polymers underwent bulk degradation.
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Figure 6. a) Remaining number average molecular weight (% of initial My,). Molecular
weight (My) change during hydrolysis for solid and porous samples of b) P(CL30-LLA70)
(®) and PEG-P(CL30-LLA70) (#) and c) PEG-P(CL30-DLLA70) (m) and PEG-P(CL15-DLLAS5)
(A).

3.6. Active agent release

Active agent release profiles are shown in Figure 7 for AS and in Figure 8 for DM. In all cases,
active agent release is faster from porous samples compared to solid samples. Water-soluble
AS (solubility 32g/1000g) releases faster compared to DM having a water solubility of
0.09g/1000g, especially with porous samples, where most of the AS is released within 1 week.
According to the active agent stability study, AS was not stable in the experiment conditions.

The concentration of AS decreased 4.8% during one week, whereas the concentration of DM

did not change.
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Figure 7. AS release from porous and solid a) P(CL30-LLA70), b) PEG-P(CL30-LLA70), c) PEG-
P(CL30-DLLA70) and d) PEG-P(CL15-DLLA85) samples. Difference in time scales is due to
different degradation profiles of the polymers.

Solid and porous AS samples exhibited different release profiles (Figure 7). Porous samples

release AS with a burst. Compared to the commercial reference, AS release is faster from

porous polymers containing PEG probably due to better wettability of the samples. By

comparing Figures 7a and 7b, solid PEG-P(CL30-LLA70) releases AS faster than the reference

P(CL30-LLA70). This might be due to the faster degradation of PEG-P(CL30-LLA70).

The drug release study was continued for 11 to 12 weeks for PEG-containing samples and 20

weeks for commercial polymer P(CL30-LLA70). Since all solid PEG-containing polymers and

especially DL-containing polymers swell in water, AS might degrade inside polymer samples

before releasing into the buffer solution; therefore 100 % release was not attained.
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Figure 8. Cumulative DM release (% of max) from porous (p) and solid polymer samples. a)
P(CL30-LLA70), b) PEG-P(CL30-LLA70), c) PEG-P(CL30-DLLA70) and d) PEG-P(CL15-DLLAS85).
There is a different time scale in the graphs due to the different degradation profiles of
polymers.

DM release was slower (Figure 8), most probably due to the low water solubility of the
molecule, and burst effects seen with porous AS samples were not present. P(CL70-LLA30)
and PEG-P(CL30-LLA70) had similar release profiles from porous samples. However, release
from solid samples was slower for P(CL30-LLA70), reaching only 27% of the maximum (DM8
samples). Lower release rate from P(CL30-LLA70) is a consequence of the slower degradation

of the polymer.

Porous and solid specimens containing D,L-lactide displayed a lag period in the beginning of
the dissolution time. The release started to be notable after 5 weeks. After 4 weeks, the
molecular mass had decreased already to 9% of the initial molecular mass for PEG-P(CL15-
DLLAS85) and to 22% for PEG-P(CL30-DLLA70). Therefore, it is suggested that for D,L-lactide

containing samples, DM release was initiated also by degradation of the polymer.
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4. DISCUSSION

This study presented the strong effect of polymer morphology on the foaming process, since
using the same foaming procedure on all polymers, the amorphous polymers (P(CL30-LLA70),
PEG-P(CL30-DLLA70) and PEG-P(CL15-DLLA85) had a significantly higher level porosity (range
57-72% as combined) and interconnectivity (>99%) than the semi-crystalline (PEG-P(CL30-
LLA70)) (19-31% and 83-95%) respectively, despite the active agent concentration or type.
This type of material behavior during processing due to crystallinity has been previously
reported with pure polymers [31,45]. The semi-crystalline polymers have been shown to be
more difficult to foam compared to amorphous ones [32] and it has been hypothesized that
the pores grow specifically on the amorphous regions of the polymer [46]. However,
crystalline domains within the polymers may lead to increased pore nucleation rate and pore
density during the foaming process and result in a finer pore morphology [47]. The previous
research supports findings in this study, as the semi-crystalline polymer reached lower
porosity compared to the amorphous ones. If processing is conducted below the melting
temperature of crystals, the crystallinity should be low enough to allow effective pore
formation [46]. To further improve the porous architecture of semi-crystalline polymer PEG-
P(CL30-LLA70), the foaming process could be changed. Modification of processing conditions,
especially using processing temperature higher than the melting point of crystals and
selecting suitable cooling rate or using co-solvent, have been shown to influence significantly
on the porogenization of crystalline polymers [32]. Previously, the porosity of scCO, foamed
biodegradable polymers has been reported to be in the range from 40% to 85%, pore size
from 10 to 650um, and several studies report interconnected porosity [31,32,38,45,48,49]. In

many cases the interconnectivity between the pores has, however, been evaluated only with
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SEM. The porosity and pore size of foamed polymers prepared in this study are in the same

range and the pores were highly interconnected.

