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Abstract 

It has been observed that poly(High Internal Phase Emulsion) (polyHIPE) materials 

can be used as a biocatalysts, via the covalent immobilization of Candida Antarctica 

Lipase B (CAL-B). Recently, it has been shown that polyHIPEs can be prepared with epoxy 

functionality, which show potential for the covalent immobilization of enzymes.  

The aims of our work were, firstly, to produce an open-void glycidyl methacrylate (GMA)-

based polyHIPE material. Secondly, these materials were then to be developed for use 

within a continuous flow set-up. Thirdly, the post-polymerisation of these materials was 

to be investigated. Finally, these materials were to be used as a support for the covalent 

immobilization of enzymes.  

Highly porous, open-void GMA-based polyHIPE materials were accomplished via the 

photo- initiation, rather than thermal initiation of the continuous phase of the emulsion. 

The rapid cure of the emulsion effectively ‘locks’ the emulsion morphology, prior to 

emulsion destabilisation, that is more prominent in the slower thermally initiated HIPEs. 

Photopolymerised GMA-based polyHIPE materials were further developed for use within 

a continuous flow-set up. GMA-based polyHIPE materials were functionalized post-

polymerisation with tris(2-aminoethyl)amine, morpholine and O,O’-bis(3-

aminopropyl)polyethylene glycol. The functionalization of these GMA-based materials 

was observed via a number of analysis techniques, such as FT-IR spectroscopy, XPS 

spectroscopy, elemental analysis, Fmoc number determination, 1H HR-MAS NMR 

spectroscopy, and the covalent attachment of ninhydrin  and FITC. Elemental analysis of 

the morpholine and tris(2-aminoethyl)amine polyHIPE showed that a near quantitative 

conversion, of 72 and 82 % respectively, was accomplished via the reaction being 

conducted at reflux for 24 hours. The enzymes, Lipase from Candida Antarctica and 

Proteinase K from Tritirachium album were immobilized either directly onto the polyHIPE 

material or via a hydrophilic spacer group, O,O’-bis(3-aminopropyl)polyethylene glycol. 

CAL was immobilized with a loading of between 5.4 and 7.5 wt. % per g of polyHIPE 

material. 
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1 Introduction 

This thesis focuses on the preparation of emulsion-templated porous polymers as 

support materials for covalent enzyme immobilization. This section of the thesis is 

designed to introduce the main topics related to the preparation and use of these 

materials, including free-radical polymerisation, the formation and stability of emulsions 

and enzyme immobilization, in particular covalent enzyme immobilization and advantages 

of undertaking this process. 

 

1.1 Free-radical Initiated Polymerisation 

Free-radical initiated polymerisation is a widely used technique for the formation of 

porous polymers[1]. The monomers that are mainly used for the preparation are 

unsaturated vinyl monomers, such as styrene, acrylates and methacrylates [2]. It is 

required that an initiator is present to start or initiate the reaction. Initiators undergo 

homolytic cleavage via the application of heat or UV light forming two highly reactive 

species possessing un-paired electrons (called free radicals) that can then initiate 

polymerisation. Common initiators include, azobisisobutyronitrile (AIBN), which can 

undergo thermolysis and photolysis, and the aqueous soluble initiator, potassium 

persulfate (Figure 1:1), which is used in the emulsion polymerisation process (described 

below). 
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Figure 1:1 – Homolytic cleavage of A) azobisisobutyronitrile and B) potassium persulfate forming 
two free radicals 

 

The mechanism of free-radical polymerisation (see Figure 1:2) involves, firstly the 

homolytic cleavage of the initiator to create two primary radicals [3]. This radical can then 

attack an unsaturated double bond of a vinyl monomer, forming a secondary initiating 

radical. This initiating radical then attacks a monomer and a propagating chain is formed 

via the addition of many monomer units to this propagating chain. Termination of the 

polymer chain then occurs predominately via two methods, combination, involving the 

coming together of two propagating chains forming one saturated polymer chain and 

disproportionation, which involves the hydrogen abstraction of one propagating polymer 

chain from another, resulting in an unsaturated and a saturated polymer chain.  
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Figure 1:2 – Mechanism of free-radical polymerisation. 

 

Overall, the rate of free-radical polymerisation Rp, is [5]: 

      (
   

  
)
  ⁄
[ ][ ]  ⁄    Equation 1:1 

 

where, kp is the rate constant of propagation, f is the initiator efficiency,  kd is the rate 

constant of initiator dissociation, kt is the rate constant of termination, [M] is the 

concentration of monomer, and [I] is the concentration of initiator for thermally-initiated 

polymerisation or  
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      (
    

  
)
  ⁄
[ ][ ]  ⁄    Equation 1:2 

 

where, kp is the rate constant of propagation, Φ is the quantum yield of the 

photoinitiator, ε is the molar absorption of the initiator, Io is the intensity of the incident 

light, kt is the rate constant of termination, [M] is the concentration of monomer, and [I] 

is the concentration of initiator for a UV-initiated polymerisations. Both equations are 

derived assuming steady state conditions, i.e. the rate of initiation is proportional to the 

rate of termination.  

Deviations from the steady state conditions from the rate of polymerisation described 

above does occur, however this is mainly due to a process called auto-acceleration (or gel 

effect)[3]. This process involves a lowering of the rate of termination of the propagating 

chain from an increase in viscosity of the medium. Overall, due to the lowering of the 

termination rate, the rate of polymerisation is increased, sometimes to an uncontrolled 

rate. 

Other effects can occur during free-radical initiated polymerisation, such as chain 

transfer, which involves the transfer of the propagating chain to a chain transfer agent, 

solvent, or to another propagating polymer chain via hydrogen abstraction [6]. Overall 

the effect can result in the lowering of the molecular weight of the polymer, when chain 

transfer agents are used or can result in the formation of branched polymers.  
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1.1.1 Methods for the Preparation of Free-radical Initiated Polymers 

There are four common types of methods for preparing polymers via free-radical 

initiation, namely, bulk, solution, suspension and emulsion polymerisation [3, 5]. Bulk 

polymerisation involves the free-radical initiation of a monomer mixture with initiator. 

Advantages of this technique are that high molecular weight polymers can be produced, 

although the disadvantage is that the technique suffers from auto-acceleration. Solution 

polymerisation involves the polymerisation of monomers within a solution, resulting in a 

reduction in the gel effect. Although, there are disadvantages, chain transfer of the 

propagating polymer chain to the solvent can occur resulting in lower molecular weight 

polymers, in addition to the difficulty in the separation of the polymer from the solvent 

used. Suspension polymerisation involves the polymerisation of a monomer mixture in 

the presence of a liquid, generally water, that is immiscible with the monomers and 

initiator used and requires the agitation of the system to produce dispersed monomer 

droplets. Overall, this technique lowers the effects of auto-acceleration due to heat 

dissipation, although one drawback is the removal of some of the surface active agents 

that are sometimes added to aid with the dispersion of the monomer droplets. Finally, 

emulsion polymerisation involves a mixture of monomer and aqueous solution with a 

surfactant (above its critical micelle concentration), with an aqueous soluble initiator, 

such as potassium persulfate, and this technique is used extensively in industry. The 

process involves the formation of propagating oligomeric chains from the initiation of 

monomer that is dissolved within the aqueous phase, these growing chains then diffuse 

into monomer-swollen micelles and an essentially bulk polymerisation process occurs 

within monomer swollen polymer micelles. The polymerisation is maintained by the 

diffusion of monomer from droplets in the aqueous phase into these micelles.  
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1.1.2 Copolymerisation 

A copolymer is defined as a polymer derived from more than one type of 

monomer. There are several types of copolymers, which are determined from the 

arrangement of the repeat units of the different monomers along the polymer chain [2].  

Random copolymers are formed from the random distribution of repeat units along the 

polymer chain. 

Alternating copolymers are obtained from two equimolar quantities of different repeat 

units that are distributed in a regular alternating manner along the polymer chain. 

Block copolymers are produced from sequences of long repeating units, of which there 

are two main types, di-block and tri-block copolymers.  

Graft copolymers involve a linear main polymer of one type of monomer and the 

attachment as side chains of another type of monomer from this chain.  

The rate of reaction of an active centre from one monomer or growing polymer chain 

towards another monomer (hetero-polymerisation) can be different from the rate of 

homopolymerisation. Hence this can lead to a polymer with different ratios of monomers 

compared to the feed ratio of monomers and is the reason for the production of some of 

the aforementioned copolymers above [2].  

 

1.1.3 Glass Transition Temperature 

The glass transition temperature (Tg) is defined as the transition of a polymer from 

the rubbery to the glass state on the reduction in temperature [3]. Tg can be explained by 

utilizing the concept of free volume. The free volume is the space that is not occupied by 
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polymer molecules in a solid or liquid. In a liquid state the polymer molecules have a lot 

of free volume and so can change their conformation quickly. On reducing the 

temperature, the polymer molecules have less thermal energy to change their 

conformation as quickly, hence there is a reduction in the free volume of the polymer. 

Eventually, the temperature will be reduced to such an extent, that the rotation or 

translation of the polymer chains is negligible, i.e. the polymer is effectively ‘frozen’ due 

to the reduction in the free volume, and this temperature is the Tg of the polymer. There 

are a number of factors that affect Tg of a polymer chain, such as flexibility, and cross-

linking of the polymer chain. It is observed that the cross-linking of a polymer results in 

the increase of the glass transition temperature due to the restricted chain movement.  

 

1.1.4 Network Polymers 

Polymerisation of multifunctional monomers, such as ethylene glycol 

dimethacrylate, results in a crosslinked (or networked) material[1]. The properties of 

network polymers have noticeable differences in comparison with linear polymers, mainly 

that the polymer cannot be dissolved; it can only swell in a suitable solvent (if crosslink 

concentration is low), due to the covalent links between the polymer chains. In addition, 

a networked polymer does not melt on heating, it only degrades[7].  

 

1.1.5 Photoinitiated Free-radical Crosslinking Polymerisation 

This involves the preparation of networked polymeric materials from the UV-

initation of a multifunctional monomer system[8-10]. These polymers have a number of 

applications from the coating of materials to the preparation of inks[8, 11]. The main 
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advantage of the technique is that polymers can be prepared in seconds to minutes in 

comparison to hours for thermally polymerised materials, due to the ultrafast 

polymerisation rate of this method[8]. The two most common techniques are free-radical 

photoinitiated polymerisation and cationic photoinitiated polymerisation, but the latter is 

beyond the scope of this thesis. 
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Figure 1:3 – Typical photoinitiators used in the preparation of photopolymerised crosslinked 
polymers. A) benzil ketals B) hydroxyalkylphenones C) acylphosphine oxides D). α – amino ketones 

 

Common monomers that are used for photoinitiated free-radical polymerisation are 

acrylates and methacrylates, due to their fast rate of free radical polymerisation[8]. 

Initiators that are usually used are aromatic carbonyl derivatives, namely 

hydroxyalkylphenones, benzil ketals, α-amino ketones, in addition to acylphosphine 

oxides (see Figure 1:3) [12]. They fragment via an α-cleavage (Norrish Type I) reaction 

(see Figure 1:4), forming two radicals, under irradiation between 300-400 nm, the major 

initiating moiety being the benzoyl radical[10]. The substituents attached to the aromatic 

carbonyl group affect the exact absorbance of UV-irradiation for the initiator in question. 
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It is observed that the polymerisation rate, crosslink density and the hardness increase, 

and the conversion decreases, on increasing the functionality of the crosslinking 

monomer, from a di-, to a tri-acrylate[8]. 
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Figure 1:4 – Norrish type I reaction 

 

The kinetics of the preparation of crosslinked polymers from the bulk free-radical 

polymerisation of multifunctional monomers are complicated and differ from the 

preparation of linear polymers[10]. For instance, due to the formation of a networked 

structure, at low conversion of functional groups there is an auto-acceleration effect, due 

to the restriction in the motion of propagating chain ends, which results in the lowering of 

the rate of termination by several orders of magnitude. In this regime the rate of 

termination is limited by reaction diffusion of the propagating chain ends [13]. This results 

in an increase in the rate of polymerisation. At higher conversion of the functional groups 

auto-deceleration is observed, as a result of the lowering of the rate of propagation from 

the reduction in the mobility of the propagating chain and monomers.  

 

1.1.5.1 Oxygen Retardation 

Oxygen scavenges free radicals from both the initiator and propagating chains, 

producing the much less reactive peroxy radicals, resulting in a retardation in 

polymerisation[10]. Oxygen retardation occurs mainly at the air-monomer mixture 

interface due to a greater concentration of oxygen at the interface than in the bulk of the 
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monomer mixture, resulting in retardation at the surface. This problem can be overcome 

by the use of an intense light source, which produces an excess of free radicals to 

consume the oxygen, in addition to increasing the initiation rate and hence the time 

allowed for the diffusion of oxygen into the mixture [9]. 

 

1.1.5.2 Frontal Polymerisation 

One of the main drawbacks of photoinitiated polymerisation is the penetration of 

UV light within the material[14]. An interesting technique, photofrontal polymerisation 

can be used for the production of thick polymerised materials [14]. The process utilizes 

the degradation of the initiator, into transparent products, described as photobleaching, 

which allows the penetration of UV light further into the material[15, 16]. Acylphosphine 

oxides (see Figure 1:3 C)) are particularly well suited initiators for this technique due to 

their fast rate of degradation [17].  

 

1.2 Emulsions 

An emulsion is defined as an opaque mixture of two immiscible liquids, an ‘oil’ 

which encompasses hydrophobic nonpolar liquids and ‘water’ which represents 

hydrophilic aqueous solutions[18, 19]. There are two types of emulsions based on which 

phase (internal or external) the two immiscible liquids are within. In an oil-in-water (o/w) 

emulsion, called a direct emulsion, the oil is the internal (dispersed) phase and the water 

phase is the external (continuous) phase (see Figure 1:5 A)), whereas within water-in-oil 

(w/o) emulsion, called an inverse emulsion, water is the internal phase and oil is the 

external phase (see Figure 1:5 B)).  
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Figure 1:5 – Schematic representation of two emulsion types A) o/w direct emulsion and B) 
w/o inverse emulsion. 

 

Agitation is necessary to prepare emulsions, due to the energy required for the large 

increase in the interfacial area of the droplets in relation to the bulk phases respectively 

[20]. Surface active species (surfactants), are required to stabilise emulsions, otherwise 

the emulsion would instantly phase separate into the two bulk phases. Surfactants are 

amphiphilic molecules, in that they consist of a hydrophilic part and a hydrophobic part 

which self assemble at the oil-water interface. There are three types of surfactants, based 

on the nature of the hydrophilic head group, anionic, cationic and non-ionic surfactants. 

Block copolymers that possess both hydrophilic and hydrophobic blocks, can also be used 

as surfactants to produce emulsions. Triblock copolymers of poly(ethylene oxide) (PEO) 

and poly(propylene oxide) (PPO) are commercially available as the Synperonic® range.  

Emulsions can be further classified into macro- and micro-emulsions [19]. 

Macroemulsions are not thermodynamically stable, due the energy required for the 

increase in the interfacial area of the emulsion system, but are kinetically stable due to 

surfactants preventing phase separation of the emulsion, and are the focus of this thesis. 

Microemulsions are thermodynamically stable due to the low interfacial tension between 
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the two phases as a result of the high surfactant concentrations, in addition to the large 

entropy effect of the nanometer sized droplets that are produced. However, these are 

beyond the scope of this thesis.  

 

1.2.1 Emulsion Type: Hydophile Lipophile Balance (HLB) and Phase Inversion 

Temperature (PIT) 

Bancroft’s rule states that the phase in which the surfactant is preferentially 

soluble becomes the continuous phase of the emulsion, for example a surfactant that is 

preferentially soluble in oil would lead to a w/o emulsion [21, 22].  

One common method for the prediction of an emulsion type, i.e. o/w or w/o, from the 

surfactant used, in particular non-ionic surfactants, is the hydrophile-lipophile balance 

(HLB) number [19]. It is based on the weight fractions of hydrophilic and hydrophobic 

moieties in the surfactant. Low HLB number surfactants predominantly stabilise w/o 

emulsions, whereas high HLB numbered surfactants stabilise direct o/w emulsions. Whilst 

this technique is used extensively by emulsion scientists, it has one major flaw; it is only 

applicable at ambient temperatures. It can be observed that low HLB numbered 

surfactants can stabilise o/w emulsions at low temperatures.  

Shinoda et al.[23-25], investigated the emulsion type produced with non-ionic, 

polyethoxylated surfactants (R-(CH2-CH2-O)n-OH, where R is the hydrophobic alkyl tail) at 

different temperatures, and came up with the concept of phase inversion termerature 

(PIT), also called HLB temperature. The hydrophilic tail of non-ionic surfactants is 

hydrated at low temperatures, resulting in the surfactant being preferentially water 

soluble. Following from Bancroft’s rule, a direct o/w emulsion is formed [26]. As the 
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emulsion system is heated it reaches the PIT, where the ethoxy groups of the surfactant 

become dehydrated to the extent that the surfactant has no preference for either the oil 

or water phase and on agitation spontaneous coalescence occurs resulting in extensive 

phase separation. On increasing the temperature further, the surfactant is preferentially 

soluble in oil due to the increased dehydration of the hydrophilic head groups of the non-

ionic surfactant and on agitation a w/o emulsion is prepared.  

 

1.2.2 Emulsion Instability 

As macroemulsions are only kinetically stable, over time they become unstable, 

typically via four common processes, flocculation, coalescence, creaming and Ostwald 

ripening [19, 20]. Flocculation involves the coming together of droplets within a dilute 

emulsion, generally leading to coalescence. Coalescence involves the rupture of the 

surfactant film between two adjacent droplets producing one droplet due to thermal 

fluctuations from, initially, the formation of a molecular sized hole within the film. 

Creaming is the phase separation of the emulsion under gravity due to density differences 

within the dispersed and continuous phases. If the dispersed phase droplets are slightly 

soluble within the continuous phase of the emulsion, a process called Ostwald ripening 

may occur. This process involves the molecular diffusion from dispersed phase droplets 

through the continuous phase to other dispersed phase droplets. Larger sized droplets 

then grow preferentially over smaller droplets and the process is driven by a lowering of 

the interfacial area of the emulsion system. Overall, coalescence and Ostwald ripening 

lead to a reduction in the Gibbs free energy of the emulsion, via a reduction in the 

interfacial area of the emulsion system, due to the coarsening of the emulsion over time. 
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1.2.3 High Internal Phase Emulsions (HIPEs) 

In addition to the division of an emulsion as macro- or micro-emulsion, and the 

two emulsion types, o/w and w/o, there is a further division to be made, based on the 

internal phase volume ratio of the emulsion. 

For clarity, the internal phase volume ratio, V%I
 equals: 

      
      

(     )
    Equation 1:3 

 

where, Vi is the volume of the internal phase and Ve is the volume of the external phase 

of the emulsion. 

Emulsions with internal phase ratio less than 30 % are classed as low internal phase 

emulsions, between 30 and 74 %, medium internal phase emulsions, and 74 % and above 

as high internal phase emulsions (HIPEs) [18, 27]. For note to the reader, within the 

literature, HIPEs are also called, high internal phase ratio emulsions (HIPREs) [18, 28], gel 

emulsions[29] and (highly) concentrated emulsions [30, 31]. For clarity, throughout this 

thesis the term HIPE will be used.  

HIPEs are classified with an internal phase ratio of 74 % and over as this represents the 

maximum closed-packed structure of internal phase droplets within an emulsion, above 

this value droplets either become polydisperse or deform into polyhedra [27]. The 

conventional method for their formation is the addition of the dispersed phase, to the 

continuous phase, to which the surfactant is added and is preferentially soluble within, 

under agitation [27, 30, 32]. Another method for the formation of a HIPE is the PIT 

method, for which non-ionic polyethoxylated surfactants are typically used [33, 34]. For 

the preparation of an w/o HIPE via this method, a o/w microemulsion is first prepared, 
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below the PIT of the emulsion system, and the temperature of the emulsion system is 

raised rapidly above the PIT, forming a w/o HIPE [33]. Emulsions prepared by this method 

are more mono-disperse than HIPEs prepared via the conventional method and internal 

phase droplets can be sub-micron in size [35, 36].  

W/o HIPEs with non-ionic surfactants are observed to be stabilised, in terms of a 

reduction in internal phase droplet size on the addition of electrolytes to the aqueous 

phase of the emulsion in comparison with emulsions prepared with pure water [37, 38]. 

This stabilisation effect has been attributed to the lowering of the PIT of the w/o  

emulsion, due to the increased dehydration of the hydrophilic head groups of the non-

ionic surfactants with the addition of salt to the aqueous phase [19, 29].  

 

1.3 Functional Porous Polymers by Emulsion Templating 

A HIPE is prepared and the continuous phase is polymerised via thermal, redox, or 

photo-initiated free radical polymerisation forming a solid polymer and the emulsion 

droplets are removed yielding (in most cases) a highly interconnected network of micron 

sized pores of quite well defined diameter. The resulting material is often termed a 

polymerised HIPE, or polyHIPE. The process was developed extensively by workers at 

Unilever in the 1980s [40] and in recent years has seen increased interest from both 

academia and industry. A scanning electron microscopy (SEM) image of a typical polyHIPE 

material is shown in Figure 1:6 where the highly interconnected pore network can clearly 

be seen. The term “pore” is ambiguous when applied to such materials, since they in fact 

possess two distinct types of pore. For clarity, we refer to the spherical cavities created by 

the emulsion droplets as “voids” and the interconnecting holes as “windows” (see Figure 
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1:6). Note that within the literature the term “cell” is also used for the term “void”. 

Comprehensive reviews on polyHIPE materials were published in 2005 [41, 42]; this 

section of the introduction, covers advances in the synthesis, chemical functionalization 

and applications of emulsion templated porous polymers. Reviews on macroporous 

polymers prepared by other methods can be found in the literature [43-45]. 

 

Figure 1:6 – SEM of a typical polyHIPE material. V indicates void, W indicates window – see text 
description. Scale bar = 10 µm 

 

1.3.1 Functional Materials from Novel Emulsion Templating Systems 

1.3.1.1 Extending the Range of Monomers Applicable to Emulsion Templating 

Glycidyl methacrylate (GMA) is a reactive monomer with an epoxy group that 

reacts readily with nucleophiles, such as amines[46]. Due to this reactivity epoxy based 

polymers have been used for a number of applications from the separation of 

biomolecules[47-49] to covalent enzyme immobilization[44]. GMA based polyHIPEs have 

been prepared previously, for the separation of proteins[50]. A low HLB number (0.5) 

surfactant (triblock copolymer of ethylene oxide (EO) and propylene oxide (PO)) was 
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required to produce a stable w/o polyHIPE, due to the relative hydrophilicity of GMA and 

ethylene glycol dimethacrylate (EGDMA) crosslinker[50].  

Yao et al.[51], have prepared GMA-co-EGDMA polyHIPEs using triblock copolymer 

surfactants. The effect of the concentration of surfactant on the morphology of the 

resulting polyHIPE monolith was investigated. Changes were observed due to the 

interesting phase behaviour of triblock copolymers. The morphology changed 

dramatically on changing surfactant concentration from 2 % v/v of aqueous phase to 7 %, 

which the authors attributed to the self-assembly of the surfactant. The monolith was 

functionalized with ethylenediamine and used to separate the proteins bovine serum 

albumin, ovalbumin, lysozyme and pepsin. There are a number of advantages in using this 

GMA monolith for biomolecule separation. A significantly greater surface area (161 m2 g-

1)[51] was observed in comparison to the previous GMA based polyHIPE[50] due to the 

formation of mesopores on the surface of the polyHIPE from the surfactant system and 

concentration used[51]. Secondly, flow rates of up to 3.6 L/h without compression of the 

monolith were observed, as a result of the macroporous morphology of the polyHIPE[51]. 

Permeability of the monolith increased by an order of magnitude in comparison to 

traditional packed bed chromatography columns[52]. Therefore, polyHIPEs are a 

promising solution to the problems faced by packed bed monoliths for biomolecule 

separation.  

Barbetta et al. investigated the preparation and the hydrolysis of epoxy groups of 

thermally initiated GMA-based polyHIPEs[53]. These materials (crosslinked with DVB) 

could be prepared with a GMA content of up to 80 % v/v with respect to the total 

monomer content with a polyglycerol ester surfactant. Surface areas (measured by BET) 
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up to 371 m2/g were achievable with the use of toluene as the porogenic solvent. It was 

noticed by Fourier transform infrared (FTIR) spectroscopic analysis that hydrolysis of 

epoxy groups did occur on the preparation of these materials. The percentage of the 

epoxy groups hydrolysed was dependant on the average pore diameter (measured by 

Barrett-Joyner-Halenda (BJH) analysis) of these materials. Hydrolysis of epoxy groups for 

pores measured to be around 60 Å was noticeably less than epoxy groups within pores 

above this size range.   

Hydroxyethyl methacrylate (HEMA) based polyHIPEs have been investigated as potential 

tissue engineering scaffolds. PolyHEMA foams were prepared by the thermal 

polymerisation of an o/w HIPE with the continuous phase containing HEMA, N,N’-

methylenebisacrylamide (MBAM) crosslinker and a high HLB number surfactant (Triton X-

405)[54]. It was observed that, as the amount of MBAM was increased, the surface area 

of the scaffold increased, with a maximum surface area of 17.5 m2 g-1 for 25 mol. % of 

MBAM. This was attributed to the nanometre substructure on the surface of the 

scaffold[54]. Water uptake of these polyHIPEs is an important factor due to the greater 

ability to wet the scaffold. The percentage weight increase due to water absorption 

within these HEMA-based scaffolds was shown to increase with the mol. % of crosslinker. 

This was concluded to be a result of the increase in surface area and hydrophilicity of the 

scaffold.   
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Figure 1:7 - a) Optical microscopy images showing the controlled increase in droplet size of the 
HIPE over time b) SEM images of HEMA polyHIPEs showing the increase in void and interconnect 

size on increasing the time between the preparation of the HIPE and its subsequent 
polymerisation. Reprinted with permission [55]. Copyright 2007, American Chemical Society. 

 

O/w HEMA based polyHIPEs have also been prepared with a pluronic surfactant (HLB = 

24) via a redox initiation system of ammonia persulfate (APS) and N,N,N’N’-

tetramethylethylenediamine (TMEDA)[55]. A highly porous interconnected morphology 

was observed with average void and window diameters of 5.55 and 2.00 µm respectively. 

These HEMA based polyHIPEs were shown to absorb > 1000 % of their own weight of 

water. Krajnc et al. also developed a method for tuning the void and window diameter of 

the foam without using additives such as miscible solvents or salts to the o/w emulsion 

(see Figure 1:7). As the initiation of the emulsion is relatively fast, due to the redox 

initiation system, it was possible for the HIPE to be polymerized at various time intervals, 

which allowed the emulsion to undergo some coalescence, and/or Ostwald ripening, prior 

to its polymerisation. After twelve hours of gentle stirring of the HIPE at 20 rpm prior to 



Chapter 1 

 

 

20 
 

polymerization, average void and window diameters of 16 and 3.4 µm were observed. 

