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ABSTRACT: Supermacroporous hydrogels, possessing sponge-like structure and permeability, have drawn significant atten-
tion for their bioengineering and biomedical applications. However, their mechanical weakness due to their low-density 
structure is one of their biggest limitations. This work reports a multi-step cryogelation technique, which does not require 
special equipment, for preparing tough supermacroporous hydrogels on the basis of the double-network (DN) strategy. The 
produced supermacroporous DN gels possess interconnected pores with pore sizes of 50–230 µm. They also show a com-
pressive modulus of up to ~100 kPa, which is 2- to 4-times higher than that of the corresponding supermacroporous single-
network (SN) gels, and compressive strength of up to 1 MPa at 80% compression. The supermacroporous DN cryogels are 
also stretchable with a work of extension of up to 38 kJ m-3, which is 1 to 2 orders larger than that of the SN cryogels. The high 
stiffness and stretchability distinguish them from other types of cryogels. Supermacroporous triple-network (TN) gels and 
DN gels composed of different polymer combinations are also prepared. The technique presented herein is suitable for pre-
paring supermacroporous DN gels from various polymers; hence, it is promising in meeting bioengineering and biomedical 
demands. 

1. Introduction 

Hydrogels with pores larger than 1 µm are called super-
macroporous hydrogels to distinguish them from the 
macroporous polymer networks with pores ranging from 
50 nm to 1 µm as defined by International Union of Pure and 
Applied Chemistry (IUPAC).1,2 This work focused on super-
macroporous hydrogels with interconnected pores larger 
than human cells, i.e., larger than 10 µm. Due to their 
sponge-like structure, such supermacroporous hydrogels 
are permeable to large particles such as cells, while pos-
sessing the biological and mechanical compatibility to bio-
logical tissues.1 Supermacroporous hydrogels are desirable 
materials in many applications, especially in bioengineering 
and biomedicine. For example, they are used in three-di-
mensional dynamic cell cultivation, bio-separation, or tis-
sue engineering. For tissue engineering applications, soft 
and biocompatible scaffolds with sufficiently large inter-
connected pores are specifically required to allow cell mi-
gration and proliferation.3,4 

However, most of the existing supermacroporous hydro-
gels are mechanically weak; this has limited their potential 
applications. This mechanical weakness is mainly because 
of two reasons. First, the mechanical strength of a material 
decreases with the increase in the volume fraction of 
pores.5,6 The pores are considered as defects in the bulk 

materials, through which cracks are initiated.7 Second, the 
supermacroporous hydrogels are usually made of single-
network (SN) hydrogels that are intrinsically weak materi-
als because of the lack of energy dissipation mechanisms.8,9 
Accordingly, a straightforward strategy to improve the me-
chanical strength of porous hydrogels is to use high strength 
hydrogels together with a suitable technique. 

Since 2000, efforts have been devoted toward improving 
the mechanical strength and toughness of gels.10-15 In 2003, 
the double-network (DN) strategy for preparing tough gels 
was introduced and has been intensively researched 
since.10,16-19 DN gels are a subcategory of interpenetrating 
polymer network (IPN) gels consisting of two contrasting 
networks. The first network is stiff and brittle; hence, it pro-
vides sacrificial bonds to dissipate mechanical energy upon 
excessive mechanical loading of the DN gel, while the sec-
ond network is soft and ductile, thereby allowing effective 
distribution of the mechanical energy within the DN gel. 
This contrasting structure ensures that the 1st network 
breaks only into multiple small fragments connected by the 
2nd network, thereby preventing the early global fracture of 
the material. Despite their high water content (~90 wt.%), 
DN gels, with an optimized structure, possess excellent 
hardness (elastic modulus of 0.1–1.0 MPa), strength (tensile 
failure stress 1–10 MPa, compressive failure stress 20–60 
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MPa), and deformability (failure tensile strain 1000–2000%, 
failure compressive strain 90–95%).16,17 Moreover, they 
also exhibit extremely high toughness, i.e., high resistance 
to crack growth (102–104 J m−2), that is two orders higher 

than that of typical SN gels (100–101 J m−2).16,17 These un-
precedented mechanical properties are comparable to or 
even exceed some soft load-bearing natural tissues.18,19

 

Scheme 1. Schematic representation of the two-step cryogelation used to prepare supermacroporous DN gels. First, 
the supermacroporous SN gel (1st gel) was synthesized by 1st cryogelation, that is cross-linking polymerization in the 
frozen state. Then, the 1st gel was swollen in the 2nd pre-gel monomer solution that contained a UV initiator and fro-
zen again. Since the ice crystallization of 2nd network solution occurred preferentially inside pores of the 1st network 
gel, the 1st network gel acted as a template for the formation of ice crystals. As a result, the 1st gel supermacroporous 
morphology was preserved during the 2nd polymerization that was initiated by UV irradiation of the frozen sample. 

