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A B S T R A C T   

Emulsion templating is an advantageous route for the fabrication of tissue engineering scaffolds. Emulsions are 
mostly stabilised using surfactants, and the performances of the surfactants depend on various parameters such 
as emulsification temperature and the presence of the electrolytes. In this study, we suggest that diluting solvent 
type also has a dramatic impact on the efficiency of the surfactant and morphology of the polymerised emulsions. 
For this, morphologies of polycaprolactone methacrylate-based polymerised emulsions, which are designed for 
tissue engineering applications and in vitro biocompatibilities, were shown by our group, prepared using four 
different surfactants, and three different solvents were investigated. Results showed that the diluting solvent used 
in the emulsion composition has a strong impact on the performance of the surfactant and consequently on the 
morphology of polymerised emulsions. Increasing surfactant concentration and diluting solvent volume have an 
opposite impact on the characteristics of emulsions. Scaffolds with average pore sizes changing from 10 to 78 μm 
could be fabricated. Establishing these relations enables us to have control over the overall morphology of 
polymerised emulsions and precisely engineer them for specific tissue engineering applications by tuning solvent 
and surfactant type and concentration.   

1. Introduction 

Over the years, emulsion templated matrices have been used in 
various areas such as fabrication of catalyst supports, membranes, sep-
aration columns, substrates for electrodes, solid-phase synthesis, ab-
sorption, adsorption, drug delivery, and encapsulation [1–7]. 

Recently, emulsion templating has also gained particular attention as 
a scaffold fabrication technique in the field of tissue engineering [8–21]. 
Scaffolds are porous matrices that serve as a temporary 3-dimensional 
substrate and provide mechanical support to the defect region over 
the tissue regeneration process. The porosity of a tissue engineering 
scaffold is crucial for the nutrient exchange, cell infiltration, and effec-
tive delivery of biofactors. In addition, the tunability of the scaffolds 
enables the fabrication of matrices for specific hard and soft tissue ap-
plications. Emulsion templating is a favourable scaffold fabrication 
route due to the following advantages: providing (i) high porosity (up to 

99% [22]), (ii) high interconnectivity, (iii) high tunability [8,23–25], 
and (iv) being appropriate to be combined with other fabrication tech-
niques (such as 3D printing [11,15,26] and electrospinning [27]) for the 
fabrication of more complex structures. 

Emulsion templating is based on creating a stable emulsion by mix-
ing two immiscible liquids and then polymerising the continuous phase 
(Fig. 1A–H) [15]. Emulsion droplets act as a pore template during 
polymerisation, and they are removed afterwards. When the internal 
phase volume (total droplet volume) of the emulsion is between 30 and 
74%, the emulsion is defined as Medium Internal Phase Emulsion 
(MIPE), and when it is greater than 74%, it is defined as a High Internal 
Phase Emulsion (HIPE) [28]. However, the presence of two immiscible 
liquids in a composition of emulsions results in a high level of surface 
tension at their interfaces, and this situation may cause destabilisation of 
the emulsions due to coalescence, Oswald ripening, flocculation, 
creaming, or phase separation [29]. In most cases, surfactants are used 
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to stabilise these emulsion systems. These amphiphilic compounds 
prevent destabilisation by creating a barrier between the oil and water 
phases and reducing the interfacial tension. To date, a wide range of 
surfactants has been proposed for their use in the stabilisation of 
emulsions. The surfactant choice [30–32] and concentration [9] play an 
important role in emulsion stability and a deterministic role in the 
morphologies of polymerised MIPEs (PolyMIPEs) and polymerised 
HIPEs (PolyHIPEs). Surfactants are categorised based on their 
hydrophile-lipophile balance (HLB), a scale described by Griffin 
[33,34], and a quantitative representation of the Bancroft rule [35]. The 
HLB value is in direct correlation with the hydrophilicity of the surfac-
tant [36]. While surfactants with low HLB values are good for water-in- 
oil (w/o) emulsions, surfactants with high HLB values are more suitable 
for oil-in-water (o/w) emulsions [36]. Although this value gives an 
insight into the initial surfactant choice, as the performances of the 
surfactants are reported to depend on various parameters such as 
emulsification temperature, the solubility of the surfactant, and the 
absence/presence of the electrolyte [28,36], the best working surfactant 
is needed to be determined empirically. Indeed, many researchers re-
ported that HLB value on its own is not enough to select a suitable 
surfactant for emulsion systems [30,37]. 

Polycaprolactone (PCL) is one of the most widely used synthetic 
polymers in biomedical applications due to its biocompatibility, tune-
ability, being suitable to be used in both hard and soft tissue engineering 
applications, having less acidic breakdown products compared to its 
counterparts, and the presence of the FDA approved PCL-based products 
in the clinics [9,38]. Over the years, fabrication of the PCL-based Pol-
yHIPE has been reported to be problematic due to the high viscosity of 
the polymer, which limits the emulsification of the two phases [[37] 
39–41]. When the polymers that will be used in the emulsification 
process are solid-state or in a liquid phase with high viscosity, diluting/ 

porogenic solvents are used to reduce the viscosity of the polymer phase 
[17,42]. 

Recently, we have reported the manufacturing route of PolyHIPEs 
made of photocurable PCL tetra-methacrylate (4PCLMA) by optimising 
the diluting solvent composition [9]. In the follow-up studies, the in vitro 
biocompatibility of the material was shown using human dermal fibro-
blasts [9], mouse post-osteoblasts/pre-osteocytes [14,15], human 
endothelial cells [16], and human mesenchymal progenitor cells [15]. In 
vivo biocompatibility and suitability of the morphology to support blood 
vessel ingrowth were shown using chick chorioallantoic membrane 
assay [14,15,43]. However, in all those studies, very similar HIPE 
compositions were used, and the tunability of the material remained 
limited. 

