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1. Porous materials and porous polymers  

According to the most recent literature, porous materials covered a central role in the 

development of innovative technological tools and scientific signs of progress are often 

associated with the exploitation of these materials. Moreover, with the emerging of 

nanomaterials, the fundamental role of the porosity in determining materials properties has 

emerged. Therefore, porous materials have an essential role in several applications and 

emerging technological fields due to their numerous advantages such as high superficial 

areas, open internal structure, and possible tunable pore environment1, 2. Considering the 

diameter, the International Union of Pure and Applied Chemistry (IUPAC) classify the pores 

of porous materials in three categories: micropores (smaller than 2 nm), mesopores (2-50 

nm) and macropores (larger than 50 nm)3. Another possible classification of porous 

materials concerns the chemical nature of pore walls leading to the three distinct classes of 

skeleton: i) the organic skeleton, including porous polymers and supermolecular organic 

frameworks among the others; ii) the inorganic skeleton such as porous carbons or 

mesoporous silica and, iii) the hybrid skeleton of metallorganic frameworks. Porous 

polymers, as a class of porous material, gained increasing interest from researchers due to 

their potential to integrate the features of both porous materials and polymers4, 5. Porous 

polymers could be defined as polymeric supports with one or more pores. Even if they 

typically show more the one pore, polymers with one pore (termed hollow polymers) can be 

included in this definition4. Indeed, compared to other porous materials, porous polymers 

show relevant advantages including chemical diversity and ease to be processed. Porous 

polymers can be synthesized in a versatile manner and can be exploited in agreement with 

the concept of rational materials design. Moreover, different chemical moieties can be 

incorporated into the polymeric structure by presynthetic modification or by post-production 

functionalization. Porous polymers could also be modeled into various macroscopical 

structures by controlling shapes and dimensions more easily compared with other materials. 

Furthermore, porous polymers are typically associated with good chemical stability because 

of the covalent bonds in the structure. Therefore, porous polymers have been observed to 

show very promising properties to be exploited as multifunctional tools to be used as “game-

changers” platforms for existing applications and also as innovative materials6, 7.  Porous 

polymers have been used since the 1930s in many industrial and scientific fields (ion-

exchange resins, food industry, pharmaceutical industry, synthetic chemistry among, in Li-

ion batteries, etc.). Besides these, porous polymers show promising potential to be used in 

developing fields such as gas adsorption capture8-10, molecular separation11-13, catalysis14, 
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electrochemical energy storage15, drug delivery16, sensors17, enantioseparation18, proton 

conduction19, photoenergy conversion in solar cells20, and many others1. There are several 

important features that may affect the applications of these materials such as pore structure, 

size and, geometry, surface functionalities and polymeric framework structure including 

starting monomer composition. Moreover, to be considered an actual valuable source, the 

porous polymer should be scalable and cheap by using more sustainable raw materials 

while retaining high performances1. The applicative fields of this kind of materials are 

described more intensively in the following paragraph. 

Table i-1: Properties of porous polymers, zeolites, porous carbons, and MOF1.  
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2. Hierarchical porous structure 

 An important feature of porous polymers and porous materials, in general, is represented 

by the possible hierarchical structure of pores. Indeed, in recent years, many important 

efforts have been made to develop a hierarchical porous structure to be exploited in several 

applications with several advantages. Porous materials with integrated multiple levels of 

porosity are defined hierarchically structured porous materials in which a porous structure 

with more than one length scale from micro to macropores are represented21.  Usually, the 

multiple levels of porosity are achieved by the development of bimodalities such as micro–

meso, meso–macro, and micro-macro, or even trimodalities such as micro–meso–macro 

and meso–meso–macro22. The advantages gained by this particular interconnected network 

are i) high number of pores, ii) high surface area, iii) large accessible space, iv) low density, 

v) variable chemical compositions leading to good performances to be exploited in many 

fields such as energy storage, catalysis, gas sensing, separation and biomedicine among 

the others23,24. The most favorable features associated with porous polymers with a 

hierarchical internal network of pores can be summarized in five categories: 

• Several synthesis procedures. Different strategies have been developed to obtain 

hierarchical porous materials including dual surfactant templating, colloidal crystal 

templating, polymer templating, bioinspired process, emulsion templating, SCFs, 

freeze-drying, BFs, phase separation, selective leaching, replication, zeolitization, 

sol-gel controlling, post-treatment, and spontaneous formation. 

• Controllable porous properties. The porous structural features can be controlled by 

different approaches leading to great progress in the design and production of 

hierarchical internal morphologies, even if precise control is still not completely 

accomplished. 

• Tunable macroscopic morphologies. Shapes and dimensions of hierarchically porous 

materials can be easily controlled by using different strategies (self-formation to a 0D 

sphere, polymer-templating to 1D fiber, biotemplating to 2D film and phase-

separation to a 3D monolith).  

• Adjustable multiple functions. Materials characterized by hierarchical porosities are 

attractive for the development of new functioning systems due to their high activity 

and selectivity. Indeed, by the introduction of new functionalities, nanounits and, 

bioentities, hierarchical porous polymers will express several different properties. 
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Also, it will be possible to develop platforms showing hybrid functions in order to 

create material extremely versatile 

• A vast array of utilization. The obtained porous structures and morphologies could be 

employed for applications in several fields. 

. 

  



General Introduction 

6 
 

3. Applicative fields of Porous Polymers  

As already mentioned, different applications of porous polymers have been explored, taking 

advantage of the hierarchical porous structure, such as gas absorption, water treatment, 

heterogeneous catalysis, and electrochemical energy storage25. Besides these important 

fields, the hierarchical porous polymers have gained increasing interest in two specific 

application fields i.e. the separation science and biomedicine. 

3.1. Biomedicine 

The achievement of innovative strategies as alternative diagnostic tools and innovative 

therapeutic approaches is related to the fast development of biomedicine towards years. In 

this context, porous polymers with tunable hierarchical pores and functionality present 

promising properties to be exploited in biomedical applications and many works have been 

published concerning this topic26, 27. In particular, porous polymers have been exploited in 

diagnosis27, immobilization of enzymes28, 29, and drug delivery30, 31. Indeed, several scientific 

papers have been published describing porous polymer applied as biomedical tools. For 

instance, Ibrahim and coworkers described in a recent review the effective preparation of 

drug delivery systems based on metal-organic frameworks to be used as carriers of 

antineoplastic molecules32. Moreover, porous titanium scaffolds have been developed as 

polymeric sponges. In cellular tests, these Ti-based scaffolds were able to improve the 

growth and proliferation of mesenchymal stem cells33. Tissue regeneration is a key 

biomedical application of porous material as reported by the numerous studies found in the 

literature concerning engineered bone graft substitutes34, 35, wound dressing36, 37 and 

regenerative therapy in general38.  

3.2. Separation 

Separation is a process aimed to isolate pure compounds from complex matrices and it 

represents an essential step in many industrial processes, mainly in pharmaceutical and 

chemical industries. Therefore, many efforts have been made to develop innovative and 

effective separation techniques/materials. In recent years, several porous materials with 

different internal morphology have been achieved for separation purposes such as zeolites, 

activated carbons, carbon molecular sieves, aluminophosphates, polymeric resins, and 

MOFs. Porous polymers showing high energy efficiency, low cost, ease of processing, 

controllable pores and other tunable surface functionalities represent very promising 

candidates for the development of suitable tools for separation aims. In order to achieve 
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diverse separation applications, porous polymers can be modeled in different macroscopic 

shapes including membranes, powders, and monoliths1, 39. Specifically, monolithic materials 

express very peculiar features in separation sciences. Monolithic supports are defined as 

single pieces of macroporous material and their first use can be traced back to the 1960s. 

One of the first applications of monolithic materials was in high performance liquid 

chromatography as an alternative to packed column40. Indeed, in the 1980s, the HPLC 

suffered major limitations due to the utilization of particle-based stationary phases 

characterized by a slow diffusive process thought the inter-particulate voids. Obviously,  

monoliths, also termed continuous beds, allowed a significant decrease in the void volume 

of interparticle leading to a more efficient chromatographic separation. The excellent 

properties of continuous chromatographic beds are related to their macroporous structure. 

Indeed, the mobile phase flush through the macropores with consequent improvement of 

mass transport allowing more rapid and more efficient separation41-43. In 1989, Hjerten and 

coworkers developed a chromatographic column based on a solvent-swollen hydrophilic 

monolith composed by poly(acrylic acid-co-methylenebisacrylamide (MBAA)) suitable for 

HPLC application with high flow rates44. An important step in the development of 

chromatographic columns based on continuous beds was achieved in 1992 by Svec and 

Frechet who described an efficient method for the production of a macroporous polymer as 

high performance liquid chromatography separation phase obtained by an acrylate-based 

polymeric backbone45. Throughout years other kinds of monolithic materials have been 

developed such as carbon-based monoliths46, 47, hybrid organosilica monoliths48, 49, nano-

particle-integrated monoliths50, 51  and so on. In most recent years further progress has been 

made by developing polymeric monoliths exhibiting better performances in separation 

sciences.  According to chemical nature, monolithic can be classified into diverse groups 

such as inorganic supports (comprising silica, celite and zeolites), organic polymer (both 

synthetic and natural) hybrid monoliths, metal-based monoliths and carbon-based 

monoliths39. The properties of these categories are summarized in the Table i-2.  
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Table i-2: Classification of monolithic materials based on their chemical backbone39. 
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4. Polymerized High Internal Phase Emulsions 

As already mentioned above, many different approaches could be applied to the production 

of porous polymers. Among these methodologies, emulsion templating has emerged as an 

effective technique to obtain a hierarchical porous structure, with tunable properties and 

functionalities included in polymeric backbone. Initially, the emulsion templating technique 

was applied to synthesize hydrophobic crosslinked polymers termed “polyHIPEs” 

(polymerized high internal phase emulsion). These materials are achieved by the 

polymerization of monomers in the external phase (continuous phase) of water-in-oil 

emulsions (w/o) termed HIPEs (high internal phase emulsions). HIPEs are paste-like, highly 

viscous emulsions with a volume of internal phase (droplet phase) higher than 74.05% of 

the total volume. This value represents the maximum occupiable space by monodisperse, 

uniform and undeformable spheres (i.e. by the droplet composing the internal phase52-54). 

The biphasic structure of emulsion is exploited as a template for the final polymeric material 

with a resulting porous structure, hence the definition of “emulsion templating”. Progress in 

this technique throughout the years led to the publication of several review articles indicating 

the vast array of possibilities for polyHIPEs55-59. Moreover, HIPEs have been known in the 

literature for many years, in particular in cosmetic and food applications60. In the 1960s, the 

preparation of polymeric foams has been described59.  

4.1. PolyHIPEs morphology and pores structure 

The unique macroporous structure of polyHIPE materials is generated by several 

physicochemical processes leading to an internal morphology with a hierarchical pore 

distribution (Fig i-1). The materials are characterized by spherical macropores (typically from 

1 to a few hundred μm in diameter) generated through the removal of the internal phase. 

The evaporation of the water phase leads to the evacuation of droplets leaving air-filled 

“voids”. This process is governed by the thermodynamic equilibrium between emulsion 

phase separation and droplet stabilization. The polymerization of the external phase 

composed by lipophilic monomers results in a thin polymeric layer surrounding the spherical 

pores thereby forming the polymeric “skeleton” of the polyHIPE. These macropores are 

cavities representing the first level of porosity in the materials. Nomenclature of polyHIPE-

pores is an important issue, because, throughout literature, several terms have been 

proposed for the first level of pores, namely cells, voids or simply cavities. In this work, we 

adopted the term “voids”, in agreement with most of the authors publishing in this field, even 

if IUPAC refers to voids as inter-particle spaces. Indeed, the name “cell” tends to be avoided, 
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mainly for the ambiguous meaning if polyHIPEs are applied for biomedical purposes (tissue 

engineering or cell cultures for instance). Since the size of the cavities reflects the droplet 

size of the HIPE, the most important factors influencing the cavity size relate to variables 

that influence the HIPE’s kinetic stability,  which include surfactant(s), surfactant 

concentration, the presence of other stabilizers, and the energy input during HIPE 

preparation (stirring or shearing of emulsion)59. In order to achieve a highly porous material, 

voids need to be interconnected by the second level of pores which determine convective 

mass transfer through a polyHIPE material. The most probable mechanism for the formation 

of the secondary interconnecting pores was firstly proposed by Cameron54 who 

hypothesized that these pores are crated during the polymerization and crosslinking 

processes. In this theory, pores are formed due to shrinkage and contraction phenomena 

that occur at the interface causing ruptures in the polymeric thin film at its thinnest points. 

Also for this second level of pores, many names are found in the literature (“holes”, 

“channels” and “throats” among the others) and, for this work, we selected “throats”. Both 

the first and second levels of pores are in the macropores region, indeed the average 

diameter of throats (typically above a few nanometers) can be really close to the voids’ one 

leading to the obtainment fibrillar mesh morphology. However, a smaller third order of pores 

may be identified in polyHIPE materials belonging to the mesopores region (2-50 nm) if a 

porogenic solvent is applied for the synthesis of polyHIPEs or if a high degree of crosslinking 

is achieved in the polymeric matrix. Due to the presence of three levels of pores, a 

“macroreticular” internal structure is achieved61. The porous structure of polyHIPEs is 

defined by several factors such as void and throats size, void shape (spherical or polyhedral) 

and interconnectivity. Obviously, different synthetic parameters have a strong influence on 

these factors and, consequently may affect the internal morphology of pores. These 

parameters are listed below. 
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Figure i-1: typical polyHIPE-structure with the two levels of pores termed as “voids" and "throats" 

 

4.1.1. Emulsion stabilization strategies 

Being the emulsions thermodynamically unstable systems, suitable stabilization approaches 

are required (these approaches will be deeply described in the following paragraph). The 

strategies used most frequently to stabilize HIPEs are the use of molecular surfactants or 

amphiphilic particles and the use of either these approaches has an important effect on 

voids' diameter. In fact, polyHIPEs from surfactant-stabilized emulsions show voids with an 

average diameter from 1 to 20 μm in those obtained by Pickering HIPEs voids diameter is 

typically in a range from 200 to 700 μm62. Also voids interconnectivity is influenced by the 

stabilization procedure. For polyHIPEs obtained by surfactant-stabilized HIPEs, voids 

interconnectivity is often affected by the surfactant amount, the internal phase volume and 

the presence of porogenic solvents. Although the void interconnectivity does not seem to be 

sensitive to the monomer amount in the external phase, there is a strong influence of the 

surfactant/monomer ratio on the interconnectivity63. For instance, low surfactant content 

(5%) in the continuous phase allows the obtainment of non-porous structures, while small 

interconnecting throats are achieved from emulsions containing 7-10 % surfactant. 

Therefore, by increasing the surfactant amount further than 10% determine the typical highly 

interconnected network of polyHIPEs, while emulsion templated monoliths are usually not 

generated with a surfactant amount greater than 50% in the external phase63. On the other 

hand, the droplets in amphiphilic particles-stabilized HIPEs (Pickering HIPEs) are usually 
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larger than those in surfactant-stabilized emulsions leading to a polymer film significantly 

thicker with a consequent impediment in the formation of interconnecting pores. Moreover, 

the stabilizing particles might be strongly absorbed in the o/w interface preventing the droplet 

coalescence with a consequent formation of closed structures. Indeed, porous polyHIPEs 

structure from Pickering emulsions has been produced only under specific conditions. The 

formation of interconnecting pores is subordinated to a strong interaction between the 

monomer and the stabilizing particles or to a modification of the amphiphilicity of stabilizing 

particles. In this context, Zheng and coworkers described the development of hydrophobic 

interconnected macroporous polymers from HIPEs using n-octadecyltrimethoxysilane 

(ODS)-modified silica particles64. 

4.1.2. Locus of initiation of polymerization  

PolyHIPEs have been produced from w/o HIPEs by using different types of initiator systems 

such as free radical polymerization (FRP) or electron transfer for atom transfer radical 

polymerization (AGET ATRP). The different polymerization systems can include external-

phase initiation, interfacial initiation, and nanoparticles-based initiation and the locus of 

initiation can significantly affect the macromolecular structure of pores as summarized by 

Fig i-265. In general, external-phase initiation tends to produce porous structures, while 

interfacial initiation tends to produce closed structures. 

4.1.3. Monomers composing the external phase. 

Obviously, the properties of polyHIPEs are strictly related to the nature of monomers 

composing the external phase which may also influence void interconnectivity. For instance, 

when styrene was used as the predominant monomer, close polyHIPEs were fabricated. On 

the other hand, an interconnected morphology was achieved when n-butyl acrylate (nBA) 

was used instead of styrene66. 

4.2. Stabilization of HIPEs 

As already mentioned, emulsions are unstable systems, therefore, HIPE stabilization is an 

essential step for the polyHIPEs synthesis. Typically, HIPE stability is enabled by the 

utilization of suitable stabilizers, which are usually surfactants but can also be particles or 

gels. Indeed, the development of stabilization strategies has recently attracted significant 

attention (Fig i-3). 
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 Figure i-2: Schematic illustration showing the possible effects of the locus of initiation on internal morphology. The picture 

was taken from ref. 25.  

4.2.1. Surfactants.  

As the most conventional technique, surfactants are common HIPE stabilizers, but not all 

surfactants are able to stabilize high internal phase emulsions. Commonly used surfactants 

for w/o HIPEs include sorbitan monooleate (SMO or Span 80) and polyglycerol 

polyricinoleate (PGPR). According to the Bancroft rule, due to the great volume of the 

dispersed phase, to prevent phase inversion, surfactants should only be soluble in the minor, 

external phase67. In order to produce stable HIPEs, large content of surfactants (typically 

between 20 and 50% of the external phase) is required. This represents a significant 

drawback because of the need for removing these relatively large amounts of surfactant 

following polyHIPE synthesis. Recently, in the literature different solution were proposed 

including the enhancement of the surfactant efficiency by the introduction of macromolecular 

surfactants (that are less likely to leach), and reactive surfactants (covalently linked to 

polyHIPE polymeric skeleton). Indeed, macromolecular surfactants have proven to be 

excellent HIPE stabilizers68-70. For instance, amphiphilic BCPs were used successfully to 

stabilized w/o HIPEs: the hydrophobic fraction included polystyrene (PS) and poly(1,4- 

butadiene) (PBD), while the hydrophilic blocks included PEO and poly(acrylic acid) (PAA) 
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were found to link their hydrophobic blocks in the continuous phases of the resulting 

polyHIPEs71. Moreover, reactive surfactants are promising alternatives to solve the 

problems associated with surfactant leaching because of the covalent incorporation of these 

stabilizers into the polyHIPE network. For instance, in a work published in 201572, a stable 

w/o HIPE was achieved by the incorporation of span 80 into a polyHIPE network via a chain 

transfer reaction during the ring-opening metathesis polymerization (ROMP) of cyclooctene. 

Another promising and emerging strategy is represented by block copolymer surfactants as 

the sole monomer. Indeed, polyHIPEs based only on monomeric BCP surfactant, namely F-

127 dimethacrylate (used as a stabilizer, sole monomer and, crosslinking agent) were 

recently reported73. 

4.2.2. Particles  

Particle-stabilized emulsions are also defined as Pickering emulsions74. This stabilization 

strategy has not reached the same success at stabilizing HIPEs leading to emulsions that 

are more likely to reach out a phase inversion. By the way, Pickering HIPEs have been 

developed successfully over the past decade by using both inorganic and organic particles75, 

76. For example, Yi and coworkers used polymeric Janus nanoparticles (consisting of a linear 

poly(methyl methacrylate) “tail” and a cross-linked poly(4-vinylpyridine) “head”) for the 

stabilization of w/o emulsions and the synthesis of macroporous polymer foams77.  

4.2.3. Emulsion gel 

Gel particles showed outstanding properties to be exploited as HIPE stabilizers78. The most 

common gel particles included several different entities such as i) thermosensitive 

monomers, such as N-isopropylacrylamide, ii) ionic monomers, such as methacrylic acid 

poly(urethane urea)s iii) polymers functionalized with groups determining strong 

intermolecular hydrogen bonding, such as 2-ureido-4[1H]pyrimidinone, and iv) star polymers 

with crosslinked cores. 
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Figure i-3: PolyHIPEs fabricated from HIPEs that were formed by adopting a variety of stabilization strategies (with 

illustrative micrographs from the literature): (a) conventional surfactants; (b) reactive surfactants and high molecular weight 

surfactants; (c) BCP surfactants as the sole monomer; (d) particles (showing both external-phase initiation and interfacial 

initiation). The picture was taken from ref. 25. 