Therefore, supermacroporous hydrogels derived from 
DN gels could exhibit better mechanical properties than the 
conventional supermacroporous hydrogels made from SNs 
or even other IPNs. Furthermore, because the DN effect only 
requires a contrasting DN structure and is independent of 
the chemical species of polymers, the synthesis approach, 
once established, can also be applied to various polymers in 
demand, such as biocompatible polymers. Notably, this ap-
proach can assist in the preparation of DN hydrogels with 
an open-cell morphology, which allows the proliferation of 
cells, as it is typically challenging. Recently, Kovačič et al. 
prepared supermacroporous DN gels using a sequential sol-
vent casting technique.20 Although the pores of the gels 
made by this method were several tens of micrometers in 
diameter, interconnections among the pores were small for 
cell migration and proliferation. 

Supermacroporous gels are usually prepared by several 
methods, including particle leaching, solvent casting, 3D-
printing processes, gas foaming, freeze-drying, and cryo-
gelation.8 Among them, cryogelation is potentially the most 

promising technique since it does not require special equip-
ment or use of toxic solvents. Cryogelation involves cross-
linking polymerization in the presence of solvent crystals—
usually ice—as porogens, that forms sponge-like gels with 
highly interconnected pores.21,22 At certain temperatures 
below the solvent freezing point, the solvent of the gel pre-
cursor solution forms crystals, while the gel precursors, that 
are concentrated in the interstitial spaces between solvent 
crystals, form a gel by gelation. The pore size of cryogels is 
determined by several factors such as freezing temperature 
and rate, the concentration of gel precursors and initiator, if 
any, and size and shape of sample mold. These cryogels have 
been widely studied for various biomedical applications.1,23-

25 

Attempts to prepare cryogels with enhanced mechanical 
properties, such as hybrid cryogels from two inter-cross-
linked polymers, IPNs, and even DNs, have also been made. 
26-37 However, these previous studies on porous cryogels 
hardly showed improved mechanical properties, since the 
contrasting network structure required for the DN effect 
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was not formed in these cryogels. Furthermore, multi-step 
gelation can result in disconnected pore structures.27 This 
disconnected pore structure possibly arises because of the 
use of polymeric precursors instead of monomers, because 
the 2nd gelation proceeds faster than freezing and so the 2nd 
gelation occurs in pores, or because monomers did not dif-
fuse sufficiently into the 1st network phase. In this work, we 
established a two-step cryogelation method to overcome 
these issues and to synthesize supermacroporous DN hy-
drogels with high mechanical toughness and an intercon-
nected pore structure. Based on the DN theory, we adopted 
highly swollen polyelectrolyte as the 1st network and neu-
tral polymer as the 2nd network. These networks were com-
bined using a two-step polymerization process to form the 

contrasting double-network structure. To preserve the in-
terconnected porous morphology formed by the first step 
cryogelation, we controlled the ice crystal formation in the 
second step. Then we used UV initiated polymerization so 
that the 2nd network formed in the gel phase of the 1st net-
work, instead of in the pores (Scheme 1). We thus fabri-
cated the supermacroporous hydrogels using conventional 
DN systems, made from polyelectrolyte, poly(2-acrylamido-
2-methylpropane sulfonic acid, sodium salt) (PNaAMPS), as 
the rigid 1st network and neutral polymers, poly(acryla-
mide) (PAAm), poly(2-hydroxyethyl methacrylate) 
(PHEMA), and poly(N,N-dimethylacrylamide) (PDMAAm), 
as the flexible 2nd network. The porous structure and me-
chanical properties of these DN cryogels were characterized.