Although the average void and window diameters did increase regularly over time, the 

degree of interconnectivity was almost halved in comparison to the emulsion which was 

polymerized immediately. This technique could be utilized alongside increasing the void 

and interconnect size via the addition of additives to the emulsion, for scaffolds for cell 

culture or tissue engineering.   

Stimuli responsive polyHIPEs include those based on poly(N-isopropyl acrylamide) 

(PNIPAM)[56], a well-known thermoresponsive polymer which undergoes a lower critical 

solution temperature (LCST) transition in aqueous solutions at around 31 0C[57]. These 

polyHIPEs have been utilised to ‘pump’ oil red (OR) nanoparticles adhered to the internal 

scaffold of the foam into the surrounding environment by altering the temperature from 

18 0C to 45 0C (see Figure 1:8). It was suggested, that this caused contraction of the 

PNIPAM polyHIPE and expulsion of the particles[56]. The formation of organic 

nanoparticles adhered to the polymer matrix was accomplished within one system. An 

o/w HIPE was prepared, with the continuous phase consisting of N-isopropyl acrylamide 

(NIPAM) and the crosslinker MBAM and the surfactant Triton X-405, the internal phase 

consisted of OR and chloroform. This emulsion was polymerised by the aqueous soluble 

persulfate initiation system of TMEDA and ammonium persulfate (APS) heated at 60 oC 

for a minimum of 12 hours. The polyHIPE material was then freeze dried to dry the 

material and to produce the OR nanoparticles adhered to the polymer surface[56]. A 

potential use of these solid foams, as suggested by Cooper et al., is for the controlled 

delivery of water immiscible drugs in the form of organic nanoparticles within a 

thermoresponive macroporous polymeric material[56]. 
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Figure 1:8 - Images showing the release of OR nanoparticles from a poly(acrylamide) polyHIPE (a 
non-stimuli responsive polymer) (left) in comparison to the release of OR nanoparticles from a 

PNIPAM polyHIPE (a stimuli responsive polymer) (right) a) 50 minutes after the addition of water 
at 18 oC. b) 3 minutes after the addition of water at 45 oC. Reproduced with permission [56]. 

 

PolyHIPEs prepared with acrylate monomers bearing crystallisable side groups have been 

observed to be semi-crystalline[58-60]. It is claimed that one of the most important 

factors for preparing semi-crystalline polyHIPEs is the location of where the 

polymerization is initiated[59]. Should the initiation occur in the internal phase rather 

than the continuous phase of the HIPE, semi-crystalline polyHIPEs from stearyl acrylate 

are observed due to the polymerization at the oil-water interface[59]. EGDMA was shown 

to increase the crystallinity in comparison to the DVB, due to its increased flexibility[60]. 

EGDMA is a relatively hydrophilic monomer, and as a result a closed void polyHIPE 

morphology is observed at high cross-linker concentration[60].  

PolyHIPEs have been shown to be good scaffolds for in vitro three-dimensional (3-D) cell 

culture[61-63], and this has led over the last few years to investigations into 

biodegradable polyHIPEs as potential scaffolds for tissue engineering[64, 65]. PolyHIPEs 

copolymerized with 50 wt. % of biodegradable (vinyl-terminated) polycaprolactone (PCL) 

and 50 wt. % 2-ethylhexyl acrylate (EHA) with respect to the total monomer content have 
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been observed to completely degrade within 10 weeks in a sodium hydroxide solution, 

although a very inhomogeneous, phase separated morphology was observed[66]. Other 

w/o biodegradable polyHIPEs include poly(propylene furmarate) (PPF) based 

polyHIPEs[65]. It was shown that the stability of the precursor emulsion for these 

materials has a direct impact on the interconnective morphology of the polyHIPE. As the 

emulsion stability was increased, pore sizes decreased and when the pores were below 

50 µm in diameter windows within the pores were observed, whereas it was 

hypothesised that with larger pores the thickness of the film between adjacent pores was 

too great to form these interconnecting windows[65]. The morphology of the PPF 

polyHIPEs could be controlled by changing the quantity of toluene (used to dilute the 

continuous phase of the HIPE), the ratio of monomer to cross-linker and the molecular 

weight of PPF[65]. These polyHIPEs do show promise as scaffolds for tissue engineering as 

the pore size is adjustable and they are completely biodegradable, although the largest 

average pore diameters were only 49 µm, with interconnecting windows of 3 µm[65]. It 

would be interesting to study the biocompatibility of this polyHIPE and the ability of cells 

to penetrate and proliferate within the scaffold.  

The polysaccharides gelatin and dextran have been used to prepare polyHIPEs as 

potential scaffolds for tissue engineering applications[64, 67-69]. Gelatin and dextran are 

relatively hydrophilic; therefore Barbetta et al. prepared these scaffolds via an o/w 

emulsion[64, 69]. The scaffolds were formed either by free-radical polymerization of vinyl 

functionalized gelatin[64] and dextran[69] or enzymatically cross-linked with unmodified 

gelatin and microbial transglutaminase[67]. These scaffolds were shown to have a highly 

porous interconnected structure with a tuneable morphology, via the addition of 
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additives to destabilise the emulsion (see Figure 1:9). Average pore and interconnect 

diameters of 84 µm and 28 µm could be achieved with the free-radical initiated gelatin 

based scaffolds[67].  

 

Figure 1:9 - SEM image of a 92 % porosity gelatin-methacrylate polyHIPE prepared via free-radical 
polymerisation in the presence of the additives NaCl and 1% v/v dimethyl sulfoxide (DMSO) [67]. 

Copyright 2006, American Chemical Society. 

 

One of the main disadvantages of o/w polyHIPEs is that a large amount of organic 

porogen required, for example for 10 g of a 90 % hydrophilic scaffold, approximately 90 g 

of organic waste is produced. This is one of the main reasons why super-critical CO2 

(scCO2) has been investigated for the production of hydrophilic polyHIPEs. scCO2 is a 

clean, non-flammable, inexpensive alternative to organic solvents[70], which can be 

readily removed from a polyHIPE scaffold by depressurisation of the system[71]. As 

organic solvents are difficult to remove from polyHIPE scaffolds, the ability to remove the 

internal phase of the HIPE by depressurisation is an advantage not only for ease, but also 

for possibly improving the biocompatibility of the scaffold. Dextran-based polyHIPEs have 

been prepared from scCO2-in-water (c/w) emulsions[72]. This was accomplished by using 



Chapter 1 

 

 

24 
 

a fluorinated surfactant which is generally used to stabilise c/w emulsions. Dextran was 

functionalized with methacrylate groups, so that the HIPE could be polymerized thermally 

at 60oC. It was observed that as the concentration of fluorinated surfactant was 

increased, the amount of coalescence also increased. Also it was shown that as the 

internal phase volume of the HIPE was increased from 75 % to 95 %, there was a marked 

increase in the interconnctivity of the scaffold. A c/w HIPE with 5 % (w/v) of fluorinated 

surfactant with respect to the aqueous phase of the emulsion with 90 % internal phase 

volume, produced a dextran based polyHIPE scaffold with a large proportion of voids with 

a diameter greater than 100 µm.  

The fluorinated surfactants that are used to produce c/w polyHIPE scaffolds are 

expensive, and non-biodegradable[73, 74]. In addition, thermally polymerised c/w HIPEs 

require high pressures (275 bar[75]) which also adds to the cost of preparing these 

materials. A new method for the formation of c/w polyHIPEs with non-fluorinated 

surfactants under lower pressures (< 120 bar) has been achieved recently. Synthesised 

poly(vinyl acetate)–PEG based di- and tri-block surfactants were observed to stabilise c/w 

HIPEs to a greater extent than fluorinated surfactants with respect to acrylamide-based 

emulsions[73]. Lower pressures were achieved by the lower temperature polymerization 

procedures such as the redox initiation of acrylamide-based HIPEs or chemical 

crosslinking of poly (vinyl alcohol)-based emulsions[73, 74]. Chitosan-based materials 

were prepared utilizing this new technique, although internal phase volumes of only 60% 

were investigated[74]. This technique could lead to the further development of 

biodegradable-based polyHIPE materials in the future.   
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Overall, polyHIPEs prepared with scCO2 have several advantages as scaffolds for tissue 

engineering over those prepared by using o/w HIPEs, but the fact that their preparation 

involves specialist equipment and relatively high pressures (275 bar at 60 oC[75]), with 

fluorinated surfactants, cannot be overlooked.    

 

1.3.1.2 Templating Particle-Stabilized High Internal Phase Emulsions 

Nano- or micro-sized particles can be used to stabilize emulsions, resulting in so-called 

Pickering or Ramsden emulsions[76, 77]. The HLB number for a non-ionic surfactant is 

one of the most important criteria for determining whether a direct or an inverse 

emulsion formed. In the same vein, the wettability (measured by contact angles) of 

particles used to stabilise Pickering emulsions is the major factor that decides into which 

phase the particle will be preferentially solubilised. If the contact angles are lower than 

900, particles will be more soluble in an aqueous rather than oil phase, thus preferentially 

forming o/w, rather than w/o emulsions and vice versa[78, 79]. Advantages of using 

particles as emulsifiers rather than non-ionic surfactants include the low concentration of 

particles that are required (generally less than 1wt. %) to stabilize the emulsion. Pickering 

emulsions are generally very stable due to the adsorption of these particles at the o/w 

interface[79]. Multi-walled carbon nanotubes (mwCNTs) have been observed to act as 

surfactants and can solely stabilize emulsions with internal phase volumes of up to 0.6 (a 

medium internal phase emulsion or MIPE). These emulsions have been polymerized 

thermally to produce polyMIPEs[80]. MIPEs with mwCNTs dispersed within both the 

aqueous (by oxidizing the nanotubes) and monomer phase were observed to be more 

stable in comparison to mwCNTs dispersed within just one of the phases[80].  
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Pickering w/o emulsions prepared with hydrophobic silica particles were believed to 

phase invert at internal phase volumes of 0.7[81]. Recently it has been noticed that a 

range of different particles, namely titania, silica, copolymer particles and also single-

walled carbon nanotubes can be used to stabilise w/o HIPEs with internal phase volumes 

up to 93 %[82] and these can be polymerized to form Pickering polyHIPEs[82-85]. Titania 

and silica nanoparticles were functionalised with oleic acid to increase their 

hydrophobicity to allow the formation of w/o emulsions[83, 84]. Internal phase volumes 

of up to 80 % are possible with 1 wt. % functionalised titania nanoparticles for a styrene 

(St)/DVB system[83]. However, due to the low loading (~ 0.03 wt. %) of oleic acid on these 

nanoparticles, internal phase volumes of 85 % could not be achieved due to the phase 

separation of the emulsion[83]. On the other hand, styrene/poly(ethylene glycol 

dimethacrylate) HIPEs with phase volumes of 85 % are achievable using oleic acid 

functionalised silica nanoparticles with significantly increased loading (3.5 wt. %) of oleic 

acid on the nanoparticle[84]. It has been noticed that Pickering polyHIPEs with porosities 

as high as 92 % are achievable using these functionalised silica nanoparticles[84]. 

Uncrosslinked poly(methyl methacrylate) (PMMA)-based w/o Pickering polyHIPEs can be 

produced with porosities of up to 93 % using 1wt. % of particles prepared from styrene, 

methyl methacrylate and acrylic acid[82]. The HIPEs are hypothesised to be stabilised not 

just by the copolymer particles themselves, but also by copolymer molecules from some 

dissolved particles. Copolymer particles dissolved within the aqueous phase prior to 

emulsification produced a higher porosity polyHIPE than the particles dispersed in the 

MMA phase. The stability of the HIPE with copolymer particles added to the aqueous 

phase increased with increasing NaCl concentration, which was hypothesised to be a 

result of the reduction of the hydrophilicity of the particles[82]. Attempts have been 
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made to prepare conducting Pickering polyHIPEs using single-walled carbon nanotubes 

(swCNTs)[85]. Previous attempts whereby the nanotubes were dispersed within the 

aqueous phase containing the surfactant sodium dodecyl sulphate (SDS) failed due to 

phase separation, as this surfactant preferentially forms o/w emulsions[86]. It has been 

recently noticed that swCNTs can be used as a stabiliser for the production of a 75% 

internal phase volume w/o Pickering polyHIPE[85]. This was accomplished by the 

dispersion of swCNTs only in the aqueous phase of the emulsion via the functionalisation 

these nanotubes within the aqueous phase by an amphiphilic block copolymer at low pH. 

Concentrations of 0.1 wt. % with respect to the oil phase of these functionalised swCNTs 

produced a highly porous open void polyHIPE. Conductivites of these polyHIPEs were ~ 

1×10-3 S/m, two orders of magnitude greater than mwCNT Pickering polyMIPEs[80, 85].       

 

Figure 1:10 - SEM image of a Pickering polyHIPE stabilised with titania particles. Reproduced with 
permission [83]. Copyright 2007, Royal Society of Chemistry. 

 

The morphology of some of these Pickering polyHIPEs (see Figure 1:10) has resulted in the 

mechanism of window (described as pore throats by the authors) formation to be 

questioned lately [82, 83, 87]. It has been hypothesized that these windows form due to 
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some mechanical action (vacuum) post-polymerization of the HIPE[87]. The formation of 

windows within a St/DVB polyHIPE stabilized with Span 80 has been shown to be due to 

the monomer to polymer contraction at the gel point, which has been monitored by cryo-

SEM[88]. Also Gitli et al.[89] observed that St/DVB polyHIPEs which had not undergone 

Soxhlet extraction or drying in vacuo had an interconnected open void morphology. Some 

particle stabilised polyHIPEs have a thin polymeric film covering the closest point of 

contact between internal phase droplets, which in some instances has been partially or 

fully ruptured due to the drying process. One possible explanation for the different 

mechanisms of pore formation is that the stability of Pickering emulsions restricts the 

monomer to polymer contraction at the gel point and a thin polymeric film is formed 

instead of an open void. This can be ruptured during the post-polymerization procedures 

of Soxhlet extraction and drying in vacuo. 

 

1.3.1.3 Porous Polymers by Photopolymerization of HIPEs 

Photo-initiated polymerization can be extremely rapid, requiring on the order of a few 

seconds to achieve full conversion of monomer (see section 1.1.5). This polymerization 

technique has been applied to acrylate and methacrylate based HIPEs[90-93]. PolyHIPEs 

consisting of the monomers isobornyl acrylate (IBOA), EHA, N-acryloxysuccinimide (NASI), 

and trimethylolpropane triacrylate (TMPTA) and an organic soluble photoinitiator 

(Darocur 4265) were used for the immobilization of the enzyme, Candida Antarctica 

Lipase B [91]. The ultrafast curing of these emulsions potentially allows HIPEs that are too 

unstable to survive thermal curing to be used to prepare polyHIPEs. The only drawback of 

this relatively new technique for the curing of emulsions could be the thickness of the 
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HIPE that can be cured due to its opacity. As of yet this is a relatively under-investigated 

technique for the production of polyHIPEs. 

 

1.3.1.4 Emulsion Templated Porous Beads and Membranes 

One of the most common physical forms of a polyHIPE foam is a monolith, which 

is produced by polymerising the HIPE in a tube or column. Monoliths have applications in, 

chromatography and flow through chemical synthesis. Other physical forms of polyHIPEs 

have also been investigated, such as beads for batch type reactions[94] and membranes 

for cell culture[95] and electrochemical sensing[96]. 

PolyHIPE beads can be prepared by suspension polymerisation technique. Either a water -

in-oil (w/o) or o/w HIPE is prepared with the monomers in the continuous phase, then 

this emulsion is added to either a water phase or oil phase respectively and the 

polymerisation is then initiated (see Figure 1:11) [97-100]. Beaded polyHIPEs have been 

prepared based on the reactive monomers 4-nitrophenyl acrylate (NPA) or 2,4,6-

trichlorophenyl acrylate (TCPA)[101]. These monomers have been shown to be capable of 

being functionalized with a range of nucleophiles[102] and NPA based polyHIPE beads 

have also been used to purify contaminated water[103]. Beaded porous polymer 

structures were produced by a suspension polymerization technique involving a w/o/w 

multiple emulsion, which contained both organic and water soluble initiators and a redox 

initiator system (for NPA containing emulsions). NPA could be incorporated, between 25 

– 60 mol. % and TCPA between 50 - 60 mol. % of the monomer mixture[101]. PolyHIPE 

beads were spherical with diameters between 49-105 µm when the monomers TCPA or 

ethylene glycol dimethacrylate (EGDMA) were used, although rather peculiar star shaped 
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beads, with a core or spherical centre with diameter between 57-71 µm and arms 

protruding from the core with diameter 127-285 µm, were observed with NPA and 

divinylbenzene (DVB) [101]. NPA polyHIPE beads were successfully functionalized with 

several nucleophiles with loadings ranging from 2.6 – 6.6 mmol g-1 [101]. 

 

Figure 1:11 – Schematic of formation of beaded polyHIPE by a w/o/w emulsion suspension 
polymerisation technique. Reproduced with permission [104]. Copyright 2005, Elsevier. 

 

Recently a new technique has been developed for the preparation of polyHIPE beads. 

Utilising the fast rate of polymerisation afforded by the photoinitiated free radical 

techniques, HIPE droplets were prepared using a microfluidic device and were 

subsequently photopolymerised producing monodisperse beaded polyHIPE materials (see 

Figure 1:12 and Figure 1:13 a)). The main advantage of this technique in comparison to 

beads prepared via a multiple emulsion is the surfaces of these materials are not covered 

with a non-porous ‘skin’ (see Figure 1:13 b)). 
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Figure 1:12 – Schematic of the formation of beaded polyHIPEs via the photopolymerisation of a HIPE 

prepared with a microfluidic device. Reprinted with permission [90]. Copyright 2009, American Chemical 
Society 

 

 

Figure 1:13 - a) Optical microscopy image showing monodisperse beaded polyHIPEs prepared by the 

photopolymerisation of a HIPE formed using a microfluidic device and b) SEM image of the surface of one of 
these polyHIPE beads. Reproduced with permission [90]. Copyright 2009, American Chemical Society. 

 

PolyHIPE membranes used for the culture of cells for instance, are prepared by slicing a 

monolithic block with a fine blade called a microtome, but another technique has been 

developed whereby a HIPE is spread onto a glass substrate with a casting blade prior to its 

polymerization[105]. These highly porous polyHIPE membranes were obtained with a 

thickness between 200 – 400 µm (see Figure 1:14 a)). There was no observable non-
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porous ‘skin’ on the surface of the membrane (see Figure 1:14 b)), where the HIPE was in 

contact with the glass substrate. Other substrates, for example poly(tetrafluoroethylene) 

(PTFE) were tried, as this substrate had previously been observed to form polyHIPE 

membranes with fewer defects in comparison to glass substrates[96]. In this instance, 

glass substrates were deemed to be the best substrate for polyHIPE membranes with 

reduced defects. The authors suggest that this could be due to the manner in which the 

HIPE is spread onto the substrate. Also, with the incorporation of 10 mol. % 2-ethylhexyl 

acrylate (EHA) (with respect to the monomer content) into the polyHIPE there was a 

significant improvement to the mechanical properties of this porous membrane.  

 

Figure 1:14 - SEM images of polyHIPE membrane prepared by casting technique a) cross-section. 
b) surface. Reproduced with permission [105]. Copyright 2008, Royal Society of Chemistry. 

 

1.3.2 Chemical Functionalization of Emulsion Templated Porous Polymers 

 PolyHIPEs based on poly(ethylene glycol) (PEG)-methacrylate have been prepared 

for the reversible immobilization of elastin-based side chain polymers (EBPs)[106] (a 

stimulus-responsive polymer[107]). Stimulus-responsive polymers undergo a change in 

aqueous solubility on altering environmental conditions, for example solution pH or 

temperature and have been used to reversibly immobilize enzymes [108]. A ‘short’ chain 
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EBP was reversibly immobilized onto a porous polymer scaffold functionalized with a 

‘long’ chain EBP. EBP-EBP co-assembly took place instead of self-assembly because the 

transition temperature (Tt) of the blend was between the Tt values of the homopolymers, 

as has been previously observed with EBPs in solution (see Figure 1:15) [107]. These EBPs 

were prepared by reversible addition fragmentation chain transfer (RAFT) polymerisation 

of a methacrylated elastin-like peptide (ELP), VPGVG [106]. PEG-based polyHIPEs were 

covalently functionalized with EBPs by altering the functionality of the RAFT initiator 

located at the end of the polymer chain, from a thioester to a thiol and then undertaking 

a Michael addition onto vinyl groups (from unreacted crosslinker) within the polyHIPE 

[106]. It was successfully shown that EBP in solution could be co-assembled and then 

reversibly removed from the PEG based scaffold by controlling the pH and temperature of 

the solution[106] (see Figure 1:16). 
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Figure 1:15 – Schematic of the reversible immobilization by peptide-mediated co-assembly: a) 
poly(VPGVG) functionalised PEG polyHIPE; b) poly(VPGVG) functionalised PEG polyHIPE soaked in 

a EBP solution at pH 3.2; c) After lowering the pH of the solution to pH 1.5; d) polyHIPE after 
washing in a pH 3.2 buffer. Reproduced with permission [106]. 

 

 

Figure 1:16 - a) Left: poly(VPGVG) functionalised PEG based polyHIPE mixed with a fluorescently 
labelled EBP solution at pH 1.5; right: unfunctionalised PEG based polyHIPE mixed with a 

fluorescently labelled EBP solution at pH 1.5. b) left: poly(VPGVG) functionalised PEG based 
polyHIPE mixed with a fluorescently labelled EBP at pH 1.5; right: EBP functionalised PEG based 

polyHIPE mixed with a fluorescently labelled EBP which has been then washed with a pH 3.2 
buffer. PolyHIPE samples illuminated under ultraviolet (UV) light (λ=254 nm). Reproduced with 

permission [106]. 
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The facile preparation of polyHIPEs together with their macroporous, highly 

interconnected morphology has driven research on these materials. In addition, 

polyHIPEs can incorporate a range of different functional monomers including VBC [109, 

110], GMA [50, 51, 53] and NPA [101, 102]. These subsequently can be functionalised for 

a variety of purposes, i.e. enzyme immobilization or water purification [91, 103]. There 

has been an increase in interest in functionalised monoliths due to the development of 

polymer-assisted purification techniques (PASP)[111]. These techniques employ polymers 

to purify products of chemical reactions, by sequestering reactants or products from the 

crude reaction mixture by reaction with a reactive group on the polymer surface. This has 

led to the investigation of polyHIPEs as potential substrates for PASP.  

Previously, St/DVB materials have been observed to have unreacted carbon-carbon 

double bonds that could be used for further functionalisation[32, 112]. Reactive 

monomers such as VBC have been shown to be incorporated within a polyHIPE matrix 

without affecting the morphology. It has been demonstrated lately that VBC can be used 

to immobilise a Wang linker, and tris(hydroxyl methyl)aminomethane[113]. Wang resins 

have been used for a number  of applications, from the solid phase synthesis of peptides 

to grafting of polymers by living free radical polymerisation[114, 115]. Species 

immobilised via Wang linker can be cleaved from the support or resin by post-treatment 

with an acid[114]. Wang resin functionalised VBC-based polyHIPEs were achieved in two 

steps; via the functionalisation of VBC with 4-hydroxybenzaldehyde; and the reduction of 

the aldehyde to deliver the Wang resin, giving loadings of 3.1 mmol/g[113]. This Wang 

resin functionalised support could be used to immobilize 4-iodobenzoic acid, a reagent 

for Suzuki-cross coupling reactions[113]. Tris(hydroxyl methyl)aminomethane 
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functionalised polyHIPEs were observed to have 8.1 mmol g-1 of hydroxyl groups within 

the scaffold[113]. These functionalised scaffolds were observed to have a higher 

conversion (82 %) for the attachment of 4-iodobenzoic acid with respect to the Wang 

resin scaffolds. This scaffold also scavenged acid chlorides, which are commonly used 

reagents in organic synthesis[113]. 

Other functional monomers, for example TCPA and NPA have been observed previously 

to be an alternative to VBC as a reactive monomer, although polyHIPEs derived from NPA 

were relatively inhomogeneous in their morphology [102]. TCPA based polyHIPEs with the 

flexible crosslinker, EGDMA, have been compared with DVB in their morphology, 

properties and functionalisation[116]. TCPA/DVB polyHIPEs could be prepared with Span 

80, but TCPA/EGDMA polyHIPEs could only be stabilised with Synperonic PEL 121, a low 

HLB number triblock copolymeric surfactant, due to the increased hydrophilicity of the 

emulsion organic phase as a result of EGDMA. It was noticed that the reactive monomer 

underwent some partial hydrolysis, possibly due to the removal of inhibitors[116]. It was 

shown that surface area of TCPA polyHIPEs prepared with both DVB or EGDMA increased 

to a similar extent with the incorporation of porogenic organic solvents into the emulsion, 

but this increase in surface area is considerably less than other DVB based polyHIPEs with 

added porogenic solvents[117]. Also, the addition of the porogenic solvent increased the 

void size as a result of coalescence. Doubling in the average window size on increasing 

pore volume from 75-90 % and a tripling of the window size was observed with EGDMA. 

Tris(2-aminoethyl) amine functionalised polymers have been used for the removal of 

various reactants, such as aldehydes, imines and acid chlorides from crude final product 

solutions[111]. Hydrolysis of TCPA groups using sodium hydroxide solution indicated that 



Chapter 1 

 

 

37 
 

the monolithic forms of the polyHIPE performed to a similar extent, indicating that 

diffusion into the matrix did not limit reactivity. NPA polyHIPEs as mentioned above have 

been functionalised with piperzine and used in powdered and beaded forms for the 

removal of fertilizers from water samples[103].  

Designing a porous polymer for further functionalisation has numerous drawbacks. 

Reactive monomers such as GMA can destabilise a w/o HIPE as a result of the increased 

hydrophilicity of the organic phase, which promotes destabilisation. Loading of functional 

groups from the incorporation of reactive monomers can be low as a result of 

inaccessibility of groups in the bulk and also because the polymer has to contain other 

constituents such as cross-linkers. Thirdly, high surface areas are desirable for most of the 

applications of solid phase chemistry, such as heterogenous catalysis, and generally 

polyHIPEs have relatively low surface areas, in comparison to other porous materials, 

such as Davankov styrene-divinyl benzene resins[1,32]. 

Work by Cummings et al. has addressed the first two drawbacks of functionalising 

polyHIPEs, by grafting reactive polymers onto acrylate based polyHIPEs via photoinitiation 

with the incorporation of an atom transfer radical polymerisation (ATRP) initiator[92]. 

This ATRP initiator did not affect the morphology of the polyHIPE and facilitated the 

surface functionalisation of poly(methyl methacrylate) (PMMA), which was observed to 

be able to undergo re-initiation with poly(hydroxyethyl methacrylate) (PHEMA) which is 

typical of a living free-radical polymerisation technique, forming a grafted block co-

polymer[92]. GMA was grafted onto the photopolymerized polyHIPE and the epoxide was 

observed to undergo ring opening in an acidic solution, subsequently the hydroxyl groups 

were fuctionalised with a fluorinated acid chloride, which was observed to increase the 
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hydrophobicity of the foam[92]. ‘Click’ chemistry represents a range of reactions that 

exhibit mild conditions, with no byproducts and high yields. Examples include copper-

catalyzed azide/alkyne cycloadditon reaction and also the thiol/ene reaction[118-120]. 