4.3. Polymerization techniques 

PolyHIPEs’ macromolecular structure and its control through synthetic conditions is a 

fundamental task for the application of these polymeric materials. A wide range of 

polymerization techniques was applied for a rational design of polyHIPEs for the 

development of optimized properties. The most used method is represented by the 

conventional free radical polymerization (FRP). Indeed, polyHIPEs are usually obtained by 
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thermally initiated FRP, a generally simple reaction that is easy to carry out, convenient and 

applicable to several vinyl monomers. Typically, mild conditions are required to perform FRP 

and this usually represents a requirement when polyHIPEs are intended to be applied as 

biomedical tools. For instance, the polymerization of styrene and MMA were achieved by 

the rapid decomposition of an initiator (2,2′-azobis(isobutyronitrile)) in the presence of a 

suitable catalyst (cetyltrimethylammonium bromide) at room temperature and 40°C, 

respectively79, 80. Furthermore, several redox systems were developed to determine a faster 

polymerization reaction occurring at moderate temperature (benzoyl peroxide with 

trimethylaniline81, ammonium persulfate with tetramethylethylene diamine82, and ascorbic 

acid/iron(II) sulfate heptahydrate/hydrogen peroxide83). In fact, high temperatures could 

affect the emulsion stability leading to an incorrect polymerization step. Besides these 

considerations, FRP showed certain drawbacks to be applied as a polymerization protocol 

for high internal phase emulsions. This technique is limited to monomers with reactive 

double bonds (styrenics and acrylates) and is typically only applied for the control on the 

homogeneity of the final polymeric network.  and limited reaction conditions can be applied. 

Therefore, even if FRP is still the most common technique, in order to overcome some of 

these limitations, a variety of controlled radical polymerizations (CRPs) have emerged for 

the synthesis of polyHIPEs. Indeed, few works concerning the polymerization of HIPEs by 

atom transfer radical polymerization (ATRP) approaches have been reported in the 

literature75, 84 even if many efforts are required to adapt ATRP for the polyHIPEs synthesis. 

Reversible addiction-fragmentation chain-transfer (RAFT) is a well-established 

polymerization technique typically used to prepared polymers. The polyHIPEs synthesized 

via RAFT show good features, such as porous structure more controllable by synthetic 

conditions, good mechanical properties and easily tailorable functional groups85, 86. Besides 

the radical polymerizations, other methods have been applied for the polymerizations of 

HIPEs such as step-growth polymerization87, 88, Diels−Alder polymerization89, ring-opening 

metathesis polymerization (ROMP)72, 90, and the thiol−ene/thiol−yne click reactions91. In Fig 

i-4 a schematic representation of the most common polymerizations used for polyHIPEs 

synthesis is reported.  
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Figure i-4: Most used polymerization techniques used for the synthesis of polyHIPEs. The picture was taken from ref. 25 

 

4.4. PolyHIPEs shape  

PolyHIPEs are extremely versatile polymers and they can be produced in several external 

structures and different shapes (for example beads, rods or fibers). Indeed, polyHIPE shape 

can be moduled by numerous approaches and complex networks have been fabricated by 

using such methods. 

4.4.1. Double emulsion 

In this kind of approach, a double emulsion system (triphasic system) is achieved when a 

HIPE has been dispersed as droplets within a continuous phase (typically, a w/o HIPE is 

dispersed in an aqueous phase). By the polymerization of the external phase of the HIPE 

“droplets”, polyHIPE-based beads are typically fabricated and a wide range of double 

emulsions have been developed for this purpose92, 93. The double emulsion approach can 

also be used for the fabrication of polyHIPE-based monoliths. For instance, Lei and 

coworkers developed a polyHIPE monolith by the addition of a water-soluble monomer to a 

water-in-toluene-in-water HIPE as reported in a report published in 201692. 
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4.4.2. Control on polymerization environment/frozen polymerization and 

sedimentation polymerization 

Other effective methods for the preparation of polyHIPE-based beads are frozen 

polymerization and sedimentation polymerization. Both these approaches generate beads 

that are usually a few milliliters in diameter. Frozen polymerization of HIPE was applied for 

the synthesis of aligned porous beads through directional freezing, and frozen ultraviolet 

(UV) initiation of an oil-in-water (o/w) HIPE94. On the other hand, sedimentation 

polymerization has been used for the preparation of emulsion-templated polymer beads 

based on acrylamide and N, N‘-methylenebisacrylamide as starting monomers95.  

4.4.3. Electrospinning  

PolyHIPE shape can also be controlled by the application of novel manufacturing 

techniques. For instance, electrospinning is an effective method for the fabrications of 

nanofibers. In order to obtain satisfactory materials, this technique requires viscous, polar 

and visco-elastic solutions with constant viscosity. Therefore, HIPEs showing these features 

can be used as a template to produce fibrous polymers via electrospinning. For example, 

bicontinuous polymers in the form of fibers have been fabricated starting from w/o HIPEs 

consisting of aqueous poly(vinyl alcohol) (PVA) solutions dispersed within PCL-in-toluene 

solutions96. 

4.4.4. Microfluidics 

Microfluidics was observed as an effective and very advantageous approach for the 

generation of homogeneous high internal phase emulsions. Indeed, microfluidics has been 

exploited for the production of highly ordered HIPEs leading to the synthesis of polyHIPEs 

monoliths with well-controlled pore sizes and porous structure97. Moreover, recent 

improvements in this technique allowed also the production of polyHIPE-based beads, rods, 

and fibers98. 

4.4.5. 3D printing 

Nowadays, 3D printing is probably the most powerful tool for manufacturing objects in 

complicated shapes. 3D printing allows polyHIPEs to be obtained in complex shapes and in 

always more complicated architecture. By using this technique a precise control on the 

polymeric structure is possible. Indeed, polyHIPEs with several different shapes have been 

fabricated by using the starting emulsions as inks99. 
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4.4.6. PolyHIPE-based membranes 

Another important shape in which polyHIPEs could be modeled is flatform polymers leading 

to the obtainment of polyHIPE-based membranes. Actually, the production of these 

membranes is achieved by simply casting thin HIPE films on flat surfaces where the 

polymerization step can occur. For example, an acrylate-based polyHIPE membrane was 

easily achieved and applied for protein purification100. 

4.5. Alternative emulsion types 

Typically, polyHIPEs have been obtained by using reversed emulsion (water-in-oil) as a 

template. In this conventional approach, monomers are oil-soluble while the water phase 

droplets serve as a template for the first level of porosity. However, in some cases, 

alternative approaches can be used. For instance, the utilization of direct emulsions (oil-in-

water) is necessary for the development of polyHIPEs based on water-soluble monomers. 

According to many reports, the preparation of o/w HIPEs is often associated with difficulties 

in the obtainment of a sufficiently stable emulsion. Obviously, if in reverse HIPEs, surfactants 

must have low HLB values (hydrophilic-lipophilic balance value) for o/w HIPEs’ stabilization 

surfactants that are soluble in water (high HLB values) are needed59, 101. An efficient method 

for the preparation of a stable monolith based on poly-acrylic acid templated from an o/w 

HIPE was described by Kranjc at coworkers.38 In some cases, for the preparation of suitable 

HIPEs, water should be avoided and nonaqueous emulsion must be used. In order to 

stabilize nonaqueous high internal phase emulsions, polymeric surfactants (such as 

Synperonic) seem to be the most effective tools102, 103. Therefore, some strategies have 

been applied including i) use of two immiscible organic liquids; ii) use of monomers, without 

any solvent, forming the external phase; iii) use of ionic liquids as droplet phase104. 

Sometimes, the use of organic solvents is not recommended (typically, organic solvents are 

hazardous for human health and environment) and their removal could result in a critical 

step and traces of solvents could affect the applicability of polyHIPEs in the field of interest 

(in particular for materials intended to be applied in biological area). Therefore, the use of 

supercritical fluids as the droplets phase in HIPEs represents an appealing approach. 

Indeed, it is considered a “green” technology due to the absence of organic solvents and 

the removal of the droplets is simply achieved by depressurization (typically, CO2 in 

supercritical conditions is used). On the other hand, supercritical fluids technology is 

associated with many drawbacks as well. First of all, a specific and expensive apparatus is 

required and then high pressures are required for the formation of such HIPEs. Moreover, 
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the emulsion stabilization is reported to be quite difficult by using supercritical fluids. For 

these reasons, only a few works have been published concerning this topic105, 106. Another 

important alternative emulsion type is achieved by comprising monomers in both oil and 

aqueous phase leading to the formulation of a specific class of porous materials with special 

properties including responsivity to the environmental changes or specific separation 

characteristics. For example, Kovacic et al. were able to yield responsive poly(acrylic acid) 

and poly(N‐isopropylacrylamide) polyHIPE-base monoliths showing varying degrees of 

resistance to flow depending on pH and temperature107.  

4.6. Functionalization of polyHIPEs  

Usually, to provide functional polyHIPE materials, the emulsion’s starting composition 

comprises functional agents (i.e. functional monomers). Then, typically, further chemistry 

steps following the polyHIPE synthesis occur. More recently, many efforts have been made 

to improve the applicability of polyHIPEs in various scientific and technological fields by the 

exploitation of post-production functionalization25. For this purpose, different approaches 

have been evaluated such as changing the surface chemistry57, creating meso or 

microporosity or by the fabrication of other porous materials (porous carbons) from the 

polyHIPE polymeric structures108. On the other hand, many drawbacks are related to post-

synthesis polyHIPE functionalization including the need for numerous synthesis steps for 

the obtainment of a suitable functionalization and negative effects on materials’ properties 

such as the mechanical properties. Surface modifications and surface enrichment represent 

effective methods for the functionalization of polyHIPEs. The modifications can be obtained 

by removing unreacted portions after synthesis of polyHIPEs or porogenic solvents, 

changing the hydro-lipophilicity or by changing the surface roughness values109, 110. Another 

fundamental topic regarding the functionalization of polyHIPEs concerns the increase of the 

specific surface area (SSA) of these polymers. SSA is a property of solid materials defined 

by IUPAC as a total surface area per mass unit3. High values of SSA are required for porous 

polymers that are intended to be applied, for example, as chromatographic stationary 

phases or absorbents. Regrettably, polyHIPEs materials do not show high SSAs (typically 

of 10 m2/g)111. For this reason, some strategies have been applied to enhance the polyHIPEs 

SSAs such as the use of porogenic solvents or hyper-crosslinking. In particular, hyper-cross-

linking via Friedel−Crafts reactions allowed to obtain emulsion templated polymers with 

SSAs of up to 1600 m2/g 55. However, the main drawback related to the hyper-crosslinking 

approach is the significant negative influence on the mechanical properties of the final 
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material. In this context, many works focused on the preparation of polyHIPEs hyper-

crosslinked with high SSA while lowering the deterioration of mechanical features112. 

4.7. Applications 

Due to their extreme versatility, polyHIPE-based supports represent promising tools for both 

industrial and research fields. Indeed, the development of emulsion templated polymers is 

typical “application-driven”. The transfer to an industrial scale of such technology represents 

a very challenging process due to many issues related to the instability of starting emulsions 

(high internal phase volumes and the consequent high amount of surfactants required) and 

to the tricky developments of effective polymerization procedures25. Therefore, many efforts 

have been made to apply polyHIPEs in several fields, in particular as “flow-through” 

supports, column packing, and membranes113, 114. The advantages of polyHIPEs in these 

applications are related to the possibility to polymerize in any shapes including inside a 

column, the low back-pressure values when continuous flow is applied and the wide range 

of surface modifications easily reachable. Adsorption, absorption, and catalysis are the most 

commonly investigate applications, followed by polyHIPE-based scaffolds for tissue 

engineering and controlled release. Furthermore, some recent studies highlighted new 

interesting exploitations for polyHIPEs such as heat and sound insulation25. In general, the 

most appealing application fields are i) adsorption and absorption: by the development of 

absorbents for body fluids115, contaminants from water116 and, in general of broad-spectrum 

absorbent73;  ii) flow-through reaction and catalysis117-120; iii) tissue engineering scaffolds121, 

122 due to the macroporous structure showing numerous advantages in biomedical fields 

(even for 3D cell cultures and controlled release)25; iv) release and encapsulation (the 

hierarchical and tortuous porous structure had a significant effect on the release behavior)56, 

123; and v) shape memory material38, 124. 
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The origin of the present research project can be traced back to the past experiences gained 

at the Pharmaceutical Analysis Laboratory (PAL) (University of Pavia) with different 

chromatographic supports such as particle silica columns, monolithic silica column or 

synthetic polymers. The need for innovative and versatile solid supports, suitable for 

biocompatible studies, led to the investigation of new materials in order to carry out different 

bioanalytical studies.  

The main aim of this Ph.D. project was to build-up a biocompatible polymeric platform with 

functional groups for the immobilization of biomolecules. Therefore, analytical tools have 

been set up to be used under continuous flow in order to develop devices for pharmaceutical 

applications. Moreover, we were also interested in the development of polymeric supports 

with suitable properties for biomedical applications. Therefore, polyHIPEs have been 

considered for this project due to the macroporous and hierarchical pore structure typical for 

these emulsion templated polymers. Therefore, the applications of the materials developed 

within this Ph.D. project can be divided into two main fields: 

1. Biocatalysis.  

Biocatalytic tools may be achieved by the immobilization of enzymes to provide the 

synthesis of valuable chemicals. Therefore, by the obtainment of a polyHIPE monolithic 

column and the immobilization of a suitable enzyme, an immobilized enzyme reactor 

(IMER) has been achieved and applied in in-flow synthesis procedures.  

2. Biomedicine. 

Due to the biocompatibility and the porous structure, acrylate-based polyHIPEs 

represent appealing supports for biomedical applications. Indeed, the potentialities of 

these materials to be used as scaffolds for drug delivery applications have been 

evaluated. 

 According to these aims, some modifications of the monomers mixture and of the 

polymerization parameters were necessary in order to develop new polymeric systems 

suitable for the different applications. In this context, a mathematical method has been used 

to predict the effect of several parameters on the final materials’ properties in order to 

provide a reliable and efficient approach for studying the reaction. 

 The project is expected to achieve new functionalized PolyHIPEs, optimized in order to be 

fabricated in different shapes, such as monolithic columns, scaffolds, and membranes. One 

of the most interesting advantages of these materials is the extreme versatility and ease of 
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curing them in any shapes. In fact, the selected materials can be formulated in different 

forms, shapes, and dimensions in order to develop several devices useful in a wide range 

of scientific and technological fields. For example, monolithic columns, obtained by in situ 

polymerization are useful in biocatalysis studies as HPLC column. 
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This paper focuses on the synthesis of innovative functional materials prepared by the 

polymerization of high internal phase emulsions (HIPEs) for the bioconjugation of active molecules. 

By applying a computational method, this paper demonstrates how to produce materials with tailored 

features, such as pore dimensions (on the nano-micro scale), swelling in water and organic solvents 

and bulk densities. To this aim, starting from different emulsion compositions, ten materials are 

synthesized and fully characterized. Six different outputs (i.e. swelling in water and THF, mass loss 

in water and THF, throat and void diameters) are modeled using D-optimal mixture experimental 

designs. A clear correlation between the applied synthetic conditions and the final properties of the 

materials is demonstrated. The responses allow the selection of a single material for the 

development of a bioreactor prototype. Thus, the selected material is loaded into a glass column and 

polymerized in situ. An in-column procedure is also used for the covalent binding of horseradish 

peroxidase (HRP) as a model enzyme. A standard substrate is selected to test the activity of the 

immobilized enzyme. To conclude, the experimental design models allow one to obtain different 

materials with different features that could find applications in the fields such as 

biocatalysis/biochromatography, drug delivery or diagnostics. To the best of our knowledge, for the 

first time, an acrylate-based polyHIPE material is used for the binding of enzymes in the active form 

and successfully applied under flow conditions. 
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1. Introduction  

The aim of this first part of my Ph.D. study is to produce new materials and to establish their 

potential applications. In particular, these materials should be able to immobilize proteins or 

enzymes of pharmaceutical interest by retaining the biomolecule's activity. Ideally, these 

materials should be characterized by (i) an interconnected structure, to ensure solvent and 

substance exchanges within the material and the surrounding environment; (ii) mechanical 

stability, to support flow, pressure, and friction; (iii) a predominant hydrophobic nature with 

partial water affinity, to avoid water over-swelling while ensuring an effective wettability to 

allow water spreading within the material and (iv) the presence of functionalities for 

biomolecule linkages. In the literature, there are several methods to produce porous 

materials, not necessarily showing interconnected pores. Porous materials have been 

obtained by vapor phase polymerization of metal-organic frameworks1, by spray-drying2, 

after post-production solubilization of water-soluble polymers blended into another polymer 

network3, through a layer-by-layer process using a uniform polystyrene (PS) latex fabricated 

by dispersion polymerization4, by phase separation of cellulose acetate and subsequent 

hydrolysis5, or by common salt leaching of NaCl6. These methods are effective but it is not 

clear how to obtain interconnected pores within the matrix or tailorable dimensions of the 

micro-structures. It is also true that the shape and morphology of the final macro-structure 

could not be accurately controlled by applying some of these methods. Based on these 

premises, we focused our attention on the preparation of materials using the high internal 

phase emulsion (HIPE) technique to obtain polymerized materials [poly(HIPEs)] with easy 

to control shape and functions.  HIPEs are water in oil emulsions with higher than 70% (w/w 

or v/v) content in the internal phase. With this technique by polymerizing the external phase, 

the thin and stretched film surrounding the internal phase droplets polymerizes and, 

eventually, crosslinks to form monoliths with an internally interconnected structure with voids 

which are the results of internal phase droplets. The porosity of these materials is given by 

throats which are the result of polymer contraction upon polymerization and crosslinking7. 

Obviously, the polymerization and crosslinking take place at the interface of W/O. PolyHIPEs 

can be molded, 3D printed and obtained in any shape. Furthermore, differently from other 

foam-like synthetic materials, they can be obtained as porous material with highly flexible 

topological characteristics with different porosities (74–99%), pore sizes (1–300 μm), 

interconnecting pores (0.1–20 μm) and compressive moduli up to 60 MPa8. These properties 

can be simply modulated by varying the process parameters such as the stirring rate, mixing 

time and temperature or changing the composition parameters such as different monomer 
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rates, the concentration of surfactant and nature of the monomers. Recently, as already 

described before, different polyHIPEs have been proposed for different applications: 

chromatography9, 10, scaffolds for regenerative medicine11, catalysis12, biocatalysis13, or 3D 

printing14. This versatility justifies and demonstrates that polyHIPEs are effective tools that 

can be used for different applications. Among the most used monomers in polyHIPE 

formation, styrene and divinylbenzene are found in several examples. However, this 

composition could not lead to materials with effective biocompatibility, biodegradation and 

post-production functionalization. Other approaches exploit the use of preformed polymers, 

biodegradable polyesters15, 16, polyurethane17 or polysaccharides18, 19. In this field, several 

complete and exhaustive reviews have been published7, 20, 21. The strategy of using pre-

formed polymers could be of interest but the possibility of choosing different 

structural/functional monomers in our scope is fundamental. These premises led us to 

propose an acrylate system22. As a starting backbone monomer, the first choice was butyl 

acrylate because of its hydrophobicity. As the crosslinker, a trifunctional crosslinker such as 

trimethylolpropane triacrylate was evaluated since it would form a strictly interconnected 

polymeric structure ensuring a good resistance of the final material to mechanical stresses 

such as flow and friction. Last but not least, the selected functionalized monomer was the 

epoxy bearing glycidyl methacrylate because the epoxy groups can be further exploited for 

post-production immobilization of macromolecules such as enzymes, proteins or antibodies. 

Moreover, after hydrolysis, the epoxy groups lead to the consequent formation of hydroxyl 

groups (i.e., spontaneous hydrolysis or upon functionalization), that allows the material to 

gain a certain affinity for water. The hydrophobic nature of the main components is taken 

into specific account to reduce the swelling of the material in water. Only a few examples of 

butyl acrylate-based polyHIPEs are shown in the literature15, 23, 24. All these examples 

describe the use of butyl acrylate in combination with other monomers such as divinyl 

benzene (as a crosslinker) or as acrylate endcapping of poly(ε-caprolactone). On the other 

hand, butyl acrylate has found applications in the preparation of nanoparticles or 

biomaterials25, 26. Only few or no example of polyHIPEs bearing GMA functional groups for 

post-production functionalization are found in the literature. At the same time, only a few 

examples of enzymes chemically conjugated to a polyHIPE can be found in the literature 

and are based on styrene divinylbenzene systems27, 28. In the literature we did not find 

examples of acrylate-based polyHIPEs used to chemically immobilized enzymes retaining 

the catalytic activity under continuous flow conditions. For the pharmaceutical industry, 

biocatalysis is one of the key technologies in the area of “white biotechnology”. From another 
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perspective, flow reactor technology shows many advantages compared with batch 

methods, including increased safety, high control of reaction parameters, the possibility of 

automation and inline purifications. The combined use of continuous flow systems in 

biocatalyzed processes can overcome the main limitations associated with batch 

biotransformations that, at present, limit wider use of biocatalysis for industrial 

applications29. Biocatalyzed reactions performed in flow chemistry reactors can benefit from 

improved mass transfer, excellent temperature control and, importantly, continuous 

substrate feed and product removal, thus limiting the possible substrate/product inhibition of 

the enzyme activity. The use of continuous flow technologies also offers the possibility to 

implement enzymatic cascade reactions by confining different enzymatic activities in 

different environments. Despite these benefits, the potential of biocatalysis in flow reactors 

is far from being fully exploited. A key advantage of such a technology is clearly the 

availability of appropriate supports for enzyme immobilization to be used for different 

scopes: microscale, lab-scale or production scale synthesis30, 31. To accomplish the main 

aim of obtaining materials able to develop a bioreactor to be used under flow conditions, a 

property prediction tool, that could guide parameter selection and enable access to 

polyHIPEs possessing any desired morphology, could be useful. To this aim, a 

computational model by applying a design of experiment (DoE) approach was followed. 