 

Scheme 2. Schematic representation of the DN cryogels two-step preparation, respective monomer structures and 
sample coding. Firstly, SN cryogels are prepared (a): The monomer solution of the 1st network is mixed with a solu-
tion of red-ox initiator, and the reaction mixture is transferred into a mold consisting of two glass plates with a sili-
cone spacer. Then, the mold is placed into a cooling thermostat to freeze and polymerize. After that, samples are 
defrosted, and SN cryogels are removed from the mold and swollen in water to equilibrium; Secondly, DN cryogels 
are prepared (b): The SN cryogel is swollen in a monomer solution of the 2nd network with a UV initiator, and then 
the sample is placed into the mold and frozen for 3 h to allow for the diffusion of reactants into the SN gel phase. After 
that, the frozen sample is UV irradiated to promote 2nd gelation; Since the process is based on radical polymerization, 
oxygen should be removed in both steps. The molecular structures of the 1st and 2nd network monomers, as well as 
the crosslinker, are shown in (c); Sample coding is explained in (d).

2. Experimental 

2.1 Materials 

Acrylamide (AAm) (Extra pure, ≥98.0%) was purchased 
from Junsei Chemical Co. Ltd and was purified to remove 
any inhibitors by recrystallization from chloroform (100 g / 
300 mL, 5 °C, with a yield of ~90 wt.%). N,N-dimethylacryla-
mide (DMAAm), cyclohexane (1st grade > 98%), lead(II) ni-
trate (99.5+%), N,N’-methylenebis(acrylamide) (MBAAm, ≥ 
99% for electrophoresis), N,N,N’,N’-tetramethylenediamine 

(TEMED, ≥ 99% for electrophoresis), 2-oxoglutaric acid (2-
oxo, > 99%), and sodium chloride (NaCl, ≥ 99.5 1st grade) 
were purchased from Fujifilm Wako Pure Chemical Cooper-
ation, Japan. DMAAm was then redistilled under vacuum. 2-
acrylamido-2-methylpropane sulfonic acid, sodium salt 
(NaAMPS, 49.7 wt.% solution) was purchased from 
Toagosei Co., Ltd., Japan. Ammonium persulfate (APS, ≥ 
98% for electrophoresis, tested for use in acrylamide 
polymerization), 2-hydroxyethyl methacrylate (HEMA, ≥ 
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99%, with ≤ 50 ppm monomethyl ether hydroquinone as an 
inhibitor) and fluorescein o-acrylate (95%) were purchased 
from Sigma-Aldrich, US. Argon gas (99.999%; O2 < 0.2 ppm) 
as inert gas for radical polymerization was purchased from 
Air Water Inc., Japan. Milli-Q® water (model Integral 5, from 
Merck Millipore, US) was exclusively used in all experi-
ments. Ethanol (≥ 99.5%) was purchased from Fujifilm 
Wako Pure Chemical Cooperation, Japan. 

 

2.2 Preparation of SN cryogels 

During the preparation of supermacroporous cryogels 
with an interconnective pore structure, polymerization 
must occur after freezing or be slower than freezing.38 How-
ever, it is also known that proceeding polymerization helps 
the system to freeze. We thus decided to use a red-ox initia-
tion system (APS with TEMED) to prepare the SN cryogels 
based on the PNaAMPS polyelectrolyte network. In that 
case, polymerization can be set to be slower than freezing 
and, in our opinion, samples freeze more easily and uni-
formly than if UV initiators were used (no polymerization 
prior irradiation). The concentration of reactants triggered 
by freezing allows for the preparation of gels from diluted 
monomer solutions. The preparation procedure of SN cryo-
gels is depicted in Scheme 2. First, a monomer solution of 
prescribed amounts of NaAMPS, MBAAm, and TEMED (typ-
ically for preparation of SN cryogel 10-4: [4.35 g of NaAMPS 
(49.7 vol.%), 0.06 g MBAAm, 5.5 mL water] 4.5 mL + water 
4.5 mL + [10 mg mL-1 TEMED] 0.5 mL) was purged with ar-
gon for 20 min to remove any dissolved oxygen, that is a 
radical polymerization inhibitor. Then, a solution of APS (10 
mg mL-1), also purged by argon, was added to the monomer 
solution (0.5 mL to 9 mL). The solutions were precooled in 
an ice bath before mixing to slow down the polymerization 
process. A glass mold, with inner dimensions 60 × 60 × 2 
mm, was constructed from two rectangular glass pieces 
with a silicone spacer and stopper. This mold was precooled 
at -16 °C in an ethanol cooling bath (NCB-3300, Tokyo Ri-
kakikai Co, Ltd, Japan) before injecting the reaction solution. 
The mold with injected reaction solution was then sealed in 
a plastic bag and immediately placed in the ethanol cooling 
bath. The frozen sample was kept at -16 °C overnight to pro-
mote high yield cross-linking polymerization. After 
polymerization, the mold was taken out of the cooling bath 
and gently defrosted under cold tap water. The brittle as-
prepared gel was then soaked in ethanol to avoid potential 
damage by rapid swelling in water. Next, the gel was placed 
in deionized water to remove any unreacted monomers and 
soluble products of radical polymerization and equilibrate. 
Bath water was frequently changed for several days. When 
the dialysate conductivity, measured by a conductometer 
(FiveEasy F30, Mettler-Toledo Inc., US), reached pure water 
conductivity (approx. 1.5 μS cm-1), dialysis was considered 
to be finished. 