GMA grafted polyHIPEs can be functionalised with sodium azide, which can then be used 

for reaction with various alkyne containing molecules[93]. This work into ATRP surface 

grafting of GMA has opened up the opportunity to surface functionalise, using ATRP 

and/or click chemistry, with a range of other reactive monomers and molecules, without 

affecting the morphology of the polyHIPE. One drawback of using ATRP is that copper is 

incorporated into the material. Copper’s high toxicity[121] could reduce some of the 

potential applications of this material, particularly those of a biological nature. 

A drawback of polyHIPEs for applications such as heterogeneous catalysis, 

chromatography and gas storage is their naturally low surface area due to their inherent 

macroporosity. Work has been previously carried out into increasing this surface area 

without affecting the polyHIPEs macroporous structure by the incorporation of porogenic 

solvents into the emulsion resulting in a meso- and microporous substructure within the 

polyHIPE[117, 122]. Recently it has been noticed that it is possible to increase the surface 

area of a polyHIPE via the hypercrosslinking, of DVB based polyHIPEs[123, 124]. 

Hypercrosslinking is a technique in which a polymer is swollen in a ‘good’ solvent, then 

the polymer is crosslinked, whereby on the removal of the solvent the swollen state of 

the polymer remains, forming a secondary pore structure[125] and resulting in high 

surface areas of around 2000 m2 g-1 (measured by BET)[126]. DVB-based polyHIPEs were 

hypercrosslinked via a “Davankov-type” method[127], by the Friedel-Crafts crosslinking of 

VBC which results in the formation of methylene bridges between chloromethyl groups or 
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the crosslinking of styrene with the addition of dimethoxymethane. These polyHIPEs have 

been investigated as support materials for catalysts[124] and could potentially be used 

for the purification of water supplies[128], as a sorbent for solid phase extraction[129-

132], or as a column for high performance liquid chromatography (HPLC)[133], utilizing 

both the macroporous structure of the polyHIPE, allowing for high permeability of liquids 

through the foam and the microporous substructure which imparts the high surface 

contact that is desirable for the adsorption of molecules.  

 

1.3.3 Enzyme Immobilization 

Enzymes are increasingly used as biocatalysts for the production of fine chemicals 

and pharmaceutical products [134]. The use of enzymes in industrial processes requires 

that they can be easily separated from the product, reused and have acceptable 

stability[135]. These requirements can be accomplished via immobilization of the enzyme 

onto a solid support [136]. The two main approaches to immobilise enzymes onto a solid 

support are adsorption and covalent attachment [137]. Adsorption is by far the most 

frequently used technique, as it is relatively simple, cheap and no other support 

preparation is needed. However, adsorbed enzymes tend to leach from the support [137]. 

Covalent attachment, generally through lysine residues on the surface of the enzyme, 

allows for a much stronger interaction between the enzyme and the support, resulting in 

a support that can be used many times without a marked reduction in enzyme 

activity[137]. However, sometimes this cost reduction in the reuse of the support is 

negated by the cost of chemicals to activate the support for enzyme immobilization. 
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1.3.3.1 Enzyme Immobilization onto Emulsion-Templated Porous Polymers 

PolyHIPEs are an attractive support for enzymes due to the variety of functional 

groups that can be incorporated into the support for attachment of the enzyme. 

Furthermore, polyHIPEs can be prepared in monolithic forms, which allows for their use 

not just in batch but also under continuous flow.  

Pierre et al.[91] have recently investigated enzyme immobilization onto polyHIPEs for 

biocatalysis. They prepared a photopolymerised polyHIPE that incorporated a reactive 

monomer N-acryloxysuccinimide (NASI) that was used to immobilise the enzyme, Candida 

Antarctica Lipase B (CAL-B). These polyHIPEs were reacted with a green fluorescent 

protein (rAceGFP) to show that an increase in NASI content from 0 to 0.74 mmol g-1 

resulted in a marked increase in intensity of fluorescence under a confocal microscope. 

Enzyme activity of the covalently immobilised lipase was compared to the enzyme in 

solution (Novozyme 525) and against a commercially available product Novozyme 435 

(CAL-B physically adsorbed onto a macroporous acrylic resin). These results showed that 

the activity (in µmol paranitrophenyl acetate (PNPA)/ min/ mg of CAL-B) of covalently 

immobilised CAL-B was comparable to the enzyme in free solution and significantly 

greater than that of Novozyme 435. The activity per gram of support also showed that the 

covalently immobilised enzyme is greater than Novozyme 435, even though the loading of 

CAL-B on the polyHIPE is ten times less than that of Novozyme 435. They suggested that 

this was due to there being more CAL-B accessible to the substrate for the covalently 

immobilised, rather than the adsorbed enzyme. Also the polyHIPE support showed 

greater potential as a biocatalyst, as there was no observable decrease in activity on 

reuse of the support, whereas there was 17 % decrease in initial activity with Novozyme 

435. 
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Recently, a lipase from Thermomyces Lanuginosus was covalently immobilised onto a 

polyHIPE support via a polyglutaraldehyde (PGA) linker [138-140]. The polyHIPE was 

prepared from a continuous phase consisting of styrene, divinylbenzene, and Span 80, 

and an internal phase composition of PGA with potassium persulphate in aqueous 

solution. It was shown that there was a noticeable increase in the stability of the 

covalently immobilised lipase in comparison to adsorbed lipase on a styrene / DVB 

polyHIPE support. After reusing the support with adsorbed lipase just five times, there 

was a complete loss of enzyme activity and a 55 % reduction in original enzyme activity on 

storage at 4 oC in acetate buffer (25 mM, pH 6.0), due to leaching of the enzyme from the 

support. On the other hand, PGA attached lipase retained ~ 100 % of the initial activity 

after the support was reused 15 times and on storing the support for 30 days in acetate 

buffer. This glutaraldehyde immobilised lipase has been shown to be an effective catalyst 

for the production of biodiesel from sunflower, soyabean, canola, and waste cooking oils 

[139, 140]. The immobilization of lipase and subsequent transesterification reaction for 

the production of biodiesel were carried out on powdered, beaded and monolith forms of 

the poly (styrene / DVB / PGA) support. A continuous flow setup was possible for the 

monolithic form of the polyHIPE whereby it was cut into a disk and placed into a column 

and the substrate was passed around the system via a peristaltic pump. However, the 

best yields for biodiesel production were obtained from beaded or powdered forms of 

the support.  

Recent developments in the production of emulsion templated porous polymers have 

resulted in a significant broadening of the scope of materials that can be prepared by this 

method. For example, well-defined materials can now be prepared from functional 
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monomers such as glycidyl methacrylate, 2-hydroxyethyl methacrylate, N-isopropyl 

acrylamide and poly(ethylene glycol methacrylate), as well as natural biomaterials such as 

gelatin and dextran. Advances in the emulsion templating process include the use of 

particulate stabilisers that eliminate the need for small molecule surfactants, together 

with ultra-rapid curing by photopolymerization, which means that less stable HIPEs that 

would not survive thermal curing can be converted into polyHIPEs. These developments 

facilitate the use of functional, emulsion templated porous polymers in diverse advanced 

material applications including as substrates for tissue engineering/cell culture and 

supports for biocatalysts. 
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1.4 Aims and Structure of Thesis 

As was mentioned in section 1.3, recent advances in the preparation of emulsion-

templated porous polymers include the formation of a greater range of functional 

materials, namely those with epoxy functionality, from the copolymerisation of GMA with 

either DVB or EGDMA. In addition to the preparation of polyHIPEs via the advantageous 

method of the ultra-fast photointiated free radical polymerisation of the continuous 

phase, in comparison to the more conventional thermally initiated method. Prior art 

within the field of emulsion-templated porous polymers does not include, to the best of 

the authors knowledge the development of the photopolymerisation technique for the 

preparation of highly porous monolithic GMA-based materials, and the investigation of 

the use of GMA-based polyHIPEs as supports for the covalent attachment of enzymes.  

The aims of my thesis are to prepare an open-void highly porous GMA-based polyHIPE 

material, which can be functionalized post-polymerisation with a range of nucleophiles 

and used within a continuous flow set-up. In addition, the overall emphasis of the thesis is 

to prepare a bioreactor, via the covalent immobilization of the enzymes, onto the GMA-

based emulsion-templated porous polymers. 

The following chapter focuses on the preparation of GMA-based emulsion-templated 

materials via thermal- and photo-initiation of the HIPE and the development of these 

materials for use within a continuous flow system. The morphology of these materials is 

to be assessed via SEM, including statistical analysis of the void size and their distribution, 

in addition, mercury porosimetry is to be used for the quantification of the window size of 

GMA-based polyHIPE materials. Chapter 3 focuses on the investigation into the post-

polymerisation functionalization and subsequent characterisation of GMA-based polyHIPE 
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materials with amine nucleophiles. A range of techniques are to be used for the 

characterisation of functionalized polyHIPE materials, including, FTIR, XPS, attachment of 

a fluorescent tag, elemental analysis and solid state 1H MAS NMR spectroscopy. The 

penultimate chapter concentrates on the covalent enzyme immobilization of enzymes 

onto GMA-based polyHIPEs, either by direct attachment of the enzyme onto the polyHIPE 

or via the attachment via a spacer group from the surface of the material. The activity of 

the immobilized enzymes are to be investigated via a discontinuous photometric and 

continuous titrametric assay. The final chapter gives an overall conclusion to the thesis 

and possible avenues of future work, such as the use of zero length linker groups from the 

polyHIPE support for the covalent attachment of enzymes, the development of GMA-co-

TRIM polyHIPEs for continuous flow applications and the investigation into the 

functionalization of the polyHIPE material with a PEG spacer group with a ‘clickable’ 

moiety.   
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2 Preparation and Characterization of GMA-

based Photoinitiated PolyHIPE Materials 

2.1 Introduction 

Traditionally, polymerised high internal phase emulsions have been prepared via 

thermal initiation, typically with the aqueous soluble initiator potassium persulphate and 

the monomers styrene and divinyl benzene[1, 2]. The polymerisation can take from 24 

hours to 48 hours and subsequent work-up includes the Soxhlet extraction with water 

and lower alcohols to remove the internal phase (including any salts used) and surfactant. 

Functional polyHIPE materials can be prepared via the copolymerisation of the monomer 

phase with a reactive monomer, such as vinylbenzyl chloride[3, 4], acrylic acid[5], 4-

nitrophenyl acrylate[6] or glycidyl methacrylate[7, 8]. Inclusion of relatively hydrophilic 

monomers into the continuous phase of a w/o emulsion can destabilise the emulsion 

resulting in an inhomogeneous porous polymer[7].  

Recently, functional polyHIPE materials derived from (meth)acrylates have been prepared 

via photopolymerisation[9, 10]. Advantages of this technique arise mainly from the rapid 

cure of the monomers, resulting in the preparation of emulsion-templated porous 

polymers in minutes rather than days and the ability to form well-defined polyHIPE 

morphologies from relatively unstable emulsions. N-Acryloxysuccinimide (NASI)-based 

photopolymerised polyHIPEs have been used as supports for biocatalytic reactions[9]. 

Monolithic materials have been used as flow-through enzymatic reactors, in particular 

GMA-based materials, as GMA can be functionalized post-polymerisation with a range of 

nucleophiles[11, 12]. Monoliths have advantages for continuous flow applications, for 
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example low back pressures even at high flow rates and also relatively high rate of mass 

transfer due to convective rather than diffusive flow (as for packed bed reactors)[13]. 

PolyHIPE monolithic materials are well suited as chromatographic stationary phases and 

flow-through systems due to their high porosity, high permeability and morphology of 

regular micron-sized voids with interconnecting windows [14, 15].   

Preparation of novel functional GMA-based porous polymers via the photo-initiation of a 

HIPE and the subsequent implementation of this material for continuous flow 

applications is described in this chapter.   

 

2.2 Experimental Section 

2.2.1 Materials  

Ethylene glycol dimethacrylate (Aldrich; 98 vol. %), glycidyl methacrylate (Fluka, 97 

%), 2-ethylhexyl acrylate (Aldrich; 98%), Synperonic PEL 121 (triblock copolymer of 

poly(propylene oxide) and poly(ethylene oxide), with a HLB number of 0.5) (Croda), 

calcium chloride hexahydrate (Fluka, ≥ 99 %), trimethylolpropane trimethacrylate 

(Aldrich, technical grade), trimethylolpropane triacrylate (Aldrich, technical grade), 

dipentaerythritol penta-/hexa-acrylate (Sigma), isobornyl acrylate (Aldrich, technical 

grade), Hypermer B246 (triblock copolymer of poly(12-hydroxystearic acid) and  

poly(ethylene glycol) with a HLB number of 6) (Univar Ltd.), diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide / 2-hydroxy–2–methylpropiophenone, blend (Aldrich), 

N-acryloxysuccinimide (Aldrich, ≥90 %), poly(ethylene glycol) methacrylate (Aldrich, 

Mn~360), sulphuric acid (Fisher Scientific, ≥ 95 %), 3-(trimethoxysilyl)propyl methacrylate 

(Aldrich, ≥98 %), acetone, potassium bromide (Aldrich, ≥ 99 %) and Omnifit® 
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chromatography columns (BenchMark Microbore 3 mm diameter 100 mm length 

borosilicate glass with adjustable ¼-28 fittings without frits), were used as supplied unless 

stipulated otherwise. See Figures 2:1, 2:2 and 2:3 for the chemical structures of the 

monomers, photoinitiator and surfactants used. 
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Figure 2:1 – Chemical structures of monomers used to prepare polyHIPE materials. A) Glycidyl 
methacrylate B) N-acryloxysuccinimide C) poly(ethylene glycol) methacrylate (Mn 360) D) ethylene 
glycol dimethacrylate E) trimethylolpropane trimethacrylate F) trimethylolpropane triacrylate G) 

dipentaerythritol penta-/hexa-acrylate F) isobornyl acrylate G) 2-ethylhexyl acrylate 
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Figure 2:2 – Chemical structures of the photoinitiators used for preparation of polyHIPE materials. 
A) 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone and a photoinitiator consisting of a 

50:50 blend of B) diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide and C) 2-hydroxy-2-
methylpropiophenone 
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Figure 2:3 – Chemical structures of surfactants used to stabilize HIPEs. A) Synperonic PEL 121, A-B-
A block copolymer with a HLB number of 0.5 (A is poly(ethylene oxide) block length 5 and B is 

poly(propylene oxide) block length 70) B) Hypermer B246, an A-B-A block copolymer with a HLB 
number of 6 and MW of 7500 (A is poly(12-hydroxystearic acid) and B is poly(ethylene oxide)) 
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2.2.2 Photopolymerised GMA-based polyHIPE preparation 

 This work is based on studies carried out by Pierre et al.[9]. The GMA-based 

photopolymerised polyHIPEs were prepared with nominal porosities of 73, 78, 89 and 95 

%, based on aqueous phase content. A w/o HIPE was obtained from the addition of an 

aqueous phase to an oil phase containing a surfactant under the application of stirring 

(see Figure 2:4 for equipment used for the preparation of these materials).  

 

Figure 2:4 – Equipment for polyHIPE synthesis. A) Glycidyl methacrylate B) trimethylolpropane 
triacrylate C) 2-ethylhexyl acrylate D) isobornyl acrylate E) diphenyl(2,4,6-trimethylbenzoyl) 

phosphine oxide F) 2-hydroxy-2-methylpropiophenone G) Hypermer B246 A-B-A block copolymer 
PHS-PEG-PHS 

 

Dropping funnel containing 
the aqueous phase 

Three-necked round bottom flask 

containing the organic phase 

G) 

E) 

A) B) 

C) D) 

F) 

Digital overhead stirrer  
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The oil phase consisting of glycidyl methacrylate (0.70 mL, 0.73 g, 5.1mmol), 2-ethylhexyl 

acrylate (4.14 mL, 3.66 g, 19.9 mmol), isobornyl acrylate (0.88 mL, 0.87 g, 4.2 mmol), 

trimethylolpropane triacrylate (1.28mL, 1.41g, 4.8mmol), surfactant Hypermer B246 (0.2 

g, 3% w/w of oil phase) and photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine 

oxide / 2-hydroxy–2–methylpropiophenone, blend (0.70 mL, 0.78 g, 10 % v/v of monomer 

phase) was added to a 250 mL two-necked round bottomed flask. To reduce the 

possibility of polymerisation due to stray light, the photoinitator was contained in a 

brown glass container. Monomer, crosslinker, photoinitiator and surfactant were mixed in 

the dark (all laboratory lights were switched off and blinds in the laboratory were closed). 

The oil phase was then stirred continually in the dark at 350 rpm using a D-shaped PTFE 

paddle connected to an overhead stirrer. An aqueous phase consisting of 63 mL of 

deionised water was added dropwise to the oil phase over a period of 10 min., and then 

the HIPE was left to stir for an additional 10 min. to produce a homogenous emulsion (see 

Table 2:1, 2:2 and 2:3 for a full list of the components of this HIPE and for different 

formulations used). The HIPE was then placed between two glass plates within a PTFE 

square ring (see Figure 2:5 A)). This was then exposed to the UV lamp (see Figure 2:5 B) 

and C)) three times on each side at 3.5 meters per minute (conveyor belt speed) at 100 % 

intensity with an H-bulb (200 W cm-2). The resulting monolith was recovered from 

between the glass plates and washed in acetone (5   500 mL) and then dried in vacuo at 

55 oC for a minimum of 24 hours. 
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Figure 2:5 - Image showing the set-up for the photopolymerisation of a HIPE. A) PTFE moulds and 
glass plates. B) Fusion UV Systems, Inc.®LC6E Benchtop Conveyor with Light Hammer® 6 Irradiator 
used for curing of a HIPE. C) Polymerisation of a HIPE placed between the two glass plates within a 

PTFE mould on the LC6E Benchtop Conveyor. 

 

2.2.3 PolyHIPE Coding System 

PolyHIPE (PHP) materials are to be classified throughout the thesis with a code 

PHPX, where X represents the formulation used in Table 2:1, 2:2, 2:3, and 2:4. 

 

2.2.4 Preparation of a Hydrophilic Photopolymerised PolyHIPE Material 

A HIPE was prepared with the same method used in section 2.2.2 (see Table 2:1 

for formulation). After 30 minutes of stirring at 350 rpm, 5 mL of 360 MW poly(ethylene 
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glycol) methacrylate was added dropwise into the emulsion with stirring at 350 rpm over 

one minute. This emulsion was then immediately polymerised with the UV curing device 

following the method in section 2.2.2 and then these materials were washed with copious 

amounts of acetone and dried in the vacuum oven at 50 oC for a minimum of 24 hours 

(see section 2.2.2) . 

 

2.2.5 GMA / EGDMA HIPE preparation and thermal polymerisation 

This procedure is based on work carried out by Krajnc et al.[7]. Ethyleneglycol 

dimethacrylate and glycidyl methacrylate were passed through a column of activated 

basic alumina (Aldrich; Brockmann 1) to remove any inhibitor present (hydroquinone 

monomethyl ether). An oil phase consisting of glycidyl methacrylate (14.51 g, 0.1 mol), 

ethylene glycol dimethacrylate (6.76 g, 34 mmol), and surfactant Synperonic PEL 121 

(4.28 g, 20 % w/w of oil phase) was added to a 250 mL three-necked round bottomed 

flask. The oil was then stirred continually at 350 rpm using a D-shaped PTFE paddle 

connected to an overhead stirrer. An aqueous phase consisting of 80 mL of deionised 

water, water soluble initiator potassium persulfate (0.2 % w/v of aqueous phase), and 

calcium chloride hexahydrate (2 % w/v of aqueous phase) was added over a period of 30 

min., then the HIPE was left to stir for an additional 30 min. The HIPE was then 

transferred to a polycarbonate centrifuge tube, which was then placed in an oven at 60 oC 

for 24 hours. The resulting monolith was recovered from the tube then extracted in a 

Soxhlet apparatus with deionized water for 24 hours, then with ethanol for 24 hours, and 

dried in vacuo at 55 oC for a minimum of 24 hours. 
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2.2.6 GMA/TRIM HIPE Preparation and Photopolymerisation 

An oil phase consisting of glycidyl methacrylate (14.51 g, 0.1 mol), 

trimethlolpropane trimethacrylate (TRIM) (6.76 g, 34 mmol), surfactant, Synperonic PEL 

121 (4.28 g, 20 % w/w of oil phase) and photoinitiator diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide / 2- hydroxy – 2 – methylpropiophenone, blend (2 mL, 

2.24 g, 9.9 % v/v of monomer phase) was added to a 250 mL three-necked round 

bottomed flask. The oil was then stirred continually at 350 rpm using a D-shaped PTFE 

paddle connected to an overhead stirrer in the dark. An aqueous phase consisting of 80 

mL of deionised water and calcium chloride hexahydrate (2 % w/v of aqueous phase) was 

added over a period of 30 min., then the HIPE was left to stir for an additional 30 min. to 

produce a homogeneous emulsion (PHP12, see Table 2:4 for a list of all the components 

of the HIPE). The oil phase was then stirred continually in the dark at 350 rpm using a D-

shaped PTFE paddle connected to an overhead stirrer. The HIPE was then placed between 

two glass plates within a PTFE square ring (see Figure 2:5) and secured with tape. This was 

then exposed to the UV lamp (see Figure 2:5 B) and C)) three times on each side at 3.5 

meters per minute at 100 % intensity with an H-bulb (200 W cm-2) to ensure complete 

curing of the emulsion. The resulting monolith was recovered from between the glass 

plates and extracted in a Soxhlet apparatus with deionized water for 24 h, ethanol for 24 

h, and dried in vacuo at 55 oC for a minimum of 24 hours. 
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2.2.7 Preparation of Photopolymerised GMA-based Monoliths for Continuous Flow 

Applications 

2.2.7.1 Functionalization of Glass Column 

 Functionalization of glass columns followed the method by Uttamlal et al.[16]. 

Omnifit chromatography glass columns were immersed in concentrated sulphuric acid for 

a minimum of 30 min., this was followed by washing the columns with copious amounts 

of ultra high purity (UHP) water (Millipore) followed by acetone. The column was then 

placed into a 10 wt. % solution of 3-(trimethoxysilyl)propyl methacrylate in acetone for a 

minimum of 30 minutes. The columns were then washed with acetone and left to cure for 

30 minutes at room temperature in a clean and dry environment. 

 

2.2.7.2 Preparation of GMA/EGDMA HIPE with Photoinitiator 

See preparation of GMA/TRIM, section 2.2.6; ethylene glycol dimethacrylate (6.76 

g, 20 mmol), (6.76g, 34 mmol) was used instead of trimethlolpropane trimethacrylate 

(PHP12, see Table 2:4 for a list of all the components of the HIPE). 

 

2.2.7.3 Preparation of Monolith within Functionalized Glass Column 

 The procedure for the preparation of HIPE followed the method used in section 

2.2.2 and 2.2.7.2 (for GMA/EGDMA photopolymerised monoliths) (see Table 2:4 for the 

different formulations of HIPE used). All polyHIPE monoliths prepared were of nominal 

porosity of 89 %, with the exception of the photopolymerised GMA/EGDMA polyHIPE, 

which had a nominal porosity of 80 %. HIPE was placed into the functionalized glass 

column. The column was then passed through the UV curing system six times (rotating 
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the column after every passage) at 3.5 meters per minute at 100 % intensity with a H-bulb 

(200 W cm-2) to ensure a fully cured monolith (see Figure 2:6 for an image of a fully cured 

photopolymerised monolith within a functionalized glass column). The column was then 

connected up to a pump and washed with copious quantities of isopropanol and water. 

Columns were prepared for re-use by removing monoliths and placing the columns in a 

base bath for a minimum of 24 hours. 

 

Figure 2:6 – Photopolymerised GMA-based polyHIPE monolith covalently bound to a 
functionalized glass chromatography column 

 



 

 

Table 2:1 – Quantities of starting material required for the preparation of a photopolymerised GMA-based polyHIPE with 10% GMA v/v of monomer phase (PHP1). 

 

Continuous Phase PHP1 

Weight % 
w/w of 
monomer 
phase 

Weight/g  Volume % 
v/v of 
monomer 
phase 

Volume/mL Mol. % 
mole/mole 
of monomer 
phase 

Mol./ 
mmoles 

Monomer 
Phase 

GMA 11 0.73 10.0 0.70 15 5.1 

IBOA 13 0.87 13 0.88 12 4.2 

EHA 55 3.66 59 4.14 59 19.9 

TMPTA 21 1.41 18 1.28 14 4.8 

Surfactant Hypermer 
B246 

3 0.20 - - - - 

Initiator Photoinitiator* 12 0.78 10 0.70 - - 

 

Dispersed Phase PHP1 

Weight % w/w of 
dispersed phase 

Weight/g  Volume/mL 

H2O 100 63 63 

 

*Photoinitiator is diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide / 2-hydroxy–2–methylpropiophenone, blend 

 

 



 

 

Table 2:2 – Quantities of starting material used for the preparation of 10%-40% GMA (v/v of monomer phase) photopolymerised polyHIPE materials 
 

Continuous 
Phase 

PHP1 PHP2 PHP3 PHP4 

Volume % v/v of monomer phase of GMA within polyHIPE 

10% 20% 30% 40% 

 Vol/mL Wt./g  Mol./ 
mmol 

Vol/mL Wt./g  Mol./ 
mmol 

Vol/mL Wt./g  Mol./ 
mmol 

Vol/mL Wt./g  Mol./ 
mmol 

GMA 0.70 0.73 5.1 1.40 1.46 10.3 2.10 2.19 15.4 2.80 2.92 20.5 

IBOA 0.88 0.87 4.2 0.88 0.87 4.2 0.88 0.87 4.2 0.88 0.87 4.2 

EHA 4.14 3.66 19.9 3.44 3.04 16.5 2.74 2.42 13.2 2.04 1.81 9.80 

TMPTA 1.28 1.41 4.8 1.28 1.41 4.8 1.28 1.41 4.8 1.28 1.41 4.8 

Hypermer 
B246 

- 0.2 - - 0.2 - - 0.2 - - 0.2 - 

Photoinitiator* 0.70 0.78 - 0.70 0.78 - 0.70 0.78 - 0.70 0.78 - 

 

Dispersed Phase Weight % w/w of 
dispersed phase 

PHP1 PHP2 PHP3 PHP4 

Volume % of v/v of monomer phase GMA within polyHIPE 

10% 20% 30% 40% 

Volume/mL Volume/mL Volume/mL Volume/mL 

H2O 100 63 63 63 63 

 

* Photoinitiator is diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide / 2-hydroxy–2–methylpropiophenone, blend 

 

 



 

 

Table 2:3 – Different formulations used for the preparation of 77-95 % nominal porosity GMA-based photopolymerised materials 
 

Continuous 
Phase 

PHP1 PHP2 PHP6 PHP7 

Nominal Porosity* 

95 % 89 % 78 % 73 % 

 Vol./mL Wt./g  Mol./ 
mmol 

Vol./mL Wt./g  Mol./ 
mmol 

Vol./mL Wt./g  Mol./ 
mmol 

Vol./mL Wt./g  Mol./ 
mmol 

GMA 0.35 0.37 2.6 0.70 0.73 5.1 1.40 1.46 10.3 1.75 1.82 12.8 

IBOA 0.44 0.44 2.1 0.88 0.87 4.2 1.76 1.74 8.3 2.20 2.17 10.4 

EHA 2.07 1.83 9.9 4.14 3.66 19.9 8.28 7.33 39.8 10.35 9.16 49.7 

TMPTA 0.64 0.71 2.4 1.28 1.41 4.8 2.56 2.82 9.5 3.20 3.52 11.9 

Hypermer 
B246 

- 0.1 - - 0.2 - - 0.4 - - 0.5 - 

Photoinitiator* 0.35 0.39 - 0.70 0.78 - 1.40 1.57 - 1.75 1.96 - 

 

Dispersed Phase Weight % w/w of 
dispersed phase 

PHP5 PHP1 PHP7 PHP8 

Nominal Porosity* 

95% 89% 78% 73% 

Volume/mL Volume/mL Volume/mL Volume/mL 

H2O 100 66.5 63 56 52.5 

 

*Nominal porosity is measured from the ratio of the dispersed phase volume with respect to the total volume of the emulsion (dispersed phase volume and continuous phase volume).  