Firstly, a set of HIPEs was prepared within an established range of parameters, then, 

different outputs from the obtained materials, such as swelling, mass loss, etc., were used 

to validate the model. A correlation between the applied synthetic conditions and the final 

properties of the materials was found. One of the materials from the computational model 

was selected and successfully used for the preparation of a bioreactor based on horseradish 

peroxidase. 
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2. Experimental section 

2.1. Materials 

Trimethylpropanetriacrylate (TMPT), butyl acrylate (BA), potassium persulfate (KPS), 

glycidyl methacrylate (GMA), N,N,N′,N′-tetramethylethylenediamine (TEMED), horseradish 

peroxidase (HRP), O-phenylenediamine (OPD), monobasic potassium phosphate 

(KH2PO4), anhydrous citric acid, ammonium sulfate, glycine, tetrahydrofuran (THF), 

absolute ethanol (EtOH), methanol (MeOH) and acetonitrile (ACN) used in this study were 

obtained from Sigma-Aldrich (Milan, Italy). Hydrogen peroxide solution (30%) was obtained 

from Belinka Perkemija. Synperonic PE/L 121™ was kindly provided by Croda Italiana Spa. 

All the materials were used as received. 30 mL Syringe PP/PE without a needle luer lock tip 

and female luer coupler in polypropylene were obtained from Sigma-Aldrich (Milan, Italy). 

Water used in this study was double deionized water (DDW), obtained by a Milli-q system 

from Millipore. An Omnifit® empty glass column (6.6 ID × 100 mm) was used in the 

bioreactor preparation.  

2.2. Apparatus 

Scanning electron microscopy (SEM) analyses were performed on a Zeiss EVO MA10 

instrument (Carl Zeiss, Oberkochen, Germany) on gold-sputtered samples. Images were 

acquired from different sides of the samples. ATR-FTIR analyses were carried out using a 

Spectrum One PerkinElmer FTIR spectrophotometer (resolution: 4 cm−1) (Monza, Italy) 

equipped with a MIRacle™ ATR device. All the liquid chromatography operations (enzyme 

immobilization and bioreactor characterization) were carried out using an Agilent 

Technologies HP-1100 HPLC instrument (Palo Alto, CA, USA) provided with a quaternary 

pump, a Rheodyne injection valve (20 µL loop), a degasser, a UV-Vis detector and 

thermostat oven (25 ± 0.5 °C). For HPLC analyses an Agilent Technologies LiChrospher 

100 RP-18 5 μm (250 × 4.6 mm ID) column was used. The spectrophotometric analyses 

were performed by using a Shimadzu UV-1601 spectrophotometer. 

2.3. Experimental design calculation 

All calculations were performed using Microsoft Excel 2010 and R version 3.1.0 (2014-04-

10) Copyright(C) 2014 The R Foundation for Statistical Computing. R-based chemometric 

software routines were used for DoE calculations. The R-based software has been 

developed by the Group of Chemometrics of the Italian Chemical Society 
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[http://gruppochemiometria.it/ gruppo-lavoro-r-in-chemiometria.html]. Simplex graphs and 

response surface plots were obtained by using Design-Expert® version 7.0.0 software (Stat-

Ease Inc., MN, USA).  

2.4. Methods  

2.4.1. Synthesis of poly-high internal phase emulsion materials. 

The polyHIPE preparation was carried out by mixing two distinct phases in a two-neck round 

bottom flask purged with nitrogen following a procedure described in the previous work19. 

The general procedure for all the prepared materials was carried out as follows: the oil phase 

was achieved with a total volume of 8 mL, while the water phase had a total volume of 32 

mL. Indeed, a w/o emulsion 80/20 v/v was formed. The oil phase was prepared by mixing 

established amounts of two different lipophilic monomers: butyl acrylate as a backbone 

monomer and glycidyl methacrylate as a functional monomer. The oil phase comprised 

Synperonic PE/L 121 as the surfactant for the thermodynamic stabilization of the emulsion, 

and TMPT as a trifunctional crosslinker. The water phase was prepared by dissolving 272 

mg of potassium persulfate in nitrogen degassed water. One of the necks of the round 

bottom flask was provided with a 50 mL dropping funnel with a PTFE stopcock filled with the 

water phase. The water phase was added drop by drop to the oil phase by manually 

regulating the dropping funnel stopcock under stirring at 300 rpm by an overhead stirrer 

supplied with a PTFE D-shaped paddle. The water phase was added over almost 20 min 

and the system was maintained under stirring and under nitrogen. When all the water phase 

was added to the oil phase, the stirring speed was increased to 400 rpm and the system 

was maintained under nitrogen during the complete stirring period. The material obtained at 

the end of the established stirring time (1 hour) is a highly viscous cream-like emulsion. After 

the mixing time, the obtained emulsion was added with 272 µL of TEMED and the mixture 

was stirred for further 2 min at 400 rpm. The material obtained was quickly poured into a 

Petri dish and allowed to polymerize for 24 h at room temperature. After the 24 h 

polymerization reaction, a white and lightweight solid was achieved. The polyHIPE obtained 

was transferred into a 200 mL crystallizer and washed as follows: two times in water (2 × 

100 mL), one time in EtOH (1 × 100 mL), two times in MeOH (2 × 100 mL) and, eventually, 

in THF (2 × 100 mL). After washing, the polyHIPEs were dried in an oven at 40 °C for 24 h. 

Finally, the materials were characterized.  
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2.4.2. Experimental design for polyHIPEs and validation of the computational model.  

The starting composition of the mixture of the HIPEs was selected from a previous study 

that established the domain of HIPE formation22. In particular, it has been seen that two 

formulations well-performed in terms of thermodynamic stability and polyHIPE formation. 

These compositions were as follows: (i) HIPE 2.0 BA + GMA 0.7, surfactant 0.15, TMPT 

0.15 and (ii) HIPE 2.8.1 BA + GMA 0.75, surfactant 0.10, TMPT 0.15. The three factors 

considered to build up the computational model and, subsequently, to assess the output 

after the polymerization reaction, were:  the amount of BA + GMA (factor A ranging from 

0.7–0.8), the surfactant amount (factor B ranging from 0.05–0.2), and the crosslinker TMPT 

amount (factor C ranging from 0.09–0.15). The amounts of the three considered factors 

were constrained and are given in Table 1-1. 

 

Table 1-3: Factors, experimental domain, and concentration levels considered for the 

Factor Units Low level High level 

u1: BA + GMA % w/w 0.7 0.8 

u2: Surfactant % w/w 0.05 0.2 

u3: TMPT % w/w 0.09 0.15 

Constraint: u1+u2+u3 = 1 

 

The experimental domain defined by the constrained concentrations of the three factors is 

the irregular polygon shown in Fig. 1-1. Therefore, a D-optimal design for the mixture ought 

to be used for studying the reaction2, 3. Under the hypothesis that all the responses could be 

modeled by special cubic mixture models, the plan of the experiments was computed as 

illustrated in Fig. 1-1. Ten experiments were selected and carried out; the compositions of 

the studied mixtures are summarized in Table 1-2 and Fig. 1-1. 
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Table 1-4:  A, B, and C are the real values of the tested composition mixtures, expressed as the component ratio. u1, u2, 
and u3 are the upper-bound pseudocomponent values of the same mixtures, used for model computation. Both types of 

mixture representations respect the constraint that their sum per row equals 1 

 

Experiment # 

A 

BA+GMA 

B 

SURFACTANT 

C 

TMPT 

 

u1 

 

u2 

 

u3 

1 0.800 0.110 0.090 0.000 0.600 0.400 

2 0.700 0.150 0.150 0.667 0.333 0.000 

3 0.755 0.155 0.090 0.300 0.300 0.400 

4 0.800 0.080 0.120 0.000 0.800 0.200 

5 0.750 0.100 0.150 0.333 0.667 0.000 

6 0.752 0.128 0.120 0.317 0.483 0.200 

7 0.710 0.200 0.090 0.600 0.000 0.400 

8 0.800 0.050 0.150 0.000 1.000 0.000 

9 0.700 0.175 0.125 0.667 0.167 0.167 

10 0.700 0.200 0.100 0.667 0.000 0.333 

 

Figure 1-1: Experimental domain and compositions of the mixtures used in the polymerization reactions. The actual (real 
compositions), expressed as proportions, are shown together with the compositions coded as upper limit-bound 

pseudocomponents (compositions in brackets). 

The ten experiments were those that provided the best compromise between the selection 

of a limited number of experiments and minimized log(normalized determinant) of the 
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dispersion matrix32, 33. As can be seen in Fig. 1-1, the ten experiments have been selected 

at the vertices of the polygon, at the midpoints of four of the five sides, and in the centroid 

of the polygon. The choice of performing ten experiments and postulate special cubic 

models a priori instead of simpler models such as the linear or the quadratic model was 

made by considering that the simpler models could be computed and validated anyway 

since they have a greater number of degrees of freedom (e.g. 4 degrees of freedom for the 

quadratic model and 7 for the linear model, respectively) and the estimate of the coefficients 

would be of better quality32. Actually, one of the encountered problems was that of 

collinearity between the factors which is expected for mixture designs, especially in highly 

constrained experimental domains34, such as the one studied here. Therefore, in order to 

reduce the level of collinearity, all model computations were carried out using upper level-

bound pseudocomponents (ui, i = 1, 2, 3) of the factors (A, B, and C). Once the 

pseudocomponent model predictive capacity had been defined and found acceptable, the 

equations in terms of the real values for the factors could be computed by substituting the 

relationships between A, B, and C and the corresponding ui, for a clearer understanding of 

the model results. The upper-bound pseudocomponents were computed using the following 

equation: 

 

𝑢𝑖 =
𝑈𝑖 − 𝑋𝑖

∑ 𝑈𝑖 − 13
𝑖=1

 

 

where Ui is the upper-level value of the i-th factor, and Xi is the real value of the factor in the 

mixture. Therefore, for example, u1 for the upper level value of A = X1 will be equal to (0.8 

− 0.8)/(0.8 + 0.2 + 0.15 − 1) = 0, whereas u1 for the lower level of A will be equal to (0.8 − 

0.7)/(0.8 + 0.2 + 0.15 − 1) = 0.667. The outputs from the characterization of the polymers 

under examination used for the validation of the model were the polymer swelling in water 

(SWaq, Y1) and in THF (SWthf, Y2), the weight loss after wetting with water (WLaq, Y3) and 

THF (WLthf, Y4), and the material porosity (measured by the throat internal diameters, PID, 

Y5, and by the void diameters, VD, Y6). In order to validate this model, a single experiment, 

with 4 replicates, was conducted. Therefore, an eleventh HIPE (11.a) was achieved to 

confirm the obtainment of a material with the expected properties as: BA + GMA = 0.788; 

TMPT = 0.150 and surfactant = 0.062.  
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2.4.3. Weight loss and swelling studies in water and organic solvents. 

 The obtained polyHIPEs were characterized in terms of weight loss and swelling in water 

and organic solvents. The dried material was evaluated in terms of extractable matter in 

water and in organic solvents after polymerization. To do this, the polyHIPEs obtained after 

the synthetic procedure (as described above) were subjected or not to the THF last washing 

procedure to assess the mass loss in THF which is a good solvent for the soluble portions 

(not crosslinked) of the acrylate material. Small samples of dried polyHIPEs (≈ 15 mg) were 

cut and the starting weights (Ws) were recorded. The small monoliths were placed in a 50 

mL beaker containing 20 mL of water or THF. The solvents were replaced with fresh ones 

at least 2 times in 24 h. Then the weights of wet samples (Wfw), after having been quickly 

dried on the surface with filter paper, were recorded. The samples were transferred into an 

oven at 40 °C to constant weight (24 h). Then the final weights (Wfd) of the dried materials 

were recorded. The weight loss (WL) and swelling (SW) values were calculated as follows:  

 

𝑊𝐿 =
𝑊𝑠 − 𝑊𝑓𝑑

𝑊𝑠
 × 100             𝑆𝑊 =

𝑊𝑓𝑤 − 𝑊𝑓𝑑

𝑊𝑓𝑑
 

 

where Ws is the starting dry weight, Wfw is the weight of the wet sample and Wfd is the final 

weight of the dried sample.  

2.4.4. Semiquantitative analysis by ATR-FTIR of epoxy group hydrolysis during 

polyHIPE formation as a function of the composition. 

ATR-FTIR spectra were obtained by using a Spectrum One PerkinElmer FTIR 

spectrophotometer (Monza, Italy) equipped with a MIRacle™ ATR device which allowed to 

collect spectra in the range of 4000–400 cm−1 (resolution: 4 cm−1) directly on the polyHIPE 

samples. The semi-quantitative analysis of the epoxy groups in the polyHIPEs was 

performed by using the software provided with the ATR-FTIR equipment. It allows us to 

calculate the area of the selected bands. In particular, the bands at 908 and 847 cm−1 and 

at 1720 cm−1, due to the vibrational bands attributed to the epoxy group ring and to the 

stretching of the carbonyl group, respectively, were used. The band at 1720 cm−1 was 

considered invariable with respect to the epoxy signals. 

2.4.5. Preparation of a monolithic polyHIPE column.  
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For the preparation of a polyHIPE monolithic column, an optimized and fully characterized 

material was selected. A suitable composition (#6) was chosen in order to achieve the 

selected emulsion. HIPE was prepared as described above in the section Synthesis of poly-

high internal phase emulsion materials. After 1 hour mixing of the oil/water mixture the 

obtained emulsion has been used for the preparation of a monolithic polyHIPE column. 

Therefore, approximately 10 mL of the white creamlike HIPE was placed in a 40 mL PE 

syringe. 68 µl of TEMED were added to the emulsion using a second syringe connected, 

with a polypropylene female luer coupler, to the pre-filled HIPE syringe. Indeed, the HIPE 

and TEMED were mixed by using a “syringe-to-syringe” method where the two components 

were stirred by a continuous extrusion from one syringe to the other until a complete mixing 

was achieved (12 extruding procedures were found to be convenient). To prepare a 

monolithic polyHIPE column, the obtained emulsion after the “syringe-to-syringe” method 

was rapidly transferred into the Omnifit® empty glass column to yield a 10 × 6.6 mm I.D. 

chromatographic bed using one of the two syringes allowing an in situ polymerization 

performed for 24 hours at room temperature. The obtained monolithic column was washed 

by flushing 13.5 mL of water, ethanol, and THF at 0.3 mL min−1 in order to remove the non-

crosslinked material and side products. After washing, the monolithic column was stored at 

room temperature in THF. 

2.4.6. Immobilization of a model enzyme on the monolithic bed 

Enzyme immobilization was carried out following a well-established in situ immobilization 

procedure35, 36. Ten mL of a 0.5 mg mL−1 solution of horseradish peroxidase in 50 mM 

phosphate buffer (pH 7.0) containing 1.875 M ammonium sulfate was prepared. Before the 

immobilization, the monolithic column was equilibrated with 50 mM phosphate buffer (pH 

7.0). The immobilization was carried out at 0.3 mL min−1 for 24 hours in a recycling system. 

The column was backflushed every 20 min. Then the enzymatic column was washed with 

10 mL of 50 mM phosphate buffer (pH 7.0). After the immobilization process, an end-capping 

step with 13.5 mL of a 1 M glycine solution was used to block the remaining epoxy groups. 

The glycine eluate was collected, for the spectrophotometric assay. As the last step, the 

enzymatic column was washed with 13.5 mL of 50 mM phosphate buffer (pH 7.0). Finally, 

the enzymatic column was stored at 2–8 °C in 50 mM phosphate buffer (pH 7.0).  

2.4.7. Evaluation of the immobilization yield.  

The immobilization yield was calculated spectrophotometrically. The spectrophotometric 

analysis was carried out at 280 nm. A calibration curve was obtained with 5 different known 
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concentrations of HRP solution in 50 mM phosphate buffer (pH 7.0) and 1.875 M ammonium 

sulfate. The calibration range was 0.0675–0.25 mg mL−1. Then a spectrophotometric 

analysis of the HRP solution was carried out before and after the immobilization step. The 

analysis was also carried out to estimate the concentration of HRP in the glycine eluate. The 

same experiment was performed on a polyHIPE column prepared without epoxy groups (no 

GMA which was substituted with BA) to verify the concentration of both HRP and glycine 

after the column treatment. 

2.4.8. Evaluation of HRP activity after immobilization. 

 A 10 mg mL−1 solution of O-phenylenediamine (OPD), which is a standard substrate for 

HRP producing a soluble product, solubilized in a buffer solution at pH 5.0 (anhydrous citric 

acid 0.053 M and monobasic potassium phosphate 0.103 M) was prepared37. From this 

stock solution, different dilutions were prepared (0.25, 0.5, 1.0, 2.0, 2.5, 5.0, and 10.5 mg 

mL−1). Before the inflow activity assay, the column containing the immobilized enzyme was 

equilibrated with a 50 mM phosphate buffer solution (pH 7.0). The HPLC analysis was 

carried out with the injections of 20 µL of the different dilutions. The flow-rate was 0.2 mL 

min−1, the mobile phase applied was 50 mM phosphate buffer (pH 7.0) and the specific 

detection was performed at 441 nm. After the in-flow activity assay, the column was washed 

by the application of 13.5 mL of 50 mM phosphate buffer (pH 7.0). When not in use the 

column was stored at 2–8 °C in 50 mM phosphate buffer (pH 7.0).  
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3. Results and discussion 

In this project, we demonstrate that functionalized polyHIPEs are effective materials for the 

development of enzyme bioreactors. The main goal of this work is to prove that by varying 

the HIPE compositions, it is possible to obtain materials with predictable behaviors in terms 

of pore dimensions (e.g. to optimize back pressure) and/or water/solvent affinity (e.g. to 

enhance biocatalyst activity). This prerequisite is fundamental for the application of these 

materials as functionalized supports for the immobilization of biocatalysts. 

3.1. PolyHIPE experimental design, synthesis, and characterization  

For the rational design of the materials to be selected for a specific application, a 

computational approach has been used to (i) establish the composition range for the HIPE 

formation; (ii) link the outputs from the characterization to the compositions; and (iii) validate 

the models by performing a random experiment within the established composition range 

and evaluate if this composition, within four replicated (different) batches (reproducibility), 

shows similar outputs within the expected ranges. The monomer used for the polyHIPE 

synthesis was BA, as the backbone, because of the presence of the C4 chain which can 

modify the water affinity of the material and improve the separation behaviors of the 

chromatographic systems. The structural stability was also improved by a high crosslinking 

density achieved by TMPT as the tri-functional crosslinker. GMA was selected as a 

functional monomer in order to guarantee the conjugation reaction between the nucleophilic 

groups of the enzyme (mostly –NH2 groups) and the epoxy groups from GMA in the 

polyHIPE. An important advantage provided by these formulations is that the polymerization 

reactions were carried out at room temperature since a KPS/TEMED system was used as 

the radical initiator. As shown in Table 1-2, ten different polyHIPEs were synthesized and 

characterized. To morphologically characterize the obtained polyHIPEs, all the samples 

were subjected to SEM analysis. The images were taken from different sides of the samples 

and those from the internal side were used for the calculation of void and throat diameter. 

In particular, images were acquired from the upper, lower and lateral (internal) sides of the 

samples. As shown in Fig. 1-2, the typical open-cell structure of the polyHIPE materials was 

achieved for some of the formulations selected by the computational model. In particular, 

the polyHIPE open-cell typical structure was achieved for 6 materials (1, 2, 4, 5, 6 and 8). 

The other compositions (3, 7, 9 and 10) did not allow a polyHIPE typical morphology. 

Actually, the samples with the highest concentration of surfactant (3, 7, 9 and 10) did not 

lead to the typical polyHIPE structure. The effect of the surfactant concentration on the 
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formation of polyHIPEs was previously observed. In particular, it has been shown that by 

increasing the surfactant concentration, thinner monomer films separating adjacent 

emulsion droplets are produced with consequent phase separation7, 38. Throat and void 

diameters were evaluated from SEM images and are given in Table 1-3. As from Table 1-3 

void and throat diameters can be modulated by varying the composition of the polyHIPE. In 

particular, throat diameters can be varied between 400–1700 nm while voids can range from 

1.5–7.7 µm. This is an important feature because it could lead to the selection of the material 

based on its behavior.  