In the main study, Hypermer B246 was used as a sole surfactant to 
stabilise the HIPEs [9]. When the emulsion composition was prepared 
without using any diluting solvent, PolyHIPE failed to form due to its 
high viscosity, as shown in Fig. 2A. The emulsion compositions prepared 
using chloroform as a diluting solvent successfully formed typical open- 
porous (Fig. 2B) PolyHIPE morphology. However, other groups pre-
pared using toluene as a diluting solvent failed the form a porous 
structure (Fig. 2C). Then, the same compositions were prepared without 
any surfactant, and the polymerised structures were investigated. 
Interestingly, both compositions (diluted with chloroform or toluene) 
showed porous morphology in the absence of the surfactant (emulsions 
were not stable as no surfactant was used, so they were prepared and poly-
merised immediately to capture the morphology,Fig. 2C andFig. 2D) [9]. 

This observation showed us that in addition to other well know pa-
rameters such as emulsification temperature, the solubility of the sur-
factant, and the absence/presence of the electrolytes, the presence and 
nature of the solvent system used in the emulsion composition may also 
affect the performance of the surfactant. As this was not the main focus 

Fig. 1. Polymerised High Internal Phase Emulsion (PolyHIPE) synthesis steps. (A, B) The gradual addition of the internal phase into the continuous phase while the 
system is mixed, (C) polymerisation of the high internal phase emulsion (HIPE), and (D) scanning electron microscope image of the PolyHIPE. (E–H) A closer look 
into the system. (E) Position of surfactant molecules at the water-oil interface, (F–H) position and removal of the water droplets, and the formation of the pores and 
interconnects. 
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of that study, these observations were only noted and reported as to be 
merited further investigation in the follow-up studies to clarify the 
importance of solvent-surfactant interactions in these systems. 

The impact of nature and amount of diluting solvents on PolyHIPE 
morphology has been questioned and investigated by many other re-
searchers. Cameron and Barbetta et al. reported the morphological dif-
ferences in poly(propylene fumarate) (PPF)-based PolyHIPEs when 
different diluting solvents are used. They attributed this difference to the 
solubility of the polymers in different solvents, which are estimated 
using Hildebrand solubility parameters [44]. Christenson et al. investi-
gated the impact of solvent volume on the PolyHIPE morphology [17]. 
Monglia et al. investigated the performance of five different surfactants 
in a study on the development of injectable PolyHIPEs based on pro-
pylene fumarate dimethacrylate (PFDMA) [30]. As the material is 
developed for injectable tissue engineering applications, the composi-
tion does not include any solvent. They concluded that the position of 
the hydrogen bond donor sites (either in the polar head or the hydro-
phobic tail) of the surfactants impacts their performances. However, 
none of these studies neither studied nor emphasised that there is 
another important fact; the solvent type has an impact on the perfor-
mance of the surfactant and the choice of solvent surfactant type and the 
ratio has an impact on both emulsion stability and PolyHIPE 
morphology. 

Accordingly, in this study, we hypothesised that diluting solvent type 
has an impact on the efficiency of the surfactant and morphology of the 
polymerised emulsions. We aimed to establish this relationship to enable 
tunability of the material using solvent and surfactant type and con-
centration. For this, twelve compositions of 4PCLMA-based emulsions 
were prepared using four different types of surfactants and three types of 
diluting solvents, and the morphologies of the resultant PolyMIPEs were 
investigated to establish a relation. Furthermore, changing solvent and 
surfactant concentrations and their synergistic effect on the PolyMIPE 
morphology were also studied. Finally, the maximum internal phase 
volumes, an indication of increased scaffold porosity, that can be 
incorporated into the 4PCLMA-based emulsion composition were 
investigated. Overall, independent from the monomer type, our study 
suggests that surfactant solvent interaction is also an important factor 
that should be taken into consideration in the process of developing an 
emulsion system both to improve the stability of emulsion systems and 
to control the morphology of PolyMIPEs/PolyHIPEs for specific tissue 

engineering applications. 

2. Experimental 

2.1. Materials 

Pentaerythritol (98%), ε-caprolactone, tin (II) 2-ethylhexanoate, 
triethylamine (TEA), methacrylic anhydride (MAAn), photoinitiator 
(2,4,6-Trimethylbenzoyl Phosphine Oxide/2-Hydroxy-2-Methylpropio 
phenone blend), hydrochloric acid (HCl), Span 80, and Pluronic L121 
were purchased from Sigma Aldrich (Poole, UK). Chloroform, toluene, 
dichloromethane (DCM), and 1,2-dichloroethane (DCE) were purchased 
from Fisher Scientific (Pittsburgh, PA, USA). Polyglycerol poly-
ricinoleate 4125 (PGPR) was kindly donated by Paalsgard (Juelsminde, 
Denmark). The surfactant Hypermer B246 was received as a sample 
from Croda (Goole, UK). 

2.2. Methods 

2.2.1. Polymer synthesis 
The detailed synthesis of the polymer, 4PCLMA, has been described 

elsewhere [9,14,15,45]. Briefly, under nitrogen flow, pentaerythritol 
(0.088 mol) and ε-caprolactone (0.353 mol) were added into a three- 
neck round-bottomed flask, and the system was heated to 160 ◦C 
using an oil bath while being mixed at 200 rpm. When the pentaery-
thritol was completely dissolved, the catalyst, tin(II) 2-ethyl hexanoate, 
was added, and the system was left overnight to form 4PCL before being 
removed from the oil bath and left to cool down in the ambient 
atmosphere. 

4PCL was dissolved in 300 mL of DCM, and then TEA (0.52 mol) was 
added. Reagents were stirred, and a further 200 mL of DCM was added to 
ensure everything was dissolved. The flask was placed in an ice bath. 
MAAn (0.52 mol) was dissolved in 100 mL DCM and transferred into a 
dropping funnel (~1 drop per second). When the MAAn was completely 
dispensed, the ice bath was removed, and the system was maintained at 
room temperature (RT) for 68 h while being mixed. It was then washed 
with HCl solution and then with deionised water (dH2O) to remove TEA, 
MAA, and salts formed. Almost all solvent was evaporated using a rotary 
evaporator. Three methanol washes were applied, and any remaining 
solvent was removed using a rotary evaporator. 4PCLMA was stored in 

Fig. 2. Scanning electron microscope (SEM) image of (A) the surfactant-free and solvent-free composition. SEM images of 4PCLMA PolyHIPEs, prepared in the 
presence of the surfactant (Hypermer B246, 10% (w/w) of the polymer), using (B) chloroform as a diluting solvent and (C) toluene as a diluting solvent. SEM image of 
4PCLMA PolyHIPE prepared in the absence of any surfactant by using (D) chloroform as a diluting solvent and (E) toluene as a diluting solvent. The image was 
adapted from [9] under The Creative Commons License. 
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the freezer (− 20 ◦C) for further use. 

