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ABSTRACT

Objectives: The high porosity of tissue engineering scaffolds is advantageous as they provide a high degree
of infiltration of nutrients, enable cell penetration, and support vascularisation. However, the mechanical
strength is also critical for providing structural support to the defect site throughout the regeneration process.
In this study, we aimed to establish a relationship between internal phase volume and emulsion-templated scaf-
folds' physical, morphological and mechanical characteristics.

Methods: In this work, tetra methacrylate functionalised polycaprolactone (4PCLMA) polymers were syn-
thesised via ring-opening polymerisation followed by methacrylation. 4PCLMA-based emulsion templated
matrices with 60%, 75% and 82% internal phase volumes were fabricated (P60, P75, and P82). These scaffolds'
densities, porosities, average pore and window sizes, degree of interconnectivity values, and mechanical prop-
erties were investigated.

Results: Increasing internal phase volume reduced the density of the foams by almost two-fold. No direct cor-
relation was observed between average pore size and internal phase volume. Both the average window sizes
and the degree of interconnectivity values increase with increasing internal phase volume. Compression mod-
ulus values are calculated as 0.46+0.04 MPa, 0.234+0.02 MPa and 0.14+0.01 MPa for P60, P75, and P82, re-
spectively. Increasing internal phase volume from 60% to 82% caused a more than 2-fold reduction in the
stiffness of the emulsion-templated matrices.

Conclusions: Accordingly, by reporting on this experimental framework, we established a relationship between
internal phase volume and the physical, morphological and mechanical characteristics of 4PCMA-based scaf-
folds to precisely engineer these characteristics for specific tissue engineering applications.
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that have a wide range of applications, such as
thermal energy storage [1], sound insulation
[2], filtration and separation, packaging, battery appli-
cations [3], environmental applications [4-6] and bio-

g) olymer foams are cellular polymeric materials

medical applications [7-10]. In the biomedical field,
one of the most popular applications of polymeric
foams is their use as 3D cell culture platforms or tissue
engineering scaffolds [11, 12]. Tissue engineering is a
multidisciplinary field that combines the principles of
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biology and engineering and looks for solutions for
the regeneration of tissues [13]. In scaffold-based tis-
sue engineering, 3D porous matrices (scaffolds) are
implanted into the defect site and provide a surface for
cell attachment, proliferation and mechanical support
until the tissue is regenerated. There are various scaf-
fold fabrication techniques, such as electrospinning,
decellularisation [14], freeze-drying [15], porogen
leaching [16, 17], and 3D printing [18].

Emulsion templating is another porous polymer
fabrication route with a vast number of advantages |2,
19-22]. In this technique, an emulsion is created using
two immiscible liquids where the droplets are defined
as the internal phase, and the liquid that covers the in-
ternal phase is defined as the continuous phase. Poly-
mers/polymer solutions form the continuous phase,
and depending on the polymer properties, both water-
in-oil (w/0) and oil-in-water (o/w) emulsions can be
used. Surfactants [23-26] or Pickering particles [27]
are used to provide emulsion stability by reducing the
surface tension and providing a mechanical barrier be-
tween the two phases, respectively. Depending on the
nature of the polymer, the continuous phase of the
emulsion is polymerised either by thermal or photo
polymerisation or solvent evaporation. Once the poly-
mer is solidified, water droplets in the internal phase
are removed, and the porous matrices are obtained
(Fig. 1) [7].

If the volume of the internal phase in the emulsion
is more than 74%, these emulsions are classified as
High Internal Phase Emulsions (HIPE). Emulsions
with an internal phase volume of 30-74% are defined
as Medium Internal Phase Emulsions (MIPE). The
matrices obtained with their polymerisation are named
PolyHIPEs and PolyMIPEs, respectively [28]. Porous

mixing

O oil phase M water phase Emulsion

materials can have open cellular and closed cellular
morphologies. Open cellular structures are charac-
terised by the presence of windows that connect neigh-
bouring pores to each other (Fig. 2). PolyHIPEs and
PolyMIPEs generally exhibit open-cellular structures
due to the high packing density of the water droplets.
Polymer film between droplets gets thin and ruptures
during polymerisation, resulting in the formation of
windows [19].