SN cryogels were coded as M1-x1, where M1 is the total 
monomer concentration (mol L-1) including the crosslinker 
and x1 is the molar ratio of the crosslinker MBAAm relative 
to the monomer NaAMPS (mol%) in the gel precursor solu-
tion. 

 

2.3 Preparation of DN and TN cryogels 

The 2nd network was synthesized by UV initiated 
polymerization after freezing the SN cryogel that was first 
equilibrated in water and then pre-soaked in a 2nd monomer 
solution. The polymerization and freezing rates were again 
important. On the one hand, if the sample freezing rate were 
too fast, smaller crystals would be formed in the original SN 
cryogel macropores; this would noticeably affect the result-
ing DN gel morphology. Hence, the 2nd cryogelation temper-
ature should not be lower than the 1st cryogelation temper-
ature. We kept cryogelation temperature equal in both 
steps, that is -16 °C. On the other hand, the original mor-
phology of swollen SN could be significantly affected by the 
formation of 2nd gel phase inside pores, if the 2nd network 
polymerization was faster than the freezing. However, this 
issue was solved by using photo-initiators. It ensured that 
polymerization could be initiated after the sample was fro-
zen and ice crystals filled the pores. To ensure the formation 
of the DN phase, samples were irradiated with UV 3 hours 
after being frozen, so that the monomers and initiators had 
enough time to diffuse into the SN gel phase. The prepara-
tion procedure of DN cryogels is depicted in Scheme 2. The 
SN cryogel sheet was dialyzed against water and cut into cy-
lindrical samples of ~35 mm in diameter. The edges of the 
SN cryogel sheet were cut off (~1 cm from each side) to pre-
pare the DN cryogel sheet. The SN cryogel sample was 
placed in a container of appropriate dimensions (just a little 
larger than the sample) and transferred into a glove box, 
where the sample was kept under inert argon atmosphere 
overnight to remove dissolved oxygen. The sample was cov-
ered in a loosely closed plastic dish to avoid gel drying. If the 
sample partly shrunk, water was replenished, while any ex-
cess water was aspirated by pipetting. Meanwhile, the three 
solutions of respective reactants for the 2nd network for-
mation were purged with argon for 20 min (stock solution 
of monomers from 2.22 g AAm and 4.8 mg MBAAm dis-
solved in 6.78 mL water; solution of TEMED: 25 mg mL-1, 
and solution of 2-oxo: 10 mg mL-1), and then mixed at a vol-
ume ratio of 9:0.5:0.5, that gave a monomer concentration 
of 2.8 mol L-1 (~20 wt.%). The reaction mixture volume 
added to the SN cryogel was equal to the sample volume as 
determined by weighing (the density of the porous SN gel 
was approx. 1.01 g cm-3); this gave a final monomer concen-
tration of 1.4 mol L-1 (dilution factor = 2). However, to get a 
lower final monomer concentration, the stock monomer so-
lution was first diluted by water, so the TEMED (and 2-oxo) 
concentration remained constant for all samples. The SN 
cryogel in the mixture of reactants was covered with an alu-
mina foil to avoid unwanted photopolymerization. After 
equilibration in a glove box for 3 h at 40 rpm, the gel was 
placed between two glasses with a silicone spacer of appro-
priate thickness and moved from the glove box into the 
cooling bath (-16 °C) where samples were kept 3 h prior UV 
irradiation. During the cooling process, the ice crystals were 
formed in the pores of the first SN cryogel, while the second 
monomers and initiators were concentrated in the SN gel 
phase. 

