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Abstract: Poly (2-hydroxyethyl methacrylate) PHEMA monolithic cryogels were synthesized by free radical polymerization 

at -12°C for 18 hours and produced spongy, elastic and macroporous gel matrix. Scanning Electron Microscopy (SEM) 

measured structural properties of PHEMA monolithic cryogel matrix to visualize pore morphology. Mechanical properties of 

PHEMA monolithic cryogel such as storage modulus, compressive modulus, and creep test were measured with Dynamic 

mechanical analyzer (DMA). The PHEMA monolithic cryogel matrix shows ~ 97% recovery after 70% compression of 

cryogel and has a compressive modulus of 1.8kPa to 8.5kPa. 
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1. Introduction 

Cryogels are macroporous polymeric materials that can be 

synthesized by free radical polymerization. Briefly, free 

radical polymerization is controlled by the composition of 

initiating system in the reaction mixture. Concentrations of 

the initiator ammonium persulphate (APS) and activator N, 

N, N, N-tetramethylethylenediamine (TEMED) has a major 

impact on the polymerization rate as well as on molecular 

weight of the resulting polymers. These processes take place 

at sub-zero temperatures [1]. The solvent (water) is frozen 

while the dissolved chemicals (monomers, cross-linkers and 

initiators/activator system) are concentrated in small non-

frozen regions, referred to as ‘non-frozen liquid micro phase’ 

where polymerization occurs. Formation of the gel occurs in 

the liquid phase and the ice crystals of frozen solvent serve 

as pore agent. After melting the ice crystals, the shape and 

size of the ice crystals determine the shape and size of the 

pores formed, hence a system of large interconnected pores 

is formed [2]. Macroporous monolithic cryogels with large 

interconnected pore size range between 10 µm and 200 µm 

are heterophase systems where solvent (water) is present 

both inside interconnected pores and bound to the polymer 

network [3-5]. 

Poly (2-hydroxyethyl methacrylate) (PHEMA) is a well 

studied polymer widely used for many biomedical 

applications, ranging from production of contact lenses [6] 

and wound dressing [7] to controlled release and drug 

delivery devices [8] as well as for the development of blood 

compatible surfaces [9]. 

Presently, there is a rising interest in macroporous polymer 

cryogels due to their distinctive various open porous 

structures, which considerably increases their equilibrium 

sorption properties and allows unrestricted diffusion of 

solutes, nano – and even microparticles [10-12]. 

Macroporous cryogels have previously been used for 

biomedical applications and protein purification [3, 13-17]. 

Cryogels have a unique combination of properties such as 

interconnected pores of 10 – 200 µm size, porosity 

exceeding 90%, high mechanical and chemical stability, 

elasticity and sponginess, drying and rehydrating without 

impairing pore structures [1, 18]. 

Mechanical properties of polymeric materials which are 

the strength of today’s drug delivery and biomedical devices 

[19] is of particular importance as these have been shown to 
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directly affect clinical efficacy [20]. Therefore the successful 

development of such products requires extensive 

characterization and also comprehensive understanding of 

the polymeric material. These properties may be understood 

using a range of techniques including tensile analysis, 

thermomechanical analysis, thermodilatometry and the 

dynamic mechanical analyzer (DMA). These techniques 

used to measure the mechanical properties of polymeric 

materials involve application of an external force whilst 

measuring the resulting deformation of the material. 