2.2.2. Nuclear magnetic resonance (NMR) spectroscopy 
To confirm the structure of 4PCLMA proton (1H), nuclear magnetic 

resonance (NMR) spectroscopy analysis was performed on an AVANCE 
III spectrometer at 400 MHz. The spectra were recorded using an 8.2 kHz 
acquisition window, with 64 k data points in 16 transients with a 60 s 
recycle delay (to ensure full relaxation). Deuterated chloroform was 
used as a diluent (CDCl3). Spectra were analysed using MestReNova 
software. Chemical shifts were referenced relative to CDCl3 at 7.26 ppm. 

2.2.3. Investigating the solvent-surfactant interaction 
Throughout this study, the only polymer used was 4PCLMA, and it 

has been entitled as PCL in the rest of the text except Section 3.1 unless 
otherwise stated. In this section, twelve compositions of 4PCLMA-based 
emulsions were prepared using four types of surfactant (Hypermer, Span 
80, Pluronic L121 or PGPR) and three types of diluting solvent (chlo-
roform, toluene or DCE). PCL (0.2 g) and 10% (w/w) surfactant were 
added into a glass vial (Ø = 25 mm). Only Hypermer B246 groups were 
heated to 40 ◦C to dissolve surfactant as it is in a wax form at RT (other 
surfactants are in liquid form at RT) and left for cooling. 0.2 mL solvent 
and photoinitiator (20% of the polymer, (w/w)) were added to the PCL- 
surfactant mixture and mixed at 375 rpm using a magnetic stirrer (8 ×
20 mm) for 1 min at RT. Once the homogeneous mixture was created, 1 
mL water was added dropwise for PCL MIPEs, and the emulsion was 
mixed for a further 1 min at 375 rpm. 4PCLMA MIPE was poured into 
circular silicon moulds and immediately (within 10 s) cured once pre-
pared to capture the microstructure before any possible breakdown. 
They were cured for 5 min on both sides using the OmniCure Series 1000 
curing system (100 W, Lumen Dynamics, Canada). The resulting parts 
were recovered from the silicon mould and soaked in methanol for 
removal of non-cured material, surfactant, and photoinitiator for 24 h. 
Following this, the samples were gradually transferred to increasing 
concentrations of water (50%, 100%) and then left in 100% water for a 
day. The samples were taken out from the water and left in a − 80 ◦C 
freezer for an hour, then transferred into the vacuum oven and left for a 
day to preserve the porous structure. 

2.2.4. Investigating the effect of diluting solvent volume and surfactant 
concentration on the morphology 

PGPR and DCE were selected as a surfactant and a diluting solvent, 
respectively, for the rest of the study. Nine groups of PolyMIPEs were 
prepared in this section. Three different PGPR concentration: 5%, 10%, 
and, 15% (of the polymer, w/w) and three different diluting solvent 
volume: 0.2 mL, 0.4 mL, and 0.6 mL (per batch) were used. As explained 
in Section 2.2.3, PCL (0.2 g), a photoinitiator, changing amounts of 
surfactant and diluting solvent were added into a glass vial mixed at 375 
rpm for 1 min at RT. Once the homogeneous mixture was created, 1 mL 
water was added dropwise, and it was mixed for a further 1 min at 375 
rpm. MIPEs were polymerised, washed and dried by following the same 
protocol explained in Section 2.2.3. 

2.2.5. Investigating the effect of diluting solvent volume and surfactant 
concentration on the maximum internal phase volume that can be 
incorporated into 4PCLMA-based emulsion composition 

Similar to Section 2.2.4. nine groups of PolyHIPEs were prepared in 
this section. Three different PGPR concentration: 5%, 10%, and, 15% (of 
the polymer, w/w) and three different diluting solvent volume: 0.2 mL, 
0.4 mL, and 0.6 mL (per batch) were used. The oil phase was prepared in 
the same way, and once the homogeneous mixture was created, water 
was added dropwise. The water was added until the emulsion did not 

accept any more water (when the emulsion was saturated with the in-
ternal phase and water droplets started to accumulate on the top of the 
emulsion). The amounts of water that could be incorporated into HIPE 
compositions were recorded. HIPEs were then polymerised, washed, and 
dried following the same protocol explained in Section 2.2.3. 

2.2.6. Nomenclature 
For Section 2.2.3, where solvent-surfactant interaction was investi-

gated, the PolyMIPE samples are referred to using a code of the form A_B 
where A is the type of the surfactant (H for Hypermer B246, S for Span 
80, PL for Pluronic L121 and P for PGPR), B is the type of solvent used (T 
for toluene, C for chloroform, and D for DCE). As the amounts of sur-
factant and solvent used in this section are constant in all groups (re-
ported in Section 2.2.3), their amounts are not indicated in the code. For 
example, the PolyMIPE sample that is prepared using Hypermer B246 as 
a surfactant and toluene as a solvent is abbreviated as H_T. 

For Section 2.2.4, where the effect of diluting solvent volume and 
surfactant concentration on the morphology of PolyMIPEs were inves-
tigated, the PolyMIPE samples are referred to using a code of the form 
Ac_Bd where A is the type of the surfactant, c is the concentration of the 
surfactant, B is the type of the diluting solvent and d is the volume of the 
diluting solvent. For example, the PolyMIPE sample that is prepared 
using 5% PGPR as a surfactant and 0.2 mL DCE as a solvent is abbre-
viated as P5_D0.2. 

For Section 2.2.5, where we investigated the effect of diluting solvent 
volume and surfactant concentration on the maximum internal phase 
volume that can be incorporated, the PolyHIPE samples are referred to 
using a similar code with Section 2.2.4. They are coded in the form of 
Ac_Bd; however, a prime sign was also included to differ the samples of 
this group from samples from Section 2.2.4. (Ac_Bd́). 