To maintain the original morphology of SN cryogel, the 
2nd cryogelation was performed using 2-oxo and TEMED for 
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photo-initiation. The 2nd network UV polymerization was 
performed using a UV-light-emitting diode irradiation panel 
(UAW365-31110-1212F, Sentech Co.) in a custom safety 
box. Samples were removed from the cooling bath and irra-
diated in short pulses (5 s from each side, 4 cycles, 40 s in 
total) to avoid melting them by the heat that was generated 
by the UV panel (~25 mm distance, ~125 mW cm-2). This 
irradiation duration did not cause sample melting to a visi-
ble extent. For the same reason, samples were immersed in 
the cooling bath for ~5 min before the next irradiation cycle. 
We realized that an excess addition of TEMED to 2-oxo was 
essential to obtain reproducible results when using high-
power UV irradiation with short pulses. Without TEMED, 
we observed a certain extent of gel softening in comparison 
to the original SN cryogels. The high-power UV technique 
generates many radicals during a short time. These primary 
radicals undergo recoupling, and thus polymerization takes 
place randomly at a low yield, resulting in short polymer 
chains that soften the 1st network. We assumed that TEMED, 
as a donor of an unpaired electron, could stabilize the pri-
mary radicals and promote the 2-oxo decomposition upon 
UV irradiation. The TEMED excess was probably necessary 
because 2-oxo is a protonic acid and the protonated amine 
co-initiator does not initiate polymerization.39 It is worth to 
note that similar results were achieved by using a common 
low-power UV-lamp (365 nm) placed over the cooling bath 
with a glass cover. In such a case, TEMED addition was not 
necessary, and samples were placed horizontally in the 
cooling bath and irradiated overnight (with safety shield-
ing). Therefore, DN cryogels can be easily prepared in any 
laboratory without special equipment. After irradiation was 
completed, the samples were immersed in the cooling bath 
(-16 °C) for 20 h to allow polymerization to high yield. After 
polymerization, the sample was gently defrosted under cold 
tap water while in the mold. Finally, the gel was rinsed and 
equilibrated in pure water for several days with frequent 
water exchange. 

DN cryogels were coded as M1-x1/M2-x2, where M1 de-
scribes the monomer concentration (mol L-1) including the 
crosslinker and x1 is the molar ratio of the crosslinker rela-
tive to the monomer (mol%) used for the 1st network prep-
aration, M2 and x2 have the same meaning but indicate the 
parameters for the 2nd network. TN cryogels were prepared 
from DN cryogels by a similar procedure and were marked 
as M1-x1/M2-x2/M3-x3, where M3-x3 describes the 3rd network 
composition. 

 

2.4 Characterization of SN, DN and TN cryogels 

2.4.1 Swelling and porosity 

The swollen cryogel was weighed to obtain its weight in 
the equilibrium swollen state (msw), that is the weight of po-
rous hydrogel with water in its pores. The sample was 
freeze-dried and weighed again to obtain the dry weight 
(md). The equilibrium water regain (ratio Qw) was calculated 
according to the following equation: 

𝑄𝑤 =
𝑚𝑠𝑤−𝑚𝑑

𝑚𝑑
=

𝑚𝑠𝑤

𝑚𝑑
− 1    (1) 

The freeze-dried cryogel was then soaked in cyclohexane 
and quickly weighed to obtain the weight of the sample in a 

non-solvent (mswCH). The porosity (P%CH) of the dry sample 
was calculated according to the following equation8: 

𝑃%𝐶𝐻 = 100 ⋅
(𝑚𝑠𝑤𝐶𝐻−𝑚𝑑) 𝜌𝐶𝐻⁄

𝑚𝑠𝑤𝐶𝐻 𝜌𝑠𝑤𝐶𝐻⁄
 = 100 ⋅ (1 −

𝑚𝑑

𝑚𝑠𝑤𝐶𝐻
) (2) 

where ρCH is the cyclohexane density and ρswCH is the den-
sity of the sample with cyclohexane (ρCH ≈ ρswCH when P%CH > 
90%). The cryogel porosity (P%CH) represents the volume 
fraction (in %) of pores in a freeze-dried sample. 

