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Fabrication of polymeric scaffolds
with a controlled distribution of pores
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The design of tissue engineering scaffolds must take into account many factors including
successful vascularisation and the growth of cells. Research has looked at refining scaffold
architecture to promote more directed growth of tissues through well-defined anisotropy in
the pore structure. In many cases it is also desirable to incorporate therapeutic ingredients,
such as growth factors, into the scaffold so that their release occurs as the scaffold
degrades. Therefore, scaffold fabrication techniques must be found to precisely control, not
only the overall porosity of scaffolds, but also the pore size, shape and spatial distribution.
This work describes the use of a regularly shaped porogen, sugar spheres, to
manufacture polymeric scaffolds. Results show that pre-assembling the spheres created
scaffolds with a constant porosity of 60%, but with varying pores sizes from 200-800 um,
leading to a variation in the surface area and likely degradation rate of the scaffolds.
Employing different polymer impregnation techniques tailored the number of pores present

with a diameter of less than 100 um to suit different functions, and altering the packing
structure of the sugar spheres created scaffolds with novel layered porosity. Replacing
sugar spheres with sugar strands formed scaffolds with pores aligned in one direction.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

Tissue engineering can be defined as the regeneration
of tissues and the restoration of functions of organs
through the implantation of cells grown on an appro-
priate scaffold [1]. To this end, biodegradable tissue
engineering scaffolds have to fulfil several functions.
They must be designed in such a way as to encourage
the growth of the cells. Once implanted, the scaffold
must have the correct mechanical properties to match
the missing tissue, and the scaffold material must then
degrade in such a way as to transfer the forces to the
growing tissue gradually over time.

As the primary function of the scaffold is to sup-
port the growing tissue, it must allow cell migration,
attachment and proliferation. To satisfy these functions
it must have a high porosity, high surface area and a spe-
cific three-dimensional shape, which can be tailored to
suit the requirements of different types of tissue [2, 3].

There has been much research into the morphological
design of scaffolds to promote cellular growth. Several
factors are important including the pore shape and size,
as well as their interconnectivity and spatial distribu-
tion through the scaffold. The scaffold architecture is
crucial in allowing vascularisation and the supply of
nutrients to the developing tissue. Studies have shown
that pores in the region of 200 pm are required for this
purpose, and that cells prefer pores with a diameter of,
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on average, less than 100 pum to settle and spread [4].

There are many different methods for manufacturing
scaffolds, and the chosen technique is usually depen-
dent on the properties of the material being used. Tra-
ditional methods for the formation of polymeric struc-
tures include the use of phase separation techniques
[5, 6], particulate leaching [7, 8] and gas/CO, foam-
ing [9-12], along with techniques for the fabrication of
polymer-ceramic composites [13]. Recent research has
looked at the use of alternative methods such as emul-
sion templating [14, 15] and solid free-forming [16, 17].
There are advantages to many of these methods such
as ease of manufacture [5, 6, 9—12] and high porosity
[7, 8], however, there are also several disadvantages, as
many of these techniques use solvents [5-8, 14—17] and
allow only limited control over porosity [5—12], in par-
ticular several of the methods produce non-connected
pore structures. Solid freeform techniques allow good
control over the structure of the finished scaffold, how-
ever the size of features in the scaffold has a lower limit
determined by the resolution of the printing technique
[16, 17].

A further consideration is the incorporation of active
molecules into the scaffold. In this way, drugs could
be administered locally to the defect region. To im-
prove the efficacy of this process the scaffold should
be tailored to give a sustained release and a predictable
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therapeutic response. Recent efforts have been focussed
on the use of growth factors to induce and maintain
differentiated cell function [18]. Scaffold fabrication
techniques that use high temperatures or pressures may
cause denaturing of these proteins and exclude their
incorporation. Furthermore, the total porosity and av-
erage pore size have been shown to have a significant
effect on the scaffold degradation rate and consequently
on the release of the active molecules [19, 20].

This work describes a technique for the fabrication
of polymeric scaffolds using a traditional solid porogen
technique. The method builds on previous research by
employing a regularly shaped porogen, pre-assembled
into a chosen architecture. The larger pores in the fi-
nal scaffold are directly determined by the spatial dis-
tribution of the porogen particles and the amount of
uncontrolled porosity, with smaller pore sizes, can be
tailored by changing the method of polymer impregna-
tion to suit varied functions. The method allows good
control over the scaffold morphology and the porogen
pre-assembly techniques can be used to create a fully 3-
dimensionally connected pore network, layered poros-
ity or highly directional cylindrical pores in the final
structure.

