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Introduction 

Normal synthetic hydrogels are generally isotropic in both 

microstructures and properties. Whereas biological gels, which 

are the main components of animal tissues, usually have 

anisotropic microstructures and properties.1-3 For example, 

jellyfish mesogloea has a well-developed anisotropic 

microstructure, which is consisted of aligned nano-sized 

membranes and nano-fibers connected with them.4, 5 The 

jellyfish mesogloea also exhibits very interesting and unique 

anisotropic swelling properties.4 Anisotropic hydrogels 

especially those with aligned porous structures have drawn 

much attention,6, 7 due to their great potential applications as 

catalyst carriers,8-10 substrates for cell culture,11-13 and 

bioscaffolds.14-16  

 Directional freezing (DF) is a very simple, environmentally 

friendly and cost-effective physical method for fabricating 

inorganic, polymeric materials and polymer composites with 

aligned porous structures.17-23 Several hydrogels have also been 

fabricated with the DF method. Unfortunately, the application 

of DF method in hydrogel preparation is strongly impeded by 

the quite limited number of raw materials, since only those 

polymers which can form strong hydrogen bonding can be used. 

Polyvinyl alcohol (PVA) is the most commonly used synthetic 

polymer.24-26 More commonly employed polymers are natural 

polymers, such as agar,27 agarose,28 chitosan and alginate,29-31 

collagen,32 gelatin,33 proteins,34 etc. The hydrogels made with 

as-prepared or naturally occurring polymers are usually 

unstable at a high temperature due to the breakage of hydrogen 

bonding, unless extra chemical bonding is introduced among 

the polymer chains by further chemical cross-linking reactions. 

 Starting from monomers is a better and more versatile 

choice, since there are many hydrophilic monomers can be used 

for hydrogel preparations and physical/chemical cross-links can 

be introduced during the polymerization process. Therefore, the 

combination of directional freezing and polymerization (DFP) 

in the frozen state provides a method for making gels with 

aligned porous structure. Dogu and Okay prepared butyl rubber 

organogels with aligned macroporous structures by applying 

DFP method.35 Very recently, Zhang’s group36, 37 and Okaji et 

al.38 reported the fabrication of hydrogels with directional 

freezing and photo polymerization method. Our group has also 

reported the fabrication of anisotropic poly(2-hydroxyethyl 

methacrylate) (PHEMA) hydrogels by combining directional 
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freezing method and -rays radiation-induced polymerization 

and crosslinking method (DFRPC)39 or redox polymerization 

method (DFRP).40 These hydrogels have aligned channels in 

the direction parallel to the freezing direction. The anisotropic 

porous structures of the gels impart them with anisotropic 

mechanical properties. The PHEMA hydrogels show high 

tensile and compressive strengths, as well as high fracture 

energies, and the mechanical properties are usually better in the 

direction parallel to the freezing direction.39, 40  

 The hydrogels made with the DFP method usually have 

dense channel walls, as the phase separation during the DF 

process leads to the aggregation of monomer molecules which 

subsequently polymerize at a low temperature to form a dense 

polymer phase. The strong chemical and/or physical 

interactions among the polymer chains lead to the good 

mechanical properties of the hydrogels. However, as the 

disadvantageous side, the dense channel walls lead to poor 

interconnectivity through the micro-tube walls, which are 

unfavourable for the application of gels as a catalyst carrier or a 

bio-scaffold.41 

 Introducing porous structures onto the dense channel walls, 

i.e. forming hierarchical porous structures, might impart the 

hydrogels with more and better functionalities. The 

microstructure of a material prepared with the DF method is 

strongly depended on the phase separation in the freezing 

process.42, 43 Using mixed solvents or monomers with different 

freezing points and solubility may cause different phase 

separation in the freezing process, and hence obtain hydrogels 

with hierarchical porous structures. 

 In this work, we employed directional freezing redox 

polymerization method to prepare hydrogels, using HEMA and 

AAm as the monomers. By varying the molar ratios of HEMA 

to AAm, poly(2-hydroxyethyl methacrylate-co-acrylamide) 

[P(HEMA-co-AAm)] hydrogels with hierarchical porous 

structures and unique water losing/absorbing and mechanical 

properties were obtained. 