Generally with polymer drug blends, the change in a polymer’s glass transition temperature
can indicate interaction of active agent with the polymer matrix. According to the DSC
measurements, DM and AS did not significantly change the glass transition temperatures of
polymers, which indicates that the drug particles do not interact with the polymer. In
addition, the clear melting peaks of the active agents in the polymer blends supported this
observation indicating that both active agents are dispersed in the polymer matrix. However,
as the active agent particles could also be detected by micro-CT and the sizes of the particles
and average wall thicknesses can be compared easily, it can be noticed that the walls are thin
(mean thickness from 48um up to 99um) compared to large (diameter over 100um) AS
particles. Therefore, part of the AS particles can be exposed to the buffer solution directly
while most of the particles are embedded in the polymer matrix. The DM particles are notably
smaller; most of them having a diameter less than 50um, and thus are likely to be covered
with polymer. Therefore, the DM particles are less affected by the buffer solution in the

porous polymer structures.

The drug release from scCO, foamed polymers has been studied previously with PCL and
PMMA-PLA [35,36,39]. Previously, water soluble drugs have shown burst release and
insoluble drug slower release from scCO, foamed PCL samples [35,36]. In this study, the burst
release of water-soluble active agents was also present as well as more prolonged release of
less water-soluble dexamethasone. However, scaffolds having low porosity and small average
pore size did not have the slowest release rate as previously presented by Salerno et al. [35].

Moreover, amongst porous samples, the pore size and porosity did not seem to have an effect
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on release, even though active agent release rate was significantly higher in porous samples
compared to solid ones. Therefore, the chemical composition of polymer, which affects the
wettability and degradation of the polymer samples, might be a more significant factor in the

release than the pore architecture.

Swelling and faster degradation have been shown to result in higher ibuprofen release rate
from PMMA-PLA blends [39]. In this study, swelling and faster degrading polymers PEG-
P(CL30-DLLA70) and PEG-P(CL15-DLLAS85) released AS faster from porous samples compared
to P(CL30-LLA70) and PEG-P(CL30-LLA70) which degraded slower and did not swell. The
incorporation of PEG into the backbone of the polymer increased the release rate of AS, most

probably due to the better wettability of porous samples.

Solid polymer samples did not reach 100% release of AS unlike porous ones. The reason might
be that the AS degraded in the aqueous environment and even though it was inside the solid
polymer samples, there were some moisture present. In particular, D,L-lactide containing
polymers swelled in buffer solution and did not release high amounts of AS. Therefore,
according to this study, AS would be more suitable for short drug release periods or used with

polymers that do not swell due to its relatively fast degradation in water.

The amounts of DM and ascorbic acid 2-phosphate used in osteogenic differentiation media
have been in the range of 10nM (3.92ng/ml) to 100nM (39.2ng/ml) and 10nM (3.2ng/ml) to
0.25mM (80.5mg/ml), respectively [13,50-52]. For porous P(CL30-LLA70) and PEG-P(CL30-
LLA70) scaffolds the dexamethasone concentration was between 1-10ug/ml. Porous PEG-
P(CL30-DLLA70) and PEG-P(CL15-DLLA85) had slightly lower concentrations during the first 4-
5 weeks (0.2-1.4pg/ml) and higher (1.2-25ug/ml) in the end. The concentration of DM is

significantly higher compared to amounts used in cell cultures and lower amounts of DM
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would most probably be enough. The solubility of DM in water is 90ug/ml. Therefore, the
release was not controlled by the solubility of DM. In this study, AS was released by burst
from the polymers. Thus, its concentration was higher in the beginning (weeks 1-2) 6-85ug/ml
and lower in the end (0.2-2.5ug/ml). Depending on the actual optimal dose of AS, the
concentration is in the range of the effective level. It is, however, significantly lower compared
to the highest amounts of ascorbic acid 2-phosphate used in osteogenic differentiation media
[13,50]. Incorporation of both dexamethasone and ascorbate-2-phosphate in porous PLGA
scaffolds has been shown to increase the mesenchymal stem cell osteogenesis in vitro [14].
Usually, both of the agents have been used in osteogenic differentiation media [13,51,52];

therefore, it would be beneficial to incorporate both of the agents into the scaffolds.

5. CONCLUSION

Four co-polymers of poly(ethylene glycol), e-caprolactone, L-lactide and D,L-lactide were
blended with two bone regeneration enhancing active agents; 2-phospho-L-ascorbic acid
trisodium salt (AS) and dexamethasone (DM). Blends were foamed with scCO; resulting in
amorphous polymers with high interconnectivity and porosity range of 57-72%, and semi-
crystalline polymer with lower interconnectivity and porosity, as analyzed by puCT.

Concentration or type of the active agent did not affect the porous architecture.

Water-soluble AS released through diffusion with burst, whereas DM released during several
weeks by polymer degradation. Porosity accelerated the drug release of AS significantly and
DM slightly compared to solid samples. The polymer and drug compositions were the most
significant factors in the drug release. The most promising combinations for active agent

release are porous DM containing P(CL30-LLA70) and PEG-P(CL30-LLA70). The release with
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these combinations is controlled and especially porous samples showed near zero order

release kinetics up to 18-20 weeks.
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