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Porous methacrylate tissue engineering scaffolds:
using carbon dioxide to control porosity
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Porous scaffold structures are used in tissue engineering to provide structural guidance for
regenerating tissues. The use of carbon dioxide (CO,) to create such scaffolds has received
some attention in the past but many researchers believe that although CO, processing of
polymers can lead to porous scaffolds there is limited interconnectivity between the pores. In
this study, highly porous (greater than 85%) and well interconnected scaffolds were obtained in
which the size, distribution and number of pores could be controlled. This control was achieved

by altering the rate of venting from polymer discs saturated with CO, under modest
temperature and pressure. The polymer used is a blend of poly (ethyl methacrylate) and
tetrahydrofurfuryl methacrylate (PEMA/THFMA). This polymer system has shown promise for
potential applications in cartilage repair. © 2006 Springer Science + Business Media, Inc.

Introduction

Scaffolds are three-dimensional structures that are used
in tissue engineering studies to aid growth and differ-
entiation of cells. The manufacture of porous polymer
scaffolds has been achieved using a number of novel tech-
nologies (for review see [1]). However the use of organic
solvents is commonplace in these methods and often re-
sults in solvent residues remaining post-processing. Such
residues are then capable of leaching out from scaffolds
and damaging cells and nearby tissues. Because scaffolds
should be non-mutagenic, non-carcinogenic, non-toxic
and non-teratogenic there is much interest in solvent-free
methods of processing [2]. Solvent free methods include;
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mechanical stretching, fibre extrusion and bonding, tem-
plate synthesis, phase separation and the use of gases as
porogens [3].

An example of a gas that has been previously used as
a porogen is carbon dioxide (CO,). Above a critical tem-
perature (7. =31.1°C) and pressure (P, = 73.8 bar) CO,
demonstrates both gas and liquid properties and it is the
unique properties of supercritical carbon dioxide (scCO,)
that allow the gas to be used as a processing medium
for the production of either fine particles or to function
as a porogen in the production of porous foams [4-8].
The polymers, poly (methyl methacrylate), polystyrene,
polycarbonate poly (ethylene terepthalate) and more
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recently the biomedical polymers poly(D,L-lactide)
(PLA) and poly(D,L-lactide-co-glycolide) (PLGA) have
all been foamed using scCO, [1, 7-12].

Many researchers working with CO, believe that the
processing results in the formation of highly porous
scaffolds but with limited connectivity between pores
[2, 3,9, 13]. More recently it has been demonstrated that
pore architecture can be affected by altering the parame-
ters that control pore generation. The controlling variables
are temperature, pressure and rate of venting [10, 14-16].
The effect of vent rate on a non-degradable polymer
system consisting of poly(ethyl methacrylate)/tetrahydro-
furfuryl methacrylate (PEMA/THFMA) is the subject of
this study. The PEMA/THFMA polymer system is a room
temperature polymerising blend consisting of a polymer
powder (PEMA) to which liquid monomer (THFMA)
is added (Fig. 1). Unreacted residual benzoyl perox-
ide (BPO) present in the PEMA initiates the reaction.
However for this to occur a co-initiator dimethyl-para-
toluidene; (DMPT) must be present to initiate the decom-
position of BPO to peroxide radicals.

Non-porous PEMA/THFMA has previously been in-
vestigated as a cartilage repair material both in vivo and
in vitro [17-22]. In vitro studies have demonstrated that
the material can support bovine chondrocyte growth and
differentiation. In vivo studies have demonstrated that rab-
bit osteochondral defects were filled with dense cartilage-
nous tissue when this material was placed in the defect.
Initial studies of the foamed PEMA/THFMA have further
demonstrated that chondrocyte growth and differentia-
tion was increased with respect to the unfoamed material
[23]. Studies on the surface chemistry of PEMA/THFMA
demonstrate that the material appears to present adsorbed
fibronectin in a more favourable conformation to support
cell adhesion when compared to other polymers [24].

The purpose of this study is to investigate how changes
in the processing by scCO, can affect porosity, pore
size, pore interconnectivity and mechanical properties
of porous scaffolds. The ultimate aim is to construct
PEMA/THFMA polymer scaffolds that have optimum
porosity, pore size and pore interconnectivity for tissue
engineering purposes.
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Figure 1 Structures of poly(ethyl methacrylate) (fop) and the monomer
tetrahydrofurfuryl methacrylate (bottom).
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Experimental

Preparation of the PEMA/THFMA discs
PEMA/THFMA polymer discs were made by mixing
PEMA powder (5 g, Bonar Polymers Ltd, Newton
Aycliffe, UK) and THFMA, monomer liquid (3 ml,
Rohm Chemie, Darmstadt, Germany). N,N-dimethyl-p-
toluidine (DMPT) was added, (2.5% v/v) to effect poly-
merisation. This mixture was placed in a custom fabri-
cated PTFE mould and was left overnight to polymerise,
producing discs 10 mm in diameter and 10 mm thickness.