In the design of tissue engineering scaffolds, high
porosity with high interconnectivity (open cellular ar-
chitecture) is desired to provide a high degree of infil-
tration of nutrients, enable cell penetration, and
support vascularisation. However, the mechanical
strength of a material is also critical for providing
structural support to the defect site throughout the re-
generation process [29].

One other advantage of emulsion-templated ma-
trices is the high tunability of their morphology and,
correspondingly, their mechanical properties [7, 24,
30]. Both emulsion formulation and the process pa-
rameters, such as temperature and stirring speed [31],
have a direct impact on the morphological character-
istics of the scaffolds. Oil and water phase components
[32, 33], their amounts, and the relative ratios of their
sub-components [23] have a direct impact on architec-
tural features and mechanical properties. As the inter-
nal phase volume defines the porosity of the
emulsion-templated matrices, scaffolds with a high de-
gree of porosity could be easily obtained simply by in-
creasing the water content of the emulsion.

This study aims to investigate the impact of inter-
nal phase volume on the physical, morphological, and
mechanical characteristics of photocurable polycapro-
lactone (PCL) based emulsion templated scaffolds.

Light source

Photo-polymerisation Polymerised emuision

Fig. 1. Fabrication steps of emulsion templated matrices.
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Fig. 2. Scanning electron microscope micrograph of a scaffold fabricated via emulsion templating (an orange circle and blue
arrow indicate pores, and a yellow circle or green arrow indicates windows/interconnects).

PCL is a biocompatible and bioresorbable polymer
and one of the most advantageous biomaterials for use
in the biomedical field [34]. Accordingly, in this work,
tetra methacrylate functionalised polycaprolactone
(4PCLMA) polymers were synthesised via ring-open-
ing polymerisation followed by methacrylation.
4PCLMA-based emulsion templated matrices with in-
ternal phase volumes of 60%, 75% and 82% were fab-
ricated. Densities, porosities, morphologies, average
pore and window sizes, pore and window size distri-
butions, degree of interconnectivity values and me-
chanical properties of these scaffolds were
investigated, and the changes in these parameters in
relation to internal phase volume were discussed.

METHODS

Polyglycerol polyricinoleate (PGPR) was used as a
surfactant in the emulsion composition and was kindly
donated by Paalsgard (Juelsminde, Denmark). €-
caprolactone, pentaerythritol, tin (II) 2-ethylhexa-
noate, dichloromethane (DCM), and triethylamine
(TEA), methacrylic anhydride (MAAn), hydrochloric

acid (HCI), photoinitiator (2,4,6-trimethylbenzoyl
phosphine oxide/2-hydroxy-2-methylpropiophenone
blend) and dichloroethane (DCE) were purchased
from Sigma Aldrich and used without further modifi-
cations unless otherwise stated.

Polymer Synthesis

A detailed protocol for the synthesis of photocur-
able PCL has been described elsewhere (Fig. 3) [35,
36]. Briefly, €-caprolactone and pentaerythritol were
mixed at 160°C in a flask until pentaerythritol was dis-
solved. Then, tin (II) 2-ethylhexanoate was added as
a catalyst, and the system was left for the reaction
overnight. At the end of the synthesis of the hydroxyl-
terminated polymer, the system was cooled down to
room temperature. The obtained 4PCL was dissolved
in DCM, and TEA was added. Then, the flask was
transferred to an ice bath. In a separate beaker, MAAn
was dissolved in DCM, the solution was added via a
dropping funnel and all the setup was kept for the re-
action at room temperature for 68 hours. Then,
4PCLMA was washed with hydrochloric acid (HCI)
solution and deionised water, respectively, and the sol-
vent was removed using a rotary evaporator. Finally,
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Fig. 3. Synthesis and methacrylation of 4-arm PCL.

the polymer was washed with methanol, and the sol-
vent was removed. The resulting 4PCLMA was stored
for further use.