 

 

Figure 1-5: SEM images of polyHIPEs from 1 to 10, all the shown samples are at a magnification of 10000 x 

 

Table 1-5: Throats and void diameters of each polyHIPEs expressed as average values ± SD (n=25) 

polyHIPE Throats diameter (µM) Voids diameter (µM) 

1 1.5 ± 0.5 3.9 ± 0.5 

2 0.4 ± 0.1 1.5 ± 0.3 

4 1.4 ± 0.3 3.9 ± 1.0 

5 0.7 ± 0.2 2.1 ± 0.8 

6 0.7 ± 0.2 2.4 ± 0.7 

8 1.7 ± 0.3 7.7 ± 0.8 

 

All the materials were also characterized in terms of weight loss and swelling in water and 

THF. Moreover, a semiquantitative analysis by ATR-FTIR of epoxy group hydrolysis was 
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carried out. The results are shown in Table 1-4. From the data shown in Table 1-4 different 

considerations arise. First, samples not characterized by an open-cell structure show the 

lowest ability to swell in both water and THF. This is not surprising because the material 

being less interconnected will not allow good penetration of the solvent inside the material. 

 

Table 1-6: Weight loss and swelling in water and THF and semiquantitative analysis by ATR-FTIR of epoxy group 
hydrolysis of the obtained materials (1–10). The values were expressed as average values ± SD (n = 3) * The ATR-FTIR 

semiquantitative analysis was performed by calculating the rate of the areas epoxy/ester 908/1720 cm−1 (A) and 847/1720 

cm−1 (B). These values are adimensional and higher values correspond to lower hydrolysis. 

Sample WL in H2O WL in THF SW in H2O SW in THF 
Peak area 

rate A/B* 

1 13.50 % ± 8.15 % 3.98 % ± 0.93 % 4.16 ± 0.54 6.33 ± 0.27 0.075/0.153 

2 8.90 % ± 5.09 % 14.14 % ± 0.40 % 2.13 ± 0.19 3.95 ± 0.33 0.066/0.140 

3 6.11 % ± 0.59 % 13.87 % ± 1.94 % 1.11 ± 0.09 1.86 ± 0.19 0.094/0.176 

4 10.38 % ± 2.19 % 9.21 % ± 1.80 % 5.56 ± 0.08 5.05 ± 0.57 0.075/0.143 

5 15.11% ± 2.86 % 10.98 % ± 1.03 % 4.27 ± 0.10 4.89 ± 0.12 0.076/0.152 

6 10,04 % ± 3.77 % 14.86 % ± 0.47 % 2.88 ± 0.08 4.43 ± 0.24 0.074/0.150 

7 7.11 % ± 0.63 % 18.28 % ± 0.25 % 0.55 ± 0.01 1.32 ± 0.04 0.102/0.161 

8 13.17 % ± 3.39 % 10.46 % ± 0.36 % 4.79 ± 0.98 7.10 ± 0.85 0.074/0.164 

9 4.81 % ± 0.32 % 16.70 % ± 3.62 % 0.86 ± 0.01 1.27 ± 0.03 0.084/0.188 

10 8.76 % ± 0.34 % 29.80 % ± 0.05 % 0.80 ± 0.09 1.46 ± 0.28 0.103/0.169 

 

On the other side, materials 1, 2, 4, 5, 6 and 8 show swelling values related to the void 

diameter. This is particularly true for the swelling in THF. In particular, samples 2, 5 and 6 

with void diameters of 1.5–2.4 µm had swelling values of 3.95–4.89 in THF. Samples 1, 4 

and 8 which show void diameters of 3.9–7.7 µm had higher swelling values of 5.05–7.10 in 

THF. The swelling in water could not follow the same order as in THF and this is not 

surprising because of the predominantly hydrophobic nature of the material. So, a “leveling 

effect” of the material itself on the swelling behavior in water could be predictable as also 

confirmed by the computational analysis (see below). However, some slight differences 

(even if not statistically significant) could be noted among the samples so we thought that 

the reason could be a different hydrolysis yield of the epoxy group during the synthesis 

(leading to the formation of hydrophilic OH groups) based on the formulation. Even, for this 
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reason, we performed a semi-quantitative ATR-FTIR analysis to study the hydrolysis of 

epoxy groups during the process. In particular, we compared the area of the band at 1720 

cm−1 which is related to the stretching vibration of the carbonyl ester group (chosen as a 

quantitatively “fixed” band) with those related to the epoxy group at 908 and 847 cm−1. The 

semiquantitative analysis was performed by calculating the ratio of the areas 908/1720 cm−1 

(A) and 847/1720 cm−1 (B). These values are adimensional and are given in Table 1-4. The 

higher the value of the found rates, the lower the hydrolysis of the epoxy groups (being a 

rate epoxy/ester). It was not possible to find the highest value of the ratio (no hydrolysis) 

because of problems in handling the liquid monomers (BA + GMA + TMPT) for ATR-FTIR 

analysis. Obviously, the absence of bands related to the epoxy groups will indicate full 

hydrolysis; we previously demonstrated that by formulating the polyHIPE without the GMA, 

the indicated bands were not present22. The results from the semiquantitative analysis 

indicate that epoxy group hydrolysis is independent by the polyHIPE composition (i.e. 

samples 1, 2, 4, 5, 6 and 8) while the hydrolysis yield was lower for samples 3, 7, 9 and 10, 

which did not show any open-cell morphology, with the epoxy groups being less exposed to 

the environment. One could also speculate that the “no-hydrolysis values” are those found 

for samples 3, 7, 9 and 10 (no open-cell morphology) which are close to the values found 

for the other samples, indicating low general hydrolysis during the polyHIPE formation. 

Obviously, this is a fundamental result because it ensures that the integrity of the epoxy 

groups is independent by the chosen composition. The last step in the synthesis of the 

polyHIPEs was the selection of a random composition within the established domain which 

was prepared in 4 different batches to test the reproducibility of the materials and the 

prediction ability (validity) of the model. In this manner, the mixtures A: BA + GMA 0.788, B: 

surfactant 0.062, C: TMPT 0.15 were prepared and the resulting polyHIPEs were 

characterized as described before. Fig. 1-3 shows the SEM images of the new polyHIPE 

material. The SEM images were acquired for composition 11 (4 replicates) showing a porous 

network for all the four materials which consequently were recognized as polyHIPEs. The 

throat and void diameters were then calculated and expressed as average diameter ± SD, 

Table 1-5.  
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Figure 1-6: SEM images of polyHIPE 11.a; 11.b; 11.c; 11.d at 10000 x magnification 

 

Table 1-7: Throats and void diameter of polyHIPEs 11.a, 11.b, 11.c and 11.d expressed as average values ± SD (n=25). 

polyHIPE 
Throats diameter 

(µM) 

Voids diameter 

(µM) 

11.a 1.2 ± 0.1 4.7 ± 0.5 

11.b 1.1 ± 0.1 4.7 ± 0.5 

11.c 1.2 ± 0.1 4.6 ± 0.4 

11.d 1.2 ± 0.1 4.7 ± 0.5 

 

As is shown, all the diameters for throats or voids are comparable in the four repeated 

samples, within a range of 0.1 µm, indicating an effective reproducibility of the adopted 

experimental method for the material preparation. Table 1-6 summarizes the main results 

from the performed characterization on sample 11. Also, in this case, considering the 

possibly large experimental error for water loss or swelling determination, the found 

experimental values show comparable values for the four prepared samples. The results 

from all the characterized compositions (samples 1–10) were used to compute the model 

equations and are given in Table 1-7. Some selected diagnostic parameters for appraising 

the quality of the model computed are listed. As far as the fitting of the experimental points 

is concerned, the R2 and the adjusted R2 are given in Table 1-1 and 1-7. The model statistical 

significance computed using the ANOVA of the regression is described by the F parameter 
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together with the model probability level (p-value). The Root Mean Square Error in Cross-

Validation (RMSECV) is an indicator of the model prediction ability. The RMSECV is 

computed by processing as many models as experiments, and excluding each time one 

experiment, whose response was then predicted based on the remaining experiments. 

Ideally, the lower the RMSECV the better is the model in prediction. The equation for 

computing the RMSECV is:  

𝑅𝑀𝑆𝐸𝐶𝑉 = √
∑ (𝑌𝑖 − 𝑦𝑖)2𝑁

𝑖=1

𝑁
 

 

Except for WLaq, all the responses were described by Scheffé polynomial models that 

showed sufficient quality in the fitting. The minimum R2 and the adjusted R2 were 0.834 and 

0.787, respectively. The least statistical significance for the models computed using the 

ANOVA of the regression was at the level of probability of p = 0.027 (Table 1-8, model for 

WLthf). The model prediction ability was investigated first by computing the Root Mean 

Square Error in Cross-Validation (RMSECV). All models showed RMSECV in agreement 

with the experimental standard deviation (compare the data of RMSECV of Table 1-8 with 

confidence intervals given in Table 1-9). 

Table 1-8: Weight loss and swelling in water and THF and semiquantitative analysis by ATR-FTIR of epoxy groups 
hydrolysis of the obtained materials (11a-11d). The values were expressed as average values ± SD (n=3). 

Sample WL in H2O WL in THF SW in H2O SW in THF 

11.a 8.10 % ± 2.56 % 6.77 % ± 0.74 % 4.42 ± 0.16 7.42 ± 0.70 

11.b 8.46 % ± 2.66 % 4.92 % ± 0.68 % 3.86 ± 0.28 6.47 ± 0.25 

11.c 6.35 % ± 1.54 % 5.75 % ± 0.64 % 4.85 ± 0.58 6.56 ± 0.45 

11.d 6.97 % ± 2.08 % 6.25 % ± 0.98 % 4.11 ± 0.83 6.37 ± 0.35 
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Table 1-9: Model equations and diagnostics. SWaq is the swelling of the polymer in water, SWthf is the swelling of the 
polymer in THF, WLaq is the weight loss after polymer wetting with water, and WLthf is the weight loss after polymer 

wetting with THF measured in %; PID, polymer throat internal diameter, and VD, polymer void diameter measured in μm. 
C.I.(95%, n = 10) is the confidence interval at the 95% probability level for the mean of n = 10 observations collected in 

duplicate measurements. NA, not applicable. 

Models equations R2 Adj. R2 

F 

(p-value) 

RMSECV 

SWaq = -2.02·u1 + 4.81·u2 –11.10·u3 + 8.07·u1·u2 + 

26.01·u1·u3 + 24.04·u2·u3 – 57.94·u1·u2·u3 
0.998 0.995 

328.79 

(< 0.001) 

0.26 

SWthf = 1.016·u1 + 7.102·u2 + 1.503·u3 0.853 0.811 
20.37 

(0.0012) 
1.20 

WLaq ; no model resulted statistically significant. The 

data are summarized by descriptive statistics. 

Mean(WLaq) ± C.I.(95%, n=10) = 10 ± 3 %; median 9.6%; 

range (min-max) 5.0-17.4% 

NA NA NA NA 

WLthf = 19.62·u1 + 10.50·u2 – 50.85·u3 – 12.06·u1·u2 + 

128.71·u1·u3 + 73.27·u2·u3 
0.890 0.752 6.34 (0.027) 4.33 

PID = –0.46·u1 + 1.64·u2 + 0.45·u3 0.878 0.837 

24.8 

(< 0.001) 

0.33 

VD = –1.01·u1 + 5.94·u2 – 0.37·u3 0.834 0.787 

17.6 

(0.0018) 

1.47 

 

 

The definitive confirmation of the predictive ability of the models was obtained after collecting 

the data of replicates of the experiments corresponding to the composition of the reaction 

mixture [A: BA + GMA 0.788, B: surfactant 0.062, C: TMPT 0.15]. The experimental values 

obtained for SWaq, SWthf, WLaq, WLthf, PID, and VD, together with the predicted values 
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computed by the models for each response, are presented in Table 1-9. Based on these 

results, it can be concluded that the models were all reliable since the agreement between 

the predicted value and the experimental value was within the limits of the experimental 

error and none of the results of the validation experiments were significantly different from 

the predicted values. Therefore, the models were applicable for predicting the properties of 

the formulations prepared by using the compositions included in the experimental domain. 

In mixture design data analysis, one difficulty is that the relevance of the effects of the 

components cannot be directly deduced by observing the magnitude of the coefficients 

computed. The mixture models must be analyzed taking into consideration that a change in 

one component is accompanied by the simultaneous change in the other two components 

of the mixture since the overall composition of the mixture must respect the constrain A + B 

+ C = 1. Several methods for estimating the effects of the components in a mixture have 

been reported34, and in the present study, the approach described by Cafaggi and coworkers 

was chosen to owe to its simplicity32. Briefly, the effect of component i is computed as the 

difference between the responses at two points centered on the centroid of the experimental 

domain. The two points have a fixed difference in terms of component i. The other two 

components instead are kept at a constant ratio which corresponds to the composition of 

the mixture represented in the centroid of the experimental domain. 

Table 1-10: Effects of the components on the characteristics of the polymer obtained: Ycenter and Ychange are the responses 

computed by the models in the centroid of the experimental domain and in the point with coordinates changed by an increase of 

+0.02 in one component while keeping the other two at the constant ratio occurring in the centroid 

Component 

change 

Effect = Ychange – Ycenter (Effect % = 100* Effect/Ycenter) 

Swaq SWthf WLthf PID VD 

u1: BA+GMA 

0.725 →  0.745; 

(X2/X3 = 1.067) 

3.344 - 2.877= 0.467 

(+16%) 

4.475-4.037 = 0.438 

(+11%) 

11.701-14.569= 

-2.868 

(-20%) 

0.929-0.729 = 0.2 

(+27%) 

2.960-2.454= 

0.506 

(+21%) 

u2: 

SURFACTANT 

0.128 → 0.148 

(X1/X3 = 6.267) 

1.980–2.877=- 0.897 

(-31%) 

3.235-4.037=-0.802 

(-20%) 

17.004-14.569= 

2.435 

(+17%) 

0.468-0.729=   

-0.261 

(-36%) 

1.540-2.454 =  

-0.914 

(-37%) 

u3: TMPT 

0.120 → 0.140 

(X1/X2 = 5.875) 

3.253 – 2.877 = 

0.376 

(+13%) 

4.094-4.037 = 0.057 

(1%) 

13.912-14.569 =  

-0.657 

(-5%) 

0.650-0.729 = 

 -0.079 

(-11%) 

2.509-2.454= 

0.055 

(+2%) 
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Table 1-11: Results of the validation of the models. The coordinates of the point selected for the validation experiments 
were: BA+GMA: 0.788%, Surfactant: 0.062%, TMPT: 0.15%. These coordinates correspond to coded upper level-bound 

pseudocomponents: u1: 0.08; u2: 0.92; u3: 0.00. 

RESPONSE 

VALUE MEASURED 

MEAN ± SD 

VALUE PREDICTED BY THE 

MODEL 

VALUE COMPUTED ± 

CI(95%) 

RELATIVE ERROR 

(%) 

sWAQ% 4.3 ± 0.6 (2) 4.9 ± 0.3 14 

sWTHF% 6.7 ± 0.6 (2) 7 ± 1 4 

WLAQ% 9 ± 5 (2) 11 ± 3 (median 9.6)§ 22 

WLTHF% 6 ± 3 (2) 10 ± 7 67 

PID ΜM 1.2 ± 0.1 (4) 1.5 ± 0.4 26 

VD ΜM 4.7 ± 0.1 (4) 5 ± 2 12 

 

Responses abbreviations: SWaq, swelling of the polymer in water; SWthf, swelling of the polymer in THF; WLaq, 

weight loss after polymer wetting with water; and WLthf, weight loss after polymer wetting with THF; PID, polymer 

throats internal diameter; VD, polymer voids diameter are measured in µm. 

§ The WLaq response is computed as mean and median and compared with the data obtained in the validation 

experiments. 

CI(95%), confidence interval computed at the 95% probability level. 

n, the number of replicate measurements carried out independently from those used to build the model. 

Relative error % = 100* (Value predicted – Value measured)/Value measured. 

 

By applying this method, it has been possible to compute quantitatively the effects given in 

Table 1-4 which can be evaluated qualitatively as shown in Fig. 1-4a– 1-4e. Based on the 

results reported in Table 1-6 and on the study of the response surfaces plotted in Fig. 1-4a–

1-4e, the following conclusions could be drawn. The SWaq and SWthf are affected primarily 

by the surfactant amount in the mixture (Table 1-8 and Fig. 1-4a, 1-4b). By increasing the 

surfactant by 0.02% the models showed a decrease in responses for both SWaq and SWthf 
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of about 31% and 20%, respectively. The effect of BA + GMA is also important and similar 

on either swelling, but to a lesser extent (+16% and +11% on SWaq and SWthf, 

respectively). The effect of TMPT is evidenced only on the swelling in THF, where the 

increase of TMPT causes an increase of about 13% in this polymer feature. As far as the 

weight loss in water is concerned, as evidenced by the experimental data, no significant 

changes are evident because of the changes in the mixture used for the polymerization. 

 

 

Figure 1-7: Response surfaces for the five statistically significant models computed and validated: 4a) Swelling in water 
(SWaq%), 4b) Swelling in THF (SWthf%), 4c) Weight loss in THF (SWthf%), 4d) Throats internal diameter (PID, µm), and 

4e) Voids diameter (VD, µm). 

 

The average WLaq is around 10% (median 9.6%). The fact that no model could be computed 

is due to the great scatter of the data around the mean with no evident tendency due to 
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changes in the mixture composition, Table 1-8. The weight loss in THF appears instead 

influenced by BA + GMA and by the surfactant amount to the same extent, although in 

opposite directions. The response decreases drastically as the BA + GMA amount increase 

in the mixture and the response increases instead if the surfactant amount increases (Fig. 

1-4c). The throat internal diameters (PID, Fig. 1-4d) and void diameters (VD, Fig. 1- 4e) are 

affected in the same way by the changes in the composition of the polymerization mixture. 

The major effect is that of the amount of surfactant, followed by that of the amount of BA + 

GMA. When the amount of surfactant is increased, this brings to throats and voids with 

smaller diameters. The effect of increasing the amount of BA + GMA is to produce throats 

and voids with larger diameters. The effect of TMPT is measurable only on the throat internal 

diameters, where the tendency shown is that an increase in the amount of TMPT produces 

polymers with smaller throats. 

3.2. Evaluation of polyHIPE as a material for enzyme immobilization 

For this experiment, polyHIPE #6 has been chosen as a model material because of its low 

swelling in water and because of its regular SEM morphology. Filling the glass column with 

the emulsion before polymerization allowed us to achieve the polymerization directly in the 

column and, consequently, to slightly modify the procedure for the radical induction. To avoid 

a premature polymerization of the HIPE prior to the column filling, TEMED was not added 

directly to the emulsion (in the flask) but a “syringe-to-syringe” method was used to quickly 

transfer the radically initiated emulsion directly to the column (refer to the Experimental part). 

Approximately a 10 × 6 mm ID polyHIPE bed was obtained. For this experiment, we selected 

HRP since it is well known that this enzyme preserves its catalytic activity after 

immobilization on epoxy-functionalized materials39-41. The covalent immobilization of the 

HRP to the polyHIPE was accomplished by following a consolidated in situ procedure (see 

the Experimental part). The immobilization yield was determined spectrophotometrically by 

measuring the absorbance of the enzymatic solution before and after the immobilization 

procedure. For quantitation, a calibration curve was derived at 280 nm and a linear 

correlation was found (y = 0.8562x − 0.0009; R2 = 0.9996). The immobilization yield was 

24.13%, corresponding to 50 mg of an immobilized enzyme indicating the successful 

immobilization of HRP on the epoxy groups of the polyHIPE-based stationary phase. To 

verify that the enzymatic solution does not undergo a reduction in UV absorbance during 

the immobilization process, the same experiment was performed by fluxing the same HRP 
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solution through support without epoxy functionalities. After 24 h the enzyme absorbance 

was equal to 99.5% with respect to the initial absorbance.  

3.3. Enzyme kinetic evaluation by an in-flow activity assay 

Horseradish peroxidase is a typical peroxidase enzyme obtained from the roots of 

horseradish. Among all peroxidases, HRP is known to catalyze various oxidative 

transformations of organic compounds using H2O2 as an oxidative agent, such as the 

conversion of o-phenylenediamine (OPD) in 2,3-diaminophenazine. In this study, HRP was 

selected as a protein to be immobilized onto the polyHIPE monolithic column because, as a 

peroxidase, it is regarded as a highly selective and efficient biocatalyst. Moreover, HRP has 

some advantageous characteristic properties like a low price, significant resistance to 

organic solvents and a very wide number of substrates available on the market42. OPD was 

selected as an HRP chromogenic substrate because its oxidative conversion leads to obtain 

the product 2,3-diaminophenazine. 2,3-Diaminophenazine can be easily detected by using 

a UV-Vis detector at 441 nm37. Moreover, at 441 nm, OPD does not show any absorbance. 