Foaming was achieved as follows. Discs were placed
into a 10 ml Thar extraction vessel and saturated with
CO,; at 1470 psi (100 bar) at 40°C for a period of 8 h.
Following this exposure, the scCO, was vented over 30 s,
15 or 60 min. Control of the venting rate was maintained
by a backpressure regulator (Jasco UK, Model BPR-1580-
81).

The foamed discs were removed from the vessel and
cut to produce discs 10 mm in diameter and 3 mm in
thickness. Pore size, percentage porous material and in-
terconnectivity of pores were determined using scanning
electron microscopy (SEM), mercury intrusion porosime-
try, helium pycnometry and micro-computed tomography
(micro-CT) respectively.

Sem

The cellular morphologies of the foamed samples were in-
vestigated using a Philips XL-30 SEM. The samples were
freeze fractured in liquid nitrogen and sputter coated with
gold at an Argon pressure of 13 Pa for 3 min at a current
rate of 14 mA. The diameter (across the mouth of the
pores) was determined using standard XL-30 software.
Pores were counted randomly beginning at the centre and
travelling set distances from this point. A minimum sam-
ple size of 100 was counted. Histograms of the frequency
of each diameter were constructed to determine the pore
size distribution and the mean pore diameter. The pore
nucleation densities were determined using Equation 1
[14].

(N) = ((pu/py) — 1)/TID? /6 (1)

Where N is the pore density, o, and oy are the densities of
the unfoamed and foamed materials and D? is the mean
pore diameter.

Mercury porosimetry

The pore size distribution and the average pore size were
calculated using mercury porosimetry (Micromeritics Ac-
cupore IV) at pressures ranging from 0-25 psi. Mercury
porosimetry was also employed to calculate the perme-
ability of the material using the manufacturers’ software.

Helium pycnometry

Helium pycnometry employs Archimedes’ principle of
fluid displacement to calculate density. A Micromerit-
ics AccuPyc 1330 Pycnometer was used to calculate the



density of the foams (0pycnometry) and the absolute density
of the unfoamed PEMA/THFMA (0unfoamed)-

The total (Equation 2) and the closed (Equation 3)
porosity of the material, was calculated using published
formulae [13, 25]. These formulae relate the porosity (P)
to the densities (o) of the foamed material.

Gross measurements and weight were used to cal-
culate the geometric density pgeometric- Lgeometric = M/V,
where m is the mass and v is the volume of the foamed
PEMA/THFMA disc. The volume of the discs was cal-
culated using the equation v = 77?h where 7 is the radius
of the disc and h is the height. The mean disc height
and diameter were measured using standard engineering
calipers (Mitutoyo UK Ltd.).

Etotal = (1 - (pgeometric/ punfoamed)) x 100 (2)
Etoral = (1 — (ppycnomctry/ Punfoamed)) X 100 3)

Microarchitectural analysis

Briefly, a micro-CT system puCT 40 (Scanco Medical,
Bassersdorf, Switzerland) was used to non-destructively
image and quantify the 3D microstructural morphol-
ogy and anisotropy of each sample [26]. Samples were
scanned at 20 um voxel resolution with an integration
time of 120 ms to produce 3D reconstructed images. From
these images, structural indices were calculated using 3D
algorithms that do not rely on model-assumptions of the
local microstructure [27, 28]. In addition to overall poros-
ity, the average pore size in each scaffold was calculated
as the mean diameter of maximally-sized spheres fitting
within the pore spaces.

Compressive strength and modulus

Mechanical data were obtained through compression test-
ing using a Lloyd tensile testing machine (Model M30 K).
Scaffolds were analysed as prepared and variations in di-
ameter, depth and weight noted. A minimum of six scaf-
folds was tested at a cross head speed of 1 mm/s and
extension of 20 mm. A full scale load of 3 KN was used
for the scaffolds. Load extension graphs were obtained
during testing and converted to stress strain curves apply-
ing Equations 4 and 5.

Stress =0 = F/A 4
Strain = ¢ = AL/L (5)

Where F is the applied force, A is the cross sectional area,
AL is the change in length and L is the original length.