Synthesis of MIPEs and HIPEs and Their Polymer-
ization

Three compositions of emulsions with varying in-
ternal phase volumes were prepared: 60%, 75% and
82% for P60, P75 and P82, respectively. The amounts
of the ingredients of each component of the emulsion
are given in Table 1. Briefly, 4PCLMA, surfactant
(PGPR), photoinitiator and solvent (DCE) were mixed
using a magnetic stirrer at 370 rpm in a glass container
for 1 minute to create a homogeneous blend. Then,
water as an internal phase was added dropwise using
a Pasteur pipette to the mixture. Lastly, the emulsion
was mixed for 2 minutes, transferred into circular sil-
icone moulds with a diameter of 6 mm and height of
4 mm, respectively, and photocured for 2 minutes on
each side. All emulsion compositions were cured im-
mediately (within 10 s) once prepared. The obtained
MIPEs and HIPEs were washed with methanol to re-
move any remaining contaminants of uncured poly-
mer, surfactant, or solvent, and the scaffolds were
freeze-dried.

Densities of Emulsion Templated Matrices
The densities of polymerised emulsions were cal-
culated by measuring the mass (m) and volume (V)

4PC LMA

values of the cylindrical samples (Equation 1) [37].

(M

m m
density = 7 = 7h

Porosities of Emulsion Templated Matrices
Equation 2 was used to calculate the porosities of
the polymerised emulsions [35, 36].

PPolyHIPE

% Porosity = (1 — ) %X 100 )

wall

proyrreE and pwan state the densities of PolyHIPE
and the wall of the PolyHIPE, respectively. The wall
density is the measured density of the bulk polymer.

Morphological Characterization

Scanning electron microscopy (SEM) was used to
investigate the morphology of the fabricated scaffolds.
Cross-sectional samples were prepared from dried
polymerised emulsions, and all samples were placed
on aluminium pins coated with carbon stickers. Then,
samples were gold coated and visualised using SEM
(FEI QUANTA 250 FEG, United States).

Pore and Window Size Quantification

100 pores and 150 windows were selected ran-
domly from three different regions of the samples, and
measurements were taken using Image J [38]. A sta-
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Table 1. Ingredients of the emulsions and characteristics of the polymerised emulsions

P60 P75 P82
4PCLMA (g) 0.2 0.2 0.2
PGPR (g) 0.03 0.03 0.03
DCE (g) 0.53 0.53 0.53
PI (g) 0.03 0.03 0.03
Water (mL) 1 2 3
Internal phase (%) 60 75 82
Density (g/cm’®) 0.395 0.258 0.208
Porosity (%) 65+1 77+1 812
Pore size (D, pm) 45+21 38+17 50+26
Window size (d, pm) 4+4 543 9+4
Degree of interconnectivity (d/D) 0.089 0.132 0.180
Compression modulus (MPa) 0.46+0.04 0.23+0.02 0.14+0.01

4PCLMA= tetra methacrylate functionalized polycaprolactone, PGPR=Polyglycerol polyricinoleate, DCE=dichloroethane,

PI=photoinitiator, MPa= Megapascal

tistical correction factor (2/V3) was applied for the
measured pore values to correct the underestimation
of the measurements due to uneven sectioning [7, 26].
Pore and window histograms were created using Mi-
crosoft Excel. The degree of interconnectivity values
were calculated by dividing the average window di-
ameter by the average pore diameter (d/D) [7].