For this reason, 441 nm was selected as the wavelength for the HPLC-UV-Vis analysis in 

the in-flow activity assay, Fig. 1-5. According to the conditions reported above, different OPD 

concentrations were injected into an HPLC-UV-Vis system and the monolithic polyHIPE 

HRP-column was used in the biocatalysis process. Fig. 1-5 shows the chromatograms 

obtained by injecting increasing substrate concentrations. As expected, the product peak 

areas increase with the substrate concentration. In order to evaluate the enzymatic kinetic, 

the reaction rate for each substrate concentration was calculated as follows: 

𝑣 =
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝑒𝑙𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 

 

where the elution time was assumed as the total time to elute the product. The relationship 

between the reaction rate and substrate concentration is shown in Fig. 1-6. This relation was 

expressed by the Michaelis–Menten equation that represents the kinetic profile of enzymatic 

reactions: 

𝑉 =
𝑉𝑚𝑎𝑥[𝑂𝑃𝐷]

𝐾𝑚 + [𝑂𝑃𝐷]
 

where V is the reaction rate, Vmax is the maximum reaction rate, Km is the Michaelis–

Menten constant and [OPD] is the substrate concentration expressed as mol L−1. In order to 
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calculate the reaction kinetic values, such as Km and Vmax, this equation was expressed 

as a double reciprocal plot:  

1

𝑉
=

𝐾𝑚

𝑉𝑚𝑎𝑥
×

1

[𝑂𝑃𝐷]
+

1

𝑉𝑚𝑎𝑥
 

Thus, this equation is the graphic representation of this enzyme kinetic, where the slope is 

Km/Vmax, the y-intercept is 1/Vmax and the x-intercept is −1/Km. In this case, a curve y = 

0.01688x + 0.00035 was achieved as shown in Fig. 1-7. Therefore, kinetic values were 

calculated as: Vmax = 2857.1 area per min; Km = 48.23 mM. These results showed good 

linearity and a correct outgoing for an enzymatic reaction. To date, the bioreactor has been 

used for approximately 50 bioconversions without loss of the initial catalytic activity 

confirming the high stability of the supported enzyme. Maintenance of their structural stability 

with functional efficiency and reproducibility provides an excellent base to further investigate 

the applicability of these supports in different fields.  
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Chromatograms of OPD solution at different concentrations (mg/ml) in phosphate buffer at pH 7 (50 
mM) as the mobile phase, detection at 441 nm 

 

Figure 1-8:  
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Figure 1-9: Relation between OPD concentration and reaction velocity. OPD concentrations were expressed as mM 

 

 

Figure 1-10: Double reciprocal plot of relation between OPD concentration (mM) and reaction velocity 
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4. Conclusions. 

 The synthesis of the polyHIPEs and method validation were performed by a design of 

experiment (DoE) approach. The prepared materials were physiochemically characterized 

and, most of them showed the typical interconnected pore structure of the polyHIPE. Among 

the obtained polymeric monoliths, one was selected for the chemical immobilization of a 

model enzyme on a pre-polymerization-filled chromatographic column. HRP, chemically 

immobilized into the polyHIPE, retained its catalytic activity. In conclusion, the special 

structure of polyHIPEs is well suited for in flow-applications. In fact, differently from particle-

based supports, polyHIPE monolithic supports offer new possibilities since the diffusive 

limitations are minimized. Moreover, the highly interconnected channel network totally 

permeable for the eluent flow, allows us to reduce the backpressure of the system. The 

unique properties of these supports make them very attractive for bioconversion processes 

with the advantage to be realized with different functionalities and on different scales, e.g. 

from micro-analytical to industrial one. With the vast array of research on enzyme 

immobilization, this result paves the way for highly efficient and economically 

biotechnological processes in the field of biotransformation, diagnostics and pharmaceutical 

and food industries. 
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1. Introduction 

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

pharmaceutical products1-3. In industrial processes, the enzyme should be easily separated from the 

product and have acceptable stability in order to be reused. These needs can be accomplished via 

immobilization of the enzyme onto solid support that can be used in batch but also under continuous 

flow conditions. Flow reactors can be used for different scopes: analytical scale synthesis (e.g. for 

screening purposes and rapid optimization of the reaction conditions), lab-scale synthesis (e.g. for 

pilot studies) or large-scale synthesis (e.g., industrial production of active pharmaceutical 

ingredients, APIs). Biocatalyzed reactions performed in a flow system can benefit from improved 

mass transfer, excellent temperature control and, importantly, continuous substrate feed and product 

removal, thus limiting the possible substrate/product inhibition of enzyme activity4, 5. The 

implementation of new biocatalytic processes can be a challenging procedure, which may require 

several stages of characterization and evaluation prior to scale-up6. In recent years, analytical IMER-

based platforms have found several applications in drug discovery with a special emphasis on 

enzyme inhibitor screening and on-line digestion for proteins characterization7-10. However, the 

potentiality of IMERs for substrate screening and reaction optimization studies on analytical scale, 

as prototypes for biosynthetic purposes, has not been fully exploited11, 12. Stereoselective 

biotransformations are among the different classes of reactions that have been investigated using 

continuous flow technology. In particular, asymmetric catalysis has come to the forefront as a highly 

economical and efficient strategy for the generation of chiral compounds, whereby achiral starting 

materials are transformed directly into enantio-enriched products13-15. It has been recognized that ω-

transaminases (ω-TAs) represent an attractive option for the synthesis of chiral amines, which are 

valuable building blocks for the preparation of APIs that span a range of therapeutic areas14, 16. 

Transaminases are pyridoxal 5′-phosphate (PLP)-dependent enzymes that transfer an amino group 

from an amino donor (e.g., D- or L-alanine, isopropylamine) to a prochiral ketone substrate, thereby 

creating a CN bond as well as establishing a key stereogenic center in a single step. At present, 

more than 60 (S)- and (R)-selective ω-TAs have been identified, mainly from bacterial and fungal 

strains17. However, some challenges inherent to transaminase-catalyzed processes, such as 

reaction equilibrium and stereoselectivity, still remain to be tackled before developing large-scale 

processes18. In this context, the use of ω-TAs-based IMERs in a continuous flow mode can be useful 

for the production of chiral amines; two examples of such applications have been reported19, 20. In 

Ref. 19, E. coli cells containing overexpressed (R)-selective ω-transaminase and the cofactor 

Pyridoxal-5′-phosphate (PLP)  were immobilized on methacrylate beads and used in the asymmetric 

synthesis of some chiral amines under flow conditions combining a catch and release strategy. 

Differently, in Ref. 20, homemade monolithic silica support was prepared in a heat-shrinkable Teflon 

tube and used for the immobilization of transaminase. The reactor was used for the in-flow kinetic 

resolution of a chiral amine. In this work, we developed a reliable analytical approach for substrate 
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screening and reaction optimization studies, using a new bioreactor based on ATA-117, an (R)-

selective ω-transaminase 17-20. For enzyme immobilization, a polymerized high internal phase 

emulsion was prepared, and a monolithic polymeric column was produced in-house. Indeed, 

according to literature, polyHIPE-based materials exhibit good performances in enzyme 

immobilization and in in-flow synthesis procedures21-23. For reaction monitoring over time, the 

bioreactor was inserted in a bidimensional chromatographic system where the reaction mixture can 

be directly transferred to the analytical column for separation and direct quantification of the product 

and unreacted substrate. The activity of the bioreactor was determined by setting an on-column 

enzymatic assay using a model transamination reaction (production of acetophenone). The 

synthesized and characterized bioreactor was then applied for the in-flow synthesis of the chiral 

amine (R)-1-methyl-3-phenylpropylamine as intermediate for the synthesis of the antihypertensive 

drug dilevalol. The enantiomeric excess of the reactions was checked by HPLC with a method 

developed on purpose. To improve the conversion, diverse strategies were considered including the 

use of different amino donors. This work underlines the role that the proposed analytical platform 

can play to enable fast and reliable definition of the best reaction conditions for the manufacture of 

chiral amines interesting as pharmaceutical building blocks using immobilized enzymes in flow 

chemistry reactions. 
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2. Experimental section  

2.1. Chemicals 

ATA-117 (R)-amine transaminase from Arthobacter sp. KNK168 (GenBank: BAK39753.1) was 

overexpressed and purified by “Istituto di Chimica del Riconoscimento Molecolare, CNR” of Milan. 

The enzyme was immobilized on an epoxy-functionalized polyHIPE-based monolithic column (6.6 × 

10 mm). Glycine, (R)-methylbenzylamine (MBA), sodium pyruvate, pyridoxal 5-phosphate (PLP) 

hydrate, acetophenone, D-alanine, 4-phenyl-2-butanone, 1-methyl-3-phenylpropylamine (MPPA), 

N-(2,4-dinitro-5-fluorophenyl)-L-alaninamide (Marfey’s reagent), pyruvate decarboxylase, 

isopropylamine, acetonitrile, methanol and trifluoroacetic acid (TFA) were from Sigma-Aldrich (St. 

Louis, MO, USA). Potassium dihydrogen phosphate and sodium acetate were purchased from Carlo 

Erba Reagents (Cornaredo, Italy), while ammonium sulfate and ammonium chloride were from 

Merck KGaA (Darmstadt, Germany). Water was obtained from a Milli-Q® Integral purification system 

(Merck KGaA, Darmstadt, Germany). 

2.2. Cloning and overexpression of the ATA-117 gene in E. coli BL21(DE3) 

The codon-optimized ATA117 gene was synthesized and cloned into the pUC57 vector obtaining 

pUC-ATA117opt by BaseClear (Leiden, The Netherlands). The ATA117 gene was then amplified 

using pUC-ATA117opt as a template and primers ATA117fw 

(GAAGGAGATATACATATGGCGTTCAGTGCCGATACC)/ATA117rv(GTGATGGTGGTGATGATG

ATACTGCACCGGGGTTAAAAG) that include 18 nt of overlap with the ends of the pETite vector 

(Lucigen, WI,  USA) for the subsequent cloning into the pETite plasmid in frame with a 6xHis tag 

sequence. The PCR amplification was carried out on 50 µL reaction mixtures containing 10 ng of 

plasmid DNA, dNTPs (0.2 mM each), primers (1 µM each), 4 U of XtraTaq Pol and 5 µL of the 

XtraTaq buffer (both from Genespin, Italy). The PCR conditions were as follows: 95 ◦C for 2 min, 

followed by 35 cycles at 94 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 1 min, and then 72 ◦C for 10 min. 

PCR products were cloned into the pETite vector and transformed into the E. coli Hi control 10G 

using the Expresso T7 Cloning and Expression kit from Lucigen. The resulting plasmid 

pETiteATA117opt was purified and transformed into E. coli BL21(DE3). The obtained transformants 

were grown in LB supplemented with 30 µg/mL kanamycin (LBkan30) medium (50 mL) overnight 

and then inoculated in 0.5 L LB kan30 at 37 ◦C and 220 rpm. When the OD600 reached 0.6–1, gene 

expression was induced by the addition of 1 mL of 0.5 M IPTG solution in water and the culture was 

shifted to 30 ◦C and 220 rpm and grown for further 16 h. Then cells were harvested by centrifugation 

(5000 rpm for 30 min), resuspended in 20 mL of wash buffer and disrupted by sonication. Wash 

buffer consisted of potassium phosphate buffer (pH 7.0; 20 mM), NaCl (500 mM) and imidazole (20 

mM). For protein purification, clear cell lysates containing soluble protein were subsequently 

incubated with Nickel Sepharose 6 Fast Flow agarose resin (Ni-NTA) (GE Healthcare, Italy) for 1 h 
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at 4 ◦C and the mixture was then loaded onto a glass column (10 × 110 mm). The resin was 

subsequently washed with 10 mL of wash buffer and His-tagged ATA117 was eluted using a 3 step 

gradient (10 mL washing buffer containing 100, 200, and 300 mM imidazole, respectively) and 

dialyzed against potassium phosphate buffer (pH 8; 50 mM), at 4 ◦C. The protein content was 

measured using the Bio-Rad Protein Assay according to the Bradford method and the protein purity 

was verified by SDS-PAGE analysis (12% T, 2.6% C). Transaminase activity was assayed by 

spectrophotometrically measuring the formation of acetophenone at 245 nm (ε =3.66 mM–1 cm–1)24  

and 20 °C on a Jasco V-530 UV/VIS spectrophotometer (Easton, MD, USA) after adding 10–50 μL 

of purified transaminase to the enzyme assay solution, which consisted of sodium pyruvate (2.5 

mM), (R)-(−)-methylbenzylamine (2.5 mM) in potassium phosphate buffer (pH 8.0 or pH 7.0; 50 mM) 

and DMSO (0.25%, v/v)in 0.5 mL total volume. One unit of activity is defined as the enzyme activity 

that produces 1 μmol of acetophenone per minute under the assay conditions described above. 

2.3. Preparation of the monolithic support  

The preparation of a monolithic polymeric column was carried out by the preparation of a suitable 

polyHIPE material. The corresponding high internal phase emulsion (HIPE) was prepared by 

following a well-established procedure21, 25-27. Therefore, the oil phase of the emulsion was prepared 

by mixing butyl acrylate (BA, 4.30 mL), glycidyl methacrylate (GMA, 1.72 mL), trimethylolpropane 

triacrylate (TMPT, 0.96 mL), and Synperonic PE/L 121 (1.02 mL). The aqueous phase was achieved 

by simply dissolving 272 mg of potassium persulfate (KPS) in 32 mL of degassed double deionized 

water. The water phase was added drop-by-drop to the oil one under continuous stirring (provided 

by an overhead mechanical stirrer equipped with a D-shaped Teflon paddle) at 200 rpm. When the 

water phase was completely added to the oil one, the stirring was increased up to 400 rpm and the 

system was maintained under continuous stirring and under continuous nitrogen flow for 1 h until a 

white, paste-like emulsion was achieved. Then, 272 µL of tetramethylethylenediamine (TEMED) 

were added and mixed with the biphasic system. The mixed material was rapidly transferred into an 

Omnifit® empty glass (6.6 mm ID, 150 mm) column where the HIPE was allowed to polymerize at 

room temperature for 24 h. To remove the non-crosslinked portions, the obtained column was 

washed by flushing several solvents using an HPLC pump. The solvent used during the washing 

procedure were, in order, MeOH (14 mL), water (14 mL), and THF (14 mL). Before the immobilization 

step, the obtained monolith (6.6 mm ID, 10 mm) (Fig. 2-1)  was stored in THF at room temperature.   

 

Figure 2-11: PolyHIPE-based monolithic column achieved by the in-situ polymerization of the corresponding emulsion in 
an Omnifit® empty glass column. 
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2.4. Immobilization of ATA-117 on the monolithic support  

Enzyme immobilization was carried out following an in situ procedure28 by flushing in a recycling 

system an ATA-117 solution through the monolithic support using an HPLC quaternary pump. Before 

flushing the enzyme solution, the epoxy monolithic column was conditioned with phosphate buffer 

(pH 7.5; 50 mM) at 0.3 mL/min for 20 min. The enzyme solution was prepared by diluting the 

transaminase solution (11.68 mg/mL) in ammonium sulfate (1.875 M) in phosphate buffer (pH 7.5; 

50 mM) to a final concentration of 2.34 mg/mL (10 mL). During the immobilization procedure, the 

column was backflushed every 20 min and the flow-rate was maintained constant (0.3 mL/min) for 

24 h. The back-flushing procedure was used during the in-situ immobilization step in order to obtain 

a homogeneous enzyme density in the column. Then, an end-capping process was performed by 

flushing through the support 10 mL of a glycine solution (1 M) in phosphate buffer (pH 7.5; 50 mM). 

Therefore, the gained bioreactor was evaluated in terms of immobilization yield and catalytic activity. 

In order to assess the amount of immobilized enzyme onto the monolithic support, a 

spectrophotometric assay was carried out at 280 nm. A calibration curve for ATA-117 quantification  

was calculated (calibration range 0.0365 mg/mL–0.584 mg/mL). The curve (y = 0.7512x – 0.0125) 

showed a good linearity as expressed by R2 = 0.9986. Therefore, the spectrophotometric assay was 

carried out on the enzyme solution used for the immobilization procedure before and after the 24 h. 

The amount of the immobilized enzyme was estimated by the difference between the two enzyme 

concentrations, leading to an immobilization yield of 19.93% corresponding to approximately 2.68 

mg of the enzyme. When not in use, the ATA-117-IMER was stored at 4 °C in phosphate buffer (pH 

7.5; 50 mM).  

 

2.5. Chromatography  

2.5.1. Apparatus  

Chromatographic experiments were performed with three modular systems. System 1 and System 

2 were used for assembling the column-switching set-up reported in Fig. 2-2. System 1 consisted of 

an Agilent HP-1100 (Palo Alto, CA, USA) pump (pump 1) and an HP-1100 thermostat, delivering the 

reaction mixture. Pump 1 was directly connected to the bioreactor (ATA-117-IMER) and to a 6-way 

switching valve (V) containing a 20 µL loop. System 2 consisted of an Agilent HP-1100 (Palo Alto, 

CA, USA) pump (pump 2) connected through V to the chromatographic column (LiChospher® 100 

RP18, 250 × 4.0 mm, 5 µm). The systems were controlled by an HPLC ChemStation 

(RevisionA.04.01). In this integrated system, the reaction mixture is re-circulated through the 

bioreactor (System 1, V in position a). After switching V to position b, the analytes (products and 

unreacted substrates) loaded in the 20 µL loop are directly pumped by System 2 to the analytical 

column for reaction monitoring. System 3 was used for ee determination and consisted of an Agilent 

HP-1100 system (Palo Alto, CA, USA) with a Rheodyne sample valve (20 µL loop) equipped with an 
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HP-1100 diode-array detector and a Zorbax Eclipse XDB C18-Agilent analytical column (150 × 4.6 

mm I.D., 5 µm). 

 

 

Figure 2-12: Analytical platform developed by on-line coupling the IMER (system 1) with the analytical column (system 
2). The platform comprised also system 3 correspondings to the derivatization procedure and chromatographic 

conditions applied for the off-line evaluation of the enantiomeric excess. 

2.5.2. Chromatographic methods 

2.5.2.1. In-flow activity assay 

The catalytic activity of the immobilized ATA-117 was evaluated by an in-flow activity assay based 

on the standard reaction reported in Fig. 2-3. A solution (9 mL) consisting of (R)-methylbenzylamine 

(MBA, 10 mM), sodium pyruvate (10 mM) and pyridoxal 5 -phosphate (PLP, 0.1 mM) in phosphate 

buffer (pH 7; 50 mM) was prepared and flushed at 0.5 mL/min through the IMER as shown in Fig. 2-

2. For reaction monitoring, 20 µL reaction mixture was diverted to the analytical column. The 

chromatographic conditions applied for reaction monitoring consisted of isocratic elution using water 

containing TFA (0.1%, v/v)- acetonitrile containing TFA (0.1%, v/v) (50:50, v/v). The flow-rate was 1 

mL/min and the detector was set at 254 nm. The column selected was a LiChrospher® 100 RP18, 

250 × 4.0 mm, 5 µm (Agilent Technologies, Palo Alto, CA, USA). The enzyme activity was evaluated 

by the formation of acetophenone over time. 
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Figure 2- 13: Oxidative deamination of (R)-methylbenzylamine and reductive amination of Pyruvate catalyzed by ATA-
117, with the consequent synthesis of Acetophenone and D-alanine 

 

2.5.2.2. In-flow synthesis of and (R)-1-methyl-3-phenylpropylamine 

The synthesis of (R)-1-methyl-3-phenylpropylamine (MPPA) was carried out by the 

transamination of 4-phenyl-2-butanone (Fig. 2-4). The reaction mixture was prepared by 

mixing D-alanine (D-ala) or isopropylamine (IPA) as the amino donor, 4-phenyl-2-butanone 

as an amino acceptor in different concentrations. In all experiments, the reaction mixture 

contained PLP 0.1 mM in a phosphate buffer (PB) 75 mM, pH 8. In this case, the 

chromatographic conditions for monitoring the synthesis process consisted in an isocratic 

elution of a binary mobile composed by water containing TFA (0.1%, v/v)-acetonitrile 

containing TFA (0.1%, v/v) (50:50, v/v) at 1 mL/min as flow rate and the detector was set at 

254 nm. The stationary phase used was a Zorbax Eclipse XDB C18-Agilent (150 × 4.6 mm 

I.D., 5 μm, 80 Å pore size). The enzyme activity was evaluated by the formation of MPPA 

over time. 