Results and discussion

The main aim of this study was to create porous
PEMA/THFMA foams that could be employed as tis-
sue engineering scaffolds. In order for these foams to be

L]

7 (TTTTTITRARERRRS

Disc in scCO;, for 8 hours

-

During venting

11T

* Venting finished

g1

Foaming occurs /

Figure 2 The in-situ foaming of PEMA/THFMA. The photographs are
taken through a high pressure vessel sapphire window. The polymer remains
structurally unchanged until nearly all the carbon dioxide gas has been
vented and then the polymer foams. In these images the internal diameter
of the vessel has been restricted by the incorporation of a graduated scale
(mm markings).
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utilized as scaffolds they would have to satisfy a num-
ber of structural criteria that govern the suitability of a
scaffold as a tissue engineering device. These include
adequate porosity, pore size, pore interconnectivity, me-
chanical properties, and a surface chemistry that permits
cell attachment, proliferation and differentiation.

ScCO;, foaming of polymers takes place when the poly-
mer becomes saturated with CO, gas at a given tem-
perature. This causes a depression in the glass transi-
tion (T,) and plasticization of the polymer. The solubil-
ity of the gas in the polymer is decreased as CO, pres-
sure is released whilst maintaining constant temperature
(isothermal). Two physical events occur to give rise to
the polymeric foams. The first is the sudden reduction
in pressure leading to the generation of nuclei (or bub-
bles). These nuclei grow to form the pores in the foam.
The porous structures then become fixed by the second
event, the rise in T, as the plasticization effect is lost.
When the T, rises above the processing temperature, the
pores can grow no further and are “locked in” [9, 14, 29,
30].

When the polymer is plasticized, nucleation is usually
accompanied by and competes with diffusion of gas into
pores. This diffusion of gas into the pores results in pore
growth. If the venting rate is fast, then nucleation is rapid
and the number of nucleation sites large. Pores will de-
velop so fast that the diffusion effects will be negligible
and the resultant structure will have a homogeneous or
uniform pore size distribution. On the other hand, if nu-
cleation is very slow, the pores nucleated first will be
significantly larger than others due to greater diffusion
of gas to those pores from the surrounding matrix, and
the resultant structure will have wide pore size dispersity
[31].

In this study the foaming of the PEMA/THFMA discs
changed their appearance from glassy and opaque to
larger discs that were white in appearance (Fig. 2). The
sequence of photographs demonstrates the foaming of
PEMA/THFMA is different to the foaming of biodegrad-
able polyesters described elsewhere [9, 32]. The foaming
of PLA and PLGA takes place after the polymer liquefies
in CO, to form a polymer/gas solution [32]. By contrast,
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the PEMA/THFMA, remains structurally intact until al-
most all the gas has been released from the vessel and
then the polymer foams.

A relationship between exposure time and the degree of
foaming was observed. This degree of foaming has been
quantified using a term previously described by Nikitin
[33]. The term is identified in this study as the foaming
factor (FF) and was calculated using Equation 6, where
V/ is the volume of the foamed discs and Vj is the volume
of the unfoamed disc.

V=W
=

FF (6)

The relationship between FF and exposure time (Fig. 3)
demonstrates that FF rises quite steeply and then begins
to level off at about the 8 h mark. This upper limit was not
due to the material, but was a restriction imposed by the
vessel. Using a high pressure vessel with a larger volume
(60 ml), it was demonstrated that the discs were capable
of further expansion (Fig. 3).

As there is already a wealth of research into foaming in
relation to changes in temperature and pressure, this study
has focussed solely on the manipulation of CO, release
as the method of controlling the scaffold characteristics.
Increasing the pressure increases the number of nucle-
ation sites [14] whereas controlling the vent rate allows
the nucleation sites to grow into pores while also allow-
ing the pores to coalesce, thereby altering pore size and
interconnectivity. Representative electron micrographs of
the foams made by the different venting rates are shown
in Fig. 4a—c. Clear differences in the average pore size,
pore density (the number of pores per cm®) and pore size
distribution can be determined reproducibly for each set
of processing conditions (Table I). In the 30 s vent, nu-
cleation occurs rapidly resulting in small pores ranging
from ca. 10-350 pm with a narrow distribution (>75% of
the pores were within 50-150 pm). In the slower 15 and
60 min vents the pores are allowed to grow and to merge
into each other, creating large pores with very broad dis-
tributions; in the range 20—1700 pwm. For the 15 min vents
most of the pores (i.e. >75%) lie in the range 150-650 pm.
By contrast, when vented over 60 min most pores (>75%)