Compression Test

Mechanical characterisation of 4PCLMA-based
emulsion templated matrices was conducted using a
compact tabletop universal tester with a 100 N load
cell (EZ-TEST EZ-S, Shimadzu, Japan). Cylindrical
discs with approximately 5.5 mm diameter and 3.5
mm height were used. The exact dimensions of the
samples were measured using a calipper, and recorded.
Compression samples were placed on the bottom part
of the compression plate, the upper place was lowered,
and the compressive tests were performed at the rate
of 1 mm/min. Samples were compressed up to 90 N
or until ~70% strain was achieved. The compression
modulus values were calculated from the linear region
of the stress-strain curve of each sample [39].

Statistical Analysis

GraphPad Prism 6 was used to perform statistical
analyses. One-way analysis of variance (ANOVA) was
applied for mechanical testing, and the graph was plot-

ted as mean = SD. A difference was deemed statisti-
cally significant if the P-value was less than 0.05, and
the statistical differences are denoted in the figures.
The total number of replicates (n) is stated in the figure
legends, where relevant.

RESULTS

Fabrication of PCL PolyMIPEs and PolyHIPEs
Following polymer synthesis, all three groups of emul-
sion-templated scaffolds were successfully fabricated.
There was no observable phase separation during and
right after emulsification until the photopolymerisa-
tion. 60%, 75% and 82% water were incorporated into
the emulsion composition as an internal phase for
groups P60, P75 and P82, respectively.

At the end of the emulsification and mixing
process, all three groups formed opaque and white
emulsions but with different observable viscosities.
Whilst P60 has the lowest observable viscosity among
these three groups, and the emulsion was transferred
into the moulds by pouring, P75 was comparably more
viscous. Accordingly, increasing the internal phase vol-
ume to 82% increased the observable viscosity of the
emulsion, and P82 has a mayonnaise-like consistency
and could not be transferred into the mould by pouring;
it was transferred using a spatula. Following the poly-
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merisation of the emulsions, they were fully solidified,
and no visible uncured region was detected when sam-
ples were cross-sectioned using a surgical blade.

Impact of Internal Phase Volume on the Physical and
Morphological Characteristics of Emulsion Templated
Scaffolds

Densities of emulsion-templated scaffolds were
measured as 0.395, 0.258 and 0.208 g/cm3 for P60,
P75 and P82, respectively. Increasing internal phase
volume reduced the density of the foams. Porosities
were measured as 65%, 77% and 81% for emulsions,
with internal phase volumes of 60%, 75%, and 82%.

Following polymerisation and post-washing
processes, scaffolds were freeze-dried to prevent any
potential collapse, which was morphologically inves-
tigated by SEM. Fig. 4 shows the morphologies of
P60, P75 and P82 at three different magnifications. At
this point, it is critical to distinguish the difference be-
tween the polydisperse distribution of the pores and
heterogeneous morphology. The polydisperse distri-
bution of the pores indicates the broad distribution of

80x

P60

P75

P82

the pore sizes. However, if this polydisperse distribu-
tion is in a similar trend throughout the sample, it can
be concluded that these samples have homogenous
morphology. Capturing multiple images from different
regions of the samples and having a zoom-out image
that shows the morphology of the full thickness of the
sample can give an idea of these two characteristics.
As shown in the first column (Figs. 4A, 4D and 4G),
polydisperse pores are homogeneously dispersed
throughout the scaffolds in all three groups of scaf-
folds. There is no heterogeneous region different from
the overall morphology. Also, no separated full layer
of non-porous polymer phase was detected.

The average pore sizes were measured as 45+21
um, 38+17 um, and 50+26 um for P60, P75, and P82,
respectively. When the internal phase volume was in-
creased to 82%, water droplets incorporated into the
emulsion composition took a longer time to melt in
the emulsion during the emulsification process. It is
an indication that 82% is around the maximum inter-
nal phase volume that could be incorporated into the
emulsion composition. Thus, although the frequency

Fig. 4. Scanning electron microscope images of polymerised emulsions prepared with varying internal phase volumes. (A-C)
P60, (D-F) P75, and (G-I) P82. Orange arrows indicate non-porous regions.
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of pores with pore sizes between 30-40 um is around
20-50% in both P75 and P82, the frequency of pores
with pore sizes larger than 70 um is 11% and 27%, re-
spectively (Figs. 5B and 5C). Pore and window size
distributions become broader in P82 when compared
with P60 and P75 (Figs. SA-5F).