 

Figure 2-14: Transamination reaction for the production of (R)-1-methyl-3-phenylpropylamine catalyzed by ATA-117 

 

2.5.2.3. Enantiomeric excess determination 

In order to establish the enantiomeric excess of the produced chiral amine, an off-

line derivatization procedure was set up. Nα-(2,4-dinitro-5-fluorophenyl)-L-alaninamide 

(Marfey’s reagent) was used as a derivatization agent. The derivatization reaction (Fig. 2-5) 

was performed by dissolving in a vial 0.4 mg of Marfey’s reagent29 in 800 μL of ammonium 
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buffer (pH 9; 1 M). 200 μL of the reaction mixture were then added to the Marfey’s reagent 

solution. The mixtures were heated at 55 °C for 1 h. In order to calculate the enantiomeric 

excess, 20 μL of the solution were injected in System 3. The two diastereoisomers were 

separated using an isocratic elution of a binary mobile phase acetate buffer (pH 5; 20 mM)-

acetonitrile (60–40, v/v). The flow-rate was 0.8 mL/min and the detection was set at 340 nm. 

 

Figure 2-15: Derivatization reaction with Marfey's reagent, with the consequent production of two diastereoisomers 

 

2.5.2.4. Data processing  

Conversion percentages were calculated as C% = [product concentration/(product 

concentration + substrate concentration)] × 100 where product and substrate concentrations 

were calculated from the calibration curves. The product enantiomeric excess was 

calculated as follows: eep = (x1 − x2)/(x1 + x2); where x1 and x2 denote the areas of the two 

diastereoisomers separated on the analytical column. 

2.6. Quantitative analysis 

For quantitation, three different calibration curves were obtained. For both reaction products 

(acetophenone, and MPPA), a 10 mM stock solution was prepared in phosphate buffer (pH 

7; 50 mM) and five dilutions were prepared in the same solvent. Each solution was injected 

in triplicate. The chromatographic conditions used for the calibration curves are reported in 

paragraph 2.5.2. The calibration ranges were 0.05 mM – 10 mM for acetophenone and 

0.1 mM – 2.5 mM for MPPA. The lowest level of the calibration curve of acetophenone 

corresponds to 0.5% conversion, while the lowest level for MPPA corresponds to a 1% 

conversion. The highest level of the two curves corresponds to 100% conversion. The 

calibration curve equation of MPPA was y = (241.6 ± 0.6)x + (0.4 ± 0.7), with a correlation 

coefficient R2 = 0.99998, demonstrating excellent fitting. The slope is highly significant 

(p < 0.0001) and the intercept is not significant (p = 0.5450). The calibration curve equation 

of acetophenone was y = (9053 ± 170)x + (1210 ± 875), with a determination coefficient 

R2 = 0.9989, demonstrating satisfactory fitting. The slope is highly significant (p < 0.0001) 
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and the intercept is not significant (p = 0.2608). For the calibration curves, each standard 

solution was injected in triplicate. The precision of the methods was estimated calculating 

the RSD% of the three replicates. In all cases, a RSD% lower than 3.5% at the lower limit 

of the linear range was obtained (maximum RSD%, 2.5% for MPPA, and 1.1% for 

acetophenone). 
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3. Results and Discussion 

In this work, the development of an IMER based on an (R)-selective ω-transaminase for 

reaction optimization on an analytical scale, is described. The most appealing benefits 

offered by analytical IMERs technology are the low sample consumption and the possibility 

of connecting the reactors to different separation and detection systems. In addition, the 

high enzyme-to-substrate ratio, achievable with these systems, can significantly improve 

reaction efficiency and shorten the reaction times required to rapidly screen different 

reaction conditions/substrate specificity in view of preparative applications. 

3.1. Bioreactor preparation 

The monolithic column was prepared by the exploitation of polyHIPE technology. BA was 

selected as a backbone monomer due to its high hydrophobicity and glass transition 

temperature (Tg) leading to a good resistance of the final material to produce in-flow 

resistant support. TMPT was selected as a tri-arm crosslinker agent in order to provide a 

high crosslinking density with a consequent increase of the mechanical resistance of the 

final material. The functional monomer selected was the epoxy-bearing GMA, because the 

epoxy group can be easily exploited for a post-production immobilization of proteins (such 

as enzymes) by the covalent interaction OF this functional group with nucleophilic moieties 

of the macromolecule (such as lysine residues). The polymerization reaction was initiated 

by the redox initiator KPS/TEMED. Indeed, KPS is an effective radical initiator for free radical 

polymerizations, but for this mechanism, a temperature higher than 60°C is required. This 

temperature is not compatible with emulsions that are thermodynamically unstable systems. 

For this reason, TEMED was added in order to allow a polymerization step occurring at room 

temperature25. The polyHIPE column functionalized with epoxy groups was used for the 

covalent immobilization of the enzyme following an in situ procedure. This support exhibits 

a hierarchical porous structure composed of two levels of porosity, namely voids and throats 

(Fig. 2-6). This highly interconnected network was achieved by a specific HIPE starting 

composition and the corresponding monolith has been already tested for in-flow applications 

and for the immobilization of an active macromolecule21. This specific polyHIPE material has 

been already characterized in a previous work21 and the average diameter of voids and 

throats was measured as 2.4 ± 0.7 µm and 0.7 ± 0.2 µm respectively. Therefore, Purified 

ATA-117 was immobilized on the monolithic polyHIPE following the immobilization protocol 

described in paragraph 2.4. The amount of immobilized enzyme, as estimated 
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spectrophotometrically, was 2.68 mg corresponding to an immobilization yield of 19.93%. 

The amount of immobilized enzyme per unit column volume was 7.88 mg/ml. 

 

Figure 2-16: Scanning electron microscopy image acquired using a Zeiss EVO MA10 instrument (Carl Zeiss, Germany) 
on a gold-sputtered sample. The image reported was taken from the internal side of a sample of monolithic material used 

as polyHIPE-based column 

 

3.2. Bioreactor characterization and stability 

Evaluation of the enzyme activity after immobilization was the next step. The activity of the 

ATA-117-IMER was assayed by submitting the bioreactor to an in-flow activity assay 

(production of acetophenone, see Fig. 2-3) based on the conversion of the model substrate 

(R)-α-methylbenzylamine and using the column switching set-up (Fig. 2-2). The 

experimental conditions are detailed in paragraph 2.5.2.1. The reaction mixture was 

prepared as described above, and the product of this reaction, acetophenone, was 

quantified over time by an HPLC method developed on purpose. A typical chromatogram is 

reported in Fig. 2-8A. A conversion percentage of approximately 90% was obtained after 

21 h allowing the equilibrium conditions (Fig. 2-8B). The initial rate of the reaction was 

estimated from the slope of the curve at the beginning of the reaction, from 0 to 4 h (Fig. 2-

8B). This assay was also used to test the stability of the bioreactor over time. Transaminase 

IMER retained the initial catalytic activity over 35 reactions in 4 months. A variation 

percentage of less than ± 5% has been considered as nonsignificant and linked to the 
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experimental variability. After one year from the bioreactor preparation, the long-term 

stability was evaluated using the same assay and a loss of activity (15%) was measured. 

 

 

Figure 2-17: Schematic representation of the polymerization reaction 
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Figure 2-18: A) representative chromatograms for the in-flow activity assay. Results of the reaction monitoring at 0 (blue) 
and 21 h (red) are reported. B) Monitoring overtime of the in-flow activity assay. Calculated concentrations of substrate 

and product are reported 

 

3.3. Bioreactor applications: in-flow synthesis of (R)-1-methyl-3-

phenylpropylamine (MPPA) 

The synthesis of enantio-enriched amines can be achieved by asymmetric 

synthesis starting from the prochiral ketones. This is an attractive approach since a 

theoretically 100% yield can be obtained. The ATA-117-IMER was used to study the 

synthesis of MPPA, a precursor of dilevalol [the (R,R)-isomer of labetalol] from the 

corresponding ketone (Fig. 2-4 and Fig 2-9). As the starting amino donor, the commonly 

used D-alanine was firstly chosen. This stereoselective synthesis was already described 

using the free enzyme in solution30.  

 

Figure 2-19: MPPA is the intermediate for the synthesis of dilevalol, the (R, R)-isomer of labetalol 
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When the experimental conditions applied comprised ketone 10 mM and D-ala 100 mM 

(ratio 10/1), the maximum conversion rate was calculated as 4.97% at 24 hours. The low 

conversion yield calculated (less than 10%) is not surprising since organic synthesis by ω-

transaminases suffers from an unfavorable reaction equilibrium, especially in the 

asymmetric synthesis of amines from an amino acid as an amino donor. In fact, to maximize 

the productivity of ω-transaminases it is necessary to shift the equilibrium by process control 

strategies such as the in situ removing of the product, or the use of cascade reactions17. 

Therefore, the experimental conditions were further modified in order to shift the reaction 

equilibrium, this can be easily carried out with the chromatographic platform. First, 

soluble pyruvate decarboxylase (140 μg enzyme) was added to the reaction mixture to 

remove pyruvate co-product. The advantage of using pyruvate decarboxylase is that it does 

not require recycling of cofactor and the byproducts formed are highly volatile, therefore they 

can be easily removed30. However, in the considered conditions, the conversion yield did 

not improve significantly. 

As a second strategy, isopropylamine (IPA) was considered as an alternative amino donor 

and it was added to the mixture in the same molar ratio as D-alanine (10:1). The molar ratio 

was then increased up to 30:1 in other experiments. IPA as an amino donor is very 

interesting because of the simple removal of the acetone co-product. 

The three reaction mixtures were prepared in phosphate buffer (pH 8; 75 mM), PLP 

(0.1 mM) and the temperature was set at 50 °C. The experiments were carried out in the 

recycling system described above at 0.3 mL/min for 24 h. The amount of produced amine 

was monitored over time by an HPLC method developed on purpose and the ee 

determination was performed as well. Representative chromatograms of the reaction 

monitoring are presented in Fig 2-10. In order to compare the different conditions (Fig. 2-

11), all the reactions were monitored at a fixed time (24 h). 
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Figure 2-20: Representative chromatograms for the in-flow synthesis of (R)-1-methyl-3-phenylpropylamine starting from 
4-phenyl-2-butanone. Results of the reaction monitoring at 0 (blue) and 24 h (red) are reported. 

 

A significant increase in the conversion yield was obtained by using isopropylamine as the 

amino donor (13.52% conversion yield). An increase in the molar ratio between the amino-

donor and the prochiral ketone from 1:10 to 1:30 allowed reaching a 29.21% conversion 

yield in 24 h.   

 

Figure 2-21: Comparison of the different donor/acceptor ratios applied for the synthesis of MPPA. In this graph, the 
conversion percentage calculated overtime is reported for every experimental condition. 

 

Enantioselective reactions are the result of the competition between different 

possible diastereomeric reaction pathways, through diastereomeric transition states when 
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the prochiral substrate complexed to the chiral catalyst reacts with the corresponding 

reagent. At 24 h the ee was determined for the obtained chiral amine. 

An enantiomeric excess of 99% was reached for MPPA. Representative chromatograms of 

the ee determination are presented in (Fig. 2-12). The same reactions were performed in 

batch conditions. The conditions were: pH 8, 75 mM phosphate buffer, 0.1 mM PLP, 

T = 50 °C and isopropylamine/prochiral ketone ratio (30:1) in a 9 mL reaction mixture. An 

established amount of enzyme was added to the reaction mixture to provide a 0.259 mg/mL 

concentration of ATA-117. In these experiments, a maximum conversion yield 

(approximately 10%) was obtained after 24 h for MPPA. The ee was also measured and no 

significant variation in respect to the in-flow experiments was observed. 

 

Figure 2-22: Representative chromatograms for the enantiomeric excess determination in the production of (R)-1-
methyl-3-phenylpropylamine starting from 4-phenyl-2-butanone. Chromatograms of the reaction mixture at 24 h (red) 

compared to the racemic amine (blue), both after derivatization. 

 

 

  



Chapter 2  – Polymeric IMERs for Biocatlysis 

83 
 

4. Conclusions 

An integrated platform for the asymmetric synthesis of chiral amines was developed using 

polyHIPE technology. In particular, in this work, a polymeric enzyme reactor (IMER) was 

achieved by the immobilization of a ω-transaminase on a polyHIPE-based monolith. 

Moreover, this work underlines the contribution that an analytical platform can give to derive 

the best reaction conditions, achieving interesting conversion yields, for the manufacture of 

chiral amines as important pharmaceutical building blocks. Indeed, an on-line reaction 

monitoring and enantiomeric excess determination were performed by the development of 

suitable analytical methods. The integrated platform developed can be easily applied in the 

optimization of other specific substrates to be converted or to characterize other ω-

transaminases with different specificities.  
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The paper focuses on the preparation of polyacrylate based biomaterials designed as 

patches for dermal/transdermal drug delivery using materials obtained by the high internal 

phase emulsion (HIPE) technique. In particular, butyl acrylate and glycidyl methacrylate 

were selected, respectively, as backbone and functional monomer while two different 

crosslinkers, bifunctional or trifunctional, were used to form the covalent network. The 

influence of PEG on the main properties of the materials was also investigated. The obtained 

materials show a characteristic and interconnected internal structure as confirmed by SEM 

studies. From an industrial point of view, an interesting feature of this system is that it can 

be shaped as needed, in any form and thickness. The physiochemically characterized 

materials showed tailorable curcumin (model of hydrophobic drugs) drug release, effective 

mechanical properties, and cell viability and resulted neither pro nor anti-angiogenic as 

demonstrated in vivo by the chick embryo chorioallantoic membrane (CAM) assay. Based 

on these results, the obtained polyHIPEs could be proposed as devices for 

dermal/transdermal drug delivery and/or for the direct application on wounded skin. 

  



Chapter 3 – Biomedical Applications 

88 
 

1. Introduction 

Polymer-based drug delivery systems have been widely explored in medicine in the last 

twenty years1, 2. Three-dimensional porous scaffolds (3D) represent the first class of 

biomaterials applied in biotechnological fields such as controlled delivery of drugs in long-

term therapies and cell growth supports3. 3D porous scaffolds are considered as polymer-

based materials with an internally interconnected structure4. Biomaterial-based scaffolds 

may be formulated also as fibers5 or hydrogels synthesized by the cross-linking of 

hydrophilic polymeric structures4, 6-8. Lately, even classical drug delivery systems (DDSs) 

were formulated from new biocompatible building blocks leading to more sustainable 

systems to provide a controlled release involving different drug delivery technologies8. 

According to the literature, many different approaches were proposed to achieve 

biomaterial-based scaffolds such as freeze-drying9, salt leaching10, gas foaming11, 

supercritical fluid12, melt molding13, electro spinning13, and thermally induced phase 

separation13. The High Internal Phase Emulsion (HIPE) technique is emerging as a valid 

tool, also in the pharmaceutical field, by emulsion-templating of polymeric materials. HIPEs 

are typically water in oil (W/O) emulsions with an internal to external phase volume ratio 

higher than 0.70 (meaning >70% v/v of internal phase). By the polymerization of the external 

phase of a HIPE (or by using a pre-synthesized polymer) and the subsequent removal of 

the internal phase, a porous polymeric material with a high degree of internal 

interconnections, defined polyHIPE (polymerized high internal phase emulsion), could be 

achieved14, 15. In theory, all the known polymerization techniques such as, e.g., free radical 

polymerization16, step-growth17, atom transfer radical polymerization18 or ROMP19, could be 

used to polymerize the external phase, thus enormously increasing the versatility of the 

HIPE technique. After polymerization of the external phase, the internal phase leave the 

place to cavities (typically named “voids”) that are reciprocally interconnected through 

secondary pores or channels (throats) leading to an open-porous/highly-interconnected 

structure. Both voids and throats are considered as macropores16. These interconnecting 

pores are generated by the rupture (contraction) of the polymeric film during the 

polymerization step20. According to the literature, many synthetic conditions can influence 

the polyHIPEs internal structure such as the kind and concentration of surfactants21, the 

volume of internal phase16 and the effect of other stabilizers (particles in the “Pickering” type 

HIPE22). Due to their chemical and process versatility, polyHIPEs systems are increasingly 

applied as templates for porous materials with tailorable properties and structures23. 

Important applications of polyHIPEs are in: cosmetic and food industry24, chromatography25, 
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3D printing26, catalysis27, enzyme immobilization28, electrode material of supercapacitors29 

and absorption of warfare chemical agents30. PolyHIPEs may also be proposed for 

biomedical application (i.e. tissue engineering or drug delivery system) by the synthesis of 

biodegradable and biocompatible emulsion-templated materials. In literature, different 

strategies have been shown to achieve biomaterials-based polyHIPEs such as hydrogel-

based polyHIPEs31 or by using biocompatible building blocks32. For example, in 2009 

Lumelsky and co-workers produced a polyHIPE suitable for tissue engineering using t-butyl 

acrylate as principal backbone monomer33. Other works suggest the use of polyacrylate 

(biocompatible materials widely used for biomedical application34) for the development of 

polyHIPEs suitable for biomedical purposes28, 35. While the application of polyHIPE-based 

biocompatible scaffolds in tissue engineering is reported in the literature36, 37, at the best of 

our knowledge, the use of polyHIPE-based materials for the preparation of drug delivery 

systems is not described. This work is specifically aimed at establishing the main behaviors 

of acrylate-based polyHIPEs for drug delivery applications since a so conceived drug 

delivery system (DDS) would benefit from the possibility to co-deliver hydrophobic drugs 

and biotechnological molecules through direct conjugation to the functional moieties of the 

designed polyHIPEs. These behaviors were evaluated on different materials obtained by 

using butyl acrylate as the monomer forming the polymeric backbone, glycidyl methacrylate 

as a functional monomer bearing epoxy groups for post-production derivatization, e.g., with 

hydrophilic biomolecules and two different crosslinker, one tri-functional and one bifunctional 

to evaluate their effect on the mechanical behaviors of the final materials. Furthermore, a 

PEG mono-methacrylate was introduced in the formulation with the aim to modify the 

hydrophilic behaviors of the material surfaces (internal and external) and to evaluate its 

influence on the internal structure of the corresponding polyHIPEs or on the drug release 

properties of the material. 
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2. Experimental section 

2.1. Materials 

Trimethylolpropane triacrylate (TMPT), Butyl acrylate (BA), Potassium persulfate (KPS), 

Glycidyl methacrylate (GMA), PEG methacrylate (PEGMA, Mn 360 as from vendor 

specifics), 1,6-Hexanediol dimethacrylate (HDMA), N,N,N′,N′-Tetramethylethylendiamine 

(TEMED), Monobasic potassium phosphate (KH2PO4), Dibasic sodium phosphate 

(Na2HPO4) NaCl, KCl, tetrahydrofuran (THF), absolute ethanol (EtOH), methanol (MeOH), 

acetonitrile (CH3CN), acetic acid, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide (MTT), dimethyl sulfoxide, 30 mL Syringe PP/PE without needle luer lock tip and 

female luer coupler in polypropylene were from Sigma-Aldrich (Milan, Italy). Synperonic 

PE/L 121® was kindly provided by Croda Italiana Spa. The water used in this study was 

double deionized water (DDW), obtained by a Milli-q system from Millipore. All reagents 

used for cell culture were purchased from Euroclone (Milan, Italy). 

2.2. Apparatus 

2.2.1. Scanning electron microscopy 

SEM images were acquired on gold-sputtered samples using a Zeiss EVO MA10 instrument 

(Carl Zeiss, Oberkochen, Germany). 

2.2.2. High performance liquid chromatography 

Chromatographic analysis were carried out using an Agilent technology HP-1100 HPLC 

instrument (Palo Alto, CA-USA) equipped with a quaternary pump, a Rheodyne injection 

valve (20 μl), a degasser, an UV–Vis detector set at 420 nm, a thermostat oven (25 ± 0.5 °C) 

and an Agilent Technologies LiChrospher 100 RP-18 5 μm (250 × 4 mm ID) column. The 

chromatographic conditions applied were: isocratic elution of a mobile phase composed by 

water: acetonitrile (55/45 v/v) containing 5% acetic acid at 0.8 ml/min as flow rate. To 

quantify the unknown CUR amount in the sample, a calibration curve (y = 52,606 x − 374.78; 

R2 = 0.9992) was performed by the injection of standard solutions of CUR in THF at known 

concentrations (calibration range 0,002 g/L–0,2 g/L). All the injections were conducted in 

triplicate for six CUR concentration within the indicated range. 

2.2.3. Mechanical characterization 

Tensile tests were performed by using an MTS Insight Testing System device (MTS System 

Corporation) equipped with a 250 N load-cell, two pneumatic grips, and a video 
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extensometer (model ME-46 Messphysik, Fürstenfeld, Austria). For compression tests, the 

MTS system was equipped with a 10 kN load-cell and two compression plates, whereas the 

video extensometer was not used due to the specimen shortness. 

2.2.4. 3D printing 

The dog-bone and cylindrical molds were printed in-home with the Objet260 Connex3 3D 

printer (Stratasys). 