DMA is the most easily accessible, providing a rapid and 

non-destructive way of quantifying the 

rheological/mechanical properties of polymers. The 

application of DMA for drug delivery and biomedical 

devices characterization has gained increased attention over 

the last decade. Comprehensive mathematical theories of the 

dynamic mechanical analyzer have been previously 

described [21-23]. The dynamic mechanical analyzer is an 

analytical technique in which oscillatory stress (the force per 

unit area (in Pascals, Pa) required to deform the sample) is 

applied to the sample and the resultant strain (the amount by 

which the sample is deformed) selected from within the 

linear viscoelastic region and the result is determined as a 

function of both temperature and frequency [23]. Dynamic 

mechanical methods characterize the viscoelastic properties 

(simultaneous existence of viscous ‘fluid’ and elastic ‘solid’ 

properties in all materials) [24], such as storage and loss 

modulus (the resistance of a material to deformation, in Pa) 

[21]. Viscoelastic systems after application of a constant 

stress, generally do not maintain constant deformation, but 

continue to deform as a function of time. [21, 22, 25]. This 

occurrence is referred to as creep. In flow process, 

viscoelastic liquid could store some of the applied energy 

and use this energy to partially recover from the stress-

induced deformation. Hooke’s law states that the ratio of 

stress (σ) to strain (γ) in an elastic material is constant, 

within a specific elastic limit. The constant of proportionality 

is defined as Young’s modulus (Ε), which is calculated by 

equation 
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The behavior of elastic solids may be represented using an 

extendable spring whereby the load applied to the spring 

represents the stress and the extension represents the strain. 

The load applied to the spring is directly proportional to the 

extension, which in the case of elastic solid is instantaneous; 

and time independent. On the removal of the load, the stored 

elastic energy is used to return the spring to its original 

position; this response is also instantaneous [26]. Deviations 

from ideal elastic behaviour occur whenever the elastic limit 

is exceeded [24]. 2-hydroxyethyl methacrylate (HEMA) was 

chosen in this study as the basic component because of its 

chemical and biological stability and biocompatibility [27]. 

The dynamic mechanical analyzer determined mechanical 

properties of epoxy monolithic PHEMA cryogel. The 

objective of this study is to help improve understanding on 

the mechanical properties of poly (2-hydoxylethyl 

methacrylate) macroporous cryogels. The dynamic 

mechanical analysis for compressive modulus, creep test and 

cyclic compression analyzer has been demonstrated for the 

first time to be useful in the evaluation of the elastic and 

spongy-like properties of macroporous polymeric cryogels. 

Thus, the data produced in this report can provide a 

technological platform for development and/or use of HEMA 

macroporous monolithic cryogel as a potential matrix for cell 

separation and bio-separation in an extracorporeal apheresis 

system. 

2. Materials and Methods 

2- hydroxyethyl methacrylate, (HEMA 98%, stabilized), 

allyl glycidyl ether (AGE 99%), and N, N-methylene 

bisacrylamide, (MBAA 96%) were purchased from Acros 

Organics UK. N, N, N’, N’–tetramethyethylenediamine 

electrophoresis grade (TEMED 97% Fisher Bio reagents) 

and ammonium persulfate (APS) were purchased from 

Fisher Scientific UK. 

Dimethyl sulfoxide K 402 70531 933 and Fluorescein 

5(6)-isothio-cyanate, mixed isomers (FITC 90%) from 

Sigma, conical flasks, vacuum pump, eppendorf tubes and 

glass columns were used. Confocal laser scanning 

microscope (Zeiss LSM410), cryobath (Julabo Ltd UK), 

scanning electron microscope (JOEL JSM -5600LV), 

Dynamic mechanical analyzer DMA 2980 by TA Instruments, 

Inc. (USA), Sample clamp: Compression plates (15 mm 

diameter) and Image J software were used. 

2.1. Cryogel Synthesis 

An epoxy containing PHEMA cryogel was produced from 

monomers of 2-hydroxyethyl methacrylate (HEMA 5.28 ml) 

and allyl glycidyl ether (AGE 1.08 ml), N, N
’
- 

methylenebisacrylamide (MBAAm 1.342 g) was used as a 

cross linker. These were dissolved in deionized water 92.2ml 

(final concentration of monomers 8 % w/v), monomers ratio 

to MBAAm 6:1. The resulting solutions were degassed for 

about 20 minutes by using N2 gas or water pipe vacuum. 