Throughout the text, “emulsion”, “MIPE”, and “HIPE” terms are used 
to refer to the compositions before the polymerisation, and “PolyMIPE” 
and “PolyHIPE” terms are used to refer to the structure after 
polymerisation. 

2.2.7. Morphological investigation using scanning electron microscopy 
Scanning electron microscopy (SEM) was used to investigate the 

microarchitecture of the scaffolds. Samples were cut from the section 
using a scalpel and placed on SEM pins with carbon pads. They were 
gold sputter-coated in 15 kV for 2.5 min to increase conductivity (5 nm). 
A FEI Inspect F SEM (Philips/FEI XL-20 SEM, Cambridge, UK) was used 
with 10 kV power [9,46,47]. 90 pores and 90 windows were randomly 
selected from three different SEM images, and measurements were 
taken. A statistical correction factor (2/√3) was applied to pore mea-
surements to adjust the underestimation of diameter because of uneven 
sectioning [48]. Pore (D) and window size (d) distribution histograms 
were created, and average pore and window sizes were reported. The 
degree of interconnectivity (DI) was calculated by dividing the average 
window size by the average pore size (d/D) [9,49], and the degree of 
openness (DOO) was calculated by dividing open surface area by total 
surface area for randomly selected 10 pores. For this, as suggested by 
Pulko et al. and Owen et al., the open surface area was calculated from 
the surface area of the windows (as they are the open portion of the 
spheroid-like pores), and this value was divided by the surface area of 
the pore [10,50]. 

2.2.8. Density measurements and porosity 
The densities of PolyMIPEs/PolyHIPEs were calculated using the 

gravimetric method using the bulk and true density of the material [51]. 
The porosities were calculated using Eq. 1 [52,53]. 
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%Porosity =

(

1 −
ρPolyMIPE/PolyHIPE

ρwall

)

× 100 (1)  

where ρPolyMIPE/PolyHIPE is the PolyMIPE/PolyHIPE density and ρwall is 
the density of the wall. For the density of the wall, the measured density 
of the bulk polymer was used. Three samples were used for each group 
for density and porosity calculations. 

3. Results and discussion 

3.1. 4PCLMA synthesis 

The chemical structure and 1H NMR spectra of 4PCLMA are given in 
Fig. 3. The peaks of the methacrylate group, which show the degree of 
methacrylation, are labelled with A, B and C. As all methylene groups 
adjacent to hydroxyl end groups of PCL were converted into methac-
rylate, there is no corresponding peak at 3.6 ppm. So, 4PCLMA used in 
this study is almost 100% methacrylated. 

4PCLMA-based PolyHIPE was introduced into the literature by our 
group [9], and all research on the development and the discovery of the 
potential of the material is still limited by our studies. The material was 
designed and tested for different soft and hard tissue engineering ap-
plications [14–16]. 

In all those studies, the composition of the HIPE used was composed 
of the following elements; 4PCLMA (with changing degrees of meth-
acrylation), Hypermer B246 as a surfactant (10% of the polymer, w/w), 
10–20% photoinitiator (2,4,6-trimethyl benzoyl phosphine oxide/2- 
hydroxy-2-methylpropiophenone blend) and solvent blend (made of 
changing ratios of chloroform and toluene). The only attempt to change 
and control the morphology of 4PCLMA PolyHIPEs was to change the 
ratio of chloroform and toluene in the solvent blend. It was an effective 
method to a large extent, but it has limited potential. For example, the 
maximum amount of water that could be incorporated into that 
composition was limited. 4PCLMA PolyHIPEs prepared using a different 
surfactant, and solvent types; the effect of solvent volume, surfactant 
concentration on the PolyHIPE morphology, and solvent surfactant 
interaction were still needed to be discovered to be able to have better 
control on the final design for specific applications. For this need, in this 
study, we decided to explore the effect of solvent and surfactant-related 
parameters on the morphologies of 4PCLMA PolyMIPs and PolyHIPEs 
more deeply. 

3.2. The diluting solvent type has a strong impact on the efficiency of 
different surfactants and the morphology of PolyMIPEs 

To investigate the effect of diluting solvent type on the efficiencies of 
surfactants and morphology of PolyMIPEs, the weight of the polymer 
(0.2 g), the weight of the surfactant (0.02 g), and the volume of the 
solvent were (0.2 mL) kept constant. As the solvent is used as a diluting 
agent, its volume was kept constant rather than its weight, and the 
polymer/diluting solvent ratio (w/v) is 1 for this section. The molecular 
weights of the surfactants that were tested are significantly different 
(ranging from 428 g/mol to 5000 g/mol) (Fig. 4). Thus, during the 
experimental design stages, we questioned if we should keep the 
molarity of the surfactant constant rather than its total weight. However, 
as keeping the surfactant weight concentration was the accepted method 
used in the literature to compare different surfactants, the same protocol 
was followed [54–57]. However, the influence of the molecular weight 
of the surfactants is definitely meriting further investigation. 

The first tested surfactant was Hypermer B246 (Mw: 5000 g/mol) 
which is an ABA block copolymer (polyhydroxystearic acid- 
polyethylene glycol-polyhydroxystearic acid) based non-ionic surfac-
tant with an HLB value of 4.6 (Fig. 4). It is in wax form at RT and 
insoluble in water. When Hypermer was used as a surfactant, the 
composition diluted with chloroform resulted in typical open cellular 
PolyMIPE morphology (Fig. 5, H_C). However, toluene diluted compo-
sition did not result in porous morphology (Fig. 5, H_T). These are 
similar results that were obtained in our previous study [9]. DCE has 
been tested in 4PCLMA MIPE composition as a diluting solvent first time 
for this composition in this study. It also exhibited open porous 
morphology (Fig. 5, H_D). Similar to our finding, the successful use of 
DCE as a diluting solvent in the composition of PCL-triacrylate (PCL-TA) 
based thiol-ene PolyHIPEs stabilised by Hypermer B246 has been re-
ported previously. The polymer/diluting solvent ratio (w/v) was 0.66. It 
has been reported that PolyHIPEs showed open cellular porosity with an 
average pore size of 60 μm. 90% internal phase volume was incorpo-
rated into these structures, and this value was reported as nominal 
porosity [18]. There are also other studies that report the development 
of acrylate-based HIPE systems stabilised using Hypermer B246 as a 
surfactant and DCE [58,59] or chloroform [60] as a diluting solvent. 