2.3. Methods 

2.3.1. PolyHIPE synthesis 

The monolithic materials were prepared by the radical polymerization of W/O emulsions 

characterized by a large volume of the internal phase. For the different compositions refer to Table 

3-1.  

2.3.2. HIPEs preparation 

Table 3-12: Composition parameters for the prepared HIPEs 

 Oil phase Water phase 

Sample 
BA/GMA/Surfactant 

(mL) 

TMPTA 

(mL) 

HDMA 

(mL) 

DDW 

(mL) 

PEGMA 

(mL) 

3.2 4.5/1.8/0.5 1.2 / 31 1 

3.5 4.5/1.8/0.5 1.2 / 31.25 0.75 

3.7 4.5/1.8/0.5 / 1.2 32 / 

3.8 4.5/1.8/0.5 / 1.2 31.25 0.75 

3.10 4.5/1.8/0.5 / 1.4 32 / 

3.11 4.5/1.8/0.5 / 0.8 32 / 

3.12 4.5/1.8/0.5 / 1.2 31 1 

3.14 4.5/1.8/0.5 / 1.0 31 1 

3.15 4.5/1.8/0.5 / 1.4 30.80 1.2 

3.16 4.5/1.8/0.5 / 0.8 31 1 

 

In this work, HIPEs were prepared following a previously reported procedure28, 35. Briefly, 

the oil phase was prepared by mixing in a two-necks round bottom glass flask butyl acrylate 

(BA) and glycidyl methacrylate (GMA), backbone and functional lipophilic monomers, 
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respectively. Synperonic PE/L 121 was used as a polymeric surfactant and an established 

amount of crosslinker (trimethylolpropanetriacrylate [TMPTA] or 1,6-

hexandioldimethacrylate [HDMA]) were added (see Table 3-1 for the samples’ composition). 

The water phase was achieved by dissolving 272 mg of potassium persulfate (KPS), as a 

radical initiator, in the presence or not of PEGMA (see Table 3-1), in nitrogen degassed 

double distilled water (DDW). The water phase was added drop by drop into the round 

bottom flask using a dropping funnel. During this procedure, the system was maintained 

under continuous stirring (300 rpm) provided by an overhead mechanical stirrer and under 

a constant nitrogen flow. After the whole internal aqueous phase was added to the oil phase 

(20 min drop by drop), the stirring was increased up to 400 rpm for 1 h under nitrogen until 

a white highly viscous biphasic system (high internal phase emulsion) was achieved. 

2.3.3. PolyHIPEs preparation; polymerization step 

In order to polymerize the external phase of the HIPEs (to obtain the polyHIPEs), the 

emulsions were transferred in a PE Syringe connected by a female luer coupler to a second 

syringe pre-filled with 272 μL of TEMED, Fig. 3-1. Using a “syringe-to-syringe” method, 

HIPEs and TEMED were mixed by an alternate extrusion from one syringe to the other until 

(12 extrusion processes). The optimal number of extrusions was visually established by 

using a monomer-soluble dye instead of the radical initiator until the color uniformity of the 

emulsion was reached. The mixed material was then rapidly transferred onto different 

supports: PTFE (Teflon), glass or PMMA (Plexiglas). The materials were then modeled as 

a thin layer, by using a homemade plastic casting blade to control the thickness of the final 

polymer. 
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Figure 3-23: The used “syringe-to-syringe” method for HIPEs and TEMED mixing. The redox initiator TEMED was 

placed in the left syringe while HIPE was in the right one. 

For all materials, the polymerization was carried out for 24 h at room temperature. The 

monoliths were then washed in order to remove the not crosslinked materials, initiators and 

water phase. For the washing procedure, the polymerized and crosslinked materials were 

placed in a 200 mL beaker and different solvents such as DDW (two × 100 mL), MeOH 

(two × 100 mL), EtOH (two × 100 mL) and, eventually, THF (one step) were used. The 

materials not subjected to the final washing step in THF were used for the characterizations 

in terms of swelling and weight loss in water and organic solvents. After the washing step, 

the materials were placed in an oven at 45 °C for 24 h to remove residual solvents. 

2.3.4. Swelling (SW) and weight loss (WL) studies in water and THF 

All dried materials, obtained as above described, not subjected to the THF last washing 

step, were studied in terms of solvent uptake (THF) and extractable matter in both water 

and organic solvents. Weighed polymeric monoliths (10–15 mg) were selected and their 

initial weight was registered (Ws). These polyHIPE samples were placed in a beaker 

containing 20 mL of water or THF for 24 h. Thereafter, the monoliths were rapidly paper 

blotted on the surface and the weight of the wet polyHIPEs (Wfw) was registered. Finally, 

the materials were dried in an oven at 40 °C (24 h was a suitable time to reach a constant 

weight) and their final weights were registered as Wfd. For water uptake (swelling) studies, 

THF only pre-washed samples were used. The swelling and weight loss values of each 

sample were calculated using the equations below. All determinations were performed in 
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triplicate. Weight loss % (WL) and swelling (SW) were calculated according to the following 

equations (the equation terms were defined in the above text): 

𝑊𝐿 =
𝑊𝑠 − 𝑊𝑓𝑑

𝑊𝑠
 × 100             𝑆𝑊 =

𝑊𝑓𝑤 − 𝑊𝑓𝑑

𝑊𝑓𝑑
 

2.3.5. SEM analysis 

Scanning electron microscopy analyses were conducted on gold-sputtered samples in order 

to assess the presence of the typical “open-cell” polyHIPE internal structure. SEM images 

were acquired from different sides, such as upper, lower and internal sides and those from 

the internal side were used for the voids and throats (internal pores) evaluation. 

2.3.6. Drug loading of curcumin (CUR) 

PolyHIPEs 3.2, 3.5, 3.7, 3.8, 3.11, 3.12, 3.14 and 3.16 were selected to be loaded with 

curcumin (CUR). For each sample, 200 mg of washed and dried material was weighted. 

Therefore, a 10 mg/mL CUR solution in THF was prepared and the weighted material was 

placed into 2 mL of this solution for 24 h. Then, the loaded polyHIPEs were oven-dried in 

mild conditions at 45 °C for 3 h and afterward in a vacuum desiccator for 12 h to remove the 

remaining solvent. All these procedures occurred in the dark to avoid the photodegradation 

of CUR. 

2.3.7. Drug release studies 

A Phosphate Buffer Saline pH 7.4 (PBS) was prepared with NaCl 8 g, KCl 0.2 g, 

Na2HPO4 1.44 g and KH2PO4 0.24 g per 1 L of buffer. For the in vitro release studies, a 3% 

(w/v) polysorbate 80 solution in PBS pH 7.4 was prepared and used as releasing buffer to 

assure the sink conditions. For each loaded material, 21 small monoliths (≈10 mg) were 

sampled and each one was placed in 50 mL of release buffer. Therefore, 1 ml of buffer was 

sampled for 7 established time intervals (every sample was conducted in triplicate) 

corresponding to 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h, 48 h, 72 h, and 120 h. All procedures 

were carried out in the dark and at 37 °C. The filtered release solutions, at the established 

time intervals, were then injected in an HPLC/UV–Vis system. To evaluate the complete 

CUR dissolution in the release medium (sink conditions), the same amount of curcumin 

loaded in the samples was put in 50 mL of release buffer and the solution concentration 

estimated by HPLC as reported in paragraph 2.2. 
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2.3.8. Tensile mechanical testing 

Dog-bone specimens (type V according to ASTM D638 standard) were prepared for some 

polyHIPE material compositions. In particular, proper dog-bone dimes were printed in-home 

with the Objet260 Connex3 3D printer (Stratasys) using a Vero-Stratasys photopolymer 

resin (see Fig. 3-2). 

 

Figure 3-24: 3D molds in photopolymer resin and corresponding polyHIPEs specimens; a) Dog-bone specimen (type V 
according to ASTM D638 standard) for tensile tests; b) cylindrical specimens (12 mm of diameter and 4 mm of height, 

ratio 3:1) for compression experiments  

Tensile tests were performed in ambient conditions of temperature and relative humidity 

using an MTS Insight Testing System device (MTS System Corporation) equipped with a 

250 N load-cell, two pneumatic grips, and a video extensometer (model ME-46 Messphysik, 

Fürstenfeld, Austria). All specimens were loaded at a constant cross-head speed of 

1 mm/min until specimen break. Strain and stress were computed as ε = (l − l0)/l0, 

and σ = F/A0, respectively, with l and l0 the current and initial gauge lengths, F the applied 

load, A0 the initial cross-sectional area. Tensile properties were determined from the 

stress/strain plots according to the ASTM D-638 standard. In particular, the tensile strength 

was identified as the stress at the breakpoint, and the Young modulus was computed as the 

slope of the initial linear portion of the stress/strain curve. Moreover, the strain at the 

breakpoint was also identified. 

2.3.9. Compression mechanical testing 

Cylindrical specimens (12 mm of diameter and 4 mm of height, ratio 3,1) were prepared for 

some polyHIPE material compositions. In particular, cylindrical dimes in photopolymer resin 

were printed again using the Objet 260 Connex 3D printer (see Fig. 3-2). For compression 

tests, the MTS system was equipped with a 10 kN load-cell and two compression plates, 

whereas the video extensometer was not used due to the specimen shortness. All 
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specimens were compressed at a cross-head speed of 1 mm/min until the crash of the two 

plates. Strain and stress were computed as ε = (l − l0)/l0, and σ = F/A0, respectively, 

with l and l0 the current and initial height of the specimen, F the applied load, A0 the initial 

cylinder section area. The compressive properties were determined from the stress/strain 

plots according to the ASTM D-1621 standard. In particular, after correcting for zero strain, 

the compressive modulus was computed as the slope of the linear region and the 

compressive strength as the stress at the yield point or the stress at 10% strain, if such 

deformation occurs before the yield point, or in the absence of such a yield point. Finally, 

the stress at crush point (i.e., crush strength) was identified. 

2.3.10. Cell culture 

Human fibroblasts were obtained from informed donors subjected to skin biopsy. Skin 

samples were enzymatically digested (0.125% trypsin and 1% collagenase); obtained 

fibroblasts were cultured in Dulbecco's Modified Eagle's Medium High Glucose (DMEM-HG), 

10% fetal bovine serum (FBS), L-glutamine (1.8 mM), penicillin (100 IU/mL), streptomycin 

(100 μg/mL) and amphotericin B (2.5 μg/mL). The culture medium was refreshed 2 times per 

week until cell subconfluence. For this experiment, we considered cells cultured until third 

culture passage. 

2.3.11. Cytotoxicity tests 

To evaluate the biocompatibility of scaffolds (sample ID: 3.2, 3.5, 3.7, 3.8, 3.10, 3.11, 3.14, 

3.15, 3.16), we considered two types of cytotoxicity assay: extract, namely indirect (the 

material-conditioned medium was used for cell culture), and direct contact cytotoxicity 

assays. All the samples were sterilized by autoclaving at 121 °C for 20 min before cell 

testing. Human fibroblasts were seeded in 96-well plates (10,000 cells/cm2). After 24 h, 

media were discarded and 100 μL of samples were added for 24 h of incubation. For indirect 

method, suitable to detect the effect of soluble substances released by polymeric supports, 

we previously incubated the scaffolds (2 mg/mL and 4 mg/mL) in culture medium (DMEM-

HG with 10% FBS) for 24 h at 37 °C, 5% CO2; after this time each extract supernatant 

sample were incubated with fibroblasts for 24 h. For direct contact method, scaffolds were 

shattered in small pieces (0.5 mm2) and co-incubated (24 h, 37 °C and 5% CO2) with 

fibroblasts at two concentrations: 2 mg/mL and 4 mg/mL. After cell exposure to extracts and 

scaffolds, viability was evaluated adding 100 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) solution (0.5 mg/mL) in each well. MTT solution was removed 

after 3 h of incubation and obtained formazan crystals were dissolved with 100 ml of DMSO. 
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Optical density (OD) of the DMSO solution was measured on a microplate reader (Synergy 

HT, BioTek, UK) at 570 nm and 670 nm (reference wavelength). Cell viability (%) was 

calculated as follows: 100 × (ODs/ODc), where ODs represents the OD mean value of tested 

sample and ODc is the OD mean value of untreated cells (control). Each condition was 

tested in triplicate. 

2.3.12. Chick embryo chorioallantoic membrane (CAM) assay 

Fertilized White Leghorn chicken eggs (20 per group) were incubated at 37 °C at constant 

humidity. On day 3, a square window was opened in the shell, and 2 to 3 mL of albumen 

were removed to allow detachment of the developing CAM from the shell. The window was 

sealed with a glass, and the eggs were returned to the incubator. On day 8, eggs were 

treated with 1 mm3 fragment of polyHIPEs samples (sterilized by autoclaving at 121 °C for 

20 min) or a gelatin sponge soaked with 50 ng vascular endothelial growth factor (VEGF), 

used as a positive control was placed on the top of the growing CAM, as previously 

described38. CAMs were examined daily until day 12 and photographed in ovo with a 

stereomicroscope equipped with a camera system (Olympus Italia, Rozzano, Italy). On day 

12, the angiogenic response was evaluated by image analysis. Briefly, microscopic images 

obtained from the stereomicroscope were converted in gray-scale and analyzed using the 

Aperio Positive Pixel Count algorithm embedded in the ImageScope (Leica Biosystems, 

Nussloch, Germany). The algorithm input parameters were initially set to obtain the 

identification of pixels related to the blood vessels as strong positive and to the background 

as medium and weak positive and tuned to minimize non-specific pixel recognition as strong 

positive. The algorithm output is composed of the number of strong positive pixels (Nsp), 

the number of medium positive pixels (Np), the number of weak positive pixels (Nwp). A 

morphometric value is then defined and calculated by the algorithm as Number of strong 

positive pixels (%) = Nsp/Np + Nwp + NspX100. Statistical significance between the 

stimulated, normal and inhibited experimental groups was assessed by one-way Anova 

followed by Tukey multiple comparison post-test. The statistical analysis and graph plotting 

were performed with the Graph Pad Prism 5.0 statistical package (GraphPad Software, San 

Diego, CA, USA). 

2.3.13. Statistical analysis 

For cytotoxicity tests: results obtained from each cytotoxicity assay (direct and indirect) were 

processed by a multifactor ANOVA, considering sample formulation and concentration as 

fixed factors, and the viability % as dependent variables. The differences between groups 
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were analyzed with the posthoc LSD's test for multiple comparisons. Unless differently 

specified, data are expressed as mean ± standard deviation. The statistical significance was 

fixed at p < 0.05. For chick embryo chorioallantoic membrane (CAM) assay: data from 

different experimental groups were compared by one-way analysis of variance (ANOVA) 

with p < 0.05 at 99% level of confidence (GraphPad Prism v. 4.00 GraphPad Software, Inc., 

San Diego, CA). Bonferroni post-tests were used for post hoc contrast. 
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3. Result and discussion 

3.1. PolyHIPEs preparation and characterization 

Here, we set up the preparation of new materials based on polyacrylate/polyacrylate-PEG 

produced by the high internal phase emulsion technique to provide materials with a suitable 

internal structure to be exploited for biomedical applications. In particular, the new materials 

are intended to be applied to the skin as wound dressings and/or for the controlled release 

of hydrophobic active principles. The essentially hydrophobic nature of the polyacrylate 

network was tailored by using a bifunctional crosslinker instead of a trifunctional one (to 

soften the network increasing its flexibility) and/or by introducing into the network hydrophilic 

portions of PEG monoacrylate (to make a more hydrophilic network so increasing the 

amount of incoming water). With these premises, we stabilized an 80% v/v water phase into 

20% v/v of oil phase (monomers and surfactant) getting a W/O emulsion by using a low HLB 

surfactant chemically belonging to PEO-PPO-PEO family [poly(ethylene oxide)-

poly(propylene oxide)-poly(ethylene oxide)], see Table 3-1 for samples composition. These 

surfactants, commercially known as, e.g., Symperonic® are biocompatible and miscible with 

the oil (monomers) phase. A so structured emulsion falls within the category of high internal 

phase emulsions (HIPEs) which we previously explored to produce materials for different 

biomedical applications28, 35. In the present study, we are substantially modifying the 

chemical composition of the previously prepared polyHIPEs by using a bifunctional 

crosslinker to improve the materials flexibility and PEG chains to increase the hydrophilicity 

of the butyl acrylate-based materials. An example of a bent polyHIPE obtained by using the 

bifunctional crosslinker HDMA is shown in Fig. 3-3. Please note that this sample was swollen 

in THF before bending, in the same conditions the polyHIPEs obtained by the tri-functional 

crosslinker broke after approximately 50° bending. 
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Figure 3-25: Images showing the flexibility of a representative polyHIPE sample (3.11) obtained the bifunctional 
crosslinker HDMA (this sample was preventively swelled in THF). 

As the first set of experiments, we allowed the HIPEs emulsion to polymerize by casting 

them on surfaces made from different materials. It was aimed at evaluating the influence of 

the casting surface on properties such as swelling or weight loss of the polymerized 

emulsions. We used glass, plexiglass (polyacrylate) or Teflon as the casting bases. The 

rationale for this choice arises from the different wettability of the emulsion with regard to 

the casting base other than they are widely used as building materials for e.g. tubes, plates, 

supports of industrial interest. The contact angle between the emulsion and the surfaces 

was not evaluated because the emulsion is cream-like so the measurement would not be 

accurate. Thus, we assumed that the surfaces had comparable roughness. In this way, we 

thought that the different affinity (in terms of hydrophobic interactions) between the HIPE 

and the surfaces could lead to unpredictable size pore formation at the interface 

emulsion/surface depending on their affinity. This would affect the water uptake, by increase 

or reduction of the polyHIPEs pore size or, for the same reason, the weight loss. In Table 3-

2 are summarized the main results obtained from this study. These results clearly indicate 

that there are no significant differences in terms of SW or WL between materials obtained 

by casting and polymerizing them on different surfaces. Only for samples 3.2, 3.8 and 3.16, 

it looks like the SWaq is increasing in the order Plexiglas > Glass > Teflon but, in general, 

considering the experimental error, the values can be considered aligned. It would predict 

the obtainment of polyHIPEs with similar structure independently from the material used for 

the emulsion deposition. On the other side, samples 3.12, 3.14 and 3.16 showed low SW 

values in both water and THF. This behavior could not be simply explained by linking it to 

the composition, thus further studies were carried out. 
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Table 3-13: Weight loss (WL) and swelling (SW) in water (aq) or tetrahydrofuran (THF) of HIPE samples cast on Teflon 

(A), Glass (B) or Plexiglass (C). All samples were tested in triplicate. Mean ± SD 

Sample Surface 
material 

WLaq SWaq WLTHF SWTHF 

3.2 A 10.10 ± 0.98 1.69 ± 0,03 6.60 ± 0.28 2.35 ± 0.05 

B 7.29 ± 0.11 2.22 ± 0.14 2.90 ± 0.62 3.93 ± 0.12 

C 6.01 ± 0.56 3.05 ± 0.03 6.01 ± 0.56 4.03 ± 0.69 

3.5 A 6.04 ± 0.53 3.10 ± 0.28 4.66 ± 0.36 5.26 ± 0.20 

B 15.72 ± 2.75 2.53 ± 0.25 8.54 ± 1.08 3.91 ± 0.20 

C 1.54 ± 0.30 3.27 ± 0.07 6.25 ± 1.31 5.18 ± 0.34 

3.7 A 5.83 ± 1.51 0.98 ± 0.27 8.08 ± 1.57 6.24 ± 0.45 

B 8.37 ± 0,05 3.77 ± 1.55 4,17 ± 1,41 7,35 ± 0,01 

C 2.03 ± 0.85 1.73 ± 0.06 1.48 ± 0.59 7.30 ± 0.12 

3.8 A 1.74 ± 0.32 0.57 ± 0.15 1.16 ± 0.19 5.23 ± 0.38 

B 1.33 ± 0.41 1.26 ± 0.40 1.52 ± 0.72 5.71 ± 0.11 

C 2.46 ± 0.15 1.45 ± 0.24 1.68 ± 0.87 4.71 ± 0.33 

3.11 A 7.62 ± 0.52 2.73 ± 0.08 5.92 ± 0.09 9.13 ± 0.02 

B 1.61 ± 0.77 4.67 ± 0.01 3.15 ± 0.20 9.04 ± 0.15 

C 2.97 ± 1.87 1.84 ± 0.88 5.09 ± 0.24 8.95 ± 0.56 

3.12 A 3.84 ± 0.58 1.20 ± 0.09 2.12 ± 0.88 1.08 ± 0.36 

B 2.77 ± 0.54 0.29 ± 0.03 2.66 ± 0.29 0.38 ± 0.02 

C 1.48 ± 0.01 1.04 ± 0.04 1.00 ± 0.34 1.73 ± 0.24 

3.14 A 3.50 ± 0.30 0.39 ± 0.04 0.55 ± 0.15 1.81 ± 0.67 

B 5.22 ± 0.01 0.71 ± 0.04 4.02 ± 0.06 0.80 ± 0.01 

C 6.10 ± 0.79 0.68 ± 0.02 6.07 ± 0.79 0.96 ± 0.08 

3.16 A 1.06 ± 0,31 1.4 ± 0.07 2.54 ± 0.35 1.41 ± 0.11 

B 9.06 ± 3,21 1.58 ± 0.11 3.90 ± 1.44 1.01 ± 0.09 

C 6.29 ± 0.79 2.29 ± 0.27 2.79 ± 1.34 1.86 ± 0.14 

 

We focused our attention on the SEM characterization of the polyHIPEs obtained on Teflon 

because it is the less chemically reactive support among the tested and gave materials 

macroscopically well-formed. 
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Figure 3-26: SEM pictures of representative polyHIPEs samples 

From the SEM studies, Fig. 3-4, what mostly affects the polyHIPEs internal morphology 

seems to be the presence or not of PEGMA. In particular, sample 3.11 does not contain any 

PEG and, apart from the void dimensions, also the throats (the holes inside the voids), look 

larger and more numerous than in the other samples. The sample 3.16 has the same 

composition than 3.11 plus PEGMA and shows more collapsed voids with smaller and less 

numerous throats. The main polyHIPE structure is still maintained. Samples 3.8 and 3.12 

have the same monomers composition but different amounts in PEGMA, being 0.75 mL in 

3.8 and 1.0 mL in 3.12. The higher amount of PEGMA leads to a more collapsed structure 

(3.12). Even more evident is the morphologic difference between samples 3.7 and 3.8, the 

only difference is that 3.8 has PEG while 3.7 not. It is also to be noted that the kind of used 

crosslinker had a marked effect on the structure, in fact, samples 3.2 and 3.5 (see Fig. 3-5 

for sample 3.5), both containing PEGMA, respectively 0.75 mL and 1.0 mL, but from the 

trifunctional crosslinker do not show any particular collapse due to the PEG presence even 

if the throats resulted less numerous and smaller than the counterpart 3.7 without PEG. It 

could be supposed that the tri-arm crosslinker, such as TMPT, can lead to void walls more 

structured than those formed by using the bifunctional crosslinker HDMA. This would in part 

compensate for the softening action of PEG. To further corroborate this assumption, 

PEGMA amount was reduced from 1 mL in sample 3.12 to 0.75 mL in sample 3.8 (both 

crosslinked with HDMA); this led to a more coherent structure similar to the samples 3.2 and 

3.5 both crosslinked with TMPT. In conclusion, PEGMA has an evident effect on the  

 

https://www.sciencedirect.com/science/article/pii/S092849311931344X#f0015
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Figure3- 27: SEM pictures of sample 3.5. 