**Photoinitiator is diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide / 2-hydroxy–2–methylpropiophenone, blend 

 



 

 

Table 2:4 – Different formulations of polyHIPE used for the preparation of a continuous flow set-up 

Continuous 

Phase 

PHP1 PHP8 PHP9 PHP10 PHP11 PHP12 

Vol./m

L 

Wt./

g  

Mol./ 

mmol 

Vol./m

L 

Wt./

g 

Mol./ 

mmol 

Vol./

mL 

Wt./g Mol./

mmol 

Vol./m

L 

Wt./

g 

Mol./

mmol 

Vol./m

L 

Wt./

g 

Mol./ 

mmol 

Vol./m

L 

Wt./g Mol./ 

mmol 

GMA 0.70 0.73 5.1 0.70 0.73 5.1 1.40 1.46 10.3 1.40 1.46 10.3 - - - 13.93 14.51 102.1 

NASI - - - - - - - - - - - - 0.38 0.51 3.0 - - - 

IBOA 0.88 0.87 2.1 5.02 4.95 23.8 2.16 2.13 10.2 2.16 2.13 10.2 0.52 0.51 2.4 - - - 

EHA 4.14 3.66 19.9 - - - 2.16 1.91 10.4 2.16 1.91 10.4 2.90 2.57 39.8 - - - 

TMPTA 1.28 1.41 4.8 1.28 1.41 4.8 1.28 1.41 4.8 - - - - - - - - - 

Penta-/Hexa- 

Crosslinker* 

- - - - - - - - - 1.28 1.48 2.82 0.79 0.91 1.7 - - - 

EGDMA - - - - - - - - - - - - - - - 6.43 6.76 34.1 

Hypermer B246 - 0.2 - - 0.2 - - 0.2 - - 0.2 - - 0.13 - - - - 

Synperonic PEL 

121 

               - 4.28 - 

Photoinitiator*

* 

0.70 0.78 - 0.70 0.78 - 0.70 0.78 - 0.70 0.78 - 0.32 0.36 - 2.00 2.24 - 

 

Dispersed 

Phase 

PHP1 PHP8 PHP9 PHP10 PHP11 PHP12 

Wt. 

%*** 

Wt./g Vol./

mL 

Wt. % Wt./g Vol./

mL 

Wt. %  Wt./g Vol./

mL 

Wt. %  Wt./

g 

Vol./

mL 

Wt. %  Wt./g Vol./

mL 

Wt. %  Wt./g Vol./m

L 

H2O 100 63 63 100 63 63 100 63 63 100 63 63 100 45 45 98 80 80 

CaCl2 - - - - - - - - - - - - - - - 2 1.6 - 

* Dipentaerythritol penta-/hexa-acrylate 

** Photoinitiator is diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide / 2-hydroxy–2–methylpropiophenone, blend 

*** Weight% w/w of dispersed phase 



 

 

Table 2:5 - Showing the formulation for the preparation of GMA/TRIM photopolymerised polyHIPE material 

 

Continuous Phase Weight % 
w/w of 
monomer 
phase 

Weight/g  Volume % 
v/v of 
monomer 
phase 

Volume/ml Mol. % 
mole/mole 
of monomer 
phase 

Mol./ 
mmoles 

Monomer 
Phase 

GMA 68 14.51 69 13.93 83.6 102.1 

TRIM 32 6.76 31 6.34 16.4 20.0 

Surfactant 
 

Synperonic PEL 
121 

20 4.28 - - - - 

Initiator Photoinitiator* 10.5 2.24 9.9 2.0 - - 

 

Dispersed Phase Weight % w/w of 
dispersed phase 

Weight/g  Volume/ml 

H2O 98 80 80 

CaCl2.6H2O 2 1.6 - 

 

* Photoinitiator is diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide / 2- hydroxy – 2 – methylpropiophenone, blend 
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2.3 Instrumentation and Characterization 

2.3.1 Scanning Electron Microscopy (SEM) 

 Morphologies of polyHIPE materials were observed using a FEI XL30 SEM 

operating between 20-25 kV. Sections of monolith were sliced and placed onto carbon 

fibre pads and attached to aluminium stubs and were then coated in gold using an 

Edwards Pirani 501 sputter coater.  

 

2.3.2 Environmental Scanning Electron Microscopy (ESEM) 

 Morphologies of polyHIPE materials were also observed using a FEI XL30 SEM 

operating at 10.0 kV in environmental scanning mode at a water vapour pressure of 3.5 

Torr.   

 

2.3.3 Mercury Intrusion Porosimetry 

 Mercury intrusion porosimetry analysis was conducted using a Micromeritics 

Autopore IV. Intrusion and extrusion mercury contact angles of 130o were used. Intrusion 

pressures did not exceed 30000 psi for 73 % porosity polyHIPE material and 1600 psi for 

79 % and 89 % nominal porosity polyHIPE materials. Penotrometers used had a stem and 

penotrometer volume of 1.190 mL and 4.2 mL respectively. Intrusion volume of mercury 

was between 66 % and 90 % of the stem volume.   
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2.3.4 Surface Area Analysis 

 Nitrogen adsorption measurements were performed at 77.3 K on a Micromeritics 

Accelerated Surface Area and Porosimetry (ASAP) analyser 2020 model. Samples were 

dried to a constant mass by heating the samples at 50 oC in vacuo prior to data collection. 

Surface area measurements utilized ten points adsorption isotherm over 0.01 to 0.30 P/Po 

and analyzed via the BET method[17].  

 

2.3.5 FTIR Spectroscopy 

Potassium bromide discs were prepared by subjecting a mixture of 1 mg of 

powdered polyHIPE per 100 mg of pure, dry potassium bromide to pressure under 

vacuum. Perkin Elmer Spectrum 100 FTIR spectrometer with a resolution of 4.00 cm-1 was 

used for GMA-based polyHIPE materials. A background reading was acquired prior to the 

analysis of the polyHIPE materials. Twelve accumulations were taken for both the 

background and the scan. The scan range was taken between 4000 – 450 cm-1. 

 

2.3.6 Solvent Delivery System 

Varian 9012 solvent delivery system was used for the continuous flow analysis of 

the photopolymerised monolithic column. Back pressures and flow rate for each column 

and solvent used were taken from the solvent delivery system. 
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2.3.7 UV-curing device 

 Photopolymerisation was conducted on Light Hammer® 6 variable power UV 

curing system with LC6E benchtop conveyor from Fusion UV Systems Inc.® The curing 

system uses an H bulb operating at 200 W cm-2 when set at 100 % intensity. 

 

2.3.8 SEM analysis with Image J software  

 Calculation of the average void size of photopolymerised materials was 

undertaken using the software Image J[18]. 2.5 cm depth by 7.5 cm diameter cylindrical 

monolithic blocks were prepared for analysis in conjunction with mercury intrusion 

porosimetry. SEM images were taken from three different sections of the same PolyHIPE 

material and random selections of 60 voids from each SEM image were used for the 

calculation of the average void size. A statistical correction factor[19] was used to provide 

accurate void diameters.  

 

2.4 Results and Discussion 

2.4.1 Thermally Initiated GMA-based HIPEs  

Thermally initiated GMA-based polyHIPE materials as described by Krajnc et al.[7] 

were initially investigated as a potential material for the covalent immobilization of 

enzymes for biocatalytic reactions. It was shown by Krajnc et al. that these materials 

could be further functionalized with an amine and then subsequently used as a monolith 

for the separation of proteins. As GMA and EGDMA monomers are relatively hydrophilic, 

their usage for the preparation of a HIPE was accomplished with the use of a polymeric 
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surfactant with a very low HLB number of 0.5. The morphology of these materials was still 

subject to emulsion stability, presumably due still to the hydrophilic nature of the 

monomers used.  

GMA/EGDMA polyHIPEs were characterized by FTIR spectroscopy to confirm their 

chemical structure (see Figure 2:7). The FTIR spectrum shows the characteristic O-H, C=O 

and epoxy stretching vibrations at 3517, 1732, 910 and 856 cm-1, respectively. Epoxy 

stretching vibrations at 910 cm-1 and 856 cm-1 confirm that unreacted epoxy groups are 

present after the thermal polymerisation of the material which could be used for 

subsequent functionalization. The FTIR spectrum is very similar to other GMA/EGDMA 

polyHIPEs[7], as well as monoliths produced by bulk polymerisation[20], indicating that 

the chemical composition of these materials is similar to the polyHIPE prepared in this 

work. Hydroxyl groups are present in the material as indicated from the peak at 3517 cm-

1, which have also been observed in other GMA/EGDMA polyHIPE materials and are 

mainly due to the hydrolysis of GMA epoxy groups[7, 21]. However, residual surfactant 

(Synperonic PEL 121) containing hydroxyl groups and adsorption of moisture from the air 

when preparing the KBr disk for FTIR analysis could also contribute to the magnitude of 

this peak. It has been observed previously by the author that, when preparing these 

materials for nitrogen adsorption analysis, small amounts of moisture can be present 

within these powdered materials.  
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Figure 2:7 – FTIR spectrum of thermally initiated GMA/EGDMA polyHIPE 

 

Morphology of 80 % nominal porosity GMA-co-EGDMA polyHIPE was investigated via 

SEM analysis. As can be seen in Figure 2:8, these materials have a closed-void morphology 

with a very inhomogeneous distribution of void sizes as a result of the inherent instability 

of the emulsion from which the material is templated. The GMA-co-EGDMA polyHIPE 

prepared here looks similar in morphology to the polyHIPE prepared by Krajnc et al.[7], 

with 60 % porosity, which could explain the reason for the closed void morphology. It was 

observed within the polycarbonate centrifuge tube that phase separated aqueous phase 

was present above the polyHIPE material. Comparison of the material prepared here with 

the materials prepared by Krajnc et al.[7, 8] would lead to the conclusion that the 

thermally initiated polymerisation of a GMA-based w/o HIPEs leads to a relatively 

inhomogeneous material as a result of emulsion instability.  
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Figure 2:8 – SEM Images of thermally polymerised GMA/EGDMA polyHIPE A) Scale bar 50 µm B) 
Scale bar 20 µm 

 

2.4.2 Photoinitiated polymerisation of GMA-based HIPEs 

Photoinitiated polymerisation has been implemented as a technique for the 

preparation of functional polyHIPEs only recently [9, 10, 22] and is currently an under-

researched technique for the preparation of these materials[23]. Advantages of this 

technique are the fast cure of the emulsion which potentially allows the preparation of 

novel functional emulsion-templated porous polymers. 

 

2.4.2.1 GMA-co-EHA-co-IBOA-co-TMPTA photopolymerised polyHIPEs 

Following the observation that GMA-based thermally initiated polyHIPEs exhibited 

a closed-void and heterogeneous morphology, it was decided to investigate 

photopolymerisation for their preparation after being inspired by recent work on 

functional photopolymerised (meth)acrylate-based emulsion-templated porous 

polymers[9, 10]. These materials were prepared via the copolymerisation of GMA with a 

triacrylate crosslinker and acrylate monomers EHA and IBOA to adjust the elasticity of the 

polyHIPE material.  
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Surface area (measured by Brunauer-Emmett-Teller (BET) method[17]) of this 

photopolymerised polyHIPE material was 2 m2/g, which is typical of other thermally 

polymerised materials[2].  

 FTIR analysis was carried out on PHP 1 and showed that (meth)acrylate carbonyl was 

present (peak at 1730 cm-1), as well as epoxy peaks at 909 cm-1 and 856 cm-1. The FTIR 

spectrum (see Figure 2:9) is very similar to that of the thermally initiated GMA-based 

polyHIPE material, indicating a similar chemical composition to that material. Again a 

hydroxyl peak is present at 3500 cm-1, mainly due to the hydrolysis of the epoxy group. 

The surfactant used for the preparation of this material also contains hydroxyl groups, so 

residual surfactant could increase the magnitude of this peak.  

 

Figure 2:9 – FTIR spectrum (base line corrected) of GMA-based photopolymerised polyHIPE 
material, PHP1. 
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Investigation into the influence of the internal phase volume of the emulsion on the void 

diameter, window diameter and the degree of interconnectivity of these GMA-based 

photopolymerised materials was undertaken. PTFE moulds of 35 mm in diameter (see 

Figure 2:5 A)) were used for the preparation of these materials. SEM analysis and mercury 

intrusion porosimetry were carried out on the same piece of material to ensure the 

correlation between the void and window diameter. As can be seen in Figure 2:10, up to 

95 % porosity GMA-based highly porous open-void emulsion-templated porous polymers 

with typical polyHIPE morphology[2] were prepared. Statistical analysis of these materials 

(see Figure 2:11 and Table 2:6) show that, as the nominal porosity of the materials is 

increased from 73 % to 95 %, the average void diameter increases overall from 9.6 to 17.4 

µm. This effect has been observed in thermally polymerised styrene-based polyHIPEs[19] 

and is attributed to coalescence of the emulsion droplets prior to the gel point, as a result 

of the decrease in the continuous phase layer between aqueous droplets. Distribution of 

void sizes of these materials is shown graphically in Figure 2:11. The void size distribution 

increased on increasing the internal phase volume of the HIPE. This is again indicative of 

an increase in coalescence on increasing the internal phase volume of the emulsion. 2-

Hydroxyethyl methacrylate-based polyHIPE materials that were allowed to coarsen over 

time prior to rapid polymerisation were also observed to have an increased distribution of 

the void sizes due to coalescence[24].  
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Figure 2:10 – SEM images of photopolymerized GMA-based polyHIPEs A) PHP7, 73 % porosity, 
scale bar 20 µm B) PHP6, 78 % porosity, scale bar 20 µm C) PHP1, 89 % porosity, scale bar 20 µm 

D) PHP5, 95 % porosity, scale bar 10 µm 
 

 

Figure 2:11 – Void diameters of photopolymerised GMA-based polyHIPEs. Void diameter 
distribution by analysis of SEM images, from front to back 73% porosity (PHP7), 78% porosity 

(PHP6), 89% porosity (PHP1) and 95% porosity (PHP5). 
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PHP1, PHP6, and PHP7 were analysed with mercury intrusion porosimetry (see Figure 

2:12). This technique has been used extensively for the analysis of polyHIPE materials[25-

27], however it should be noted that it does not provide information about the void size 

but only the interconnecting windows within these materials. Analysis of PHP5 was not 

possible due to the compression of the material during analysis. Mercury intrusion 

porosimetry results for GMA-based photopolymerised HIPE show that the average 

window diameter increases from 0.6 to 4.7 µm on increasing the internal phase volume 

from 73 to 89 %. Increasing the internal phase volume results in thinning of the 

continuous phase layer between aqueous droplets. As the monomer phase contracts on 

polymerisation of the vinyl monomers[28] in combination with the thinning of the 

continuous phase layer, this results in larger interconnective windows within the polymer 

material. This is one of the first examples of mercury intrusion porosimetry analysis for 

photopolymerised emulsion-templated porous polymers and is made possible by curing 

of relatively deep (35mm) emulsion samples. 
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Figure 2:12 – Graph showing the Log differential intrusion verses void size diameter of the GMA-
based photopolymerised polyHIPEs. Dashed red line and pluses represent the 73 % nominal 
porosity polyHIPE (PHP 7); Dash dot green line and circles represents 78 % nominal porosity 

polyHIPE (PHP6); Blue solid line and crosses represents 89 % nominal porosity polyHIPE (PHP1). 
 

Table 2:6 – Void and Window Size Characterisation Data for GMA-based polyHIPEs 
 

Nominal Porosity 73 % 78 % 89 % 95 % 

Average Void 
Diameter (<D>) / 
µma 

9.6  8.7  12.5  17.4  

Average Window 
Diameter (<d>)/ 
µmb 

0.6 1.9 4.7 c 

 
 

Average Degree of 
Interconnectivity 
(<d>/<D>) 

0.07 0.22 0.37 c 

 

Polydispersity / 
µmd 

2.6 3.4 5.1 6.1 

Porosityb 74.9 % 79.2 % 89.8 % c 

a – determined with image J analysis; b – determined via mercury intrusion porosimetry; c – 
mercury intrusion porosimetry data could not be determined as the material was too elastic, i.e. 
the material was compressed during analysis; d – polydisersity is determined by the standard 
deviation in the void sizes as measured by image analysis. 
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The porosity (%) is calculated from the equation below: 

    
        

  
     Equation 2:1 

 

where Ppc is the percentage porosity, Vtot is the total intrusion volume, and Vb is the bulk 

volume.  

Calculated porosity values match very well with the nominal porosity of the polyHIPEs 

(see Table 2:6), the values are within 2 % of the intended porosity. This shows that these 

photopolymerised materials are a direct template from their respective emulsion.   

There are several advantages of preparing GMA-based polyHIPE materials via the 

photopolymerisation of a mixture of GMA and acrylate monomers. Thermal 

polymerisation takes approximately 24 hours, whereas the preparation of GMA-based 

polyHIPEs via this method takes minutes. Also, this fast cure technique has allowed the 

preparation of a homogenous highly porous polymer with an open void morphology in 

comparison to the inhomogenous and mainly closed-void morphology of the thermally 

initiated GMA-co-EGDMA material[8]. Inhibitors were not removed from the monomers 

for the photopolymerised material, whereas in comparison inhibitors were removed for 

the thermally initiated material, thus removing another step in the preparation of the 

materials.  

Other advantages of using this method for preparing GMA-based emulsion-templated 

porous polymers include the reduction in the content of the surfactant used for HIPE 

formation. Only 3 wt. % with respect to the monomer phase was used for the 

photopolymerised materials in comparison to 20 wt. % of the Synperonic PEL 121 for the 
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preparation of the thermally initiated GMA-based polyHIPE, thus reducing the likelihood 

of residual surfactant within the polymer after washing. Monomer phase and aqueous 

phase of other photopolymerised materials were purged with N2 prior to emulsification 

[9], presumably due to the possibility of oxygen retardation (with acrylate-based 

coatings)[29]. It was observed that oxygen did not have to be removed from the 

monomer or aqueous phase prior to emulsification for the preparation of GMA-based 

porous materials. This is possibly due to the high concentration of photoinitator (10 % v/v 

of monomer phase) used, which can consume any oxygen dissolved within the continuous 

phase, together with intense UV radiation which generates excess free radicals, therefore 

increasing the rate of oxygen consumption[30]. This results in a reduction in the amount 

of atmospheric oxygen that can diffuse into the monomer phase[30].  

It is interesting to note that thick (35 mm) opaque emulsions can be photopolymerised 

with no noticeable difference in the distribution of the void size from different sections of 

the polymer (SEMs not shown). The preparation of thick cured samples from UV radiation 

is usually attributed to a frontal polymerisation effect. Frontal photo-polymerisation 

occurs via the bleaching of the photoinitator from its photolysis[31]. Acylphosphine 

oxides, in particular diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide is a photoinitiator 

that is used for this technique, taking advantage of the fast rate of photolysis and deep 

cure when using this initiator[32]. Thick (up to 55 mm) hydrogel materials have also been 

prepared by photo-induced thermal frontal polymerisation, where UV radiation is used to 

initiate the polymerisation on the surface and thick materials are polymerised from the 

heat produced from the polymerisation with the addition of thermal initiators present 

within the solution[33]. 
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2.4.2.2 Preparation of Photopolymerised GMA-based PolyHIPE Materials with Differing 

Quantities of GMA  

Following the successful preparation of functional highly porous polymers with 

GMA via a photopolymerisation technique, it was decided to investigate what content of 

GMA can be incorporated into this copolymer without affecting the morphology of the 

polyHIPE. GMA was incorporated from 10 to 40 vol. % with respect to the monomer 

phase. IBOA, TMPTA, surfactant (HB246), photoinitiator concentration and internal phase 

volume remained constant throughout. The volume of EHA was adjusted with the amount 

of GMA added to the emulsion to keep the internal phase volume at 89 % for the total 

emulsion.  

 

Figure 2:13 – SEM images of varying quantities (10 – 40 % v/v of monomer phase) of GMA 
incorporated within photopolymerised polyHIPEs, scale bar 20 µm A) 10 % v/v B) 20 % v/v C) 30 % 

v/v D) 40 % 
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GMA could be successfully incorporated into the photopolymerised emulsion-templated 

porous polymer at up to 30 vol. % of the monomer phase with no obvious effect on the 

morphology of the material (see Figure 2:13 C)). It was observed, however, that with 30 

vol. % GMA there was a very small amount of phase inverted o/w polymerised material 

(SEM not shown). Extensive phase separation was observed when GMA was used at levels 

above 30 vol. %. Figure 2:13 D) shows that for 40 vol. % GMA there are areas of non-

porous polymerised material as a result of phase separation of the HIPE due to the 

addition of the more hydrophilic GMA monomer.  

 

2.4.2.3 Preparation of Novel Photopolymerised Hydrophilic GMA-based PolyHIPE 

Materials 

Attempts were made to prepare hydrophilic functional emulsion-templated 

materials. This was investigated as a potential material for the immobilization of enzymes. 

Hydrophilicity of a material can affect the activity of immobilized enzymes[34-36]. 

Hydrophobic reactive materials are suitable for the immobilization of lipase[34], and in 

contrast hydrophilic materials have been observed to be suitable for acrylase 

enzymes[37]. 

Photopolymerisation of the HIPE was investigated to take advantage of the fast cure of 

the emulsion which has been observed in this thesis and in other reports to allow 

preparation of the polyHIPE materials from relatively unstable HIPEs[9, 10]. Initial 

investigation into the preparation of these materials focused on the polymerisation of 

o/w HIPEs, as the monomer phase consist of hydrophilic monomers. Preparation of 

PEG/EGDMA with the photoinitiation system of diphenyl(2,4,6-
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trimethylbenzoyl)phosphine oxide and 2- hydroxy – 2 – methylpropiophenone, following 

the method by Fernandez-Trillo,[38] was unsuccessful due to the immiscibility of the 

photoinitiator with the internal phase (light mineral oil). An oil with a low aromatic 

content was successful in dissolving the photoinitiator and allowed the preparation of a 

o/w HIPE, however the emulsion did not polymerise, due to the absorption of UV light 

from the aromatic groups present within the oil.  

2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone, a water soluble photoinitiator 

used for the photopolymerisation of cryogels[39] and hydrogels[40-42], was investigated 

as a possible alternative to the oil soluble photoinitiator system used previously. 

PEG/EGDMA HIPE with light mineral oil as the internal phase and 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropiophenone dissolved within the continuous phase prior to 

emulsification resulted in extensive phase separation of the HIPE. Polymerisation of an 

acrylic acid-based HIPE with toluene as the internal phase using the hydrophilic 

photoinitiator following the method by Krajnc et al.[5], was also unsuccessful due to the 

absorbance of the UV light from the aromatic solution used for the internal phase. 

However, the preparation of a resin containing the exact formulation used for the 

continuous phase of this HIPE was successful.  

Following from the preparation of this resin and the polymerisation of the PEG/EGDMA 

HIPE, it was investigated if GMA-based polyHIPEs could be prepared with this aqueous 

soluble photointitator. The photoinitiator was dissolved within the aqueous phase (0.79 

wt. % w/v of the aqueous phase, and 7.5 wt. % w/w of monomer phase) prior to 

emulsification. Figure 2:14 shows that a typical open void highly porous morphology 

typical of polyHIPE materials[2] can be prepared with the locus of the photoinitiation 
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within the aqueous phase. Overall this shows that it is possible to polymerise HIPEs with 

this initiator, although problems arise for the preparation of functional hydrophilic 

materials via an o/w HIPE, due to either emulsion instability or the absorbance of UV light 

from aromatic solvents used as internal phase. It can be envisaged that o/w HIPEs 

containing (meth)acrylates within the continuous phase could be photopolymerised with 

the use of this aqueous photoinitiator if a non-aromatic internal phase could be used that 

can stabilise these emulsions.   

 
 

Figure 2:14 – SEM image of GMA-based polyHIPE polymerised with an aqueous soluble 
photoinitiator (2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone), scale bar 20 µm 

 

Composite materials can be prepared from HIPEs, if both the continuous and internal 

phases contain monomers and are subsequently polymerised[43, 44]. Following from this 

it was investigated as to whether it could be possible to prepare a hydrophilic functional 

photopolymerised w/o polyHIPE material. It was decided to prepare a HIPE, consisting of 

a continuous phase identical to the GMA-based materials prepared previously within this 

thesis, and an internal phase that consisted of UHP water and a hydrophilic monomer. 

Poly(ethylene glycol) methacrylate (Mn~360) (PEG-MA) was the monomer of choice for 
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use within the internal phase of a w/o HIPE to assess if hydrophilic emulsion-templated 

porous polymers could be prepared.   

Initial attempts concentrated on preparation of these emulsions with the PEG-MA 

dissolved within the aqueous phase prior to emulsification. However, this resulted in the 

formation of an unstable HIPE. It was observed that a stable viscous HIPE could be 

prepared via the preparation of a homogenous w/o HIPE, followed by the addition of 

PEG-MA (5 mL, 71 % v/v with respect to monomers used in the continuous phase) to the 

emulsion (total emulsion volume prior to addition of PEG-MA was 70.7 mL). 

Photopolymerisation of this emulsion after one minute following the addition of PEG-MA 

resulted in a highly porous emulsion-templated porous polymer (see Figure 2:15).  

 

Figure 2:15 - SEM image of PEG-MA w/o polyHIPE, scale bar 20 µm 

 

Analogous polyHIPE materials without the addition of PEG-MA were used as a control in 

wetting studies to assess the hydrophilicity of the PEG-MA polyHIPE materials. Monoliths 

were cut into 200 µm thick membranes and were assessed by the addition of a drop of 

UHP water onto each polyHIPE material at the same time. Water contact angle 

measurements on these materials were not recorded as the materials are porous and the 
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water droplet penetrates the polyHIPE, therefore the contact angle can decrease over 

time, resulting in unreliable results. As can be seen in Figure 2:16, there is a dramatic 

increase in the hydrophilicity of the materials prepared with the addition of PEG-MA. The 

water droplet on the PEG-MA polyHIPE is absorbed into the porous membrane due to 

capillary action (see right image of Figure 2:16 B)) from the favourable interaction with 

the hydrophilic surface. These materials could be used for the immobilization of enzymes 

via the activation of the hydroxyl group of the PEG chain with N,N’-

carbonyldiimidazole[45] or they could also be used for the preparation of scaffolds for cell 

culture[46-48]. To the best of the author’s knowledge, this is the first example of 

hydrophilic polyHIPE material being prepared via this technique of preparing a 

homogeneous w/o HIPE prior to the addition of a hydrophilic monomer. Again this 

material emphasises the benefit of using the rapid cure of the emulsion to prepare novel 

functional materials. 