In our previous study, we reported that toluene alone as a diluting 
solvent was not successful for the fabrication of porous 4CPLMA Poly-
HIPE in changing solvent volumes. Chloroform diluted PolyHIPEs 
showed porous morphology in a determined solvent volume, but as 
chloroform volume was increased, HIPEs started to destabilise, and 
when the volume was reduced, the HIPE could not be formed due to high 

Fig. 3. 1H NMR spectrum of 4PCLMA used in this study and relative assignment indicated as letters in the spectrum and chemical structures.  
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Fig. 4. Surfactants used in the scope of this study and their structures and properties.  

Fig. 5. SEM micrographs of 4PCLMA PolyMIPEs prepared using various surfactant and solvent systems. Solvent concentration (10% of the polymer, w/w), solvent 
volume (0.2 mL, 100% of the polymer, v/w) and internal phase volume (70%) values were constant for all groups. Samples that were (i) successful in the formation of 
w/o emulsion, (ii) did not show any visible phase separation and (iii) resulted in an open cellular structure are labelled with + sign in a green box. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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emulsion viscosity. Thus, we have suggested the use of a solvent blend 
made of chloroform and toluene in changing ratios for the tunability of 
the morphology of 4CPLMA PolyHIPEs [9]. According to the results of 
the current study, it seems that DCE and chloroform also can be a good 
pair to be used in the solvent blend to be able to provide tunability to 
PolyHIPE morphology. 

Span 80 (Polysorbate 80, polyoxyethylene sorbitan monooleate, Mw: 
428 g/mol) was the second surfactant tested with the same group of 
solvents. Span 80 is one of the most widely used surfactants for HIPE 
stabilisation [17,61–63]. It is a non-ionic type surfactant, liquid at RT, 
and insoluble in water. When the 4PCLMA emulsions were prepared 
with toluene as a diluting solvent and Span 80 as a surfactant (Fig. 5, 
S_T), a similar trend was observed with H_T. During the water addition 
stage, the colour of the composition turned from transparent to opaque 
white as a general behaviour of the emulsion formation and no sepa-
ration was observed. However, both H_T and S_T only have grooves on 
the surface and failed to form cellular morphology. When the emulsion 
was prepared with chloroform or DCE as a diluting solvent and Span 80 
as a surfactant (S_C and S_D), phase separation was observed even 
during emulsification. When the mixing was stopped, the reverse 
emulsion (o/w) was formed, and polymer beads were fabricated after 
polymerisation (Fig. 5). 

Span 80 is widely used in styrene/divinylbenzene-based non- 
degradable PolyHIPEs where porogenic solvents are not needed [62,63]. 
In 2000 Cameron and Barbetta reported a research article on “the in-
fluence of porogen type on the porosity, surface area and morphology of 
poly(divinylbenzene) PolyHIPE foams” [6]. They used Span 80 as a 
surfactant and tested three different solvents; toluene, chlorobenzene, 
and 2-chloroethylbenzene. They reported the formation of open cellular 
PolyHIPEs with the use of toluene as a diluting solvent. 

Christenson et al. also used toluene as a diluting solvent in Span 80 
stabilised fumarate-based PolyHIPEs, and they reported the successful 
fabrication of porous biodegradable matrices [17]. However, there are a 
couple of details worth discussing here. In that study, at the same 
monomer composition, changing toluene concentration was seen to 
have an impact on the final product. While the use of 60% toluene as a 
diluting solvent failed to form an emulsion, the composition diluted with 
40% toluene results in macroporous morphology. (i) It can be concluded 
that diluting solvent volume has an impact on the final morphology. One 
more thing to note here is that, as opposed to DVB-based PolyHIPEs 

mentioned in the previous paragraph, fumarate-based HIPE composition 
prepared with Span80 and toluene resulted in closed cellular 
morphology. (ii) This situation suggests the impact of monomer type on 
the final PolyHIPE morphology. Lastly, in both of the studies, potassium 
persulfate and calcium chloride are included in the aqueous phase to 
increase stability. So, (iii) these salts may have an impact on the emul-
sion stability and morphology [8]. Overall, the scenario behind the 
changing performance of Span 80 on different emulsion systems is very 
complex. However, some of the reasons are likely to be due to the type of 
monomer, presence/volume of diluting solvents, and presence of salts in 
the aqueous phase. 

As a third surfactant Pluronic L121 (Mw: ~4400 g/mol), poly 
(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene gly-
col) based non-ionic surfactant with HLB value of 1 was tested. Although 
all the groups prepared with Pluronic L121 successfully formed an 
emulsion and showed cellular structure (Fig. 5, PL_T, PL_C, and PL_D), 
there was a visible separation in PL_C and PL_D when the mixing stopped 
just before polymerisation. Successful fabrication of open porous, 
polyester-type of PolyHIPEs using toluene and Pluronic L121 as a 
diluting solvent and surfactant, respectively, have also been reported in 
the literature [19,64,65]. 

Lastly, PGPR 4125, which is a glycerol and fatty acid-based non- 
ionic, liquid (at RT) surfactant with an HLB value of 3, was tested. It is 
widely used in the chocolate industry, and it has also been reported to be 
included in the composition of HIPEs developed for injectable bone 
tissue engineering applications where the composition does not (and 
must not) include any toxic porogenic solvents [30,66,67]. PGPR was 
the only surfactant that did not create any observable phase separation 
in all three emulsion formulations diluted with different solvents before 
emulsification. All PolyMIPEs prepared with PGPR resulted in open 
cellular architecture (Fig. 5 P_T, P_C, and P_D). 