= 10 ml Thar Cell
= 60 ml Autoclave

T
0 4 8 12

T
16

20 24

Time in scCO, (hours)

Figure 3 The relationship between foaming factor (FF) and the length of exposure to scCO;. The solid line demonstrates the FF in the 10 ml high pressure
vessel. While the dotted line shows the FF in a vessel with a much larger volume in which the swelling was unrestricted.
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Figure 4 Electron micrographs of PEMA/THFMA that have been exposed
to scCO; for 8 h @ 100 bar/40°C. The samples have been vented at different
rates leading to controlled differences in pore sizes (a) fast vent (30 s)
showing small pores of the order of 100 yum. (b) Intermediate vent (15 min)
showing pores in the region of 350 xm. (c) Slow vent (60 min) showing a
mixture of very large and small pores.

lie within 200900 pm. All samples were highly porous
with bifurcations into adjacent pores visible. The 60 min
vented samples proved most difficult to analyse due to
damage to the weak cellular structure in the preparation
for SEM.

Pore diameters calculated by micro-CT analysis (Fig. 3,
Table I) correlated well with those obtained by SEM
but, values obtained by porosimetry were significantly
smaller (Table I). There are a number of reasons that may

explain this observation; (1) it is quite common to use
assumed contact angles for mercury porosimetry and this
may lead to errors, (2) to make the measurements the
porosimeter compresses the mercury into the porous ma-
terial this can lead to compression or even damage of the
overall structure and (3) in order to access a certain pore,
the mercury may need to be forced through a pore opening
smaller than the pore diameter. In this case the diameter
calculated will be attributed to the pores aperture rather
than the pore smaller diameters [34]. Despite the reported
differences in pore diameter, both porosimetry and SEM
demonstrate that there is clearly an increase in pore size
and a significant broadening of the pore distribution as the
vent time increases.

Different tissues appear to have different requirements
for optimal pore sizes. For fibroblasts and hepatocytes op-
timum pore sizes of between 20 and 125 pum have been
suggested [35] whereas for skin regeneration a range of
100-250 um has been recommended. For bone regener-
ation pore sizes in the range 200400 pm are believed to
provide the most favourable curvature for optimum com-
pression and tension on cell mechanoreceptors [36]. Thus
the ability to tailor a scaffold to a particular pore diame-
ter as shown by changing the vent time will increase the
potential range of potential uses for a particular scaffold.
Another important factor in determining the suitability of
a scaffold is the pore aperture. Ultimately this will impact
upon cell and tissue ingress into the scaffold thus mercury
porosimetry may provide valuable information here.

The porosity of a scaffold is the fraction of the bulk
volume of the porous sample that is occupied by void
space. This void space can be connected to other pores
or can be closed [37]. Scaffolds require a porosity of at
least 70% and this porosity should be highly intercon-
nected to aid in the delivery of cell nutrients and removal
of metabolic waste as well as aid in tissue in-growth. The
porous PEMA/THFMA scaffolds that have been gener-
ated in this study were found to have total porosities
(etota1) greater than 80% and this increased with longer
venting times (range 81-90% as determined by densities
(Table II). The effective or open porosity (£open) also var-
ied with venting time ranging from 58% to greater than
70% as the venting time increased (Table II). The total
porosity and open porosity increased rapidly reaching a
plateau at the 15 min vent, beyond which any increase in
venting time did not significantly alter the open porosity.
The increases in open porosity described here may be at-
tributable to the foams becoming fixed or “locked in” at
the point at which coalescence of the pores occurs.

A relationship was also observed between the open
porosity and permeability (Fig. 6). Permeability is the
ability of a fluid under pressure to flow through a
porous material. Clearly, fluid flow through a scaffold
will be important to its function and permeability has
been investigated recently as a method of assessing pore
inter- connectivity in bone [38—40] and polymeric scaf-
folds [41]. The relationship between open porosity and
permeability observed in this study of PEMA/THFMA
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TABLE 1.