Free radical polymerization was initiated by N, N, N, N-

tetramethylethylenediamine (TEMED) and ammonium 

persulfate (APS) pair (1.2 w/w % TEMED and 1.2 w/w % 

APS of the total weight of monomers and MBAA). The 

mixture was then cooled under ice bath for about 30 minutes. 

APS was added to the solution for the onset of reaction. The 

solution (4 ml) was aliquoted into glass columns, and frozen 

at -12°C for 18 hours in a cryobath. The cryogels were 

allowed to thaw at room temperature while still in the glass 

columns before being washed with water; the gel matrix was 

kept in water and stored in the fridge till further use. Using 

the same monomers ratio to MBAA (6:1), five monomer 

concentrations - 6, 8,10,13 and 16 w/v % were used to 

synthesize epoxy PHEMA cryogel samples. 
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Figure 1. Schematic outline of the formation of cryogel and SEM micrograph of the cryogel. 

2.2. Scanning Electron Microscopy (SEM) Preparation 

The cryogel samples were fixed in 2.5% glutaraldehyde 

for 2 hours at room temperature. Then the samples were 

dehydrated in ethanol (0-50-75-99.5%) and air dried 

overnight in the fume cupboard. The dried samples were 

coated with palladium and gold (40/60) and examined 

using a JOEL JSM-5600LV scanning electron microscope. 

2.3. Confocal Laser Scanning Microscopy (CLSM) 

Preparation 

The cryogel was taken out of the column and ~1 mm 

sections were cut from the top, middle and bottom of the 

column. Each slice was stained with FITC (Fluorescein 5(6) 

- isothiocyanate) in 0.02 mg/ml in 0.1 M sodium phosphate 

buffer, pH 7.0 for 48 hours. Non-bound FITC was washed 

out with buffer and cryogel slices were observed under 

confocal laser scanning microscope (CLSM). The 

fluorescent images were obtained using a confocal laser-

scanning microscope, (Zeiss LSM410). A plant-

Apochromat 20x/0.5 objective was used in all experiments. 

All images were taken at 512 X 512 pixels with pixel size 

of 0.999 μm (for x-plane) and 0.98 μm (for z-plane). The 

number of sections was in the range of 54-73. Images 

collected by CLSM were used for the calculation of 

porosity, pore sizes and wall thickness using the software 

image J. 

2.4. Measurement of Mechanical Properties of Cryogel by 

Dynamic Mechanical Analyzer (DMA) 

2.4.1. Measurement of Compressive Modulus of Cryogels 

The compression test on epoxy PHEMA cryogel was 

performed using the uniaxial compression test. The sample 

from top, middle and bottom section of the cryogel column, 

was sliced to approximately 10 mm diameter and 9 mm in 

height and placed on a compression plate as shown in Fig.2, 

then heated to 37° C and kept isothermal. An initial force of 

0.01 N was applied to touch the sample surface and then 

increased gradually to 18 N. The compressive modulus was 

determined as the slope of the stress-strain curve in the 

linear elastic region between 0 – 20% strain. 

 

Figure 2. Slice of cryogel soaked with water on a compression plate. 

2.4.2. Creep Test of Cryogels 

A cryogel slice of approximately 10 mm diameter and 9 

mm height was placed on the compression plate as shown in 

Fig.2. At constant temperature of 37°C and constant load 

(stress) of 0.2 N was applied. The sample was left for 10 

minutes to recover after the release of constant load. The 

recovery strain versus time was measured. 

2.4.3. Measurement of the Strain Percentage Against Time 

with a Constant Stress When the Cryogel is Soaked 

with Water 

The sample was treated as mentioned in 2.4.2, a constant 

load of 0.2 N was applied on the cryogel slice for one minute 

and allowed to rehydrate for two minutes, and the cycle was 

repeated four times. 
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2.4.4. Yield Percentage and Swelling Degree of Cryogels 

Cryogel samples 0.5 ml (n=3) were put in an oven at 60
°
C 

overnight for drying. After drying until constant weight was 

reached, the mass of the dried sample was determined. The 

solid polymer fraction yield was calculated using equation 2. 
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2.4.5. Statistical Analysis 

All statistical analyses were performed by first using 

one-way analysis of variance (ANOVA, minitab version 15). 