Experimental 

Materials 

2-Hydroxyethyl methacrylate (HEMA, 98.0%) was purchased 

from Aladdin Reagent Database Inc. (Shanghai, China), ultra-

pure grade acrylamide (AAm) was from ZhongBei LinGe 

Biotechnology Ltd. (Beijing, China), N, N, N′, N′-

tetramethylethylenediamine (TEMED, 99.0%) was from 

Beijing InnoChem Science & Technology Co. Ltd. (Beijing, 

China), and potassium persulfate (KPS) was purchased from 

Shanghai Chemical Reagent Company (Shanghai, China). 

Deionized water was used for preparations of all aqueous 

solutions. All of these materials were used without future 

purification. 

Hydrogel preparation 

HEMA and AAm monomers were dissolved in water, in which 

the total concentration of the monomers was 3 mol L-1 and the 

molar ratios of HEMA to AAm were 5:1, 2:1, 1:1, 1:2 and 1:5, 

respectively. KPS and TEMED were used as the redox initiator 

system, and the molar ratio of monomer/KPS/TEMED was 

100/1/1. 

 To fabricate the hydrogels, firstly, the solution (without 

redox agent) was injected into a test tube or a tubular mould 

and then was bubbled with nitrogen gas for 5 min in an ice-

water bath. After the addition of initiators, the test tube or the 

tubular mould was placed in directional freezing equipment to 

perform the unidirectional freezing at the freezing rate of 2 mm 

min-1 until the whole solution was frozen. Subsequently, the 

frozen sample was put into a fridge (-20 °C) for 48 h to ensure 

the completion of the redox polymerization. Finally, the sample 

was thawed at room temperature, and then it was washed by 

deionized water to remove the unreacted reactants and the 

oligomers. The hydrogel samples were swollen in deionized 

water to equilibrium swelling for future use. 

Scanning electron microscopy (SEM) investigations 

The P(HEMA-co-AAm) hydrogels were cut into strips and then 

plunged into liquid nitrogen for about 5 min. The frozen strips 

were subsequently freeze-dried in the FD-1B-50 vacuum freeze 

dryer (Beijing Boyikang Laboratory Apparatus Co., Ltd.) for 48 

h until all water was removed. The dried samples were cracked 

in the directions vertical and parallel to freezing direction. After 

being sputter-coated with gold for 15 min, the morphologies of 

these fractured surfaces were observed with a Hitachi S-4800 

cold field emission scanning electron microscope (Tokyo, 

Japan) with an accelerating voltage of 5 kV. 

Water content measurements 

The equilibrium swollen P(HEMA-co-AAm) hydrogels were 

cut into cylindrical shaped specimens and weighed after the 

surface water was removed by wiping with filter paper, then the 

weighed hydrogels were vacuum dried at 60 ºC for 24 h. The 

equilibrium water content is calculated as EWC= (mwet-mdry)/ 

mwet×100%, where mwet and mdry are the masses of the swollen 

specimens and the dried samples, respectively. 

 The P(HEMA-co-AAm) hydrogels lose water under an 

applied stress. To evaluate the change of water content during 

the compression tests, the masses of the specimens before and 

after testing were measured. The squeezed out water content 

was calculated as SWC= (m1-m2)/m1×100%, where m1 and m2 

were the masses of the swollen specimens before and after 

compressed to no more water can be squeezed out.  

Mechanical tests 

Dumbbell shaped gel specimens standardized as DIN-53504 S2 

(overall length: 75 mm; width: 10 mm; inner width: 4 mm, 

gauge length: 20 mm, thickness: 2 mm) for tensile tests were 

cut from swollen P(HEMA-co-AAm) hydrogels in both 

directions parallel and vertical to the freezing direction. For 

compression testing, the hydrogels were cut into cylindrical 

shaped specimens (10 mm in diameter and about 5 mm in 

height). 
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 All the tests were performed by using an Instron 3366 

electronic universal testing machine (Instron Corporation, MA, 

USA). 100 N load cell and 400% min-1 crosshead speed were 

applied for tensile tests, and 10 kN load cell and 25% min-1 

crosshead speed were applied for compression tests, 

respectively. Five specimens per experimental point were tested 

to obtain reliable values. 