Although all the samples presented in Fig. 5 were prepared using the 
constant concentration of surfactant and the same solvent volume, a 
significant pore and window size difference was seen between some of 
the groups prepared with the same surfactant but different solvents 
(Table 1). For example, when the composition is prepared using chlo-
roform as a diluting solvent and Hypermer as a surfactant (H_C), the 
pore and window sizes are 24 ± 15 μm and 4 ± 2 μm, respectively. 
When DCE was used as a diluting solvent and Hypermer as a surfactant 
(H_D), the pore size and window sizes were 11 ± 5 μm and 2 ± 1 μm, 

Table 1 
Properties of the PolyMIPEs that were prepared using various solvent and surfactant pairs. Samples that were (i) successful in the formation of w/o emulsion, (ii) did 
not show any visible phase separation, and (iii) resulted in an open cellular structure were labelled with *. (a) after water incorporation, the colour of the mixture 
turned into a white mayonnaise-like form which is a general form of an emulsion, (b) once mixing stopped, during the transfer of the MIPE to mould and curing, visible 
water separation from MIPE, (c) typical open cellular structure.  

Sample Surfactant 
type 

Solvent 
type 

ρoil phase (g/ 
mL) 

DPolyMIPE 

(μm) 
dPolyMIPE 

(μm) 
DIPolyMIPE (d/ 
D) 

Emulsion 
formeda 

Visible separation on 
MIPEb 

Cellular 
structurec 

H_T Hypermer 
B246 

Toluene 0.991 – – – yes (w/o) no no 

H_C* Hypermer 
B246 

Chloroform 1.283 24 ± 15 4 ± 2 0.160 yes (w/o) no yes 

H_D* Hypermer 
B246 

DCE 1.171 11 ± 5 2 ± 1 0.218 yes (w/o) no yes 

S_T Span 80 Toluene 0.993 – – – no no no 
S_C Span 80 Chloroform 1.286 – – – yes (o/w) yes no 
S_D Span 80 DCE 1.174 – – – yes (o/w) yes no 
PL_T* Pluronic L121 Toluene 0.994 10 ± 4 2 ± 1 0.196 yes (w/o) no yes 
PL_C Pluronic L121 Chloroform 1.287 240 ± 99 – – yes (w/o) yes yes 
PL_D Pluronic L121 DCE 1.175 142 ± 111 4 ± 3 0.091 yes (w/o) yes yes 
P_T* PGPR 4125 Toluene 0.991 25 ± 13 3 ± 2 0.111 yes (w/o) no yes 
P_C* PGPR 4125 Chloroform 1.283 22 ± 11 4 ± 2 0.160 yes (w/o) no yes 
P_D* PGPR 4125 DCE 1.171 19 ± 9 4 ± 2 0.186 yes (w/o) no yes  
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respectively. On the opposite of this almost two-fold size difference, 
emulsions prepared with PGPR as a surfactant but different diluting 
solvents have more similar average pore sizes. 

Independent of the success of toluene in contributing to forming a 
cellular structure with the paired surfactants, we have not observed any 
visible separation in groups in which toluene is used as diluting solvent. 
This could be because, even if the toluene and surfactant pair fail to 
perform a good stabilising performance, as the density of the oil phase is 
close to the density of the internal phase, according to Stoke’s equation, 
droplet movement is very slow, and no visible separation was observed. 

The densities of oil phases prepared using toluene, chloroform and 
DCE were calculated as 0.992 ± 0.001 g/mL, 1.285 ± 0.002 g/mL, and 
1.173 ± 0.002 g/mL, respectively, for all surfactant groups. As the 

density difference between the water and oil phase (Δρ) increases, the 
velocity of a single droplet in the emulsion (v) increases proportionally 
according to Stoke’s equation (Eq. 2); 

v = D2Δρg
/

18n (2)  

where D is the droplet diameter under gravitational force, n is the vis-
cosity of the oil phase, and g is the gravitational force [9]. 

Overall, it can be summarised that diluting solvent type has a strong 
impact on the efficiencies of different surfactants to stabilise the emul-
sions and the morphologies of PolyMIPEs and PolyHIPEs. The syner-
gistic effect of various parameters may cause this significant difference, 
such as the chemical structure of solvent and surfactant, solubility, 
density, and polarity of the solvent, the solubility of surfactant in the 

Fig. 6. SEM images showing the effect of diluting solvent volume and surfactant concentration on 4PCLMA PolyMIPE morphologies. (*) Groups that have separated a 
layer of polymerised nonporous oil phase on the SEM images. (A, B) Pore and window size distributions of those groups. Error bars represent the standard deviation 
(SD) from the average diameter. 
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solvent, the type of polymer, and internal phase, the solubility of the 
polymer in the diluting solvent. Fig. 5 gives an informative data set for 
the researchers to select their solvent-surfactant pair for 4PCLMA Pol-
yMIPE development. In the light of these findings, various solvent 
blends can be used for the fabrication and tunability of the morphology 
of 4CPLMA PolyMIPE matrices. H_C, H_D, PL_T, P_T, P_C, and P_D were 
the groups that (i) were successful in emulsion formation, (ii) did not 
show any visible phase separation and (iii) resulted in an open cellular 
structure. For the rest of the experiments, PGPR and DCE were selected 
as surfactants and diluting solvents for the fabrication of 4PCLMA 
PolyMIPEs. 

3.3. Diluting solvent volume and surfactant concentration synergistically 
affect the morphology of PolyMIPEs 

When the emulsions were prepared using 5% PGPR (w/w, polymer) 
as a surfactant, increasing DCE volume increased the average pore sizes 
of the compositions drastically. Average pore sizes of the MIPEs diluted 
using 0.2 mL, 0.4 mL and 0.6 mL diluting solvent were found as 32 ± 13 
μm, 80 ± 41 μm, and 148 ± 75 μm, respectively. While P5_D0.2 was 
very viscous before emulsification and needed to be transferred to the 
mould using a spatula, P5_D0.4 and P5_D0.6 were comparably runny 
and easily transferred into the mould by pouring. There was no 
observable separation in P5_D0.2 and P5_D0.4 but in P5_D0.6. As the 
large droplets are more energetically favoured, the large distribution of 
the droplet size is more likely to cause Ostwald ripening, which would 
end up with phase separation [68]. 