Whenever ANOVA indicated the groups significantly 

different, a t-test for independent samples was performed. 

Samples were considered significantly different at P ≤ 0 .05. 

3. Results and Discussions 

3.1. Synthesis of Monolithic Cryogels 

 

Figure 3. Cryogel in glass column after freezing, thawing and washing with 

water. 

A range of continuous monolithic, cryogel columns was 

synthesized by co-polymerization of monomers in the 

frozen state. Fig 1 shows schematically the steps required 

for the formation of a cryogel. Epoxy-PHEMA monolithic 

cryogel synthesis success was very dependent on freezing 

gelation interaction. The most important step during the 

synthesis process was the rapid freezing of the reaction 

mixture; this takes place before the onset of gelation. Gels 

not different from traditional ones (hydrogel) are formed 

when gelation starts before freezing. In order to prevent the 

production of poor quality monolithic macroporous 

cryogels, freezing was facilitated. Both empty glass 

columns and the reaction systems (monomer mixture and 

initiator system) were ice cooled for at least 30 minutes 

before the reaction was initiated. The transfer of the 

reaction mixture into the empty glass columns was done 

rapidly to minimize gelation rate due to high temperatures. 

The cryogelation polymerization reaction began with the 

reaction between the initiator APS and the activator 

TEMED to form free radicals. The free radical initiates the 

reaction of monomers HEMA, MBAAm and AGE (epoxy 

groups enhancer). MBAAm also acts as a cross-linker. Fig. 

3 shows a monolithic cryogel after cryo polymerization in a 

glass column. The percentage recovery of monoliths per 

batch of 20 independent batches for 6%, 8%, 10%, 13% 

and 16% epoxy PHEMA was 97%, 99%, 98%, 96% and 

97%. This proves that the cryogelation process is highly 

reproducible. 

3.2. Physical Properties of Monolithic Cryogels Obtained 

After Cryopolymerization at -12°C 

Epoxy PHEMA cryogel produced were white, opaque, soft 

and spongy cylindrical blocks built up with systems of 

interconnected pore matrix. The monoliths appear relatively 

more opaque as monomer concentration increases in their 

wet state. It was possible to mechanically squeeze out water 

from the monoliths and the monoliths re-swell immediately 

when in contact with water. The spongy–like morphology, 

macropores interconnection and mechanical stability of 

epoxy PHEMA cryogel are typical characteristics of cryogels. 

However, the observed spongy and soft morphology was 

decreasing as monomer concentration increases. This 

probably could be attributed to the formation of thicker 

(denser) walls following increase of polymer content as 

monomer concentration in the reaction system was increased 

[2]. From observation, 16% epoxy PHEMA cryogels 

appeared relatively rigid at their removal from the glass 

columns after thawing. On the other hand, 8% epoxy 

PHEMA cryogels appeared less rigid and softer. In general, 

decreasing the initial monomer concentration below 6% 

would be associated with the production of fragile cryogels 

while increasing the initial monomer concentration above 16% 

could lead to the formation of rigid and less macroporous 

cryogels. 

3.3. Structure of Cryogel Obtained After 

Cryopolymerization at -12° C 

When cryogels are produced, polymerization occurs in 

the non-frozen fluids containing dissolved monomers and 

initiator. The ice crystals formed during freezing works as a 

pore agent. Thus, the shape and size of the ice crystals 

formed determine the shape and size of the pores formed 

after defrosting the sample. The freezing rate is determined 

by the starting temperature, which was 0°C in this situation, 

as all solutions before mixing were kept in an ice bath, and 

the freezing temperature was -12°C. 