 The tensile stress t is calculated as follows: t =Load/tw (t 

and w are the initial thickness and width of the dumbbell 

shaped gel sample, respectively). The tensile strain t is defined 

as the change in the length relative to the gauge length of the 

freestanding specimen. Tensile fracture stress or tensile strength 

(b) is the tensile stress at which the specimen breaks. The 

compressive stress c, is calculated by c =Load/r2, where r is 

the original radius of the specimen. The strain (c) under 

compression is defined as the change in the thickness (h) 

relative to the original thickness (h0) of the freestanding 

specimen. Compressive stress and strain between c =10-30% 

were used to calculate initial elastic modulus (Ec). 

Results and discussion 

Hydrogels were synthesized with a fixed total monomer 

concentration of 3 mol L-1 but varying molar ratios of HEMA 

to AAm. Hereafter, the P(HEMA-co-AAm) hydrogels are 

referred to as Gel-x-y, where x and y express the molar ratios of 

HEMA and AAm, respectively. 

Microstructures 

 
Fig. 1. SEM micrograms of the Gel-1-1 hydrogel fabricated by DFRP in the 

direction parallel (a, b) and vertical (c, d) to the freezing direction. 

The microstructures of the hydrogels were investigated with 

SEM. Generally, the hydrogels show obvious anisotropic 

microstructures. Fig. 1 shows the SEM micrograms of the 

hydrogel synthesized with an equimolar HEMA and AAm 

(Gel-1-1). In the direction parallel to the freezing direction, 

there are very large-area lamellae with some dendrite structures 

on the surface (Fig. 1a), and the lamellae are composed of tiny 

aligned pores with the size of 0.5-3 m (Fig. 1b). In the vertical 

direction, thick lamellae with a thickness of about 20 m are 

found and the lamellae are connected by thin lamellar bridges 

which correspond to the dendrites, the gap between the adjacent 

lamellae is several tens to more than 100 m (Fig. 1c). In 

addition, pores are found on both sides of the lamellae, but they 

are not interconnected (Fig. 1d). 

 The microstructures of the of P(HEMA-co-AAm) hydrogels 

synthesized with different molar ratios of HEMA to AAm are 

shown in Fig. 2. In the parallel direction (Fig. 2a-d), lamellar 

structures can be found in all samples, and with the decrease of 

x/y ratio, the lamellae change from dense to porous. More and 

lager micro-pores appear on the lamellae with the increase of 

AAm molar ratio, and the size of the micro-pores varies from 

1.11 m for Gel-2-1 to 3.89 m for Gel-1-5 (Table S1). In the 

vertical direction (Fig. 2e-h), the thickness of the lamellae 

become larger, and more and larger pores appear on them. 

More importantly, the pores become interconnected for the Gel-

1-2 (Fig. 2g) and Gel-1-5 (Fig. 2h) with higher AAm molar 

ratios. 

 
Fig. 2. SEM micrograms of the P(HEMA-co-AAm) hydrogels synthesized with 

different molar ratios of monomers in the parallel direction (a-d) and vertical 

directions (e-h). (a, e): Gel-5-1, (b, f): Gel-2-1, (c, g): Gel-1-2, and (d, h): Gel-1-5. 

 The P(HEMA-co-AAm) hydrogel have anisotropic 

microstructures. Compare with the microstructure of PHEMA 

hydrogels,39, 40 the introduction of AAm change the dense 

channel walls to lamellae composed of aligned micro-pores. 
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These micro-pores on the lamellae and the macro-pores 

together constitute the hierarchical porous structure. The 

hierarchical porous structures enhance the interconnection of 

adjacent holes, and it will be beneficial to some applications of 

hydrogels, such as catalyst carrier and bio-scaffolds. 

 The phase separation process of ceramic slurry in the 

directional freezing has been studied by Deville et al,42-45 and 

Barrow et al. have also given the similar phase separation 

process in monomer solutions.37-40 We believe that in our 

systems similar phase separation process has occurred. 

According to the microstructure, the formation mechanism of 

the P(HEMA-co-AAm) hydrogel microstructures can be 

considered as follows: during the directional process of HEMA 

and AAm solution, lamellar ice crystals grows unidirectionally 

from the bottom to the top of the solution, and the monomer 

molecules and the initiators are separated and aggregated 

among the gaps between the ice crystals, after polymerization 

and the removal of ice crystals, lamellar structures with macro-

pores in the vertical direction were obtained. As HEMA and 

AAm have big difference in melting point and solubility, phase 

separation may happen between these two monomers. More 

and lager micro-pores are formed on the lamellae with the 

increase of AAm molar ratio. The possible reason is that more 

water is bound to the more hydrophilic AAm, and the freezing 

of bound water occurs at a lower temperature than the free 

water (Fig. S1), leading to a further phase separation and hence 

the formation of the micro-pores on the lamellae. 