Densities and porosities of P5_D0.2, P5_D0.4, and P5_D0.6 were 0.29 
g/cm3, 0.34 g/cm3, and 0.37 g/cm3 and 74%, 70%, and 67%, respec-
tively. The increasing density of the PolyMIPEs from P5_D0.2 to P5_D0.6 
can be because of the separated layer of the nonporous oil phase, and 
this may cause a reduction in the porosity of the samples. However, 
there is a significant increase in the density of P15_D0.2 and P15_D0.4, 
although there was no separated layer in these samples. This is probably 
due to the increased amount of shrinkage of the samples with increasing 
diluting solvent volume. ~18%, 30% and 35% shrinkages were 
measured in all dimensions of the samples diluted with 0.2 mL, 0.4 mL 
and 0.6 mL, diluting solvent, respectively (in all samples prepared in this 
section). The correlation between dilution rate and degree of shrinkage 
is not linear. Bikel et al. also have shown a non-linear relationship be-
tween polymer concentration and the shrinkage of the polymer films 
[69]. However, in our study, this can be potentially partly due to the 
increasing thickness of the separated layer in a group diluted with 0.6 
mL (Fig. 6, Column 6) that creates solid support, which limits the 
shrinkage of the whole sample. This shrinkage may also have a role in 

this significant difference between densities and porosities of PolyMIPEs 
[70]. 

As seen from P5_D0.2 to P5_D0.6, with increasing solvent volume, 
average pore size, pore size distribution span, average window size, 
window size distribution span, density and shrinkage of the samples 
increased from P10_D0.2 to P10_D0.6 and P15_D0.2 to P15_D0.6 at 
constant surfactant concentrations. On the contrary, porosity, degree of 
interconnectivity and degree of openness values were seen to reduce 
with increasing solvent volume and constant surfactant concentration in 
all samples investigated in this section. 

When the diluting solvent volume was constant, increasing surfac-
tant concentration caused a reduction in the average pore size, pore size 
distribution span, average window size (except one sample), and win-
dow size distribution span. The density of the samples (±0.015 g/cm3), 
the porosities (±1%) and % shrinkages of these samples were very 
similar, showing that surfactant concentration does not affect these 
parameters of 4PCLMA PolyMIPEs. 

The impact of changing solvent volume and surfactant concentration 
on some of the characteristics of MIPEs and PolyMIPEs are summarised 
in Fig. 7. 

Increasing surfactant concentration (i) increases the emulsion sta-
bility by reducing the interfacial tension between immiscible liquids of 
the emulsion and (ii) reduces the average pore size of the PolyMIPEs due 
to the same reason [23,30,71]. On the other side, increasing diluting 
solvent volume (i) reduces the emulsion stability by reducing the vis-
cosity of the oil phase according to Stoke’s equation and (ii) it increases 
the pore size of the PolyMIPEs [9]. The reduction in the viscosity of the 
polymer solution and the polymer concentration are not necessarily 
directly correlated. In our previous study, we have shown that 
increasing solvent volume from 0.25 mL to 0.40 mL reduces the oil 
phase viscosity 2-fold; however, a further increase of the solvent volume 
to 0.55 mL does not result in more than a 0.25-fold reduction in the 
viscosity of the oil phase [9]. Similar trends were reported by other 
researchers with different polymers, and it has been explained with 
critical entanglement concentration [72–74]. After a critical polymer 
viscosity where polymer chain entanglements start to occur, there is a 
sharp increase in the polymer viscosity with increasing polymer 
concentration. 

When working with a polymer that needs to be diluted using poro-
genic solvents, it is important to know that this opposite impact of 
increasing surfactant concentration and/or solvent volume on PolyMIPE 
morphology to be able to control the final morphology. In this section, 
we established the extent of this impact individually and synergistically 
to be able to control the final morphology of 4PCLMA more precisely. 

Fig. 7. Impact of changing solvent volume and sur-
factant concentration on characteristics of MIPEs/ 
HIPEs and PolyMIPEs/PolyHIPEs. Blue arrows indi-
cate one-way direct proportionality, and purple ar-
rows indicate one-way reciprocal proportionality (*if 
there is enough surfactant in the system and the 
emulsion viscosity does not limit the incorporation of 
the higher volume of water). (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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3.4. Diluting solvent volume and surfactant concentration synergistically 
affect the maximum internal phase volume that can be incorporated into 
4PCLMA HIPE composition 

Following the investigation of the increasing solvent volume and 
surfactant concentration on average pore size, pore size distribution 
span, average window size, window size distribution span, density, 
shrinkage, porosity, degree of interconnectivity, and degree of openness 
in the previous section, in this section, we aimed to test their effect on 
maximum internal phase volume that can be incorporated into HIPE 
compositions without any observable phase separation (emulsion 
capacity). 

The porosity of PolyHIPEs can be increased by increasing the internal 
phase volume of emulsions. The development of materials with high 
porosity is crucial for tissue engineering scaffolds. The high porosity is 

not desired for grafts developed for regeneration of load-bearing bones, 
as the higher porosity reduces the mechanical strength of the scaffolds. 
However, for soft tissues that need to be well vascularised, scaffolds with 
high porosity will enable endothelial cell migration and metabolic 
component diffusion within the scaffold [75]. 

When the emulsions were prepared using 5% PGPR (w/w, polymer) 
as a surfactant, increasing solvent volume did not change the maximum 
water volume that can be incorporated into HIPE composition, and a 
maximum of 3 mL of water could be added into HIPEs. However, this 
resulted in 88%, 83% and 78% internal phase volume for P5_D0.2́, 
P5_D0.4́ and P5_D0.6́, respectively. There was a significant difference 
between the forms of the HIPEs. While P5_D0.2́ was very viscous and 
needed to be transferred into a mould using a spatula, P5_D0.4́ and 
P5_D0.6́ were runny and could be poured into the mould easily. It can be 
concluded that for groups P5_D0.2́-P5_D0.6́, the limiting factor was not 

Fig. 8. SEM images showing morphologies of 4PCLMA PolyHIPEs using the changing volume of diluting solvent volume and surfactant concentration and maximum 
amount of internal phase volume that could be added. (#) The group that has collapsed region the SEM image. (Bottom) Pore and window size distributions of those 
groups. Error bars represent the standard deviation (SD) from the average diameter. 
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the viscosity of the emulsion but the insufficient surfactant concentra-
tion for further water incorporation. 