2. Materials
Commercial sugar spheres were kindly given by NP
Pharm, France and were supplied in pre-sieved sets of
five different size ranges, 200-300 pm, 355-500 pum,
500-650 pm, 650-710 pwm and 710-850 pum. (greater
than 92% of the spheres lie within the size range stated.)
The sugar spheres consisted of a sucrose core sur-
rounded by a native maize starch coating.
Polyglycolide (PGLA) was obtained from Alkermes,
USA and a solution was made by adding 1 g of PGLA to
10 ml of acetone (obtained from Fisher Scientific, UK).
A two-part epoxy resin system, SpeciFix-20, was ob-
tained from Struers, Germany and made up as per in-
structions, 7 parts resin to 1 part curing agent by weight.

3. Fabrication methods
3.1. Method 1
3.1.1. Fabrication of random packed sugar
sphere compacts
Disc-shaped moulds were made from aluminium, the
hole having diameter 15 mm and depth 5 mm. The
moulds had no base and were placed on PTFE release
film during the filling and drying stages of the manufac-
turing process. This mould design allowed the finished
compacts to be pushed out easily from the moulds. To
form the random compact, the sugar spheres were first
spread over the bottom of a glass petri dish and sprayed
with distilled water until their surfaces became moist
and they started to clump together. This was due to
the capillary forces between the spheres. The moist-
ened spheres were then packed into the circular moulds
and pushed down firmly with a flat-faced spatula, to
create a relatively flat upper surface and to aid join-
ing of the spheres at their contact points. The compacts
were dried at room temperature for 24 h. During the
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Figure 1 Scanning electron microscopy images of the fused region be-
tween two sugar spheres caused by recrystallisation of the sucrose.

drying process a bridge between the spheres is formed
(Fig. 1) due to recrystallisation of dissolved sucrose as
the water evaporates, creating an interconnected sphere
network.

3.1.2. Solution infiltration of polymer

To create one set of scaffolds, the sugar sphere com-
pacts were impregnated with PGLA solution. The com-
pacts were left in their moulds and placed in the bottom
of plastic mounting cups only slightly larger than the
moulds. These were placed in a chamber and evacu-
ated (to a pressure of 200 mbar) to remove air from
the sugar sphere compacts. The polymer solution was
then infiltrated under a lower vacuum (pressure of
400 mbar), as the higher level of vacuum used pre-
viously caused the acetone to boil. After this step the
scaffolds were maintained in a low vacuum for an hour
to remove any air bubbles from the polymer solution.
They were then left in a fume cupboard overnight to al-
low the acetone to fully evaporate. Once solidified, the
scaffolds were removed from their moulds and placed
into a beaker of water, stirred with a magnetic stir-
rer, for less than 12 h to wash out the sugar. Both
this washing step, and subsequent dying, did not take
long enough for any significant PGLA degradation to
occur.

3.1.3. Resin impregnation

A second set of scaffolds was fabricated using a
similar method, except an epoxy resin system was
used in place of the PGLA solution. For this sys-
tem the resin was infiltrated under the higher vacuum,
as solvent evaporation was not a problem. Once set,
the scaffolds were removed from their moulds and
placed into a beaker of water to remove the sugar,
as described earlier. The epoxy resin system itself
is not biocompatible, however it provides a model
system with which to demonstrate the application of
this technique to reaction setting polymers. It is used
to investigate the morphological differences between
these scaffolds and those formed from a polymer
solution.
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Figure 2 Lateral capillary force between immersed spheres.

3.2. Method 2
3.2.1. Fabrication of single layers of
close-packed spheres
Two-dimensional arrangements of spheres can be
formed in liquid layers by the capillary attraction be-
tween them (Fig. 2). The lateral capillary forces are
caused by deformation of the liquid surface by the
particles, and this deformation is related to the wet-
ting properties of the particle surface. The larger the
interfacial deflection, the greater the capillary force
[21].