Unidirectional diffusion property 

The anisotropic microstructures of the P(HEMA-co-AAm) 

hydrogels lead to their anisotropic properties. The gels exhibit 

large and long channels aligned along the freezing direction. 

The large and long aligned channels provide the path for the 

unidirectional diffusion of solutions. To prove this, we carried 

out the following experiment: an aqueous solution containing 

methyl orange was syringed into a swollen cylindrical hydrogel 

sample along the freezing direction in a short time (< 1 min), 

and then the sample was immediately cut into two parts, we 

found that the reddish orange dye diffused mostly along the 

freezing direction (Fig. 3). 

 
Fig. 3. The diffusion of dye in the equilibrium swollen gels (1 cm thick). (a): Gel-1-

1, and (b): Gel-2-1. 

Water absorbing and losing properties 

The equilibrium swelling water contents (EWCs) and the 

corresponding equilibrium swelling ratios (ESRs) of the as-

prepared P(HEMA-co-AAm) hydrogels are shown in Table 1. 

The EWCs of the gels are generally more than 80%, which is 

higher than that of PHEMA hydrogel (about 75%) reported 

previously,40 and it increases with the molar ratio of AAm to 

HEMA. When the molar ratio of HEMA to AAm is 1/5, the 

EWC can reach 95.6%. The increased EWC is due to the 

introduction of the more hydrophilic monomer AAm and the 

hierarchical porous structure of the hydrogels. 

Table1. Water contents of hydrogels synthesized with different molar 

ratios. 

x/y (mol/mol) 5/1 2/1 1/1 1/2 1/5 

EWC (%) 80.4 87.0 89.5 92.4 95.6 

ESRa 4.10 6.69 8.52 12.2 21.7 

ESRb 1.13 1.88 3.32 4.74 9.53 

SWC (%) 48.7 52.3 55.7 59.9 63.8 

a: as-prepared hydrogels; b: dried hydrogels. 

 It is necessary to mention that when the as-prepared 

hydrogels are dried, then they cannot swell to their original 

sizes. The ESRs of the dried hydrogels (Table 1, and Fig. S1) 

are lower than those of the as-prepared hydrogels, and the ratio 

of the two ESRs is more obvious for the hydrogel with a higher 

HEMA molar ratio. The possible reason is that the close contact 

of polymer chains in the dried state leads to stronger 

hydrophobic interactions and hydrogen bonding among them 

and they cannot be fully broken during the re-swelling process. 

The following tests were performed on equilibrium swollen as-

prepared hydrogel samples. 

 
Fig. 4. Photos of the hydrogel before (a) and after (b) being compressed, and (c-f): 

the process of water-absorbing by the hydrogel after compression. 

 Due to the presence of large pores in the gels, the water in 

the swollen hydrogels can be squeezed out easily. Fig. 4a and 

4b shows that when a swollen gel was compressed between two 

glass plates, a lot of water was squeezed out. The contents of 

water that can be squeezed out (SWC) from the P(HEMA-co-

AAm) hydrogels were quantitatively measured (Table 1). With 

the decrease of the molar ratio of HEMA to AAm (x/y), the 

SWC of the gels increases. When the value of x/y is 1/5, the 
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SWC can reach 63.8%, i.e. 66.7% of the equilibrium water 

content can be squeezed out. 

 
Fig. 5. The change of the shape of a squeezed Gel-1-1 hydrogel sample (1 cm 

thick) after it was put into water. 

 The water squeezed out could be completely absorbed by 

the gel in about two minutes and the gel recovered its original 

shape simultaneously (Fig. 4c-4e, and Supporting Movie S1). If 

the squeezed hydrogel was put into a large excess of water, it 

recovered more quickly. Fig. 5 shows the change of the shape 

of a squeezed Gel-1-1 hydrogel sample (1 cm thick) after it was 

put into water. The squeezed hydrogel sample showed an 

irregular shape, but when it was immersed into water it 

recovered to its original round shape in only about 10 s 

(Supporting Movie S2). The water losing property under 

compression and the fast water absorbing property of the 

P(HEMA-co-AAm) hydrogels are attributed to their elastic 

macroporous structures. 