The average window sizes were measured as 4+4
pm, 5+3 um, and 944 pm, and the degree of intercon-
nectivity values were calculated as 0.089, 0.132, and
0.180 for P60, P75, and P82, respectively. Both the av-
erage window sizes and the degree of interconnectivity
values increased with increasing internal phase volume.

Impact of Internal Phase Volume on the Mechanical
Characteristics of Emulsion Templated Scaffolds

Cylindrical samples were prepared, and the com-
pression test was conducted to investigate the impact
of internal phase volume on the mechanical character-
istics of emulsion-templated scaffolds. None of the
samples undergo failure under this condition. Com-
pressive stress—strain curves of polymerised emul-
sions and their compressive modulus calculated from
the linear region of the stress-strain curve are given in
Figs. 6A and 6B, respectively.
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A significant difference can be seen in stress-strain
curves of emulsion-templated matrices fabricated with
varying internal phase volumes (Fig. 6A). At low
strain, where stiffness values were calculated, stress-
strain values were linear, and dramatic increases in
stress were observed with increasing strain. Compres-
sion modulus values are calculated as 0.46+0.04 MPa,
0.23+0.02 MPa and 0.14+0.01 MPa for P60, P75, and
P82, respectively.

DISCUSSION

The densities of the foams were observed to reduce
when internal phase volume increased, as increasing
water content resulted in a reduction in the amount of
solid materials per unit volume [7, 40].

Porosity values were calculated close to but not
the same as internal phase volumes. Although the in-
ternal phase is the ingredient responsible for the for-
mation of the pores and, consequently, the porosity,
the difference between internal phase volume and the
porosity of the emulsion-templated matrices has been
reported before [35]. Some of the potential reasons be-
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Fig. 5. Morphological characterisation of polymerised emulsions: (A-C) pore size distribution histograms, (D-F) window size
distribution histograms, (G) average pore size, (H) average window size and (I) degree of interconnectivity graphs of poly-

merised emulsions (P60, P75 and P82).
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hind this result are likely to be the shrinkage of the
polymer during polymerisation and drying and the
variation of the degree of shrinkage depending on the
thickness of the struts between neighbouring pores.
Figs. 4A, 4D, and 4G show the zoom-out images of
the full-thickness samples. No separated, non-porous
polymer layer of any heterogeneous region was de-
tected on the SEM images. In our previous study, we
have shown that a full layer of non-porous polymer
region appears in the SEM images of the polymerised
unstable emulsions. This phase occurs on the bottom
layer of the samples due to the density difference be-
tween the water and the oil phases [23, 35]. Accord-
ingly, in this study, we can verify the stability of
emulsions until the polymerisation point in light of
SEM images.

No direct correlation between average pore size
and internal phase volume was observed. In the SEM
images of the P60 group, it can clearly be seen that
water droplets are not crowdedly packed; there are dis-
tinguishable non-porous regions (shown with orange
arrows). Increasing internal phase volume from 60%
to 75% is likely to force water droplets to be more
tightly packed with smaller-sized pores. Pore and win-
dow size distributions become broader in P82 when
compared with P60 and P75 (Figs. SA-5F).