 

Figure 2:16 – Comparison in hydrophilicity of two 200 µm thick polyHIPE materials. 20 µl of ultra 
high purity water was placed on the materials A) Side-on picture of hydrophobic PHP1 polyHIPE 
(left) and a PHP1 polyHIPE with the addition of PEG-MA (right) B) Top view of hydrophobic PHP1 

polyHIPE (left) and a PHP1 polyHIPE with the addition of PEG-MA (right) 

 

PolyHIPEs typically have low specific surface areas resulting from their macroporous 

morphology[2]. This disadvantage has been addressed by grafting functional polymers 

onto the polyHIPE surface, via ATRP[22]. The novel preparation of PEG-MA polyHIPEs 
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prepared above could be thought of as grafting of PEG-MA chains from a polyHIPE 

surface. This is due to the polymerisation and crosslinking of the continuous phase, but 

also the polymerisation of PEG-MA within the aqueous phase. It would be interesting to 

observe if other hydrophilic functional monomers, such as acrylic acid or acylamide could 

be incorporated into polyHIPEs via this same technique. These materials need to be fully 

characterised, particularly by mercury porosimetry to observe the effect of increasing the 

PEG-MA content on porosity. In addition to this it needs to be investigated if the 

material’s hydrophilicity decreases over time, which would indicate that the PEG-MA is 

adsorbed rather than covalently bound to the polyHIPE surface. 

 

2.4.2.4 Preparation of a Photopolymerized GMA-based PolyHIPE Monolith for 

Continuous Flow Applications 

The overall goal for the use of these materials was as a continuous flow system. 

Following from the successful preparation of a GMA-based highly porous emulsion-

templated polymer (see above, section 2.4.2.1 and 2.4.2.2), it was decided to utilize the 

photopolymerisation to prepare a monolithic material for a continuous flow set-up. This 

was envisaged via the functionalization of glass columns with methacrylate groups for the 

covalent attachment of the monolith to the column wall.  

Functionalization of the glass column (see Figure 2:17) followed the procedure from 

Uttamlal et al.[16], whereby the glass surface was ‘activated’ with hydroxyl groups, which 

is subsequently reacted with 3-(trimethoxysilyl)propyl methacrylate to produce a 

methacrylated functionalized glass column.  
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Figure 2:17 – Schematic showing the functionalization of the Omnifit glass columns with 
methacrylate groups 

 

Functional highly porous monolithic columns were produced via the photopolymerisation 

of a HIPE within the methacrylate functionalized glass, as is schematically represented in 

Figure 2:18. These columns were then subsequently connected to a pump and washed 

with copious amounts of isopropanol and water, to remove the internal phase of the 

emulsion and surfactant. Monoliths were also photopolymerised within an 

unfunctionalized glass column to compare with functionalized columns, all such 

monoliths were ‘pushed’ out of the column when subjected to a water flow rate of 1 

mL/min. SEM analysis (see Figure 2:19, 2:20, 2:21, 2:22 and 2:23) of the morphology of 

the monoliths within the columns was achieved via the functionalization of 10 mm cross-

sections of glass columns with subsequent polymerisation of HIPE within these cross-

sections.  
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Figure 2:18 – Schematic showing the preparation of a functional highly porous polymer that is 
covalently bound to a glass column 

 

Initial attempts to prepare a continuous flow system with a GMA-based polyHIPE used a 

photopolymerised acrylate mixture copolymerised with GMA. The formulation of this 

polymer, PHP1 included 59 and 13 volume % with respect to the monomer phase of EHA 

and IBOA, respectively. It was observed that after washing the column and monolith with 

IPA, UHP water through the column at a flow rate of 2 mL/min resulted in a back pressure 

of 70 bar, approaching the limits of the glass columns used. These pressures were 

appreciably high, which was attributed to the possible compression of these materials 

under flow due to their highly elastomeric properties.  

PHP8 and PHP9 monoliths gave considerably lower back pressures than PHP1 with UHP 

water; 38 and 51 bar respectively at a flow rate of 10 mL/min with the column attached, 

and 19 bar without the column attached. Cracks appeared within the PHP8 monolith after 

use for only one hour, possible due to the brittle nature of this formulation. A red dye 

dissolved in UHP water was passed through the PHP9 column at 0.5 mL/min and no 

channelling of the dye was observed between the glass and monolith. On allowing the 
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monolith to dry overnight and repeating the experiment, it was observed that the dye did 

channel between the monolith and the column, indicating that the monolith was 

removed from the column on drying.   

ESEM and SEM analysis of the column and monolith was undertaken to give a greater 

understanding of the morphology of the monolith, as well as the covalent attachment of 

the monolith to the glass column. Sections (1 cm in length) of glass column were used for 

the analysis. ESEM analysis showed that the PHP9 monolith was attached to the column 

wall and that the surface of the monolith had a polymerised ‘skin’ albeit it was porous 

(see Figure 2:19). SEM analysis showed that PHP9 monoliths shrank due to the vacuum 

process, which is necessary for the deposition of gold on the polymer surface for SEM 

(see Figure 2:20 A)). Although the monolith shrank on drying, polyHIPE was clearly visible 

on the surface of the glass column (see Figure 2:20 C)), indicating the covalent 

attachment of the polymer to the glass surface was successful.  

 

Figure 2:19 – ESEM images of photopolymerised GMA-based HPLC columns (PHP9) A) Red arrow 
is showing the interface between the glass and monolith, scale bar 100 µm B) Scale bar 20 µm 

 

GMA/EGDMA HIPEs were also photopolymerised into monolithic columns (PHP12) to 

compare with PHP1, PHP8 and PHP9. SEM analysis showed that GMA/EGDMA monolith 
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did not shrink due to the rigidity of this material (see Figure 2:21 A)). The surface of both 

PHP9 and GMA/EGDMA monoliths were observed to have a polymerised ‘skin’, see Figure 

2:20 B) and Figure 2:21 B). Other photopolymerised GMA/EGDMA polyHIPE materials, 

prepared by Gokmen et al. have been obtained without this polymerised ‘skin’, although 

these materials were beads and rods prepared from the addition of a HIPE to a 

continuous phase of a 3 wt. % PVA solution[10]. One explanation for the polymerised 

‘skin’ on the surface of the monolithic materials could be the retardation of the 

polymerisation due to oxygen diffusion into the emulsion at the emulsion surface. This 

retardation effect has been observed to produce a ‘matted’ surface (in contact with air) 

for some photoinitated coatings[30]. Beneath this surface layer of polymerised ‘skin’ a 

typical emulsion-templated porous polymer morphology is observed for both monoliths 

(see Figure 2:20 B) and 2:21 C)). Overall, PHP1, PHP8, PHP9 and GMA/EGDMA monoliths 

(PHP12) are not suitable for use as continuous flow systems. Both suffer from a 

polymerised surface skin, especially GMA/EGDMA monoliths, possible due to the lower 

activity of methacrylates compared to acrylates and the use of a di-acrylate rather than a 

tri-acrylate crosslinker. The drawback of the PHP1, PHP8 and PHP9 monoliths is the 

shrinkage of the material on drying, and the relatively high back pressures, possibly due 

to the compression of the material under flow or the polymerised ‘skin’ on the surface.  
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Figure 2:20 – SEM images of photopolymerised GMA-based polyHIPE monolith columns (PHP9). A) 
Scale bar 1 mm. B) Surface morphology of the monolith, with typical polyHIPE morphology below 
the surface, scale bar 20 µm. C) PolyHIPE covalently attached to the glass column wall, scale bar 

50 µm. 

 

 

Figure 2:21 – SEM images of photopolymerised GMA/EGDMA HPLC columns (PHP12). A) The glass 
column with monolith (centre), scale bar 1 mm. B) The surface morphology of the monolith, scale 

bar 20 µm. C) The internal morphology of the monolith, scale bar 10 µm. 
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A fully acrylate, NASI-based polyHIPE, with a penta-/hexa-acrylate crosslinker instead of a 

tri-acrylate crosslinker (following the procedure from Pierre et al.[9]) was investigated for 

the formation of the monolith (PHP11). Increasing the functionality of the monomers 

used in photopolymerised materials, for example from a di- to a tri-acrylate, is known to 

increase the polymerisation rate, crosslink density and rigidity of the materials [29]. As 

the PHP9 monolith was shown to shrink on drying, increasing the functionality of the 

crosslinker in these NASI-based materials could be beneficial. In addition, a fully acrylate 

system will have a faster rate of polymerisation (than methacrylates) and, in combination 

with the increased functionality of the monomer mixture and polymerisation rate, this 

could be beneficial in reducing the oxygen retardation of polymerisation at the surface of 

the monolith.  

NASI-based photopolymerised monoliths were analysed by SEM and it was shown that 

the material was rigid, was attached to the glass column and did not shrink on drying (see 

Figure 2:22 A)) In addition, the surface of the material did not have a polymerised ‘skin’, 

but instead had a typical polyHIPE morphology (see Figure 2:22 B)). Back pressures with 

water at a flow rate of 10 mL/min were recorded to be on average 24 bar with the 

column attached to the HPLC system and 8 bar without, which is comparable to PHP8, 

although the NASI-based monolith was not observe to crack after extensive use. These 

back pressures are considerably lower than the more elastomeric PHP1 and PHP9 

monoliths produced and are indicative of a more rigid monolithic material.  
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Figure 2:22 – SEM images of NASI-based photopolymerised HPLC columns (PHP11) A) Red arrow 
indicates to the glass column, scale bar 50 µm. B) The surface morphology of the monolith, scale 

bar 20 µm. 

 

Following the successful preparation of NASI-based monoliths, GMA-based monoliths 

were prepared with 20 vol. % (v/v of monomer phase) GMA, following the same principle 

of increasing the functionality of the crosslinker from a tri-acrylate (trimethylolpropane 

triacrylate) to a penta-/hexa-acrylate (dipentaerythritol penta-/hexa-acrylate). SEM 

analysis of PHP10 photopolymerised monoliths showed similarities to the NASI-based 

monolith in terms of surface morphology and attachment to the glass column (see Figure 

2:23). This indicates that the increase in polymerisation rate from the increased monomer 

functionality of the crosslinker has a greater effect than the addition of a slower reactive 

monomer (GMA) and also that the increase in functionality of the crosslinker did increase 

the rigidity of GMA-based monolithic materials.   
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Figure 2:23 –SEM images of PHP10 photopolymerised monolithic columns. A) The glass column 
with monolith (centre), scale bar 1 mm. B) Red arrow indicates the glass column, scale bar 50 µm. 

C) The surface morphology of the GMA-based monolithic column, scale bar 20 µm. 

 

Back pressures with UHP water at a flow rate of 10 mL/min for PHP10 monoliths were 16 

bar with the column and monolith attached to the HPLC solvent delivery system and 15 

bar without. These back pressures are considerably lower than is observed for the GMA-

based monoliths prepared with only the tri-acrylate crosslinker (see above, section 

2.4.2.4). This is attributed to the lack of polymerised skin on the surface of the monolith 

as well as the increased rigidity of the material. The pressure drop across these materials 

is also considerably lower than GMA-co-EGDMA thermally polymerised monoliths, which 

could be possibly due to the inhomogeneous morphology of these thermally polymerised 

materials[8]. Continuous use of the column did not result in any obvious cracks within the 
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monolith as has been observed with other photopolymerised GMA-based monoliths (see 

above, section 2.4.2.4).   

Investigation into how the pressure drop across this monolithic column is affected by the 

flowrate would beneficial into elucidating the permeability of the monolith (from the 

Darcy equation, see Equation 2:2)[49], as well as if, indeed, the pressure drop is linear 

with flow rate, indicating a rigid monolithic material with a laminar flow regime[8]. It has 

been observed for photopolymerised GMA-based polyHIPE materials that the degree of 

interconnectivity increases on increasing the internal phase volume of the emulsions (see 

section 2.4.2.1). It would also be interesting to observe the effect of changing the porosity 

of these materials on the pressure drop and permeability.  

    
    

  
    Equation 2:2 

 

Where, ΔP represents the change in pressure, η, the viscosity of the mobile phase, L, the 

length of the column, uF, the superficial velocity and BO, permeability.  

Overall, open-void highly porous GMA-based photopolymerised materials have been 

successfully prepared and implemented as a continuous flow-through system, which 

could be used potentially as a flow-through enzyme bioreactor[50]. 

 

2.4.2.5 Preparation of Photopolymerised GMA-co-TRIM PolyHIPE Material 

GMA-co-EGDMA polyHIPE materials could not be prepared by 

photopolymerisation within the PTFE moulds used for the formation of mixed 

methacrylate/acrylate materials (see section 2.4.2.1 and 2.4.2.2), although it was 
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observed that GMA-co-EGDMA HIPE could be polymerised within a 10 mm diameter glass 

column (see section 2.4.2.4). The monoliths were rigid although the morphology was 

inhomogeneous. Following from the observed increase in rigidity and improved surface 

morphology of GMA-based materials prepared with a penta-/hexa-acrylate crosslinker 

rather than a tri-acrylate crosslinker, which was attributed to the increase in the crosslink 

density and polymerisation rate of the emulsion[29] respectively (see section 2.4.2.4), it 

was investigated if increasing the crosslinker functionality from a di-methacrylate to a tri-

methacrylate would have any effect on the morphology of the polymerised materials. 

GMA/TRIM photopolymerised emulsion-templated porous polymers could be successfully 

prepared within 35 mm diameter PTFE moulds (which were used for the mixed 

methacrylate and acrylate system), in a matter of minutes. Figure 2:24 shows the 

morphology of a GMA/TRIM photopolymerised polyHIPE material. As can be seen, an 

open-void morphology of micro-sized voids with micro-sized interconnecting windows is 

obtained, a marked difference to the inhomeogenous mainly close-void morphology of 

thermally polymerised GMA/EGDMA polyHIPEs prepared within this thesis and by Krajnc 

et al.[7, 8]. This is attributed to the rapid cure of the emulsion, effectively ‘locking’ the 

emulsion morphology prior to the extensive Ostwald ripening that can occur in the slower 

thermal polymerisation techniques.  
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Figure 2:24 – SEM images of GMA – TRIM photopolymerised polyHIPE A) Scale bar 20 µm B) Scale 
bar 2 µm 

 

Commercially available GMA/EGDMA monoliths, namely CIM (Convective Interaction 

Media) columns from BIA Separations have been used as enzyme reactors[51] and for the 

separation of biomolecules[52]. CIM disks comprise a high content (>4 mmol/g) of epoxy 

groups, low surface areas (~ 7 m2/g), a porosity of ~ 64 % and through-pores of around 

1.5 µm, which allows the transfer of relatively large biomolecules through the 

monolith[20, 53]. They can be prepared up to a diameter of 25 mm without affecting the 

distribution of pore sizes across the monolith due to heat transfer during this bulk 

polymerisation process[20]. In comparison, photopolymerised GMA/TRIM polyHIPEs 

comprise of a high content (4.8 mmol/g) of epoxy groups, surface area of 9.9 m2/g 

(measured by BET analysis), higher porosity of 80 % and have interconnecting windows of 

the order of a few micrometres. In addition, polyHIPEs are observed to have fewer 

problems of heat transfer during polymerisation[54] and large polyHIPEs, with an internal 

diameter mould of 14 cm   4.5 cm for thermally polymerised styrene/divinyl benzene 

polyHIPEs can be prepared[55]. GMA/TRIM monoliths have been successfully prepared 

with diameters up to 35 mm, although analysis of the interconnective window diameter 

distribution across this monolith needs to be undertaken, via mercury intrusion 
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porosimetry analysis. Overall, photopolymerised GMA/TRIM polyHIPE monoliths have 

advantages over commercially available products that are currently used as enzyme 

reactors and for bioseparations. 

 

2.5 Conclusion 

In conclusion, photopolymerised GMA-based emulsion-templated porous polymers 

with open-void and typical polyHIPE morphologies have been successfully prepared.  

Porosities and void sizes of these materials are 73 – 95 %, and 9.6 – 17.4 µm respectively. 

Photopolymerisation of the HIPE within a 35 mm length PTFE mould allowed for the 

characterisation of these materials via mercury intrusion porosimetry. Average window 

size increased from 0.6 to 4.7 µm and the degree of interconnectivity from 0.07 to 0.37 

on increasing the nominal porosity of the material from 73 to 89 %. Calculated porosities 

were within 2 % of the nominal porosities showing these photopolymerised materials are 

templated directly from their respected emulsions, similar to thermally initiated 

polyHIPEs. Photoinitiation proved to have several advantages over the thermal initiation 

of HIPEs, namely the polymerisation of monomers without the need to remove inhibitors 

and rapid cure of the emulsion, resulting in a dual effect of i) dramatically reducing the 

preparation time for these materials and ii) the ability to prepare functional polyHIPEs 

from more unstable HIPEs. GMA could be incorporated up to 30 volume % with respect to 

the monomer phase without affecting the morphology of the polyHIPE. FTIR analysis 

showed the presence of vibrational bands at 908 and 856 cm-1, characteristic of epoxy 

groups indicating that these materials could be functionalized post-polymerisation.  
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GMA-based photopolymerised polyHIPEs were then developed for the preparation of 

highly porous rigid monolithic rods for continuous flow applications. This was achieved 

through the surface functionalization of a borosilicate glass chromatography column with 

3-(trimethoxysilyl)propyl methacrylate and the in situ polymerisation of a GMA-based 

HIPE. The functionality of the crosslinker used had a dramatic effect on the rigidity and 

surface morphology of the monolith prepared. Only with the crosslinker dipentaerythritol 

penta-/hexa-acrylate was a rigid, GMA–based monolith produced with a monolith surface 

morphology that was typical of a polyHIPE. These GMA-based photopolymerised 

polyHIPEs could be used for covalent enzyme immobilization and as a continuous-flow 

bioreactor. 
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3 Functionalization of GMA-based Emulsion-

Templated Porous Polymers 

3.1 Introduction 

Functional polymers can be prepared by the homopolymerization, copolymerization 

or grafting of a reactive monomer [1-3]. Poly(glycidyl methacrylate) is an important 

functional polymer mainly from its ability to react with a range of nucleophiles[1]. This 

has led to the preparation of porous GMA polymers for use as bioreactors or for protein 

separation [4-6]. PolyHIPE materials have advantageous properties in comparison with 

other monolithic porous materials mainly higher porosity and the ability to prepare large 

monoliths [7-9]. This has led recently to interest in preparing GMA-based polyHIPE 

materials. These materials have been prepared by the copolymerisation of GMA with 

EGDMA and DVB via thermal or photopolymerisation as well as the grafting of GMA from 

a polyHIPE surface [10-15]. These materials have been observed to be capable of 

functionalization with nucleophiles and they have been used for protein separation[12].   

The work described here focuses on the preparation of functional GMA polyHIPEs for 

covalent enzyme immobilization; the epoxy group of the GMA is required to be available 

for functionalization. Investigation was undertaken into the functionalization of the GMA 

polyHIPEs with amine nucleophiles; this was monitored by elemental analysis and X-ray 

photoelectron spectroscopy (XPS). In addition to this, a bis-amino terminated 

polyethylene glycol, a hydrophilic homobifunctional linker group was immobilized onto 

the polyHIPE. This was monitored with XPS, 1H high resolution magic angle (HR-MAS) solid 
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state nuclear magnetic resonance (NMR) spectroscopy, Fmoc number determination, 

Kaiser test and attachment of a fluorescent probe to assess the possibility of using this 

group as a spacer group for the attachment of enzymes.    

 

3.2 Experimental Section 

3.2.1 Materials 

 O,O’-Bis(3-aminopropyl)polyethylene glycol (Sigma-Aldrich; Mn ~ 1500), 

tetrahydrofuran (Fisher Scientific, laboratory reagent grade), buffer tablets pH 9.2 

(borate) (Fisher Scientific), fluorescein 5(6)-isothiocyanate (Sigma; ~90 %), morpholine 

(Sigma-Aldrich; ≥99 %), tris(2-aminoethyl)amine (Aldrich; 96 %), 9-fluorenylmethyl 

chloroformate (Aldrich, 97 %), piperidine (Sigma-Aldrich, 99 %), N,N-dimethylformamide  

(Sigma-Aldrich, ≥ 99.8 %), dichloromethane (Fisher Scientific, analytical grade), 

chloroform-d (Sigma-Aldrich, 99.8 atom % D), ethanol (Fisher Scientific, > 99 % (GLC)), 

N,N-diisopropylethylamine (Sigma-Aldrich, 99.5 %), methanol (Fisher Scientific, HPLC 

grade), ninhydrin (Sigma, ≥ 99 %) hydrochloric acid (Fisher Scientific, Laboratory grade (~ 

36 %), ethylene glycol dimethacrylate (Aldrich; 98 vol. %), glycidyl methacrylate (Fluka, 97 

%), 2-ethylhexyl acrylate (Aldrich; 98 %), Synperonic PEL 121 (triblock copolymer of 

poly(propylene oxide) and poly(ethylene oxide), with a HLB number of 0.5) (Croda), 

calcium chloride hexahydrate (Fluka, ≥ 99 %), trimethylolpropane triacrylate (Aldrich, 

technical grade), Hypermer B246 (triblock copolymer of poly(12-hydroxystearic acid) and  

poly(ethylene glycol) with a HLB number of 6) (Univar Ltd.), diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide / 2- hydroxy – 2 – methylpropiophenone, blend 

(Aldrich), were all used as supplied.  
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3.2.2 GMA/EGDMA HIPE preparation and thermal polymerisation 

For the preparation of thermally polymerised GMA-based polyHIPE materials see 

section 2.2.5. 

 

3.2.3 Photopolymerised GMA-based polyHIPE preparation 

For the preparation of photopolymerised GMA-based polyHIPE materials see 

section 2.2.2. 

 

3.2.4 Functionalisation of GMA-based PolyHIPE materials 

3.2.4.1 O, O’-Bis (3-aminopropyl) polyethylene glycol  

3.2.4.1.1 Thermally polymerised GMA/EGDMA polyHIPE 

100 mg (0.48 mmol of epoxy groups*) of powdered GMA/EGDMA thermally 

polymerised polyHIPE (see section 2.2.5 for preparation) was added to a 30 mL solution of 

1.88 g (1.25 mmol) of O,O’-Bis(3-aminopropyl)polyethylene glycol  in pH 9.2 borate buffer 

and stirred at room temperature for 24 hours. The polyHIPE material was then washed 

with ultra high purity water (6   50 mL). The polyHIPE material was then freeze dried for 

24 hours. 

 

3.2.4.1.2 Photopolymerised GMA-based polyHIPE 

200 mg (0.15 mmol of epoxy groups*) of powdered photopolymerised GMA-based 

polyHIPE (see section 2.2.2 for preparation) was added to 40 mL solution of 1.5 g (1 

                                                           
*
 Assuming all the GMA used to prepare the polyHIPE is available for functionalization. 
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mmol) of O,O’-Bis(3-aminopropyl)polyethylene glycol in tetrahydrofuran (THF) and stirred 

at room temperature for 24 hours. The polyHIPE material was then washed with THF (3   

50 mL) followed by ultra high purity water (6   50 mL). The polyHIPE material was then 

freeze dried for 24 hours.  

 

3.2.4.2  Morpholine and Tris(2-aminoethyl)amine (Trisamine) 

3.2.4.2.1 Method 1  

 The modification of polyHIPE materials with morpholine and trisamine followed 

the modification of epoxy-containing polystyrene microspheres with morpholine by Biçak 

et al.[16]. 1.5 g (7.2 mmol of epoxy groups*) powdered thermally polymerised 

GMA/EGDMA polyHIPE (for preparation see section 2.2.5) was added to 20 mL of a 50 % 

(v/v) (115 mmol) morpholine (or (67 mmol) tris(2-aminoethyl)amine) / THF solution and 

stirred at 0 oC for 10 minutes. The mixture was then stirred for 2 hours at room 

temperature. Finally the mixture was heated to 80 oC for 10 minutes. The polyHIPE was 

then filtered and washed with THF (2   50 mL), water (2   50 mL), ethanol (2   10 mL) 

and diethyl ether (10 ml) and dried in vacuo at 55 oC for 24 hours.  

 

3.2.4.2.2 Method 2  

 1 g (0.77 mmol of epoxy groups*) powdered photopolymerised GMA-based 

polyHIPE (PHP1, see Table 2:1 for formulation) was added to 80 mL of a 12.5 % v/v (115 

mmol) morpholine (or (67 mmol) trisamine) / THF solution at 0 oC and stirred for 10 

minutes. The mixture was then stirred for 2 hours at room temperature. The polyHIPE 
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was washed with THF (2   50 mL), water (2   50 mL), ethanol (2   10 mL) and diethyl 

ether (10 mL) and dried in vacuo at 55 oC for 24 hours. 

 

3.2.4.2.3 Method 3 

 1 g (0.77 mmol of epoxy groups*) powdered photopolymerised GMA-based 

polyHIPE (PHP1, see Table 2:1 for formulation) was added to 80 mL of a 12.5 % v/v (115 

mmol) morpholine (or (67 mmol) trisamine) / THF solution at room temperature and 

stirred for 10 minutes. The mixture was then stirred for 24 hours at reflux. The polyHIPE 

was washed with THF (2   50 mL), water (2   50 mL), ethanol (2   10 mL) and diethyl 

ether (10 mL) and dried in vacuo at 55oC for 24 hours. 

 

3.2.5 Quantification of Amine Loading 

3.2.5.1 O,O’-Bis(3-aminopropyl)polyethylene glycol - Determination of amine loading 

from Fmoc number determination 

The method for the determination of amine loading followed the method by 

Badyal et al.[17]. O,O’-Bis(3-aminopropyl)polyethylene glycol functionalized 

GMA/EGDMA polyHIPE (30 mg, 0.144 mmol of amine groups†), 9-Fluorenylmethyl 

chloroformate (Fmoc-Cl) (75 mg, 0.3 mmol), N,N-diisopropylethylamine (DIPEA) (50 µL, 

0.29 mmol) and dichloromethane (1 mL) were loaded into a 10 mL glass vial fitted with a 

screw cap. The mixture was shaken on a roller shaker for 1.5 hours. The polyHIPE was 

                                                           
†
 Assuming all the GMA within the polyHIPE was functionalizated with O,O’-bis(3-aminopropyl) 

polyethylene glycol in a one-to-one reaction.  
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then filtered under reduced pressure and washed with dichloromethane (10   5mL) and 

dried in vacuo at 50 oC for 24 hours.  

Deprotection of the Fmoc-amine groups involved the addition of 10 mg (0.048 mmol of 

Fmoc protected amine groups‡) of the dried Fmoc-protected polyHIPE to a 5 mL 

volumetric flask, followed by 400 µL of a 20 % (0.81 mmol) piperidine/N,N-

dimethylformamide (DMF) solution and shaking for 30 minutes at room temperature. 