In this study, SEM and CLSM were used for pore 

structure analysis. Although SEM operates in dry states, the 

method is still appropriate for the macroporous epoxy 

PHEMA cryogels. As shown from the SEM micrographs 

(Fig: 4), the produced epoxy PHEMA monolithic cryogels 

were porous material of micrometre scale. Observation 

from SEM images (Fig: 4) shows that 8% epoxy PHEMA 

monolithic cryogel has larger pores compared to 10%, 13% 

and 16%. 
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Figure 4. SEM microphotography of (A-D) 8%, 10%, 13% and 16% of epoxy PHEMA cryogels. 

Table 1. Polymerization yield of cryogels. 

Sample Yield percentage in water 

8%w/v HEMA:AGE 72±2.9 

Table 1 presents the result of yield of polymerization of 

8%w/v epoxy PHEMA cryogel. The cryogels were produced 

with high gelation yield of ~72% for cryogel synthesized 

from co- polymerization of 8%w/v HEMA: AGE. 

3.4. Compressive Modulus of Cryogels 

As a result of the presence of large pores surrounded by 

dense polymer-pore walls, epoxy PHEMA cryogels are 

highly elastic and have spongy-like morphology. They can be 

easily compressed. The elastic and compression properties of 

the cryogel were determined by exerting physical stress on 

the gel, which was in turn used to calculate Young’s modulus, 

which is a mathematical description of a substance’s 

tendency to be deformed when force is applied to it. Fig.5 

shows the compressive modulus of each cryogel sample of 

same size as calculated by analysing the stress and strain 

values of each cryogel by the DMA. The compressive 

modulus of epoxy PHEMA cryogel from 6, 8, 10 and 16% is 

approximately 1.8 kPa, 3.4 kPa, 5.1 kPa and 8.5 kPa. These 

data could indicate that an increase in monomer 

concentration results in an increase in both polymer 

concentration in pore walls and the general strength of the 

macroporous gel backbone. Epoxy PHEMA cryogels are 

quite elastic materials with rather low value for the 

compressive modulus equal between 1.8-8.5 kPa. For 

comparison, the compressive modulus of soft tissues in 

human body is about 100-fold higher [28]. It is well 

demonstrated that the stress required for both 6 and 8% 

epoxy PHEMA cryogel to undergo compression is less than 

the stress required for 10 and 16%. This infers that the 6 and 

8% epoxy PHEMA cryogel is more elastic, spongier and soft. 

It was also observed that with the change in total monomer 

concentration from 6 to 16%, the rigidity of cryogels was 

altered as shown in (Fig. 5). As the concentration increases, 

the sponginess and elasticity decrease, which in turn 

decreases compressibility and squeezability of the cryogel. 

The compressive modulus within the three different layers of 

cryogel for all samples from 6 to 16% showed they were 

almost similar within the layers. These results suggest that at 

all layers the gel has equivalent strength to withstand 

compression. 

 

Figure 5. Comparative studies of mechanical strength of epoxy PHEMA. 

There is a significant difference in the compressive modulus when 

comparing 6%, 8%, 10% and 16% PHEMA cryogel with P ≤ 0 .05. (Mean ± 

SD n=6). 

One of the potential applications of these cryogels that 

has been recently established is the detachment of bio 

particles, which are attached/adsorbed to the surface of 

cryogel [29]. This detachment of bio particles is facilitated 

by elastic deformation of cryogels. Thus, it can be said that 

elasticity of cryogel is an important factor for such 

applications. 

3.5. Creep-Recovery Analysis of Cryogels 

A creep recovery test involves the application of a finite 
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stress to a sample whilst recording the strain response as a 

function of time. Following a defined period, the stress is 

removed and the strain recovery is recorded. In particular, 

the creep test provides information on the viscoelastic or 

elastic behaviour of materials. The strain recovery 

percentage of epoxy PHEMA cryogel 8, 10 and 16% after 

compression to 0% for approximately one minute and 

released to recover for about 10 minutes is as shown in 

(Fig.6) 100%, (Fig.7) 97% and (Fig.8) 96%. The decrease in 

strain recovery as the monomer concentration increases 

demonstrates that increase in monomer concentration 

increases the cryogel stiffness, hence less elastic. The creep 

test shows cryogels have a spongy-like structure with most 

of the water located within large macropores. The 

mechanical removal of the water by squeezing the cryogel is 

due to the elasticity property of cryogel. 