There can be various potential reasons behind
these observations. Firstly, as the internal phase is in-
corporated into the system dropwise, water droplets

incorporated at the early stages are exposed to a longer
duration of mechanical force to be divided and form
smaller droplets, while the last portion of the internal
phase is exposed to a shorter time of mixing and form
larger droplets. Secondly, as internal phase volume in-
creases, it leads to an increase in the emulsion viscos-
ity, which may also have an adverse effect on the
mixing efficiency and end up with broader pore size
distribution. Thirdly, as there is enough continuous
phase at the beginning, there is enough interfacial film
that can form around the water droplets and let them
increase their surface area by reducing their sizes [41].
Lastly, at the beginning of the emulsification, there is
enough surfactant in the composition that can be
placed around the water droplets to reduce the inter-
facial tension and eventually cause smaller pore size
and increased emulsion stability. However, as the in-
ternal phase volume and the interfacial area increase,
the surfactant amount falls short, the emulsion even-
tually results in larger pores, and the emulsion system
does not accept a further increase in the internal phase
volume. Barbetta et al. reported an increase in both
pore and window diameters with increasing internal
phase volume [41].

Both the average window sizes and the degree of
interconnectivity values increase with increasing in-
ternal phase volume. This is potentially due to the en-
hanced packing density of the water droplets. As a
result, the thickness of the interfacial polymer film be-
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tween the pores is likely to reduce and more likely to
rupture during polymerisation, resulting in the forma-
tion of interconnects [19].

In the stress-strain graph obtained from the com-
pression test, it can be clearly seen that, at low strain,
where stiffness values were calculated, stress-strain
values were linear, and dramatic increases in stress
were observed with increasing strain. In the stress-
strain curve of porous polymers, as the compression
load increases, the walls separating the pores are
crushed, the porous material densifies, and the stiff-
ness increases [29, 42]. Increasing internal phase vol-
ume from 60% to 82% caused a more than 2-fold
reduction in the stiffness of the emulsion-templated
matrices. If the pore and window sizes were the same
for all three groups, this difference could be inter-
preted only because of the increasing porosity of the
scaffolds. However, by increasing the internal phase
volume, % porosity, pore size, window size and degree
of interconnectivity values of the matrices are also
changed. Thus, it can be concluded that the difference
between the mechanical characteristics of these matri-
ces is because of the cumulative effect of all of these
changes. For instance, both window size and degree
of interconnectivity values increase with increasing in-
ternal phase volume, which means the densities of the
walls are less in scaffolds prepared with higher inter-
nal phase volumes, and this would cause a reduction
in the stiffness of the designs.

Our group characterised the mechanical properties
of'a low degree of methacrylation (~50%) 4CPLMA-
based PolyHIPEs prepared with different surfactant
and solvent compositions previously [35, 43, 44]. Ten-
sile modulus values were reported to be around ~0.4
MPa in these studies. Jackson et al. recently reported
the compression modulus of 4PCLMA-based Poly-
HIPEs with a molecular weight of 20331 g/mol,
methacrylation degree of 95%, and an average pore
size of ~50 pm as ~1 MPa [39]. However, the com-
pression behaviour of low molecular weight (with mo-
lecular weight ~2500 g/mol) 4PCLMA (with a high
degree of methacrylation) PolyHIPEs are charac-
terised for the first time in this study.
CONCLUSION

There is a wide range of characteristics of tissue engi-
neering scaffolds that need to be engineered for spe-

cific biomedical applications. Mechanical character-
istics and porosity are two of the important ones,
alongside the pore size, window size, and interconnec-
tivity. Although scaffolds with high porosity are de-
sired to boost mass transfer and cell penetration
throughout the scaffold, the stiffness of a scaffold is
inversely proportional to porosity, as increased poros-
ity simply reduces the solid portion of the scaffolds.
In this study, we observed that average pore size and
average window diameters can be increased by 30%
and almost two-fold, respectively, simply by increas-
ing the internal phase volume from 75% to 82%. How-
ever, the stiffness of the scaffolds also reduces almost
twofold within these groups. To conclude, in this
study, we established a relationship between internal
phase volume and the physical, morphological and
mechanical characteristics of 4PCMA-based emulsion
templated scaffolds to be able to tune these character-
istics for specific tissue engineering applications.
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