Methanol was then added to the volumetric flask to obtain a 5 mL solution. A portion of 

the solution (200 µl) was then removed and diluted 25 times with methanol. Absorbance 

readings of the diluted solution were recorded on a UV-Vis spectrometer at 301 nm 

(related to the piperdine adduct deprotection product) and 322 nm (backround reading). 

The Fmoc loading was calculated from the Beer-Lambert law (see equation 3:1). The 

Fmoc procedure was performed in duplicate in order to obtain an average Fmoc number. 

A normalised Fmoc value is recorded from the value obtained from taking into 

consideration the molecular weight of the Fmoc group.  

                      (
        

    
)           (

             (  )

             ( )
)    

Equation 3:1 Calculation of the loading of Fmoc onto polyHIPE via the absorbance of the piperdine 

Fmoc adduct. 

 

3.2.5.2 Determination of Morpholine Loading 

 Dried morpholine functionalized polyHIPE material (0.2 g) was added to 5 mL of 

0.5 M hydrochloric acid solution and left to stand in the solution overnight. The mixture 

                                                           
‡
 Assuming all the amine groups that are present within the polyHIPE were protected with O,O’-bis(3-

aminopropyl) polyethylene glycol. 
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was then filtered and 3 mL of this filtrate was then titrated with a dilute (0.05M) NaOH 

solution[16].  

 

3.2.6 Qualification of Amine Loading 

3.2.6.1 Ninhydrin (Kaiser Test[18]) 

The following qualitative test for the presence of primary amine groups with 

ninhydrin, so called Kaiser test[18], was adapted from Coin et al.[19]. 50 mg of powdered 

O,O’-bis(3-aminopropyl)polyethylene glycol functionalised GMA/EGDMA polyHIPE was 

added to 1.5 mL of 1.0 mol dm-3 ninhydrin solution in ethanol. This was stirred at room 

temperature for 5 minutes and then heated at 70 oC for 15 minutes. The polyHIPE was 

then washed with five aliquots of 15 mL volumes of ethanol and the polyHIPE was dried in 

vacuo at 55 oC for 24 hours. GMA/EGDMA polyHIPE was used as a control for this 

ninhydrin reaction. 

 

3.2.6.2  Fluorescein 5(6) – isothiocyanate (FITC) 

50 mg of O,O’-bis(3-aminopropyl)polyethylene glycol functionalised GMA/EGDMA 

was added to 10 mL of 26 µmol dm-3 fluorescein 5(6)-isothiocyanate solution in pH 9.2 

borate buffer and was stirred at room temperature for 24 hours in a 20 mL glass vial 

covered with aluminium foil. The material was then washed with pH 9.2 borate buffer (2 

  50mL) and ethanol (2   10 mL) and then dried in vacuo at 55 oC for 24 hours. 

Unfunctionalized (GMA/EGDMA) powdered polyHIPE was used as a control material for 

analysis purposes. After functionalization with FITC the polyHIPEs were placed under a UV 

lamp of wavelength 254 nm for visualisation.  
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3.2.7 Instrumental 

3.2.7.1 Fourier Transform Infrared Spectroscopy (FTIR) 

 FTIR spectra were acquired on a Nicolet Nexus FTIR spectrometer with STI golden 

gate. 16 scans were taken for backround and for the spectra with a resolution of 4 cm-1. 

The spectra were baseline-corrected. The aim of this analysis was to observe the 

presence of an acrylate carbonyl group (1730 cm-1) and epoxy groups (908 cm-1) of the 

polyHIPE and any subsequent functionalization of this material.  

 

3.2.7.2 X-ray Photoelectron Spectroscopy (XPS) 

Samples were prepared as mentioned in section 2.2.5, 3.2.4.1.1 and 3.2.4.2.1. All 

samples were placed under vacuum at 50 oC for 24 hours prior to XPS analysis. XPS was 

run on a Kratos AXIS ULTRA XPS used in FAT (fixed analyser transmission) mode using 

mono-chromated Al kα X-ray source (1486.6 eV) operated at 15 mA emission and 12 kV 

anode potential – 180 W. This was ‘charge corrected’ to C 1S peak at 285 eV.  XPS energy 

range was calibrated using copper 2p/ gold 4f and silver 3d peaks. A wide survey scan and 

high resolution scan was performed on each sample. The wide angle scan was over all 

energy ranges that allowed for detection of all elemental photoelectron peaks (i.e. 1400 - 

0 eV, except hydrogen and helium).  

XPS analysis was performed by Emily Smith at the open-access Nottingham XPS facility 

funded by EPSRC grant EP/F019750/01. Casa XPS™ software was used to view data 

obtained[20].  
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3.2.7.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 

All NMR analysis was performed using the facilities at Durham University and 

subsequent analysis was undertaken using the software Mestrenova©[21]. 

3.2.7.3.1 O,O’-Bis(3-aminopropyl)polyethylene glycol 

NMR spectra were acquired on a Varian 400 spectrometer with CDCl3 as solvent.  
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Figure 3:1 – O,O’-Bis(3-aminopropyl)polyethylene glycol 
 

1H NMR: (400 MHz, CDCl3), δ ppm = 3.63 (s, 2H, H-1), 3.54 (t, 2H, J 6.2 Hz, H-4), 2.78 (t, 

2H, J 6.8 Hz H-2), 1.72 (m, 2H, H-3) 

 

3.2.7.3.2 High Resolution Magic Angle Spinning (HR-MAS) NMR Spectra of PEGylated 

PolyHIPE 

HR-MAS NMR spectra was carried out on a Varian 500 spectrometer with CDCl3 as 

solvent, with the use of a Varian nanoprobe. A few mgs of dried powdered PEGylated 

polyHIPE was added to the sample tube, prior to the addition of 40 µL of CDCl3. PEGylated 

polyHIPE was allowed to swell within the CDCl3 for 30 minutes prior to analysis. Samples 

were spun at the magic angle of ~ 54o at a spin rate of 1000 Hz to reduce signal 

broadening within the 1H NMR Spectrum.  GMA/EGDMA polyHIPE was also analysed via 

1H HR-MAS NMR spectroscopy as a comparison to the PEGylated material.  
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Durham University NMR facility carried out both the 1H and two dimensional 1H 

correlation spectroscopy (COSY) HR-MAS NMR experiments. 

 

3.2.7.4 UV-Vis Spectrophotometer 

Varian Cary 100 Spectrophotometer was used for the calculation of Fmoc number 

and FITC absorbance at Durham University. 

 

3.2.7.5 Elemental Analysis 

 CHN elemental analysis was carried out using an Exeter Analytical Inc. CE-440 

Elemental Analysis at Durham University. 

 

3.2.7.6 Freeze Dryer 

PolyHIPE materials were frozen in liquid nitrogen for 20 minutes prior to being 

placed in a Christ Alpha 2-4 LSC freeze dryer.  

 

3.3 Results and Discussion 

3.3.1 Functionalization of GMA-based PolyHIPEs with Tris(2-aminoethyl)amine and 

Morpholine 

Tris(2-aminoethyl)amine (trisamine) was used as a model amine for the covalent 

attachment onto the polyHIPE (see figure 3:2 reaction 2) due to the high content of 

nitrogen within the molecule that would lead to accurate determination of loading via 
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elemental analysis. Morpholine was used as a complementary amine to also monitor the 

loading of the molecule on the polyHIPE material (see Figure 3:2, reaction 1). In addition 

to elemental analysis of morpholine immobilized polyHIPEs, a back-titration was 

undertaken, utilizing the basic nature of the morpholine group to also quantify the 

loading. Both trisamine and morpholine have been used for functional polyHIPEs to 

assess the level of functionalization post-polymerisation[22-25]. 
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Figure 3:2 – Schematic of the functionalization of GMA-based polyHIPEs with amine nucleophiles. Reaction 
1 morpholine, reaction 2 tris(2aminoethyl) amine and reaction 3  O,O’-bis(3-aminopropyl)polyethylene 

glycol 

 

FTIR analysis of GMA/EGDMA polyHIPE showed the distinctive methacrylate carbonyl 

peak at 1724 cm-1 and, in addition to this, epoxy peaks were also present at 906 and 845 

cm-1 (see Figure 3:3 red spectrum). Following the functionalization of the polyHIPE with 

trisamine for 2 hours at room temperature it was noticeable that there was a dramatic 

reduction in the intensity of these epoxy peaks due to the ring opening of the epoxy 
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group of GMA, although these peaks are still present, indicating that there are residual 

epoxy groups after the functionalization of the polymer (see Figure 3:3 black spectrum).  

 

Figure 3:3 – FTIR spectra: above (black) GMA/EGDMA functionalized with tris(2-aminoethyl) 
amine (see section 4.2.4.1 for reaction), below (red) GMA/EGDMA thermally polymerised 

polyHIPE 

 

Elemental analysis of the functionalization was undertaken to quantify the loading of 

trisamine and morpholine on the polyHIPE. Table 3:1 shows the results of reaction of 

GMA/EGDMA with morpholine and trisamine following the method in section 3.2.4.2.1, 

i.e. reacting the thermally polymerised polymer with the amine nucleophile for two hours 

at room temperature. As can be seen both morpholine and trisamine are present on the 

polyHIPE with 1.71 and 1.18 mmol g-1, although this is considerably less than the epoxy 

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm
-1
)
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content (4.8 mmol g-1) of the polyHIPE. Hence, conversions of only 35 and 25 % for 

morpholine and trisamine respectively were achieved. Back-titration of the morpholine-

functionalized polyHIPE was in good agreement with the elemental analysis for the 

quantification of loading of the molecule onto the polymer, indicating that this is a viable 

method for the quantification of loading.  

Table 3:1 - Reaction 3.2.4.1 GMA/EGDMA thermally polymerised polyHIPE functionalized with 
morpholine and trisamine 

 

Amine Nucleophile % Na mmol g-1   Conversion (%)d 

Morpholine 2.40 1.71b (1.68)c 36 (35)c 

Trisamine 6.59 1.18b 25e 

a) Results from elemental analysis. b) Calculated from elemental analysis. c) Calculated from titre 
(see section 3.3.5.2) d) Assumed all epoxy groups from GMA were available for post 
polymerization functionalization. Conversion was calculated from the ratio of the loading of 
amine nucleophile to epoxy content of polyHIPE material. e) Assuming no additional crosslinking 

 

Functionalization of photopolymerised GMA-based polyHIPE materials (10 % v/v of 

monomer phase, PHP1, see Table 2:1 for formulation) was also undertaken. Table 3:2 

shows that the epoxy groups are available for post-polymerisation modification, with 0.32 

mmol g-1 (calculated from back-titration) and 0.40 mmol g-1 (calculated from elemental 

analysis) loading of morpholine and trisamine respectively (for functionalization see 

section 3.2.4.2.2). The discrepancy between the loading of morpholine as determined via 

elemental analysis in comparison to back-titration is attributed to the very low nitrogen 

content of the recorded elemental analysis (error is ~ 0.3 %).  Conversion of the epoxy 

groups is again low, up to 54 % with trisamine. When the reaction was conducted at 

reflux for 24 hours (see section 3.2.4.2.3), high conversion of the epoxy group with both 

morpholine and trisamine was observed, up to 89 % for morpholine (see Table 3:3). Again 

the difference in values from back-titration and elemental analysis are attributed to the 
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error in the elemental analysis measurement at such low recorded percentage of 

nitrogen. Conversion of epoxy groups with trisamine and morpholine is comparable to 

other functional polyHIPE materials[24, 25]. Hydrolysis of epoxy groups from GMA-based 

polyHIPEs during polymerisation has been observed by Barbetta et al.[13]. The hydrolysis 

of epoxy groups prior to polymerisation was not investigated, although if epoxy groups 

did hydrolyse on polymerisation, this could lead to lower reported conversions of epoxy 

groups.  

Table 3:2 - Reaction 3.2.4.2.2 GMA-based photopolymerised polyHIPE (PHP1) functionalized with 
morpholine and trisamine. 

 

Amine Nucleophile % Na mmol g-1  Conversion (%)d 

Morpholine 0.10 0.07b (0.32)c 9 (43)c 

Trisamine 2.26 0.40b 54e 

a) Results from elemental analysis. b) Calculated from elemental analysis. c) Calculated from titre 
(see section 3.3.5.2) d) Assumed all epoxy groups from GMA were available for post 
polymerization functionalization. Conversion was calculated from the ratio of the loading of 
amine nucleophile to epoxy content of polyHIPE material. e) Assuming no additional crosslinking 

 

Table 3:3 - Reaction 3.2.4.2.3 GMA-based photopolymerised polyHIPE (PHP1) functionalized with 
morpholine and trisamine. 

 

Amine Nucleophile % Na mmol g-1   Conversion (%)d 

Morpholine 0.74 0.53b (0.66)c 72 (89)c 

Trisamine 3.44 0.61b 82e 

a) Results from elemental analysis. b) Calculated from elemental analysis. c) Calculated from titre 
(see section 3.2.5.2) d) Assumed all epoxy groups from GMA were available for post 
polymerization functionalization. Conversion was calculated from the ratio of the loading of 
amine nucleophile to epoxy content of polyHIPE material. e) Assuming no additional crosslinking 
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3.3.1.1 X-ray Photoelectron Spectroscopy (XPS) of Trisamine Functionalized 

GMA/EGDMA polyHIPE 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is a surface sensitive technique that can detect and quantify 

elements within different chemical environments[26, 27]. It is a technique that has been 

used extensively for analysis of the top few nanometres (1-10 nm) of polymer 

substrates[27, 28]. XPS is a result of the photoelectric effect, in which a photon of 

frequency ν can result in the emission of an electron from an atom. The kinetic energy of 

the emitted electron is related to the binding energy by:  

                        Equation 3:2 

 

where, Ekinetic is the kinetic energy of the ejected electron, h is Planck’s constant, ν is the 

frequency of the incident radiation and Ebinding is the binding energy. 

The technique is used for elemental determination as the energy of the electrons that are 

ejected from core orbitals is characteristic of atomic species apart from small shifts in 

energies due to their local environments, which gives rise to the characterisation of 

atoms within different chemical environments[26, 27, 29].   

GMA/EGDMA and functionalized GMA/EGDMA polyHIPEs were analysed by XPS to 

quantify the amount of nitrogen on the materials’ surfaces as well as to determine the 

chemical environment of atoms at the surface. Figure 3:4 shows typical wide-scan XPS 

spectra from the surface (1-10 nm[27]) of functionalized and unfunctionalized 

GMA/EGDMA polyHIPE materials. Using this data Table 3:4 lists the calculated atomic 

composition of the materials’ surfaces relative to the respective C 1S peak in Figure 3:4. 
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The atomic composition data of the trisamine functionalized GMA/EGDMA polyHIPE 

surface (see Table 3:4 column B)) in comparison to the unfunctionalized GMA/EGDMA 

polyHIPE surface (see Table 3:4 column A)) shows a 20 × increase in the N 1S peak. This is 

indicative of the successful covalent surface functionalization of the polyHIPE with 

trisamine. 

 

Figure 3:4 - XPS spectra from the surface of polyHIPE materials, above (pink spectrum) O,O’-Bis(3-
aminopropyl)polyethylene glycol functionalized polyHIPE surface; middle: (yellow spectrum) 

tris(2aminoethyl) amine functionalized polyHIPE surface; bottom: (green spectrum) GMA/EGDMA 
polyHIPE surface. Atoms corresponding to the peaks in the respective spectra have been shown. 
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Table 3:4 - XPS data showing the averaged relative atomic composition of A) GMA/EGDMA 
polyHIPE surface, B) tris(2aminoethyl) amine functionalized polyHIPE surface. Three repeats were 

taken for each sample. 
 

Atomic % A) B) 

O 1s 28.8 ± 0.7 24.0 ± 0.1 

C 1s 69.6 ± 0.8 67.8 ± 0.3 

Ca 2p 0.6 ± 0.1 0.0 ± 0.0 

Cl 2p 0.5 ± 0.1 0.2 ± 0.1 

N 1s 0.4 ± 0.7 8.0 ± 0.2 

Na 1s 0.1 ± 0.2 0.0 ± 0.1 

 

Figure 3:5 shows the high-resolution XPS spectrum from a GMA/EGDMA polyHIPE surface 

showing the C 1S peak. There are three distinct chemical environments corresponding to 

the C 1S peak. C1 component (285.0 eV, full width half maximum (FWHM) 1.3 eV) is 

assigned to C-C, C-H and C=C bonds; C2 (286.5 eV, FWHM 1.2 eV) is assigned to hydroxyl 

and ether bonds (C-OH and C-O-C) and C3 (288.7eV, FWHM 1.4 eV) to carbonyl bonds 

(C=O)[30, 31]. The chemical shifts of the C1 S peak is representative of polymerised GMA-

co-EGDMA and is similar in comparison to high resolution XPS spectrum of C 1S peak of 

poly(methyl methacrylate)[30].   
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Figure 3:5 – High-resolution XPS spectrum from a GMA/EGDMA polyHIPE surface showing the C 
1S peak. Internal structures corresponding to atoms in different chemical environments have 

been shown. CPS is counts per second. 

 

The N 1S peak in the high-resolution XPS spectrum from the trisamine functionalized 

polyHIPE surface shows that nitrogen is in two chemical environments, binding energies 

of 398.9 eV (FWHM 1.3eV) and 401.4 eV (FWHM 1.4 eV) in a ratio of 3:1 was obtained 

(see Figure 3:6). The two chemical environments correspond to non-protonated (NH2) 

and hydrogen bonded / protonated (--- NH2/NH3
+) amine species[31, 32]. As trisamine is 

present in excess compared to the epoxy content of the polyHIPE, it is assumed that the 

functionalized material would have pendant primary amine groups. The high-resolution 

XPS spectrum of the N 1S peak is indicative of this assumption. The chemical shift of the N 

1S peak complements the wide survey XPS scan in indicating the successful surface 

functionalization of GMA/EGDMA with trisamine. 
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Figure 3:6 - XPS spectrum from surface of polyHIPE materials showing N 1S peak above: (yellow 
spectra) tris(2-aminoethyl) amine functionalized polyHIPE surface; middle: (pink spectra) O,O’-

Bis(3-aminopropyl)polyethylene glycol functionalized polyHIPE surface; bottom: (green spectra) 
GMA/EGDMA polyHIPE surface. Internal structures corresponding to atoms in different chemical 

environments have been shown. 

 

Overall the XPS, FTIR, elemental analysis and back-titration data for both thermally 

polymerised and photopolymerised GMA-based materials indicate that this material can 

be functionalized post-polymerisation with amine nucleophiles up to a conversion of 89 

%.  

 

3.3.2 Functionalization of GMA-based PolyHIPEs with O,O’-Bis (3-aminopropyl) 

polyethylene glycol  

Thermally and photopolymerised GMA-based polyHIPEs were functionalized with 

the hydrophilic homobifunctional linker group, O,O’-bis(3-aminopropyl)polyethylene 
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glycol (see Figure 3:2, reaction 3). This was investigated because linker groups from 

insoluble supports are observed to increase the stability of enzymes[33]. It is well known 

that a high density of PEG on a surface prevents the adhesion of enzymes onto the 

respective surface, due to the high exclusion volume of the PEG chains in aqueous 

solution[34]. PEG has also been used for the chemical modification of proteins (called 

PEGylation)[35, 36] and PEG chains grafted onto poly(styrene-divinylbenzene) beads 

(called TentaGel™) have been used extensively for solid phase peptide synthesis 

(SPPS)[37, 38]. In addition to these observations, PEG linker groups from insoluble solid 

supports have also been used for the covalent attachment of enzymes[33]. This led to the 

investigation of the functionalization of GMA-based polyHIPEs with this linker group. A 

range of techniques were used to quantify and qualify the molecules attachment to the 

polyHIPEs. 

 

3.3.2.1 Functionalization of PEGylated PolyHIPE with Ninhydrin (Kaiser Test[18]) 

The Kaiser test[18] is a qualitative assay that is used extensively in SPPS for the 

detection of primary amines[19]. The reaction involves the addition of ninhydrin to the 

compound in question (see Figure 3:7, reaction 1). A positive test (amine groups present) 

results in the formation of a deep blue coloration in the crossliked polymer[39]. 

Advantages of this technique are that it is relatively quick, and small quantities of amine 

groups can be detected[19].  
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Figure 3:7 – Schematic of functionalization of PEGylated polyHIPE. Reaction 1 with ninhydrin and 
reaction 2 with fluorescein isothiocyanate 

 

PEGylated GMA/EGDMA polyHIPEs were reacted with ninhydrin and GMA/EGDMA (un-

functionalized) polyHIPEs were used as a control. As can be seen in Figure 3:8 the 

PEGylated polyHIPE material changed to a deep blue colour on the addition of ninhydrin, 

indicating the presence of primary amines within the material[19, 39], in comparison to 

the control which was white in colour indicating that there was no adsorption of 

ninhydrin on to these polyHIPE materials.  
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Figure 3:8 – Powdered polyHIPE materials following their reaction with ninhydrin (Kaiser test[18]) 
A) GMA/EGDMA polyHIPE (control) B) PEGylated polyHIPE 

 

3.3.2.2 Functionalization of PEGylated PolyHIPE with Fluorescein 5(6)-isothiocyanate 

Work by Fernandez-Trillo et al. showed the possibility of observing the reversible 

attachment of a fluorescently labelled polymer onto a polyHIPE material by imaging the 

material on irradiation with UV light[40]. Taking inspiration from this work, a fluorescent 

probe, fluorescein 5(6)-isothiocyanate (FITC) was reacted with PEGylated polyHIPE to 

indicate the presence or absence of amine groups within the material. FITC selectively 

reacts with amine nucleophiles under alkaline conditions forming thiourea bonds (see 

Figure 3:7, reaction 2)[41].  

The powdered PEGylated polyHIPE when reacted with FITC shows the typical green colour 

on irradiating the sample with UV light, due to the fluorescence of the fluorescein 

moiety[42] (see Figure 3:9 B)). This is in contrast to the control (GMA/EGDMA polyHIPE), 

where no emission is observed on irradiating the material with UV light, thus indicating 

that FITC is covalently attached to the PEG chains on the functionalized polyHIPE. This 

qualitative result complements the Kaiser test (see above) in showing the successful 

attachment of the linker group, O,O’-bis(3-aminopropyl)polyethylene glycol to the 
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GMA/EGDMA polyHIPE with pendant primary amine groups that are available for further 

functionalization. 

Attempts were made to quantify the loading of FITC onto the polyHIPE material by 

observing the absorbance of the FITC pH 9.2 borate buffer solutions on a UV-vis 

spectrophotometer, after the reaction with PEGylated polyHIPE and with the control. 

However, these results were deemed to be inaccurate which was attributed to the fast 

rate of photobleaching of FITC[43, 44]. 

 

Figure 3:9 – Reaction of powdered thermally polymerised polyHIPE material with FITC A) Image in 
natural light, left: GMA/EGDMA PolyHIPE (control); right: PEGylated polyHIPE. B) Image taken 

with samples illuminated under UV light (λ = 254nm) left: GMA/EGDMA polyHIPE (control); right: 
PEGylated polyHIPE 

 

Photopolymerised monolithic GMA-based polyHIPEs (PHP1) were functionalized with 

O,O’-bis(3-aminopropyl)polyethylene glycol, although the reaction was carried out in THF, 

rather than pH 9.2 borate buffer. PHP1 polyHIPEs are hydrophobic, leading to difficulty in 

wetting of the material with an aqueous system. Cameron et al.[45] observed that for 

homogeneous functionalization of a monolithic polyHIPE the material must swell within 

the solvent system used for the reaction. THF was used as the solvent not only because it 

swelled the polyHIPE, but also it is a ‘good’ solvent for PEG[46], therefore allowing the 
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PEG to be in a more expanded conformation, increasing the likelihood of a 1:1 reaction of 

this linker group (when in excess) with the epoxy groups within the polyHIPE.  

FITC was reacted with PEGylated PHP1 in an alkaline aqueous buffer system. As can be 

seen in Figure 3:10 B) the typical green fluorescent colour of FITC[42] is visible when the 

material was irradiated under UV light. Green fluorescence was not observed for the 

control; again, this indicates that the FITC is covalently bound to pendant primary amine 

groups from the O,O’-bis(3-aminopropyl)polyethylene glycol linker group on the 

monolith. 

 

Figure 3:10 - Reaction of monolithic photopolymerized polyHIPE material with FITC A) Image in 
natural light, left: GMA/EGDMA polyHIPE (control); right: PEGylated polyHIPE. B) Image taken 

with samples illuminated under UV light (λ = 254nm) left: GMA/EGDMA polyHIPE (control); right: 
PEGylated polyHIPE 

 

3.3.2.3 Fmoc Number Determination and Element Analysis (CHN) 

Quantification of the loading of O,O’-bis(3-aminopropyl)polyethylene glycol on 

thermally polymerised GMA/EGDMA polyHIPEs was undertaken by i) measuring the 

loading of Fmoc onto accessible amine groups of the linker group and ii) measuring the 

percentage of nitrogen from elemental analysis (CHN). PEGylated polyHIPE was protected 

with 9-fluorenylmethyl chloroformate (Fmoc-Cl) (see Figure 3:11). The polyHIPE was then 
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deprotected (see Figure 3:11) and the absorbance at 301 nm of the Fmoc piperidine 

derivative was measured with a UV-vis spectrophotometer. Loading of Fmoc was 

determined using the Beer-Lambert law (see section 3.2.5.1). Fmoc loading was 

determined to be 0.12 mmol g-1. Elemental analysis (CHN) gives the percentage of 

nitrogen as 0.31 % within the PEGylated polyHIPE material, thus indicating a loading of 

0.11 mmol g-1 of O,O’-bis(3-aminopropyl)polyethylene glycol onto the polyHIPE in good 

agreement with Fmoc number of 0.12 mmol g-1. Overall these results show that the 

conversion of the epoxy group (4.8 mmol g-1) is only 2 %. This could possibly be due to the 

high exclusion volume of the PEG chains in aqueous solution on the polyHIPE material 

preventing other PEG chains from attaching to adjacent epoxy groups on the materials 

surface[34].  
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+
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Figure 3:11 – Schematic showing the derivatisation of amine groups on O,O’-bis(3-
aminopropyl)polyethylene glycol functionalized (PEGylated) GMA/EGDMA polyHIPE powder with 
9-fluorenylmethyl chloroformate (Fmoc-Cl), followed by deprotection with 20 % piperidine / N,N-
dimethylformamide (DMF) solution to obtain the piperidine adduct, which absorbs at λ=301 nm 

(UV). Blue circles represent bulk GMA/EGDMA polyHIPE matrix. DIPEA = N,N-
diisopropylethyamine. 
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3.3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

Table 3:5 lists the calculated atomic composition of PEGylated GMA/EGDMA and 

unfunctionalized GMA/EGDMA polyHIPE surface relative to the respective C 1S peak in 

the wide survey scan XPS spectra (see Figure 3:4). Analysis of the atomic composition of 

the O,O’-bis(3-aminopropyl)polyethylene glycol functionalized GMA/EGDMA polyHIPE 

surface (see Table 3:5 column B)) in comparison to the unfunctionalized GMA/EGDMA 

polyHIPE surface (see Table 3:5 column A)) shows a 3.5 × increase in the N 1S peak. The 

low nitrogen content on the PEGylated polyHIPEs surface is suggested to be due to the 

low loading of bis-amino PEG. Nonetheless, the small increase in nitrogen content is 

indicative of the covalent surface functionalization of the polyHIPE with PEG. 