When P5_D0.2, P5_D0.4, P5_D0.6 are compared to P5_D0.2́, P5_D0.4́, 
P5_D0.6́, respectively, the only changing experimental parameter was 
increasing internal phase volume (Table 3). When these samples are 
compared, it can be seen that increasing internal phase volume reduces 
the average pore and window sizes and PolyHIPE density, while it in-
creases the porosity, degree of interconnectivity, and degree of openness 
of the matrices. 

When the emulsions were prepared using 10% PGPR (w/w, polymer) 
as a surfactant, maximum water volumes that can be incorporated into 
HIPE composition were increased, and they were 2.70 mL, 4.85 mL, and 
5.60 mL per batch that corresponding to 86%, 88%, and 87% internal 
phase volumes for P10_D0.2́, P10_D0.4́, and P10_D0.6́, respectively. 
Accordingly, porosities were measured as 88%, 90%, and 90% for the 
same groups. The significant difference in the maximum internal phase 
volumes that could be incorporated into P10_D0.2́ and P10_D0.4́ was 
probably because of the high viscosity of the emulsion in P10_D0.2́. Its 
form was highly viscous, as expected. It is because increasing surfactant 
concentration from 5% to 10% at 0.2 mL diluting solvent volume 
reduced the average pore size from 26 μm to 15 μm. Smaller water 
droplets in emulsion result in higher viscosity, as more of the continuous 
phase locates in the interfacial layers with increasing surface area and 
subsequently, the free volume gets smaller. Thus, only by the addition of 
more porogenic solvent (from P10_D0.2́ to P10_D0.4́) the maximum 
internal phase volume could be increased significantly. No separation 
was observed during emulsification in P10_D0.2́- P15_D0.6́ when the 
mixing was stopped before polymerisation, and also, there was no 
separated layer observed on the SEM images (Fig. 8). 

When the emulsions were prepared using 15% PGPR (w/w, polymer) 
as a surfactant, maximum water volumes that can be incorporated into 
HIPE composition were 2.35 mL, 5.60 mL, and 5.40 mL per batch that 
corresponding to 84%, 90%, and 86% for emulsions prepared using 0.2 
mL, 0.4 mL and 0.6 mL internal phase volume for samples P15_D0.2́, 
P15_D0.4́, and P15_D0.6́, respectively. Porosities of the same samples 
were 88%, 92% and 90%. The partial collapse of the P15_D0.6́ can be 
seen in SEM micrography (Fig. 8). Similarly, Johnson et al. previously 
reported that the addition of a high volume of porogenic solvent into 
PCL PolyHIPE composition might result in a weak PolyHIPE structure 
that may collapse [18]. 

Although phase separation was observed in some groups prepared 
with lower internal phase volumes in the previous section (P5_D0.2- 
P15_D0.6), in this section, there was no phase separation observed in 
none of the groups that were prepared with higher internal phase vol-
umes (P5_D0.2́-P15_D0.6́). All other parameters were constant between 
these two data sets except the internal phase volumes. When the internal 
phase volume was increased, average pore diameters decreased in all 
groups. Reduction in the pore size favours emulsion stability according 
to Stoke’s equation, and this may be one of the reasons behind increased 
emulsion stability. Also, the degree of interconnectivity (DI) and degree 
of openness (DOO) values increased when internal phase volumes were 
increased (from Section 3.3 to Section 3.4; Table 2 and Table 3). As the 
window formation is attributed to film rupture between interconnecting 
pores, increasing DI and DOO may indicate that walls between droplets 
get thinner with increasing internal phase volume, and internal phase 
droplets are packed tighter. 

Overall, there can be two main limiting factors for the incorporation 
of more internal phase volume into emulsion composition; in the first 
scenario, as higher internal phase volume increases the emulsion vis-
cosity, if the emulsion viscosity is already high, no more water can be 
incorporated. In this situation, the more diluting solvent should be 
included in the system to be able to reduce the viscosity and enable an 
increase in the internal phase volume. This is the trend that was seen in 
P10_D0.2́ and P10_D0.4́, or P15_D0.2́ and P15_D0.4́. In the second sce-
nario, there is no problem with the emulsion viscosity, but there is not 
enough surfactant for the stabilisation of more water. Because more Ta
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water means a higher intersect area between the oil and water phase 
which will need a higher amount of surfactant. This situation where the 
increased surfactant concentration enables higher internal phase vol-
ume incorporation was seen from P5_D0.4́ to P10_D0.4́ or P5_D0.6́ to 
P10_D0.6́. In this section, we revealed that when the diluting solvent 
concentration or surfactant concentration is increased, the internal 
phase volume capacity of HIPEs increases if there is enough surfactant in 
the system and the emulsion viscosity does not limit the incorporation of 
the higher volume of water. 

4. Conclusions 

Emulsion templating is a considerably easy fabrication route for the 
fabrication of porous matrices. However, every little change in the 
system causes significant changes in the final morphology. At first 
glance, this may seem like a disadvantage, as every process parameter 
should be precisely controlled for reproducibility. However, a countless 
number of different morphologies can be created using the same poly-
mer by just changing different process parameters. For this, the impact 
of each parameter should be studied individually to be able to under-
stand their impact on the final product. In this study, we showed that 
diluting solvent type used in the emulsion composition has a strong 
impact on the efficiency of the surfactant. Consequently, the selected 
solvent and surfactant pair is one of the most important determinants of 
the stability of the emulsion and the morphology of the PolyHIPEs. 
Changing solvent and surfactant amounts were shown to have an 
opposite impact on various parameters such as average pore size, pore 
size distribution span, average window size, window size distribution 
span, degree of openness, emulsion viscosity, and emulsion stability. 
Determining the framework of these changes enables to control of all 
these parameters more precisely using only these two parameters. Also, 
it was shown that by optimisation of surfactant and solvent amounts, the 
internal phase volume of the emulsion can be maximised. In summary, 
by understanding the impact of more parameters on the structure, these 
porous, open cellular, 4PCLMA PolyHIPE materials can be specifically 
tuned for specific tissue engineering applications. 
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