 

Figure 6. Creep test of 8% epoxy PHEMA cryogel. 

 

Figure 7. Creep test of 10% epoxy PHEMA cryogel. 
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Figure 8. Creep test of 16% epoxy PHEMA cryogel. 

3.6. Cyclic Compression/Stress-Relaxation Analysis of Cryogels 

 

Figure 9. Cyclic compression of 6% epoxy PHEMA cryogel. 
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Figure 10. Cyclic compression of 8% epoxy PHEMA cryogel. 

 

Figure 11. Cyclic compression of 10% epoxy PHEMA cryogel. 
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Figure 12. Cyclic compression of 16% epoxy PHEMA cryogel.

Creep-recovery and stress-relaxation methods are in 

principle the inverse of one another. During stress-relaxation 

testing, a sample is held at a constant deformation (strain) 

and the force required to maintain this strain is monitored as 

a function of time. Stress relaxation testing has been used 

extensively within the pharmaceutical industry. It has been 

used to probe the internal deformation of compressed 

materials and to gather information on the energy required 

for elastic and viscous deformation and hence to interpret the 

consolidation of different pharmaceutical compacts [30]. 

Macroporous cryogels are highly elastic and have a spongy-

like morphology, they can be easily compressed up to 70% 

of their original size without been destroyed mechanically. 

Epoxy PHEMA cryogels 6,8,10 and16% had approximately 

97% recovery after applying a constant load of 0.2 N for one 

minute and released for two minutes and the cycle was 

repeated four different times. The results prove that cryogels 

did not lose their mechanical structure, as there was less than 

1% difference in the recovery from the first cycle to the fifth 

cycle. However, the increase in monomer concentration 

affected the percentage of compressibility, this could be 

explained by the higher the monomer concentration the 

thicker the polymer walls, the smaller the interconnected 

pores and the more rigid and less elastic the cryogel material. 

Fig.9 shows 6% epoxy PHEMA cryogel was compressed to 

approximately 70%, Fig. 10 shows 8% epoxy PHEMA 

cryogel was compressed to approximately 59%, Fig.11 

shows 10% epoxy PHEMA cryogel was compressed to 

approximately 60% and Fig.12 shows 16% epoxy PHEMA 

cryogel was compressed to approximately 35% after 

applying a constant load of 0.2 N for one minute in a cyclic 

manner. 

The results observed in this study suggest that the 

synthesized epoxy PHEMA cryogels are mechanically stable 

elastic and spongy materials, and monomer concentrations 

affect both physical and mechanical properties of cryogels.  

4. Conclusions 

The cryogelation technique has made it possible to 

produce monolithic materials with unique properties. The 

porosity of monoliths produced can be diverse in nature 

combined with flow through channels to structures with 

uniformly distributed interconnected macropores of (~10 

µm-120 µm) and twisted paths (main characteristics for 

freeze–thawed cryogels prepared via free radical 

polymerization). The cryogelation process was highly 

reproducible with over 90% recovery. Pore size and 

thickness of pore walls in porous epoxy PHEMA cryogels 

are regulated mainly by changing the monomer 

concentration in the reaction mixture. Macroporous cryogels 

produced from epoxy PHEMA using cryogelation have 

proved to be mechanically stable, elastic, and sponge-like 

materials that could undergo up to 70% compression and 

restore their properties (~ 97% strain recovery). HEMA 

cryogels are soft materials and have potential as materials for 

cell separation and bio-separation in extracorporeal apheresis 

systems. These monoliths have an obvious potential as flow-

through filters for different applications in extracorporeal 

apheresis devices. 
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