The high resolution XPS spectrum of the O,O’-bis(3-aminopropyl)polyethylene glycol 

functionalized polyHIPE surface indicates that the N 1S peak is in two chemical 

environments (399.0 eV and 401.7 eV, see Figure 3:6) corresponding to non-protonated 

(NH2) and hydrogen bonded / protonated (--- NH2/NH3
+) amine species[31, 32]. This is 

similar to the observation with trisamine functionalized polyHIPE, although the intensity 

of the peak is much lower due to the lower loading of PEG.  

Table 3:5 - XPS data showing the averaged relative atomic composition of A) GMA/EGDMA 
polyHIPE surface, B) O,O’-bis(3-aminopropyl)polyethylene glycol functionalized polyHIPE surface. 

Three repeats were taken for each sample. 
 

Atomic % A) B) 

O 1s 28.8 ± 0.7 27.3 ± 0.7 

C 1s 69.6 ± 0.8 70.7 ± 1.3 

Ca 2p 0.6 ± 0.1 0.1 ± 0.1 

Cl 2p 0.5 ± 0.1 0.1 ± 0.1 

N 1s 0.4 ± 0.7 1.4 ± 0.1 

Na 1s 0.1 ± 0.2 0.3 ± 0.3 
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3.3.2.5 High Resolution Magic Angle Spinning (HR-MAS) Nuclear Magnetic Resonance 

(NMR) Spectroscopy 

Problems are associated with carrying out 1H and 13C NMR spectroscopy of solid 

samples. This arises mainly from line broadening as a result of dipolar coupling due to the 

anisotropy of solids[47]. Swelling of a crosslinked polymer in a ‘good’ solvent and spinning 

the polymer at a moderate speed of (1-3 kHz) at the magic angle (~ 54o) relative to the 

magnetic field (Bo) is known to reduce significantly the line broadening, resulting in high 

resolution NMR spectra[48]. This technique is particularly useful for obtaining information 

about the functionalization of crosslinked polymers, as moieties attached to the surface 

of insoluble supports are more mobile than the support itself[48, 49]. Hence, when the 

insoluble support is swollen, the local environment of these moieties approaches that in 

an isotropic solution, reducing the line broadening of these peaks[47]. Line widths of less 

than 4 Hz for compounds immobilized onto insoluble supports have been observed with 

the use of this technique for 1H NMR spectra[50, 51].  

A crosslinked polymer with pendant PEG chains (TentaGel™) is particularly well suited to 

HR-MAS NMR spectroscopy due to the high mobility of the PEG chain ends[48, 52, 53]. In 

addition to this, 2D HR-MAS NMR spectroscopy of solvent swollen gels has also been 

observed[54], and recently Van Camp et al.[55] have shown that cryogels functionalized 

with PEG can be monitored with 1D and 2D HR-MAS NMR spectroscopy.   

Utilizing this technique, the functionalization of GMA/EGDMA polyHIPE material with 

O,O’-bis(3-aminopropyl)polyethylene glycol was monitored. Firstly, a 1H NMR spectrum of 

O,O’-bis(3-aminopropyl)polyethylene glycol was taken to determine the chemical shifts of 

the peaks as well as the splitting pattern, in order to aid characterization of the 



Chapter 3 

 

 

135 
 

functionalized polyHIPE material. As can be seen in Figure 3:12, the 1H NMR spectrum of 

O,O’-bis(3-aminopropyl)polyethylene glycol at 400 MHz in CDCl3 shows a singlet at 3.63 

ppm, corresponding to the glycol protons, and additional triplet and quintet peaks at 2.78 

ppm and 1.72 ppm corresponding to CH2-CH2-NH2 and CH2-CH2-NH2 protons on the 

terminus of either end of the polymer chain.  

 

Figure 3:12 – 1H NMR spectrum of O,O’-bis(3-aminopropyl)polyethylene glycol at 400 MHz in 
CDCl3. Inset (left) is molecular structure of O,O’-bis(3-aminopropyl)polyethylene glycol, numbered 

to indicate relevant protons that match peaks within the NMR spectrum.  Inset (right) is a 
magnified spectrum of the peaks at 3.54, 2.78 and 1.72 ppm. Solvent peaks are indicated by an *. 

 

O,O’-Bis(3-aminopropyl)polyethylene glycol functionalized GMA/EGDMA polyHIPE was 

swollen in CDCl3 for 30 minutes prior to acquisition of the 1H HR-MAS NMR spectrum. As 

can be seen in Figure 3:13, the polymer backbone is still clearly visible within the 

spectrum (indicated by * in Figure 3:13, and blue spectra in Figure 3:14 and 3:15). Peaks 



Chapter 3 

 

 

136 
 

are present from the O,O’-bis(3-aminopropyl)polyethylene glycol chain immobilized on 

the polyHIPE surface; a singlet at 3.64 ppm corresponding to the glycol protons is 

significantly more intense than the peak corresponding to the polymer backbone, which is 

indicative of the increase in the local mobility of the PEG chain attached to the polyHIPE 

surface[47]. In addition to this peak, a triplet at 2.82 ppm corresponding to CH2-CH2-NH2 

on the terminus of the PEG chain is also visible within the spectra (see Figure 3:13 inset 

spectra and Figure 3:15). This peak is not observed in the spectrum of the polymer 

backbone indicating that it is not due to solvents or any impurities within the material 

(see Figure 3:15). These peaks are in good agreement with the solution phase NMR 

spectrum of this linker group except that a quintet is expected to be visible around 1.72 

ppm, although a water solvent peak could be masking this peak.    

 

Figure 3:13 - 1H HR-MAS NMR spectrum of swollen O,O’-bis(3-aminopropyl)polyethylene glycol 
functionalized (PEGylated) GMA/EGDMA polyHIPE at 500 MHz in CDCl3. Inset (left) is molecular 

structure of O,O’-bis(3-aminopropyl)polyethylene glycol functionalized (PEGylated) GMA/EGDMA 
polyHIPE, numbered to indicate relevant protons that match peaks in the NMR spectrum. Inset 

(right) is a magnified spectra of the peak at 2.82 ppm. Peaks corresponding to the polyHIPE matrix 
are indicated by *. Solvent peaks are indicated by **. Impurities are indicated ***. 



Chapter 3 

 

 

137 
 

 

Figure 3:14 - 1H HR-MAS NMR spectra of swollen polyHIPEs at 500 MHz in CDCl3. Blue spectrum is 
GMA/EGDMA polyHIPE. Red spectrum is O,O’-bis(3-aminopropyl)polyethylene glycol 

functionalized (PEGylated) GMA/EGDMA polyHIPE. Inset is molecular structure of O,O’-bis(3-
aminopropyl)polyethylene glycol functionalized (PEGylated) GMA/EGDMA polyHIPE, numbered to 

indicate relevant protons that match peaks with the (red) NMR spectrum. 

 

 

Figure 3:15 - 1H HR-MAS NMR spectra of swollen polyHIPEs at 500 MHz in CDCl3. Blue spectra is 
GMA/EGDMA polyHIPE. Red spectra is O,O’-Bis(3-aminopropyl)polyethylene glycol functionalized 
(PEGylated) GMA/EGDMA polyHIPE. Inset (left) is molecular structure of O,O’-Bis(3-aminopropyl) 

polyethylene glycol functionalized (PEGylated) GMA/EGDMA polyHIPE, numbered to indicate 
relevant protons that match peaks within the (red) NMR spectra. 
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2D 1H NMR correlation spectroscopy (COSY) HR-MAS NMR spectroscopy was undertaken 

on solvent swollen PEGylated polyHIPE materials to access the through-bond proton 

coupling of the PEG chains. As can be seen in Figure 3:16, the peak at 2.82 ppm is coupled 

to the peak at 1.76 ppm. This indicates that the peak at 1.76 ppm corresponds to CH2-

CH2-NH2 on the terminus of the functionalized PEG chain, which is masked in the 1D NMR 

spectrum by the water solvent peak. As far as can be determined this is the first example 

of the successful application of 1D and 2D 1H HR-MAS NMR spectroscopy for the 

assessment of the functionalization of polyHIPE materials.  

 

Figure 3:16 – Two dimensional COSY 1H HR-MAS NMR spectrum of swollen O,O’-bis(3-
aminopropyl)polyethylene glycol functionalized (PEGylated) GMA/EGDMA polyHIPE at 500MHz in 

CDCl3. The molecular structure of O,O’-bis(3-aminopropyl)polyethylene glycol functionalized 
(PEGylated) polyHIPE, numbered to indicate relevant protons that match peaks within the two 

dimensional COSY NMR spectra. 
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3.4 Conclusion 

Thermally and photopolymerised polyHIPE materials have been shown to be post-

functionalized with a range of nucleophiles. Loading of trisamine and morpholine at 1.18 

and 1.71 mmol/g respectively was obtained for GMA/EGDMA polyHIPE after two hours of 

reaction at room temperature. Conversions were low with GMA/EGDMA polyHIPE (25 

and 36 %), this was also shown to be the case for photopolymerised GMA-based polyHIPE 

materials. It was observed that higher, near quantitative conversion (up to 89 %) of epoxy 

groups could be achieved by conducting the reaction under reflux for 24 hours. This is in 

agreement with findings from the functionalization of other polyHIPE materials with 

trisamine and morpholine[24, 25]. It is envisaged that these materials could be used for 

the covalent attachment of enzymes, via the amine group from lysine residues that are 

commonly present on the surface of enzymes.  

Attachment of a hydrophilic homobifunctional PEG linker group was successful, albeit 

with only ~ 2 % conversion of epoxy groups after reaction for 24 hours. This was 

attributed to the large exclusion volume of PEG chains preventing other PEG chains in 

solution covalently attaching to the polyHIPE surface[34]. 1H HR-MAS NMR spectroscopy 

showed that attachment of O,O’-bis(3-aminopropyl)polyethylene glycol was successful, as 

indicated by the increase in intensity at 3.6 ppm as a result of glycol protons of the PEG 

chains, as well as a triplet peak at 2.6 ppm corresponding to CH2-NH2 of the linker groups. 

In addition to this, a Kaiser test and reaction with a fluorescent probe, FITC, indicated that 

unreacted primary amine groups were present for further functionalization.  
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4 Enzyme Immobilization onto GMA-based 

Emulsion-Templated Porous Polymers 

4.1 Introduction 

Enzymes catalyse reactions resulting in much higher rates in comparison to un-

catalysed reactions, due to the spatial orientation of amino acid residues within the active 

site of the enzyme[1]. Enzymes are also stereo- and regio-specifc, react under relatively 

mild conditions[2] and can be used on industrial scales[3]. Examples of such enzymes are 

lipases, which naturally hydrolyse fatty esters. These have been utilized in the synthesis of 

a range of pharmaceutical intermediates and also bulk chemicals [4-9]. Proteases, whose 

natural function is the hydrolysis of amide bonds, can catalyse the formation of peptide 

bonds via either thermodynamic or kinetic control [2, 10, 11], and are being researched 

intensely for the production of di- and oligo-peptides[11-14]. Protease-catalysed peptide 

synthesis has several advantages over solid phase peptide synthesis, mainly milder 

reaction conditions and increased enantioselectivity [2].   

Immobilization has many advantages over using the enzyme in solution, namely the ease 

of handling, increase in stability, the ability to remove the enzyme from the product by 

simple filtration and the reduction in cost from the ability to reuse immobilized 

enzymes[1, 15]. Spacer groups between the support surface and the enzyme can be 

beneficial in increasing the stability of enzyme and retaining its activity on immobilization, 

in comparison to direct immobilization[15-19].  
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Recently, polyHIPEs have been investigated as a potential material for the covalent 

immobilization of enzymes[20-23]. Although polyHIPE materials have a relatively low 

surface area and the loading of enzyme onto the material was observed to be several 

times lower than that of a commercially available product, they have been shown to have 

higher activities and can be re-used several times without any reduction in activity, which 

was attributed to a greater accessibility of the enzyme to the substrate in comparison to 

the commercially available product[20].  

Our work is focusing on the immobilization of two hydrolases, lipase from Candida 

Antarctica (CAL) (EC 3.1.1.3) and proteinase K (pro K) (EC 3.4.21.64) from Tritirachium 

album onto GMA-based emulsion-templated porous polymers. Lipase loading onto the 

polymer was assessed by a Bradford assay and also by monitoring the activity of the 

enzyme solution before and after immobilization, together with washings of the polymer. 

Activity of CAL immobilized polyHIPEs was determined by a discontinuous photometric 

assay monitoring the hydrolysis of 4-nitrophenyl acetate. Pro K immobilized polyHIPEs’ 

activity was monitored with a continuous electrochemical assay, monitoring the 

hydrolysis of N-acetyl-L-tyrosine ethyl ester monohydrate. 

 

4.2 Experimental Section 

4.2.1 Materials 

See section 2.2.1 for list of materials used for the preparation of polyHIPE 

materials. Sodium phosphate monobasic (Sigma-Aldrich, ReagentPlus®, ≥ 99.0 %), sodium 

hydroxide (Sigma-Aldrich, reagent grade, ≥ 98 %), glutaraldehyde (Sigma-Aldrich, 50 wt. % 

in H2O), sodium cyanoborohydride (Fluka, purum, ≥ 95.0 %), O,O’-bis(3-
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aminopropyl)polyethylene glycol (Sigma-Aldrich; Mn ~ 1500), tetrahydrofuran (Fisher 

Scientific, laboratory reagent grade), lipase from Candida Antarctica (Sigma, ≥ 1.0 

units/mg), proteinase K from Tritirachium album (Sigma, lyophilized powder, ≥ 30 

units/mg protein), proteinase K, immobilized on Eupergit® C from Tritirachium album 

(Sigma, powder (granular), ≥ 1500 U/g), bovine serum albumin (Bio-rad, 2.15 mg/ml 

standard solution in H2O), Bradford Reagent (Bio-rad, concentrated solution, contains 

Coomassie brilliant blue, methanol, and phosphoric acid), 4-nitophenyl acetate (Fluka, ≥ 

99.0 %), N-acetyl-L-tyrosine ethyl ester monohydrate (Aldrich, 99 %), methanol (Fisher, 

99.8 %), cellulose acetate syringe filters (Cronus®, 0.45 µm porosity, 13 mm diameter), 

Cuvette semi-micro disposable polystyrene cuvettes of 4.0  mL capacity and 10 mm path 

length (Fisher Scientific), were used as supplied unless stipulated otherwise.  

All phosphate buffers used throughout this thesis were prepared prior to use with sodium 

phosphate monobasic. Concentrations of sodium phosphate monobasic buffer and pH 

were adjusted accordingly. Buffers were stored at 4 oC prior to use and were discarded 

after one month.  

 

4.2.2 GMA/EGDMA HIPE Preparation and Thermal Polymerisation 

For the preparation of thermally polymerised GMA-based polyHIPE materials see 

section 2.2.5. 

 

4.2.3 Photopolymerised GMA-based polyHIPE preparation 

For the preparation of photopolymerised GMA-based polyHIPE materials see 

section 2.2.2 
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4.2.4 Functionalization of GMA-based PolyHIPE materials 

4.2.4.1 O,O’-Bis-(3-aminopropyl) polyethylene glycol  

For the preparation of O,O’-bis(3-aminopropyl) polyethylene glycol functionalized 

photopolymerised GMA-based polyHIPEs see section 3.2.4.1.2. 

 

4.2.5 Enzyme Immobilization onto GMA-based Emulsion-Templated Porous Polymers 

4.2.5.1 Lipase from Candida Antarctica 

Powdered polyHIPE was added to a 1 mg/mL solution of lipase from Candida 

Antarctica (CAL) in 20 mM pH 8.0 phosphate buffer (10 mg of polyHIPE per 1 mL of CAL 

solution) and stirred at room temperature for 24 hours. PolyHIPE material was washed 

with 20 mM pH 8.0 phosphate buffer (5 × 10 mL) and 20 mM pH 7.0 phosphate buffer (5 

× 10 mL). PolyHIPE was then stored at 4 oC in pH 7.0 phosphate buffer until further use.  

 

4.2.5.2 Proteinase K from Tritirachium Album 

4.2.5.2.1 GMA/EGDMA thermally polymerised and GMA-based photopolymerised polyHIPE 

material 

Followed the procedure in section 4.2.5.1 with proteinase K (pro K) as enzyme 

instead of CAL.  

 

4.2.5.2.2 PEGylated photopolymerised GMA-based polyHIPE material 

Aminated (PEGylated) polyHIPE material was ‘activated’ with glutaraldehyde  prior 

to immobilization of pro K [24-26]. Powdered PEGylated polyHIPE material (400 mg) was 
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added to 20 mL of a 10 % glutaraldehyde solution and stirred at 30 oC for 3 hours. 

Powdered glutaraldehyde-functionalized polyHIPE was then washed with 20 mM pH 8.0 

phosphate buffer (5 × 10 mL) and was then added to a 1 mg/mL solution of pro K in 20 

mM pH 8.0 phosphate buffer (10 mg of polyHIPE per 1 mL of pro K solution) and stirred at 

4oC for 48 hours. Reduction of imine groups followed the protocol from Hermanson[27], 

whereby 10 µL of 5M sodium cyanoborohydride in 20 mM pH 8.0 phosphate buffer was 

added to the mixture and stirred for 2 hours at room temperature. PolyHIPE material was 

then washed with 20 mM pH 8.0 phosphate buffer (5 × 10 mL) and 20 mM pH 7.0 

phosphate buffer (5 × 10 mL). PolyHIPE was then stored at 4 oC in pH 7.0 phosphate 

buffer until further use.  

 

4.2.6 Enzyme Loading 

4.2.6.1 Bradford Protein Assay 

The determination of the enzyme content was carried out from an adaptive 

method from Bradford[28]. Bio-rad dye reagent (containing Coomassie® Blue G-250, 

phosphoric acid and methanol) was removed from 4 oC storage and allowed to warm to 

ambient temperature and the dye reagent was passed through Whatman #1 filter paper 

to remove particulates prior to the start of the assay. Dye-reagent was then diluted 

fourfold with UHP H2O. Various dilutions from 0.1 to 1 mg/mL were undertaken with UHP 

H2O with a 2.15 mg/mL bovine serum albumin (BSA) standard. 100 µL of the BSA diluted 

solutions were added to 2.5 ml of diluted filtered dye reagent within 3 mL quartz cuvettes 

and mixed. The cuvettes were incubated at room temperature for a minimum of 5 

minutes and for no longer than 1 hour. A blank of 100 µL UHP H2O added to 2.5 mL 



Chapter 4 

 

 

149 
 

diluted dye reagent was used to zero the UV-vis spectrophotometer. Various dilutions of 

the BSA standard were measured at 595 nm. A calibration curve was then used to 

determine the quantity in mg/mL of lipase in the solution after immobilization onto the 

polyHIPE material. This was then used to determine the loading of CAL onto the polyHIPE 

material.  

 

4.2.6.2 Determination from CAL solutions 

Lipase loading onto the polymer was determined from monitoring the activity of 

the lipase solution before addition to the GMA/EGDMA polyHIPE, after the addition to 

the polyHIPE, the washings of the polyHIPE and blank rate of activity with buffer. The 

loading followed the immobilization of the lipase onto the polymer described in section 

4.2.5.1. Hydrolysis of 4-nitrophenyl acetate (4-NPAc) was carried out at 25.0 oC and pH 8.0 

and was monitored at 400 nm with the use of a temperature controlled UV-vis 

spectrophotometer. Each 4.0 mL polystyrene cuvette contained 2.97 mL 20 mM pH 8.0 

phosphate buffer and 30 µL of a 1 mg/mL lipase solution (in 20 mM pH 8.0 phosphate 

buffer) before immobilization onto the polyHIPE, the lipase solution after immobilization 

onto the polyHIPE, the first 10 mL 20 mM pH 8.0 phosphate buffer washing of the 

polyHIPE, the second 10 mL 20 mM pH 8.0 phosphate buffer washing of the polyHIPE, or 

20 mM pH 8.0 phosphate buffer (blank). All cuvettes with various solutions were placed 

within a temperature block and incubated at 25.0 oC for 25 minutes prior to the addition 

of 100 µL of 7.25 mg/mL 4-NPAc solution in absolute ethanol.   

It was assumed that: the lipase solution before was equivalent to the total amount of 

enzyme used (in mg), the activity of the lipase in the solution after reaction with polyHIPE 
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was not affected by the immobilization and the activity of the lipase that was adsorbed 

onto the polymer was not affected. Following these assumptions, the ratio of the 

magnitude of the enzyme activity with 4-NPAc was related to the lipase solution used 

before immobilization. For example, an activity of half of the enzyme solution used before 

immobilization corresponds to a solution with 0.5 mg/ml of enzyme. 

 

Figure 4:1 – Graphical illustration showing a typical data set for the hydrolysis of 4-NPAc, where 
blank rate of hydrolysis has been subtracted. Blue line represents the lipase solution before 

immobilization onto the polymer, red line represents the lipase solution after immobilization, 
green line represents the 1st washing of the polyHIPE material. 

 

The following equation was used for the determination of lipase loading onto 

GMA/EGDMA polyHIPE material: 
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The experiment was carried out in duplicate to determine the loading of lipase onto the 

polyHIPE material. A minimum of six repeats were taken for each solution including blank 

20 mM pH 8.0 potassium buffer. Error within the value was determined from the 

standard deviation of the values determined for the enzyme loading from repeat 

experiments. 

 

4.2.7 Enzymatic Assay 

4.2.7.1 CAL discontinuous photometric assay 

Prior to the start of the assay the spectrophotometer was blanked at 400 nm with 

3 mL of 20 mM pH 8.0 phosphate buffer. 50 mg of CAL-immobilized polyHIPE material 

was placed within 4 mL polystyrene disposable cuvettes. 3 mL of 20 mM pH 8.0 

phosphate buffer was added to the cuvettes and the mixtures were incubated at 25.0 oC 

for 25 minutes within a temperature block. The assay was started on the addition of 100 

µL of 7.25 mg/mL 4-NPAc in absolute ethanol to the cuvettes at 25.0 oC. Cuvettes were 

then removed from the temperature block at specific two minute time intervals from 2 

min. to 14 min. The mixtures were filtered through 13 mm diameter 0.45 µm porosity 
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cellulose acetate syringe filters to remove any particulates. 100 µL of this filtered solution 

was then added to 900 µL of 20 mM pH 8.0 phosphate buffer in a 1.6 mL volume 

polystyrene cuvette and the absorbance of the solution was monitored at 400 nm. At 

least three repeats were carried out for each time interval. Activity of the immobilized 

lipase was determined from the Beer-Lambert equation using an extinction coefficient of 

18380 L mol-1 cm-1 for 4-nitrophenol[29].  

 

4.2.7.2 Pro K continuous titrametric assay 

Pro K assay followed titrimetric assay by Ebeling et al.[30]. The assay for pro K was 

the hydrolysis of N-acetyl-L-tyrosine ethyl ester monohydrate (ATEE) at pH 9.0 and 30 oC. 

An autotitrator was used for the electrochemical pH-stat assay. The Radiometer TIM 856 

autotitrator consisted of an electrode, pH meter, a motor-driven 25 mL volume burette, 

and a magnetically stirred reaction vessel with water jacket. An external water bath and 

piston pump were used to control the temperature of the reaction vessel. 

The following reagents were prepared: 50 % (w/w) methanol solution in UHP water, 50 

mM ATEE in 50 % (w/w) methanol solution, 500 mM calcium chloride solution in UHP 

water, 60 mM sodium hydroxide solution in UHP water. To a stirred thermostatted 

reaction vessel powdered pro K immobilized polyHIPE material or pro K immobilized 

Eupergit C beads (between 50 – 600 mg), 12.0 mL of UHP water and 4.0 mL of calcium 

chloride solution was added and incubated at 30 oC for 20 minutes. This was then 

followed by the addition of 4.0 mL of 50 mM ATEE in 50 % (w/w) methanol solution in 

UHP water. The pH stat was then pre-dosed with 60 mM sodium hydroxide until a pH 9.0 
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was reached prior to the start of the assay. Equation 4:5 was used for the calculation of 

the activity (in units) of the immobilized enzyme per g of polyHIPE material. 

                  
(                ) (        ) (    )

(          ) ( )
⁄  Equation 4:5 

 

where, one unit (U) is defined as the hydrolysis of 1.0 µmol of ATEE per minute at pH 9.0 

at 30oC, T is the time taken for the assay (in min.).  

 

4.2.8 Instrumental 

4.2.8.1 UV-Vis Spectrophotometer 

Varian Cary 100 Spectrophotometer was used for the calculation of enzyme loading 

and the activity of lipase immobilized onto GMA/EGDMA polyHIPE at Durham University.  

 

4.2.8.2 pH-Stat Autotitrator 

Radiometer TIM 856 pH-Stat autotitrator was used for Pro K continuous titrimetric 

assay at Durham University.  

 

4.3 Results and Discussion 

4.3.1 Lipase Immobilization onto GMA/EGDMA PolyHIPE Material 

The most commonly used immobilization strategy is to adsorb the enzyme onto 

the carrier material. This is a low-cost process and is used in the preparation of the 

commercially available product, Novozyme® 435 [15, 31]. However, it has a significant 
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drawback; enzyme can leach from the support on re-use, resulting in the reduction in the 

activity of the material over time [20]. 

Epoxy-containing polymeric materials have been used extensively for the covalent 

attachment of enzymes, with the advantage of the ability to re-use the material several 

times with minimal reduction in activity in comparison to adsorbed enzyme materials[1, 

15, 32, 33].  

Recently, polyHIPE materials have been utilized for the covalent immobilization of 

enzymes and their use as bioreactors[20-23]. This led to the investigation into the direct 

immobilization of lipase, via primary amine groups present on lysine residues on the 

surface of the enzyme onto epoxy containing polyHIPE materials (see Figure 4:2 for 

schematic). These polyHIPE materials were prepared via the copolymerisation of GMA 

with EGDMA following the method of their preparation by Krajnc et al.[34].  