To form a layer of sugar spheres, a small amount of
an ethanol/water mixture was spread on an acetate sheet
and the sugar spheres were sprinkled over it. The ac-
etate sheet was then agitated to draw the sugar spheres
together. As the ethanol evaporated, the capillary forces
between the spheres brought them into a close-packed
arrangement. The small amount of water present in the
mixture acted to moisten the surface of the spheres
slightly and the spheres in the layer to stick together.
Mixtures of ethanol and water were made up to differ-
ent ratios, depending on the size of the sugar spheres.
The correct ratio was determined to be the one which
created a close-packed arrangement of spheres with a
reasonable degree of connectivity, i.e. enough water to
fuse the spheres in the layer together but not too much so
that there was little or no distinction between one sphere
and the next. In the final scaffold the fused areas create
the dimensions of the connections between the pores.
As the size of the sugar spheres increased, a greater per-
centage of water was required to form bridges between
them, see Fig. 3. Once the solvent had fully evaporated
and the spheres had fused together, the layers could be
removed from the acetate sheet.
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Figure 3 Variation of ethanol/water mixtures with size of sugar spheres.
Points are plotted against the lower boundary of the size range of each
set of sugar spheres.

3.2.2. Fabrication of multi-layered
structures

Multi-layered scaffolds were formed by stacking the
single layers on top of one another to form a 3D struc-
ture. A new layer was joined to the layer below by
spraying the top of the lower layer with distilled water
to moisten the surface. The upper layer was then rested
on top and pressed down gently so as not to disrupt the
individual layers. The joined layers were then sprayed
a second time, to allow the water to infiltrate through
the gaps in the upper layer and form a stronger bond
between the layers. Subsequent layers were not added
until those below were fully dried.

4. Analysis

4.1. X-ray microtomography

A desktop X-ray microtomograph (Skyscan 1072) was
used as a non-destructive technique to image the in-
ternal structure of the scaffolds. A central section was
cut from each of the scaffolds and imaged at a resolu-
tion of approximately 8 um. Scans were performed at
100 kV with no filter. A step size of 0.45 °, exposure
time of 1.9 s and an average of two frames were used.
The shadow images were then reconstructed to form 2D
slices and complete 3D representations of the scaffolds.

4.2. Image analysis

Two traditional stereology methods [22] were used to
calculate the porosity of the resin impregnated scaffolds
made using the randomly packed sugar sphere com-
pacts. Both analyses used measurements taken from the
2D X-ray microtomography slices. Slices were chosen
50 or 100 wm apart, to give a representative set of five
or six slices for each scaffold.

4.2.1. Line analysis

It can be shown that if a line is drawn through a 3D
object, then the fraction of this line that intercepts a par-
ticular phase of the solid is equal to the volume fraction
of that phase [22]. A similar derivation finds that the
fraction of the phase found along a line drawn across
a 2D plane through the solid is also equal to the vol-
ume fraction. In this analysis three lines were drawn
across each slice, as shown in Fig. 4. It is not neces-
sary to randomise the orientation of the lines to provide
a true estimate of the volume fraction, however intro-
ducing a difference in orientation allowed the isotropy
of the pore distribution to be checked. The proportion
of solid polymer to pores was measured along each of
these lines. An average for each slice was calculated
and an overall average for each scaffold was obtained.
This was then directly translated into a porosity volume
fraction.

4.2.2. Area analysis

Image analysis software (Leica Qwin) was used to cal-
culate the area percentage of solid material for each 2D
slice. Each slice was manually thresholded to create a
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Figure 4 Position of 1D image analysis lines on the central section from
a 2D X-ray tomography slice of a resin scaffold.

binary image. A measurement field was then created
and the area percentage of solid material within that
field was calculated. An average percentage was then
calculated for each scaffold. In this analysis, the area
percentage is equivalent to the volume fraction [22],
and as before the orientation of the planes used in the
analysis does not have to be randomised with respect
to the whole structure. From the area fraction the solid
volume fraction was obtained, and the scaffold porosity
was calculated by subtracting the solid volume percent-
age from 100%.

5. Results

5.1. Sugar sphere structures

Reconstructed 2D and 3D X-ray microtomography im-
ages of a sugar sphere compact, a single close-packed
layer and a multilayered structure are shown in Fig. 5.
The hexagonal packing is clear to see in the single
layer, while there is an obvious lack of order in the
random compact. It is difficult to tell from the image
of the multilayered structure if the two-dimensional or-
der of the single layers has been extended fully to three
dimensions.