 The gels behave like sponges. We think that the sponge-like 

hydrogels may find some potential applications as adsorbents 

and separating materials. This will be studied in our future 

work. 

Mechanical properties 

The P(HEMA-co-AAm) hydrogels could be compressed to 

very high strains without breakage. Fig. 6a and 6b show the 

elastic moduli (Ec) and compression strengths (c, at c) 

of the hydrogels in the direction parallel (p) and vertical (v) to 

the freezing direction, respectively. It is obvious that these gels 

show anisotropic mechanical properties, as the Ec and c in the 

parallel direction are generally higher than those in the vertical 

direction. The anisotropic mechanical properties should result 

from the anisotropic microstructure of the hydrogels. The 

higher Ec and c in the parallel direction is due to the stronger 

chemical and physical interactions in the large-area, continuous 

and thicker lamellae with comparison to the thin lamellar 

bridges (dendrites) in the vertical direction (Figs. 1 and 2). 

 With the increase of AAm molar ratio, Ec and c in both 

directions decrease. One obvious reason is the increase of the 

water content of gels with the increase of AAm molar ratio. The 

other one is the change of the porous structure, the dense 

channel walls change to porous structures with more and larger 

pores, which are more effective in distributing applied load and 

hence lead to the decrease of Ec and c. 

 It is worthy of noting that biggest difference in the ratio of 

Ec in the parallel direction to that in the vertical direction is 

found at the molar ratio of 1/1 (Fig. S3). The possible reason is 

that the ratio of the thickness of the lamellae in the parallel 

direction to that in the vertical direction is higher at the molar 

ratio of 1/1 (Fig. 1) than those at other molar ratios (Fig. 2). 
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Fig. 6. The moduli (Ec) (a) and compression strengths (σc, at c=90%) (b) of the 

equilibrium swollen P(HEMA-co-AAm) hydrogels. 

 The tensile mechanical properties of the gels were also 

measured. The typical tensile t-t curves of the gels are shown 

in Fig. 7a. The gels exhibit moderate tensile mechanical 

properties. The bs of the gels are in the range of 25 kPa to 90 

kPa, and the bs are in the range of 2.74-6.00 (mm/mm). The 

fracture tensile stress (b) and strain (b) of the gels decrease 

gradually with the increasing molar ratio of AAm. 

 Interestingly, the gels show almost linear t-t curves (Fig. 

7a), especially when the molar ratio of AAm exceeds that of 

HEMA. The Pearson’s r of the t-t curve of Gel-1-1 can reach 

0.9999 (Fig. 7b). The linear tensile t-t curve is very 

exceptional for hydrogels. 

 Cyclic tensile tests were performed on the gels to the same 

maximum strains for 5 loading-unloading cycles. For the Gel-5-

1, an obvious hysteresis can only be found in the first cycle, but 

very small hysteresis in the following cycles (Fig. 7c). Whereas 

for the Gel-1-1, the t-t curves are almost overlapped (Fig. 7d), 

indicating there is nearly no hysteresis. 

 The linear relationship between t and t as well as the 

absence of hysteresis in the loading-unloading cycles suggest 

that the Gel-1-1 behaves like a spring and hence it might be 

used as a force or stress sensor.46, 47  
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Fig. 7. Tensile properties of the P(HEMA-co-AAm) hydrogels. (a): The t-t curves of Gel-x-y in the direction parallel to the freezing direction; (b): the t-t curve of Gel-1-1; and (c, 

d): the cyclic tensile test curves of Gel-5-1 and Gel-1-1, respectively. 

Conclusions 

In summary, we demonstrated the fabrication of P(HEMA-co-

AAm) hydrogels by directional freezing redox polymerization 

method. Due to the more complicated phase separation induced 

by using two monomers during the directional freezing process, 

anisotropic hierarchical porous microstructures are obtained. 

Very possibly, hydrogels with hierarchical porous structures 

can also be prepared by using different combinations of 

monomers. The hydrogels show unidirectional diffusion 

property and unique water absorbing and losing properties. The 

hydrogels show anisotropic mechanical properties, with higher 

elastic moduli and compression strengths in the direction 

parallel to the freezing direction. Very interestingly, some 

hydrogels exhibit linear tensile stress-strain curves and 

extremely low hysteresis in the cyclic loading-unloading curves. 

We think that the hydrogels may have potential applications as 

catalyst carriers, substrates for drug delivery and cell culture, 

bioscaffolds, etc. 
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