 

polyHIPEs internal structure; the actual amount in the monomers' composition allows 

precise control of the internal structure.  

3.2. Drug loading and release 

One of the main aims of this study was to evaluate these materials as drug delivery system 

for the controlled topical delivery of bioactive molecules. In this context, we selected 

curcumin as a model active molecule with numerous applications, i.e., in wound healing, 

cancer treatment, and anti-inflammatory activity39. Curcumin is a highly hydrophobic drug 

as several molecules of pharmaceutical interest are, such as steroidal drugs and different 

antibiotics. Curcumin would benefit from its loading into a partially hydrophobic matrix 

because it should spread inside the material and would be released when in sink conditions. 

To perform the release studies, curcumin has been loaded into the polyHIPEs by solvent 

(THF) soaking thus, the whole amount of loaded CUR was found into the material and was 

for all the samples 5% w/w. THF was chosen because of its affinity toward polyacrylates, its 

simple removal, and low toxicity if compared to other volatile solvents such as chlorinated. 

The results from drug release studies are shown in Fig. 3-6. From a first view, the release 

curves are split into two main groups. The first group formed by most of the samples, namely 

3.2, 3.5, 3.7, 3.8 and 3.11, shows a complete (100%) release in the 100–140 h time range 

(sample 3.7 reached 100% release in 140 h). The release rate shows a moderate burst effect 

at the beginning of the experiment (mostly due to the drug adsorbed on the matrix surface) 

and an almost constant release rate up to the complete release. The second group of curves, 
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comprised samples 3.12, 3.14 and 3.16, does not show a complete release if not a 

remarkable burst effect in the first hours of the experiment. 

 

Figure 3-28: Curcumin release studies from the prepared polyHIPEs, CUR dissolution curve indicates that sink 
conditions are maintained along with the experiment. All the samples had the same drug loading (5% w/w). 

 

Now it is possible to link together the results from swelling, SEM and drug release studies. 

In particular, samples 3.12, 3.14 and 3.16 are those for which the main behaviors are 

affected by the presence of PEGMA in the water phase and, even, by its amount. Introducing 

1 mL of PEGMA in the composition led to i) low swelling in water and THF ii) a void structure 

with small or no throats iii) reduced drug release. As known, both concentration and Mw 

(that here was maintained constant) of PEG could affect the main behavior of an emulsion. 

In particular, Papouts and co-workers found that: “For molecular weights below Mw 1000, 

the polymer serves to modify the water-oil interface with an increase in electrical 

conductivity. With large chains comparable to the droplet size or larger, the structure of the 

microemulsion is altered.”40, in our study we used a PEGMA with an Mw of 2000 Da. It could 

be supposed that the PEG, above an established concentration, affected the emulsion 

formation or stability in a way that does not allow the throat formation upon polymerization 

or reduced it in a significant manner. On the other side, since PEGMA enters the polyHIPE 

composition (being a methacrylate), it could change the monomer film microenvironment not 

allowing the polymeric film contraction (due to PEG softening behaviors) that is necessary 
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for throat formation. In fact, in literature, it is reported that throat formation is due to volume 

contraction during the conversion of monomers to polymer41. These assumptions could well 

explain the structure we found from SEM which shown closed or almost closed throats within 

the voids of samples 3.12, 3.14 and 3.16. It would also explain the low swelling and 

incomplete drug release. 

3.3. Mechanical testing on polyHIPE materials 

Tensile and compression tests were performed on specimens of selected polyHIPEs 

samples in order to investigate the impact of the material composition on mechanical 

properties. The selection was accomplished to investigate samples with the bifunctional 

crosslinker or with the tri-arm crosslinker as well as samples with or without PEG. In 

particular, four material compositions were selected, namely 3.2 (not tested for tensile test) 

and 3.5 (tri-arm crosslinker/PEG), 3.7 (bifunctional crosslinker) and 3.8 (bifunctional 

crosslinker/PEG). Results are summarized in Table 3-3 for tensile and compression tests, 

respectively. Reported moduli, strength and strain data are the corresponding average 

values among successful tests. 

Table 3-14: Tensile and compression tests on selected polyHIPEs 

Sample 

Tensile 

modulus 

[MPa] 

Tensile 

strength 

[MPa] 

Deformation 

at break [%] 

Compressive 

modulus 

[MPa] 

Compressive 

strength 

[MPa] 

Crush 

strength 

[MPa] 

3.2 15.2 ± 3.8 0.49 ± 0.12 6.08 ± 1.2 4.69 ± 0.31 0.40 ± 0.04 58.8 ± 22.4 

3.5 - - - 2.88 ± 0.18 0.33 ± 0.04 33.1 ± 0.1 

3.7 42.0 ± 0.4 0.87 ± 0.13 6.09 ± 1.7 4.82 ± 1.37 0.41 ± 0.10 41.25 ± 16.2 

3.8 16.5 ± 4.5 0.91 ± 0.14 19.50 ± 0.9 2.00 ± 0.33 0.24 ± 0.02 56.15 ± 9.5 

 

On one hand, our results evidence that in tension the considered polyHIPE samples have 

the typical behavior of a brittle material, i.e., specimens break without a significant 

deformation (see Fig. 3-7). In particular, the tensile modulus is lower in samples containing 

PEG (i.e., 3.5, and 3.8) than in the one without PEG (3.7). Accordingly, we can say that the 

presence of PEG in the material composition reduces significantly the stiffness of the 

considered polyHIPEs. Then, the presence of PEG seems to affect the deformation at the 

break of samples. For example, considering samples with bifunctional crosslinker, the 

deformation at break is higher for the sample containing PEG (3.8) than for the sample 

without PEG (3.7) suggesting that the presence of PEG makes the polyHIPEs more 

deformable.  
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Figure 3-29: Representative tensile test curves for polyHIPE samples. 

 

Figure 3-30: Representative compression test curves for polyHIPE samples 
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On the contrary, the presence of PEG has no influence on the ultimate tensile strength as 

shown by the similar values obtained for samples 3.8 and 3.7. Finally, the kind of used 

crosslinker seems to affect the material tensile strength as suggested by the lower value 

obtained for the sample 3.5 containing tri-arm crosslinker rather than bifunctional 

crosslinker. On the other hand, our results evidence, in compression, a softer behavior. The 

typical stress-strain plot has three regions, namely, initial linear region, plateau region, and 

bulk compression region (see Fig. 3-8). Again, our results evidence that polyHIPE 

compressive properties are strongly affected by the presence of PEG. For example, with 

respect to bifunctional crosslinker samples (i.e., 3.7 and 3.8), the compressive modulus is 

lower for the sample containing PEG (3.8) than for the sample without PEG (3.7). On the 

contrary, reducing the amount of PEG in tri-arm crosslinker samples (i.e., 1.00 mL for sample 

3.2 vs 0.75 mL for sample 3.5) a strong reduction of the compressive modulus is observed 

(see Table 3-3). Although the presence of PEG has an effect in reducing the compressive 

modulus at a parity of crosslinker, such a difference is not remarkable as for tensile tests. 

Finally, it is worth noting that, samples 3.2 and 3.5 partially recover the compressive 

deformation when compressive plates are moved after the end of the test (see Fig. 3-9). On 

the contrary, samples 3.7 and 3.8 remain crushed, respectively. 

 

Figure 3-31: Representative samples 3.7 and 3.2 before (upper images) and after (lower images) the compression test. 
To be noted the partial recovery of the initial shape by the sample 3.2 
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Some works on mechanical characterizations of acrylate-based polyHIPEs are available in 

the literature. For example, Jerenc et al. prepared polyHIPEs from monomers such as 

glycidyl methacrylate (GMA), ethylene glycol dimethacrylate (EGDMA) and 2-ethylhexyl 

acrylate (EHA). Depending on the relative amount of the monomers, they found different 

mechanical behaviors either in elongation or compression42. In particular, they noted 

differences in dependence of the EHA amount since by increasing its amount to 5% w/w the 

tensile modulus, as well as the compressive modulus, are reduced accounting this effect to 

an increased free volume as a consequence of EHA introduction in the composition. In the 

evaluation of mechanical characteristics of polyHIPEs, even the internal morphology must 

be taken into account as evidenced by the previous study and by other authors after filling 

different polyHIPEs with hydroxyapatite43. Both the cited papers link the varied mechanical 

behaviors of polyHIPEs with their porosity but also with their morphology that, as shown 

in Fig. 3-4, may change greatly depending on the composition. The dependence of tensile 

properties on the kind of crosslinker was explored by Caldwell et al. in 201244. They used 

as crosslinkers the trimethylolpropane triacrylate (TMPTA, the same tri-arm crosslinker we 

are using in our study) and the dipentaerythritol penta/hexa-acrylate (DPEHA). From the 

tensile test studies, they found that the polyHIPEs obtained with the DPEHA were stiffer 

than those from TMPTA, so confirming our findings44. This is obviously due to the higher 

crosslinking density gained by using multi-arm crosslinkers that confers higher stiffness at 

the final material. Returning to our results, while tensile tests indicated that the polyHIPE 

samples we tested resulted in tendentially brittle materials, the compression data pointed on 

materials with a certain softness. It looks contradictory but, as mentioned before, the internal 

structure of the polyHIPE must be accounted as one of the major contributors to the final 

mechanical properties as well as the chemical composition. If we think at the polyHIPEs 

internal structure, we might think at a deflated ball which thickness of the walls can still 

sustain the main structure. Thus, if the hypothetical ball (the voids in the polyHIPE) is 

stretched, then it will break upon elongation involving the contiguous voids that will break 

consequently. When compressed, the walls of the voids will bend in the direction of the 

applied force and their flexibility will allow some recovery of the original shape. 

3.4. Cytocompatibility studies on fibroblasts 

Cytotoxicity test on fibroblasts showed a certain variability among the samples, Fig. 3-10. 

The highest viability values were found for samples 3.7, 3.14, 3.15 or 3.16. The last three 

samples were formed in the presence of PEGMA and by using the bifunctional crosslinker 
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but it is also true that samples 3.14 and 3.16 showed a not complete drug release probably 

related to their internal structure. No significant difference was found among these samples 

when the experiment was performed as a direct or indirect test at 2 or 4 mg/mL. The two 

samples crosslinked with the trifunctional reagent, 3.2 and 3.5, showed the lowest cell 

viability, being the direct method results worse than those from the indirect method. For 

these two samples also the sample concentration played an important role. In particular, 

sample 3.5 showed viability lower than 40% in the direct method at 4 mg/mL. Interestingly, 

sample 3.10 that is similar in composition to samples 3.15 and 3.16, resulted in cell viability 

close to 60%. While sample 3.11 shown high cell viability in the indirect method and still high 

cell viability for the direct method at 2 mg/mL. This sample does not show the PEGMA in its 

composition. In literature, there are not many examples of cell compatibility studies of 

polyHIPE materials on selected cell lines. One recent paper shows the cell viability of HeLa 

cells upon incubation with a medium conditioned with the poyHIPE material (indirect 

method) developed in the study. The authors stated that “…the polyHIPE leachates had a 

limited impact on the viability of the cells; each composition remained greater than 70% 

viable and were therefore considered non-toxic”37. Their finding perfectly fits with our results 

obtained from the indirect method. The only difference between the two studies is that we 

performed the test on human fibroblasts primary cells (healthy cells) while the authors of the 

referenced paper used immortalized tumor cells. 

3.5. Angiogenesis studies by the in vivo chick embryo CAM assay 

As another biological characterization, we performed angiogenesis studies by the in vivo 

chick embryo CAM assay. This is a well-established method to evaluate the pro or anti-

angiogenic the potential of various substances, both in solution or solid form through their 

direct application to the CAM surface. Since chick embryo at the time of the experiment does 

not possess a yet developed immune system it is not subject to immune response. On the 

other side, if a well known angiogenic growth factor such as VEGF soaked in a gelatin 

sponge and applied on the CAM surface, four days after the application, numerous new-

formed blood vessels converge toward the sponge, confirming the pro-angiogenic activity of 

the molecule. On the contrary, when an anti-angiogenic molecule is applied the pre-formed 

blood vessels around the substance will disappear. From Fig. 3-11, it is clear that the applied 

materials do not have any detectable activity on the CAM vessels, neither pro-angiogenic 

nor anti-angiogenic. 



Chapter 3 – Biomedical Applications 

110 
 

 

Figure 3-32: Fibroblasts viability for the prepared polyHIPEs by direct contact of the materials with the cells (direct 
method) or by conditioning the culture medium  with the materials (indirect method), at two different concentrations 2 or 4 

mg/ml  

 

 

Figure 3-33: Samples 3.7 (A) or 3.11 (B), and VEGF (positive control) (C) tested by CAM assay 
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Thus, considering an angiogenic point of view, these materials can be considered inert, as 

the number of blood vessels around the samples is significantly less numerous as compared 

to the positive control. Considering that the prepared materials are thought for the dermal 

delivery of hydrophobic drugs it would be a great advantage applying on the skin a material 

that does not show any kind of angiogenic activity. If a particular angiogenic activity would 

be required by a specific application, a growth factor or, on the contrary, an anti-angiogenic 

substance could be added to the final formulation. As conclusive remarks, based on the 

collected data, we can assume that PEGMA has an important effect on the emulsion stability 

and in the monomer film contraction during polymerization. It leads to pore interconnections 

less numerous and smaller with respect to the samples without PEGMA. Probably, the 

softening effect of PEG on the main structure also induced some collapsing of the structure 

itself. The samples 3.7 and 3.11, both obtained from the bifunctional crosslinker, exhibited 

a controlled release of curcumin up to 5 days and remarkable cell compatibility. 
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4. Conclusions 

Due to the growing interest in porous materials formed by the polyHIPE technique, this paper 

focuses on the specific use of these materials for drug delivery applications. At the best of 

our knowledge, this is among the first examples in literature in which a polyHIPE based 

biomaterial is used as a DDS. The most engineering aspects are being assessed, such as 

the obtainment of materials with well-reproducible thickness, shape and actual dimensions. 

In fact, the prepared samples showed tailorable features in terms of drug release depending 

on the internal structure. The possibility to easily sterilize these materials by thermal 

treatments, the good cytocompatibility and the results obtained from the in vivo chick embryo 

CAM assay showing that the prepared polyHIPEs are neither pro nor anti-angiogenic are 

fundamental to think at a direct application on wounded tissues after, e.g., the loading of 

antimicrobial drugs and biological molecules such as growth factors. 
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In this project, the development of a versatile and adjustable acrylate-based polymeric 

structure has been described. The synthesis of polymeric materials was carried out by using 

water-in-oil high internal phase emulsions as a template for the macroporous structure. In 

order to obtain biocompatible materials, we selected acrylate monomers. Therefore, we 

selected butyl acrylate as the backbone monomer, glycidyl methacrylate as the functional 

monomer and trimethylolpropane triacrylate as the crosslinker agent. During the first year of 

the Ph.D. project, the synthetic procedure was established, and validation of this protocol 

was provided by the application of a Design of Experiment approach. Indeed, materials 

features (namely swelling in water and THF, mass loss in water and THF, throats and voids 

diameter) were modeled using D-optimal mixture design. Therefore, a correlation between 

the applied synthetic conditions and final properties was demonstrated. After the evaluation 

of acrylate-based polyHIPE materials to be used for the binding of enzymes in an active 

form (we used HRP as a model enzyme) and successfully applied under flow conditions, the 

second year of this project was focused on the development of suitable supports for the 

production of in-flow bioreactors. Therefore, a polymeric LC-stationary phase was 

synthesized by developing a polyHIPE-based monolithic column. Then, a suitable 

macromolecule of pharmaceutical interest was selected to be immobilized into the 

developed polyHIPE column. In this context, the research group of Pharmaceutical Analysis 

Laboratory (PAL) of the University of Pavia was involved in a Cariplo Foundation project, 

called “Bioflow” aimed at the development of bioreactors for the in-flow biocatalyzed 

synthesis of APIs. Therefore, ATA-117, an (R)-selective ω-transaminase was selected. The 

so obtained bioreactor was applied for the in-flow synthesis of phenylpropanolamine as a 

pharmaceutical interest building block, i.e. 1-methyl-3-phenylpropylamine (MPPA). MPPA is 

an intermediate for the production of dilevalol, the (R, R)-isomer of labetalol, an already 

commercially available antihypertensive drug. Another important aim of this project was the 

evaluation of the potentialities of acrylate-based polyHIPEs to be used in biomedical 

applications. For this purpose, some modifications of starting HIPE compositions were 

considered and polymeric materials in flatforms were produced. In particular, the effect of 

PEG methacrylate on the main properties of the final polyHIPEs was investigated. 

Therefore, one of the main aims of the third year was the preparation of polyacrylate based 

biomaterials as drug delivery systems by using polyHIPE technology. The obtained 

polyHIPE materials showed tailorable curcumin (selected as a model of hydrophobic drugs) 

drug release and cell compatibility (evaluated on human fibroblasts). Based on these results, 
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the developed polyHIPEs could be proposed as devices for future production of drug 

delivery systems.  

In conclusion, we demonstrated that polyHIPE technology is a valuable technique for the 

production of porous polymers showing a well-defined and hierarchical network of pores. 

The potential of these polymeric materials was explored in different fields leading to the 

synthesis of valuable solid supports. Indeed, it was possible to produce:  

1. Laboratory-scale transaminase-IMER for the synthesis of chiral amines as building 

blocks of pharmaceutical interest by using a polyHIPE-based monolithic column. 

Moreover, by the exploitation of the ease of curing polyHIPEs in different shapes and 

dimensions, these materials seem to be appealing even for a scale-up of the 

biocatalytic process. 

2. Biocompatible polyHIPE-based scaffolds for hydrophobic bioactive molecules 

loading and their release in an aqueous medium in order to provide controlled local 

drug delivery systems using curcumin as a model lipophilic molecule. 

 

We also highlighted the extreme versatility of this kind of material. Indeed, by little 

modifications of the starting emulsion compositions, we were able to produce polyHIPEs in 

different shapes and showing easily tailorable properties. The results obtained and reported 

in this work are paving the way for future studies aimed at the development of high 

performance, active and smart materials. Indeed, we demonstrated that polyHIPE 

technology is an efficient method for the synthesis of polyacrylate-based supports to be 

exploited in several application fields including pharmaceutical, biomedical and many 

others.  

 

 