(a)

5.2. PGLA scaffolds

The PGLA scaffolds, formed by the solvent impregna-
tion technique, show both larger pores (diameter greater
than 100 um) with a morphology determined by the
sugar spheres, and uncontrolled porosity (pore diame-
ters less than 100 «m) caused by the movement of the
acetone through the structure and the loss in volume
of the PGLA/acetone phase as the solvent evaporated
(Fig. 6).

5.3. Resin scaffolds

In the case of the resin scaffolds, the porosity was de-
termined solely by the presence of the sugar spheres
in the original compacts (Fig. 7). There is no longer
any uncontrolled porosity and the morphology of the
pores is the same throughout the scaffolds. The overall
porosity of the resin scaffolds, as determined by the two
different techniques, is shown in Fig. 8. The value of
porosity remains largely constant at about 60% over the
range of porogen sizes, with a slight drop for the largest
sugar sphere size range used in these experiments.

5.4. Multi-layered structures

The X-ray tomography images of the multi-layered
scaffold (Fig. 9) show that the close-packed arrange-
ment of the sugar spheres did not extend to three dimen-
sions. The close packed layers are still present, but these
are generally separated by a layer of polymer. Moving
sequentially through the 2D vertical slices showed that
the porous layers were only connected at a few points.

6. Discussion

The use of sugar spheres as a solid porogen creates
scaffolds consisting of pores with a regular spherical
morphology. The creation of a network, in which the
sugar spheres are fused together, prior to the infiltration
of polymer, creates a high level of interconnectivity
through the scaffold.

6.1. PGLA scaffolds
The use of a polymer solution leads to the forma-
tion of uncontrolled porosity within the scaffold. The

(c)

Figure 5 X-ray tomography images of sugar sphere structures, (a) 2D slice through a random compact, (b) 2D slice through a single close-packed

layer, (c) 3D reconstruction of multilayers.
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Figure 6 X-ray tomography 3D reconstruction of a scaffold made from
PGLA (sugar sphere diameter 850—-1000 pm).

dimensions of this porosity may be suitable for the pro-
motion of cell proliferation and growth, while the net-
work of interconnected, larger spherical pores provides
a pathway of suitable dimensions for vascularisation
throughout the scaffold. However, the presence of the
uncontrolled porosity causes a lack of predictable me-
chanical properties and degradation behaviour. This can
be overcome by using a system in which the polymer
is infiltrated into the porogen network as a melt and
then solidifies, or one in which the polymer solidifies
through a reaction mechanism, as demonstrated by the
resin scaffolds.

6.2. Resin scaffolds

The porosity value of about 60% obtained for these
scaffolds is close to the theoretical value for dense ran-
domly packed spheres. Random packing of spheres in
three dimensions can give packing densities of 0.06
to 0.65. For random close-packed spheres a value of
0.64 is generally taken [23]. This theoretical value is
calculated based on an infinite array of spheres. The

SkySean_ 1872

(a)

system used in this work, however, is obviously finite,
bounded by the mould. Therefore edge effects must be
taken into consideration. As the size of the spheres in-
creases to 710-850 pm the edge effects become more
important. This causes the overall density of the packed
spheres to decrease and leads to a similar decrease in
the porosity of the final resin scaffolds. The porosity
results for spheres up to 700 wm, however, show that
this technique can be used to create scaffolds in which
a constant value of porosity is maintained, while the
dimensions of the individual pores change.

Along with affecting the flow of cells and nutrients
through the scaffold, the pore dimensions will also af-
fect the surface area of the scaffold and therefore, poten-
tially, the rate of degradation. A simple calculation can
be used to indicate how the surface area of the scaffold
would be affected by the size of the sugar spheres, by
considering the surface area of densely packed spheres.

The volume of a sphere is,

Vs = 4’
So the number of spheres per unit volume is given by,

3v

Ng= —o
ST 4mpd

where v is the volume fraction of spheres (which in
the case of scaffold manufacture would be equal to the
porosity). The surface area of a sphere is,

Ag = 47r?

Combining these equations, the surface area per unit
volume is found to be,

A=
r

i.e. the surface area will increase as the radius of the

spheres decreases.