O
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H

ENZ

OH

+

 

Figure 4:2 – Schematic of the direct immobilization of enzyme onto a GMA-based polyHIPE 
material 

 

4.3.1.1 Lipase loading onto GMA-based Emulsion-Templated Porous Polymers 

There are several techniques for the quantification of protein concentration in 

solution; namely the Biuret[35], bicinchoninic acid (BCA) [36, 37], Lowry[38] and 
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Coomassie Blue dye-binding (Bradford) assay[28]. The Bradford assay was chosen for the 

quantification of lipase loading over the other methods due to the increased sensitivity 

and rapidity in comparison to the other methods[39]. There are three forms of the 

Coomassie Blue dye, a non-protonated anionic, protonated neutral and doubly 

protonated cationic form, with absorption maxima of 595 nm, 656 nm and 465 nm, 

respectively[40]. The protein stabilizes the blue, non-protonated anionic form of the 

Coomassie blue dye and the Bradford assay works by monitoring the absorbance of the 

protein-dye complex (at 595 nm) which is stable from 2 – 60 min. [28]. As Coomassie Blue 

G dye reagents have been observed to vary in quality from different suppliers, an 

absolute value of an absorbance related to a protein standard is not adequate, this is why 

a calibration curve of (standard) protein concentration versus absorbance of the 

Coomassie Blue G-250 bound protein was undertaken (see Figure 4:3) [41, 42]. Bovine 

serum albumin (BSA) was used as the protein standard due to its extended linear 

relationship of protein concentration with absorbance with the Coomassie Blue dye when 

compared with other standards[40]. In addition, it has been used previously as a standard 

protein for the quantification of lipase loading onto polyHIPE materials via the Bradford 

assay and it is commercially available in a purified form[21]. Lipase loading was then 

assessed from the lipase solution after immobilization onto the GMA/EGDMA polyHIPE 

material, using the calibration curve in Figure 4:3 for estimating the concentration of 

lipase in the solution after immobilization onto the polymer. The results obtained showed 

that the loading of the enzyme onto the polymer was 5.4, 6.6 and 7.5 wt. % per g of 

polyHIPE for CAL concentrations of 2 mg/mL, 3 mg/mL and 4 mg/mL, respectively.  
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Possible errors within the results obtained are mainly from the technique chosen for the 

quantification of the enzyme concentration. As the Bradford assay is affected by strong 

basic buffers, it has been shown that an increase of the pH of the protein dye complex 

can increase the absorbance at 595 nm, due to the increase in the anionic non-

protonated form of Coomassie Blue[43]. As the enzyme solution that was used for the 

covalent attachment of the enzyme to the polyHIPE was in a pH 8.0 basic buffer, this 

could lead to an over-estimate of the lipase solution concentration after 

immobilization[41]. Another drawback of this technique in comparison to the biuret assay 

is sensitivity of the assay to the binding of the dye to different proteins [39, 41, 44]. The 

standard used has a significantly high absorbance with the dye in comparison with other 

proteins and this could lead to an under-estimation of the lipase concentration [28, 41, 

45]. Hence, this technique is used as a semi-quantitative method for protein 

concentration determination.  

The results obtained are considerably higher than other functional polyHIPE materials, 

which were observed to have loadings of 0.8 wt. % (determined via Bradford assay) [20], 

although this is possibly due to the increased concentration of functional groups. 

GMA/EGDMA polyHIPEs have 4.8 mmol/g of epoxy content (from the GMA content 

within the copolymer mixture), whereas NASI-based polyHIPEs have a much lower 

functional group content of only up to 1.2 mmol/g [20].  
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Figure 4:3 – Standard curve of 2.5 mL Bradford assay procedure with BSA standard. 

 

In addition to estimating the quantification of lipase loading from the Bradford assay, the 

loading was also assessed by observing the activity of buffered lipase solutions used 

before immobilization onto the polymer, after immobilization and also washings of the 

polymer. This was undertaken to complement the Bradford assay. The assay that was 

used was one of the most common assays for lipase activity, the hydrolysis of 4-

nitrophenyl acetate (4-NPAc) forming the coloured 4-nitrophenol product, which has an 

absorbance maximum at 400 nm[46]. This assay was chosen as it allows for the 

continuous photometric measurement of the production of 4-nitrophenol with a 

spectrophotometer. The spectrophotometer used has a Peltier temperature block that 

allowed for accurate temperature contol of the assay and also allowed for the monitoring 

of multiple samples at the same time. Figure 4:4 shows a typical graph from the 

hydrolysis of 4-NPAc of the various solutions. A minimum of six repeats were taken for 
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each solution. Calculated value for the loading of lipase was 5.6   0.6 wt. % per g of 

GMA/EGDMA polyHIPE material. This value is in agreement with the values obtained from 

the Bradford assay.  

 

Figure 4:4 – Typical graph showing the hydrolysis of 100 µL 4-nitrophenyl acetate (7.25 mg/mL in 
absolute ethanol) at 25oC in 2.97mL 20 mM pH 8.0 phosphate buffer with 30 µL 1 mg/ml Lipase 
solution in 20 mM pH 8.0 phosphate buffer before immobilization onto GMA/EGDMA polyHIPE 

(represented by ■), 30 µL Lipase solution in 20 mM pH 8.0 phosphate buffer after immobilization 
onto polyHIPE material (represented by ▲), 30 µL from the 1st 10 ml 20 mM pH 8.0 phosphate 

buffer washing of GMA/EGDMA polyHIPE (represented by ■), 30 µL from the 2nd 10 ml 20 mM pH 
8.0 phosphate buffer washing of GMA/EGDMA polyHIPE (represented by +), and blank 30 µL, 20 

mM pH 8.0 phosphate buffer (represented by ♦) 

 

4.3.1.2 Enzymatic activity of Lipase Immobilized GMA/EGDMA PolyHIPE Material 

Hydrolysis of 4-NPAc was used as the assay for the lipase immobilized onto 

GMA/EGDMA polyHIPE. Figure 4:5 shows the images taken at different time intervals of 

the assay with immobilized enzyme, enzyme in solution and also two blanks, polyHIPE 

material (without immobilized enzyme) and buffer. The immobilized enzyme produces a 
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significant amount of yellow 4-nitrophenol product (see ii), Figure 4:5), indicating that 

some of the immobilized enzyme is still active after immobilization.  

 

Figure 4:5 – Images showing the hydrolysis of pNPAc at room temperature of a stirred 3 mL 20 
mM pH 8.0 phosphate buffer solution containing. i) 50 mg of GMA/EGDMA powdered polyHIPE 

(blank), ii) 50 mg of lipase immobilized GMA/EGDMA powdered polyHIPE, iii) 20 mM pH 8.0 
phosphate buffer only (blank) and iv) 30 µl of 1mg/mL lipase. A) Before the addition of pNPAc B) 
immediately C) 5 min. D) 10 min. E) 15 min. F) 20 min after the addition of 100 µL 7.25 ml/mL 4-

NPAc in absolute ethanol. 

 

Quantification of the activity of the immobilized lipase material was undertaken using a 

discontinuous photometric assay of the hydrolysis of 4-NPAc. The assay was undertaken 

on a 3 mL scale (for use within cuvettes) with the addition of 50 mg of lipase immobilized 

polyHIPE material. The assay solution had to be filtered through hydrophilic cellulose 

acetate syringe filters prior to monitoring the absorbance of 4-nitrophenol, to remove 

particulates present within the solution from the powdered polyHIPE material. Filtered 

assay solution also had to be diluted tenfold due to the high absorbance at 400 nm from 

4-nitrophenol over the time of the assay. At least three repeats were acquired for each 

time interval and cuvettes were incubated for a minimum of twenty minutes at 25.0 oC to 
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reduce errors in the measured activity from temperature differences within repeat 

experiments. The activity of the immobilized enzyme was assessed from the gradient 

between 2 to 10 minutes, as this was determined to be the linear part of the graph (see 

Figure 4:6). Overall, the activity was determined to be 1.5 U/g of polyHIPE material. This is 

over twenty five times lower than was expected for the amount of immobilized enzyme 

used as determined from the 5.6 wt. % loading and the activity of 0.819 U/mg (of 

powdered CAL) as determined from monitoring the activity of the 1 mg/mL lipase solution 

in 20 mM pH 8.0 phosphate buffer (see 4.3.1.1). This result indicates that the 

immobilization of the lipase resulted in the inactivation of the majority of the enzyme 

possibly due to microenviromental effects.  

The method described above for the assay of enzyme activity is quite inaccurate, 

sampling of the reaction could result in a reduction in 4-nitrophenol due to absorption 

onto the syringe filter membrane, and there are possible errors from dilution of the 

filtered solution (see Figure 4:6). Attempts were made to monitor the re-use of the 

immobilized lipase polyHIPE, however they were unsuccessful, due to the inaccuracy of 

the particular method, in addition to the amount of material that was lost through 

filtration through the syringe filters, which resulted in only one additional re-use of the 

immobilized enzyme that could be monitored (results not shown). A possible solution to 

the inaccuracies encountered with the discontinuous assay used would be to use a 

continuous photometric assay via the use of a flow-cell cuvette as used by Pierre et al. for 

monitoring the activity of immobilized lipase polyHIPE material[20].  
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Figure 4:6 – Graph showing the hydrolysis of 4-nitrophenyl acetate at 25 oC with 20mM pH 8.0 
phosphate buffer with immobilized lipase onto powdered GMA/EGDMA polyHIPE material. Each 
filtrate of immobilized enzyme solution at the particular time interval was diluted tenfold; i.e 900 
µL of 20 mM pH 8.0 phosphate buffer was added to 100 µL of filtrate. At least three points were 
acquired for each time interval taken. Vertical error bars represent one standard deviation of the 

values recorded at the particular time interval. 
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4.3.2 Proteinase K Immobilization onto GMA-based PolyHIPE Materials 

Immobilization of proteinase K onto GMA-based polyHIPEs was investigated as 

proteases can catalyse the synthesis of peptides and is a particular area of interest for the 

production of enantiomerically pure peptides without the need for solid phase peptide 

synthesis due to the advantages of mainly milder reaction conditions [2]. In addition to 

this, enzyme immobilization onto polyHIPE materials is a relatively under-studied area of 

research and only lipases have been studied to any extent [20-23]. It has been observed 

that immobilization of proteases can stabilise the enzyme in comparison to the enzyme 

used in solution[2].  

The assay used for monitoring the activity of pro K immobilized polyHIPE material was the 

hydrolysis of N-acetyl-L-tyrosine ethyl ester at pH 9.0 (see reaction scheme below). This 

assay was chosen as it is a continuous electrochemical assay that would prevent some of 

the limitations that were observed for the discontinuous photometric assay for lipase 

immobilized polyHIPE materials.  

ATEE + H2O N-Acetyl-L-Tyrosine + Ethanol
Proteinase K

 

 

Proteinase K was immobilized directly onto GMA/EGDMA thermally polymerised polyHIPE 

material and also GMA-based photopolymerised polyHIPE material using the same 

strategy as the immobilization of lipase onto the polymer, using the reaction between the 

primary amine groups present within lysine residues on the surface of the enzyme with 

epoxy groups present within the crosslinked polymer material (see Figure 4:2). Also, in 

addition to the direct immobilization of the enzyme onto the polymer, a hydrophilic linker 

group was also used for the covalent immobilization of the enzyme. The hydrophilic linker 
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group that was used was a ‘short’ chain homobifunctional poly(ethylene glycol) with 

pendant amine groups that was investigated in chapter 3 of this thesis (see section 3.3.2). 

Pro K was immobilized onto the PEGylated polyHIPE material via the ‘activation’ of the 

material with glutaraldehyde (see Reaction 1 and 2, Figure 4:7) [24-26]. Following this 

attachment the resulting material was reacted with sodium cyanoborohydride to reduce 

the imine groups present from the immobilization procedure (see Reaction 3, Figure 4:7) 

[27]. This reduction step is necessary as it has been observed that, when glutaraldehyde 

has been used for the attachment of enzymes onto insoluble carrier materials, it can 

improve the stability of the enzyme [47]. Sodium cyanoborohydride was used instead of 

sodium borohydride as it is a milder reducing agent that has been observed not to result 

in any reduction in activity when used in conjunction with proteins [27].  
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Figure 4:7 – Schematic of the immobilization of Pro K onto PEGylated polyHIPE material. Reaction 
1 is the activation of the PEGylated polyHIPE with glutaraldehyde. Reaction 2 is the immobilization 

of pro K onto polyHIPE. Reaction 3 is the reduction of imine bonds with sodium 
cyanoborohydride. 

 

A commercially available product, pro K immobilized onto Eupergit® C from Rohm and 

Haas, was investigated for comparison with the enzyme immobilized onto the GMA-based 

polyHIPE materials. Eupergit® C, is a beaded epoxy containing crosslinked polymer that 

has been used extensively for the covalent attachment of enzymes for use as bioreactors 

[32]. Results that were obtained showed that the activity of this particular enzyme was 

between 118 U/g and 199 U/g.  
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Determination of the loading of pro K on polyHIPE was attempted by measuring the 

absorbance of a pro K solution at 280 nm and using a predicted molar absorbtivity of the 

proteinase K[48]. The results obtained were unreliable due to particulates present within 

the enzyme solutions. Filtration of this turbid enzyme solution gave varied results on 

repeating the procedure, possibly due to the adsorption of enzyme on the filters used.  

Activity of proteinase K in solution was first calculated using the pH-stat assay and was 

observed to be 53 U/mg of lypophilized enzyme. The activity of pro K immobilized onto 

GMA/EGDMA, photopolymerised polyHIPE was 3.6 U/g and 0 U/g respectively. As the 

loading of the enzyme was not calculated it is difficult to determine whether the enzyme 

immobilized is inactivated or that a low loading of the enzyme for the material was 

responsible for the very low activities of these materials.  

Activity of pro K immobilized onto GMA-based photopolymerised polyHIPE with the 

hydrophilic PEG linker group was significantly higher in comparison to the direct 

immobilization procedure. Activity was between 51 U/g and 78 U/g, indicating that the 

hydrophilic linker group did have a positive effect on the immobilization of the protease. 

Again, as the enzyme loading could not be accurately determined, it is not certain 

whether the higher activity of the PEGylated material is due to an increase in enzyme 

loading or due to a reduction in the inactivation of the enzyme on immobilization. The 

material was re-used two more times, washing the material with UHP water between 

assays, and activities of between 33 U/g to 55 U/g, and 19 U/g to 24 U/g respectively 

were found. The lowering of the activity between assays suggests either the leaching of 

the protease from the polyHIPE, indicative of some adsorbed enzyme or the inactivation 

of the enzyme on successive washes. As the assay solution and/or the washings of the 
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polymer were not assessed for enzyme content, either one or both of these processes 

could be occurring with the immobilized pro K polyHIPE material.  

 

4.4 Conclusion 

CAL was immobilized onto GMA/EGDMA thermally polymerised polyHIPE with a 

loading of between 5.4 and 7.5 wt. % per g of polyHIPE for CAL concentrations between 2 

mg/mL and 4 mg/mL as determined by Bradford assays. A loading of 5.6   0.6 wt. % per g 

of GMA/EGDMA polyHIPE material was determined by observing the activity of various 

lipase solutions used. These loadings are considerably larger than other loadings that 

have been reported within the literature for functional emulsion-templated porous 

polymers and this was attributed to the greater functional group content with the 

GMA/EGDMA polyHIPE in comparison to the other polyHIPE materials.  

Pro K was immobilized directly onto GMA/EGDMA thermally polymerised polyHIPE 

material, in addition to the immobilization onto a homobifunctional PEG functionalized 

polyHIPE material that was ‘activated’ with glutaraldehyde prior to the immobilization of 

the enzyme. Activities of the pro K immobilized directly onto the polymer were 

considerably low (3.6 U/g and 0 U/g), and it could not be determined whether this was 

due to the inactivation of the enzyme on immobilization or that a low amount of the 

enzyme was immobilized. In addition to the direct immobilization the activities of the pro 

K immobilized onto the PEGylated polyHIPE were higher (51 and 78 U/g), although on 

washing of the polymer the activity of the immobilized enzyme decreased which could be 

indicative of adsorbed rather than covalently bound enzyme. 
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Overall, the particular low activity of both immobilized enzymes would initially suggest 

that GMA-based polyHIPE materials are not particularly well suited as a support for the 

immobilization of either enzyme used. However, it has been observed for other functional 

emulsion-templated porous polymers that these materials are well suited for the 

immobilization of enzymes[20-23]. Future work should focus on the development of the 

materials described in chapter 2 for use in a continuous flow set-up. This would allow the 

undertaking of a continuous photometric assay via the use of a UV flow-cell reducing the 

problems with the sampling technique used.  
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5 Conclusions and Future Work 

As was mentioned in chapter 1, the aim of this thesis was to develop a highly porous 

open-void GMA-based emulsion-templated polymer, via the polymerisation of the 

continuous phase of a HIPE. These materials were then to be developed for use within a 

continuous flow set-up. The post-polymerisation functionalization of these materials with 

a range of amine nucleophiles was also to be investigated. Finally, these materials were to 

be used as a support for the covalent immobilization of enzymes, either directly onto the 

support or via a hydrophilic homobifunctional linker group from the support. 

 

5.1 Preparation of GMA-based PolyHIPE Materials 

Highly porous open-void morphology GMA-based emulsion-templated polymers 

were successfully prepared via the photoinitiated free radical polymerisation of the 

continuous phase of a w/o HIPE. It was observed that the ultrafast polymerisation, 

provided by the photoinitiation of these inherently unstable HIPEs was required to 

prepared GMA-based polyHIPEs with a homogeneous open-void morphology. Mercury 

intrusion porosimetry of these materials was possible due to relatively thick (35 mm in 

diameter) samples that were prepared via this technique, which was attributed to the 

photo-frontal polymerisation of these opaque emulsions.  

GMA-based polyHIPEs prepared by copolymerisation with acrylate monomers were 

observed with mercury porosimetry to be a direct template from their respected 

emulsions. SEM analysis in conjunction with mercury porosimetry analysis showed that 

the degree of interconnectivity of these materials increased significantly from 0.07 to 

0.37 on increasing the nominal porosity of the material from 73 % to 89 % (see section 
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2.4.2.1). GMA could be incorporated into the emulsion up to a concentration of 30 wt.% 

without affecting the morphology of the templated porous polymer (see section 2.4.2.2).   

In addition to the preparation of emulsion-templated porous polymers via the photo-

polymerisation of the continuous phase of a HIPE, materials were also prepared with the 

addition of hydrophilic low molecular weight PEG-MA to a HIPE, producing a hydrophilic 

porous polymer. Future work needs to be carried out to investigate if the PEG-MA is 

covalently attached or adsorbed on to the support surface. Further work could be 

undertaken to investigate the preparation of functional hydrophilic porous polymers, via 

the addition of hydrophilic (meth)acrylate monomers such as (meth)acrylic acid to the 

HIPE. This could also be followed by investigation of covalent enzyme immobilization 

strategies onto this carboxylate functionalized material, such as the use of zero length 

linker groups such as carbodiimides and N,N’-carbonyl diimidazole[1].  

A continuous flow set-up was successfully achieved via the development of the 

photopolymerised GMA-based emulsion-templated porous monolithic materials. This was 

accomplished via the functionalization of glass columns with methacrylate groups with 

subsequent photopolymerisation of the HIPE within the column. It was observed that the 

functionality of the crosslinker used was the most important factor for the preparation of 

these materials. For example, when TMPTA was used as the crosslinker, the monolith had 

a polymerised ‘skin’ on the surface, was not rigid and shrank on drying. In addition high 

back pressures were observed which indicated that the monolith was not rigid. In 

contrast, when a higher functional crosslinker, penta-/hexa-acrylate was used, a rigid 

material was prepared with low back pressures and without a polymerised skin on the 

surface of the monolith. Future work is required to further substantiate the claims that 
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the GMA-based polyHIPEs prepared with penta-/hexa- acrylate are rigid materials; this 

could be accomplished by the investigation if the back pressure is linear with flow rate 

through the monolithic material[2].  

In addition to the preparation of GMA-based photopolymerised materials via the 

copolymerisation with acrylate monomers, a fully methacrylate-based polyHIPE was also 

prepared. This was accomplished via the usage of a trimethacrylate rather than 

dimethacrylate crosslinker. As was mentioned in chapter 2, these materials are 

potentially better supports in terms of higher porosity and hence lower back pressures for 

biomolecules than commercially available monolithic materials prepared via suspension 

polymerisation technique[3]. Further work needs to be undertaken on these materials, 

for example as thick monoliths (35 mm in diameter) can be prepared the average window 

size and window size distribution could be observed via mercury porosimetry, also FTIR 

analysis and post-polymerisation of the monolith has to be undertaken to assess the 

availability of the epoxy groups present within the material. In addition it would be 

beneficial to investigate if this polyHIPE could be used within the continuous flow system 

developed in chapter 2. 

The porous polymers prepared within this thesis have inherently low surface areas, and it 

would be advantageous to increase the surface area of these materials for use as a 

bioreactor. High surface area polyHIPE materials have been prepared, of the magnitude 

of several hundreds of m2/g for thermally initiated materials with the use of a high 

content of crosslinker with respect to the total monomer concentration and the use of a 

porogen creating an additional porosity on the surface of the templated macroporous 

material[4-7]. Recently, Yao et al. have prepared a GMA-based thermally initiated 
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emulsion-templated porous material with Pluronic triblock copolymers as surfactants 

similar to those used within this thesis for the preparation of GMA/TRIM 

photopolymerised material[8]. Investigation could be undertaken into the preparation of 

GMA-based photopolymerised materials with higher surface areas using both of these 

techniques. As the UV-initiation carried out within this thesis is undertaken at ambient 

temperature this would allow the use of low boiling point porogenic solvents, such as 

chloroform and hexane added to the continuous phase of the HIPE[9]. In addition, taking 

inspiration from GMA-EGDMA polyHIPEs prepared by Yao and coworkers[8], 

photopolymerised GMA-TRIM polyHIPEs could be prepared investigating the effect that 

surfactant concentration has on the morphology and surface area of the material.  

 

5.2 Functionalization of GMA-based PolyHIPE Materials 

GMA-based polyHIPE materials were functionalized post-polymerisation with 

trisamine, morpholine and O,O’-bis(3-aminopropyl)polyethylene glycol. FTIR spectra 

indicated, through the reduction in intensity of the epoxy peaks at 906 and 845 cm-1 on 

the reaction of the polyHIPE with trisamine, that the epoxy groups could be 

functionalized post-polymerisation (see section 3.3.1). However, it was also observed that 

these peaks did not disappear altogether, which suggested that some of the epoxy groups 

were not functionalized. This was also confirmed via the elemental analysis of trisamine 

and morpholine functionalized polyHIPEs, for example a conversion of only 25 and 36 % 

of the epoxy groups respectively was observed for thermally initiated GMA/EGDMA 

polyHIPE materials with reaction with the substrates following the procedure in section 

3.2.4.2.1. However, when the reaction was carried out at reflux for 24 hours on 
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photopolymerized polyHIPE (PHP1) (for procedure see section 3.2.4.2.3) it was observed 

that much higher conversion was achieved of 72 and 82 % for trisamine and morpholine 

functionalized PHP1 respectively.  

Hydrophilic homobifunctional linker group, O,O’-bis(3-aminopropyl)polyethylene glycol 

(Mn ~ 1500) was successfully attached to GMA-based polyHIPEs. A positive Kaiser test and 

the attachement of a fluorescent dye which reacts preferentially with amine groups (FITC) 

indicated that primary amine groups were available after the covalent attachment of the 

spacer group to the porous polymer[10-13]. In addition, solid state 1H HR-MAS NMR 

spectroscopy also indicated the successful attachment of the O,O’-bis(3-

aminopropyl)polyethylene glycol onto the material. Quantification of the attachment of 

PEG spacer group was accomplished via elemental analysis and also the attachment of 

Fmoc-Cl followed by the deprotection of primary amine groups and the quantification of 

the deprotected piperdine Fmoc adduct via UV spectrometry. A problem with the use of 

this spacer group was the low conversion of only ~ 2 % of the epoxy groups, which was 

attributed to the high exclusion volume of PEG[14]. Further work would concentrate on 

the investigation into differing molecular weight PEG spacer groups and how this effects 

conversion. In addition, ethylene diamine could be used as the linker group to investigate 

the effect of the hydrophilicity (or hydrophobicity) on the immobilization of enzymes onto 

polyHIPE material. 

As each step of a reaction procedure needs to be investigated to substantiate fully claims 

made, investigation into the ‘activation’ of the diamino PEG with glutaraldehyde (for 

subsequent covalent enzyme immobilization) must be undertaken. Possible qualitative 

colourmetric methods could include the covalent attachment of a hydrazine 
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functionalized fluorescent dyes from the formation of hydrazone bonds, for example, 

fluorescein-5-thiosemicarbazide, lissamine rhodamine B sulfonyl hydrazine or 7-amino-4-

methyl-coumarin-3-acetic acid hydrazide (see Figure 5.1) [15]. In addition to the 

quantification with these dyes the use of non-fluorescein dyes (due to the high rate of 

photobleaching) could be used to determine the conversion of amine groups via the 

reduction in the absorbance of the dye solution after immobilization. 1H HR-MAS NMR 

spectroscopy could also be used to assess the functionalization of the polyHIPE material 

with glutaraldehyde. 
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Figure 5:1 – Schematic showing covalent attachment of hydrazine containing dyes with 
glutaraldehyde functionalized polyHIPE material for qualitative colourmetic analysis of the 

functionalization of the material. 
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Investigation could be undertaken into the attachment of a heterobifunctional linker 

group, such as PEG spacer groups which are terminated with a N-hydroxysuccinimide and 

a ‘clickable’ moiety on the other end, for example alkyne group. Bon et al. and Cummins 

et al. have shown that GMA-based polyHIPE materials can be functionalized via a copper 

catalyzed azide-alkyne cycloaddition click reaction, via the functionalization of epoxy 

group of the GMA with an azide residue (see Figure 5.2)[16, 17]. This functionalization 

procedure could be used for the materials prepared within this thesis. Following the 

functionalization of the polyHIPE with azide groups a heterobifunctional spacer group, 

terminated with an N-hydroxysuccinimide (NHS) group and an alkyne group could be 

‘clicked’ onto the polyHIPE monolith[18]. Potentially, this would alleviate the need to use 

an excess of expensive linker group in the reaction procedure to assure a 1:1 reaction 

with epoxy groups. This could then be followed by the covalent attachment of enzymes 

onto the material via the reaction of lysine residues of the enzyme with the NHS group of 

the spacer group. Alternatively, this linker group could be covalently attached to an 

enzyme prior to being ‘clicked’ onto the polyHIPE, which has been observed by Fréchet et 

al. for azide Functionalized GMA/EGDMA beads with a similar linker group[19]. Overall 

this linking procedure could be beneficial taking advantage of the great specificity of click 

chemical reactions[20].  
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Figure 5:2 – Schematic showing the ring-opening of epoxy ring of GMA-based polyHIPE material 
with an azide, followed by further functionalization of the material via a Cu(I) catalyzed azide-

alkyne click reaction 
 

5.3 Covalent Enzyme Immobilization onto GMA-based PolyHIPE 

Materials 

In conclusion, lipase from Candida Antarctica (CAL) and proteinase K (pro K) from 

Tritirachium album were immobilized onto GMA-based emulsion-templated porous 

polymers. The loading of CAL onto GMA-based polyHIPE was determined to be 5.4, 6.6 

and 7.5 wt. % per g of polyHIPE for enzyme concentrations of 2, 3 and 4 mg/mL 

respectively via a Bradford assay and 5.6 wt. % for concentration of 1 mg/mL from 

spectrophotometric analysis of the decrease in activity of the enzyme solution used to the 

supernatant solution after immobilization and the washings of the polymer. Pro K was 

immobilized directly onto the polyHIPE in addition to a glutaraldehyde activated 

PEGylated photopolymerised polyHIPE material. Overall, the experimental procedures 

were problematic and future work would be needed to be carried out to address these 

issues. For example, a much more efficient and accurate method would be to utilize the 
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continuous flow photopolymerised system developed in chapter 2 with a flow cell cuvette 

allowing the continuous photometric analysis of enzyme activity as was used by Pierre et 

al.[21], in addition to the ability to measure the activity of the re-cycling of the enzyme 

without reduction in any polymeric material on re-use from filtration.   
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