Changes in the foaming characteristics as measured by foaming factor (FF), mean pore diameter and pore density (number of pores per

cm?), corresponding to changes in venting rate. Mean pore diameters as determined by electron microscopy (SEM), micro-computed tomography (uCT)
and mercury intrusion porosimetry. SEM and pCT returned similar values whereas porosimetry calculated the pore sizes to be significantly smaller. Where

relevant the results are presented as mean + std deviatio

Processing conditions; 8 h @ 100 Bar/ 40°C

30 s vent 15 min vent 60 min vent
Foaming factor
(Vr = Vo/Vo) 43+0.7 6.5+0.8 74+0.6
Pore diameter (um)
SEM 97 350 450
nCT 140 400 650
Porosimetry 35 120 175

Pore density (pores/cm?) 95.7 x 10° + 14.5 x 10°

2.21x10°+£0.24 x 10° 1.42 x 10° £0.13 x 10°

Figure 5 Micro-CT images of a) the 30 s and b) 60 min vented scaffolds. These images correspond with columns 2 and 4 in Table I. Changes in porosity,

pore size and interconnectivity are clearly visible from the images.

scaffolds was found to be similar to those previously
observed for bone [42]. Permeability values in the cur-
rent study were in the range 7.3-21.5 x 107 m? and
compare well with were those previously observed in
calcaneal trabecular bone (0.4—11 x 10~ m?) and hu-
man proximal tibia (3-16 x 10~° m?) [38—40]. The lack
of a linear relationship between open porosity and per-
meability in this study (Fig. 6) does suggest that there
are other factors in addition to porosity to be considered
such as pore size, connectivity of pores and the tortuous
path taken by fluid (tortuosity) within the scaffold. Oth-
ers have suggested that permeability is a specific property
of macroporous materials and is independent of sample
size and fluid used [41]. They have also suggested that
since there is a threshold for cell ingrowth; i.e. no tissue
grows in pores smaller than 5 wm, “further studies should
take place to determine if a threshold for permeability
exists” [41].

TABLE II.

The mechanical properties corresponding to each of
the vent times were also assessed. The compressive yield
point is the point at which the stress and strain are no
longer linear. It marks the onset of plastic deformation
in the polymer. The compressive yields for the scaffolds
were found to decrease at longer vent times i.e the scaf-
folds were became weaker (Table II).

Pore modelling has identified that a reciprocal relation-
ship exists between mechanical strength and pore diame-
ter and porosity [43]. In other polymeric scaffolds com-
pressive strengths in excess of 5 MPa have been produced
[44]. However the porosity of such material was relatively
low at 28.5%. By contrast a technique that combines CO,
foaming and salt leaching produced 95% porous PLGA
scaffolds with compressive moduli of 289 & 25 kPa [13].
The scaffolds produced in this study have markedly higher
compressive moduli, at only slightly lower porosity levels
(Table II).

The densities calculated using gravimetry and pycnometry and the porosities calculated using the densities. The density of unfoamed

PEMA/THFMA 1.12 g/cm? measured by pycnometry. The compressive strengths obtained using uniaxial compression testing of the materials are presented

in the last column. Results are presented as mean or mean + std dev

Density (g/cm3) Porosity (%)
Geometric Pycnometry Total Closed Open Comp. Strength (MPa)
30 s vent 0.1921 0.8335 81.7+£29 2434135 57.34+13.5 2.67+0.38
15 min vent 0.1408 1.0592 87.4+£12 10.3+10.5 79.0+9.5 1.5+0.6
60 min vent 0.1285 0.9173 88.5+1.0 14.6+9.8 73.5+£9.0 0.55+0.27
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Figure 6 Relative permeability versus the open porosity for PEMA/
THFMA scaffolds. As the porosity of the scaffold increases the perme-
ability of the scaffold to fluid flow also increases.

Conclusion

This study described the preparation of scaffolds from a
material that has previously shown potential to aid car-
tilage repair. A combination of techniques was applied
to determine the key characteristics of the scaffolds pro-
duced. SEM and micro-CT images have been used to
obtain the scaffold pore size and pore size distribution.
Additionally micro-CT and gravimetric techniques can
be used to measure the total porosities and the intercon-
nectivity can then be assessed by pycnometry. Mercury
intrusion porosimetry (MIP) has generally been regarded
as an unsuitable method for scaffold characterisation and
the porosity and pores size distribution did not corre-
late well with SEM and micro-CT. However MIP can
be used effectively to measure pore apertures and the
permeability of the scaffolds, thus allowing investiga-
tion of the relationship between permeability and pore
connectivity.

This study has also demonstrated that scCO, processing
of the PEMA/THFMA polymer offers a route to creating
highly interconnected porous structures in which the size,
distribution and number of pores can be controlled by ma-
nipulation of the rate of depressurisation. There is how-
ever an upper limit to these changes in pore architecture
beyond which no further benefit can be seen. When this
limit is exceeded the pore sizes and mechanical strengths
make them unsuitable for use as scaffolds. Future stud-
ies will focus upon cell culture and applications to tissue
engineering.
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