This result is an approximation and does not take
into account the joins between the spheres. The true
result would, therefore, be less than that obtained
here. However, it demonstrates that this method of

(b)

Figure 7 X-ray tomography images of a resin scaffold (a) 2D slice (b) 3D reconstruction of central section of scaffold.
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Figure 8 Porosity results from image analysis of resin scaffolds (bold
lines indicate 64 and 74% porosity levels).

Figure 9 X-ray tomography 2D slice of a resin scaffold formed using a
multi-layered sugar sphere structure.

scaffold fabrication could have important consequences
for uses in tissue engineering and the delivery of active
molecules, as it may be possible to control the rate
of degradation and tortuosity of the scaffold without
changing the overall level of porosity.

6.3. Multi-layered scaffolds

The architecture of the multi-layered scaffolds is sig-
nificantly different from that of those formed from the
randomly packed spheres. In the latter case, the porosity
is isotropic, and it is therefore likely that the properties
of the scaffolds, such as strength and degradation are
also likely to be isotropic. In contrast the multi-layered
scaffolds are anisotropic.

The porous layers are interconnected, but only at a
few points over their area. This is primarily due to the
fact that the majority of the sugar ‘spheres’ are not truly
spherical and the spheres in one scaffold are of a range
of sizes, therefore the natural roughness of the layers
mean that they do not sit perfectly on top of one another.

The two-dimensional structure of these scaffolds
may lead to interesting degradation and diffusion pro-
files, which could be used to tailor the release of drugs
and biomolecules contained within the scaffold. An
anisotropic structure may also be useful for generat-
ing different tissues types.

The results also demonstrate that it may be possible to
create a fully close-packed 3D architecture. This would
give a porosity of 74% (indicated on Fig. 8), in compar-
ison to the figure of 60—64% created by the randomly
packed sugar spheres. In order to achieve this structure
the diameter of the sugar spheres would need to be more
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(a)

Figure 10 (a) 3D X-ray microtomography reconstruction of an assembly
of close-packed sugar strands (b) An SEM image of the resultant resin
scaffold.

monodisperse in order to create contact points between
all of the spheres in the layers.

7. Other architectures

The techniques outlined above can also be applied
to create structures using close-packed sugar strands.
Other groups have looked at the use of highly water
soluble sugar fibres [24] to create highly porous inter-
connected scaffolds. In that work the fibres were ran-
domly oriented and joins between them were created
by localised areas of melting.

In this work, the method used to form the sugar sphere
structures was also applied to sugar strands. The strands
were arranged in a mould in which two sides were fixed
at 60° to each other. They were then sprayed with dis-
tilled water to form a number of joins between the cylin-
drical sugar strands along their length (Fig. 10(a)). Due
to irregularities in the commercial sugar strands, joins
do not form along the entire length of the cylinders, but
instead form at discrete points.

The resultant scaffold architecture (Fig. 10(b)) con-
sists of partially interconnected cylindrical pores, once
the sugar has been washed out. The degradation profile
of these scaffolds and drug release rates from these
structures are likely to be different again. The pore
structure formed in the scaffold by the strands may be
useful for the regeneration of highly directional bio-
logical tissues. Further porosity, making the scaffold
more suitable for tissue engineering, may be created by
combining both sugar strands and spheres in the same
scaffold.

8. Conclusions

The use of a regularly shaped solid porogen has been
used successfully to form polymeric scaffolds, in which
the spatial distribution and dimensions of the pores can
be changed without affecting the overall porosity of
the scaffold. The method of pre-assembling the sugar
spheres into random compacts creates a scaffold with a
final porosity of about 60%, similar to the density of ran-
dom close-packed spheres. Further, it has been demon-
strated that decreasing the size of the sugar spheres may
lead to an increase in the surface area of the scaffold,
which may in turn increase the release rate of active
ingredients held within the structure.



By impregnating the sugar compacts with polymers
in different forms the degree of uncontrolled porosity
with a smaller pore size (<100 um diameter) can be
tailored to a given requirement, while still defining the
larger pores (>100 um diameter) by the arrangement
of the sugar spheres themselves.

Finally it has been demonstrated that a fully 3-
dimensionally connected pore network, layered poros-
ity or highly directional cylindrical pores in the final
structure can be achieved through careful considera-
tion of the geometry and arrangement of the porogen
particles that are used. This will have major benefits it
terms of tailoring the scaffold architecture to promote
the growth of different tissue types and is also likely to
affect the drug release profile from these structures.
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