The porosity in the swollen state (P%) was estimated us-
ing an equation analogous to Equation 2. This equation uses 
the sample weight of the equilibrium swollen state (msw) 
and the sample weight after compressing the sample be-
tween tissue papers to squeeze out the water in its 
macropores (msq): 

𝑃% = 100 ⋅
(𝑚𝑠𝑤−𝑚𝑠𝑞) 𝜌𝐻2𝑂⁄

𝑚𝑠𝑤 𝜌𝑠𝑤⁄
 = 100 ⋅ (1 −

𝑚𝑑

𝑚𝑠𝑤
) (3) 

where ρH2O is the density of water, and ρsw is the density 
of the water-swollen sample (ρsw ≈ ρH2O). The superma-
croporous sample was thoroughly squeezed three times be-
tween tissue papers and then immediately weighed. 

The water content in the gel phase only was also esti-
mated from the same gel squeezing experiment as follows: 

𝑊%𝐺𝐸𝐿 = 100 ⋅
𝑚𝑠𝑞−𝑚𝑑

𝑚𝑠𝑞
= 100 ⋅ (1 −

𝑚𝑑

𝑚𝑠𝑞
)  (4) 

2.4.2 Scanning electron microscopy (SEM) 

SEM measurement was conducted using a JSM-6010LA 
scanning electron microscope (JEOL Ltd., Japan). Samples 
were freeze-dried and sputter-coated with a gold/palla-
dium mixture using an E-1010 ion sputter system (Hitachi, 
Japan) and analyzed at the acceleration voltage of 20 kV us-
ing a detector of backscattered electrons (BSE). Shrinking of 
samples by freeze-drying was up to 10% in one-dimen-
sional direction. Central and side parts of the samples were 
observed to confirm the uniformity of the morphology. 

2.4.3 Confocal Laser Scanning Microscopy (CLSM) 

To stain the 1st network, SN cryogel 0.44-4 was prepared 
with the addition of Rhodamine B into polymerization mix-
ture and dialyzed first against acidified water (pH ~ 4) and 
then pure water. The Rhodamine-B-stained SN cryogel was 
used to prepare the DN cryogel. To stain the DN cryogel 2nd 
network, a small amount of fluorescein o-acrylate was 
added to the 2nd pre-gel solution. Fluorescein o-acrylate was 
dissolved directly into the 2nd monomer solution up to the 
final concentration in the reaction solution of 5×10-4 mol L-

1. The stained samples were kept in the dark before obser-
vation to avoid unnecessary photobleaching. The stained 
cryogels were then observed using a Nikon Confocal system 
A1Rsi equipped with a Ti-E inverted microscope with a mo-
torized XY stage, piezo Z stage, and Perfect Focus System. 
Nikon Plan Apo VC 60×/1.4 oil objective and Nikon GFP-B 
filter were used. Data were processed with NIS-Elements 
from Nikon. 

2.4.4 Nano-tomography (nano-CT) 

For nano-CT measurement, the DN cryogel sample 0.44-
4/0.7-0.1 was incubated in 1 wt.% water solution of PbNO3 
and then in water to remove the excess lead (II) ions from 
the gel phase and pores. Nano-CT scan was performed with 
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an X-ray microscope CT nano3DX (Rigaku Corporation, Ja-
pan). A sample piece was put on a 5-axis stage and irradi-
ated with X-rays. In this experiment, a Cu target (CuKα 8.0 
keV) was used to observe the fine network structures. The 
tube voltage and current were set at 40 kV and 30 mA, re-
spectively. The field of CT scan view was 0.67 × 0.67 × 0.67 
mm and the effective voxel was set at 0.62 microns. The 
sample was rotated 180 degree and 600 projection images 

were captured. Then 1024 tomograms were reconstructed, 
and a 3D rendered image was visualized by Drishti 2.4.40 
The structures and pores were extracted and the three-di-
mensional thickness of structures was calculated by using 
ImageJ 1.50i with Local Thickness plugin.41,42 Then, the 
tomograms and 3D rendered image were recolored based 
on the thickness. The same approach was applied to the 
analysis of gel walls distance, referring to pore size. 

 

Figure 1. Visual appearance and first-sight mechanical performance of SN cryogel 0.44-4 (a) and selected DN cryogel 0.44-4/0.7-0.1 
(b). SEM images of SN and DN cryogels showing their porous morphology (c, d) and equilibrium water regain and porosities (e, f) of 
two sets of samples (c, e: 0.44-4 series; d, f: 0.44-1 series). SN cryogel 0.44-4 was semi-transparent, unable to hold weights larger 
than 5 grams (~3.0 mm thickness) and could easily be damaged (a). In contrast, the corresponding DN cryogel 0.44-4/0.7-0.1 (~3.2 
mm thickness) was rather opaque, could be compressed to squeeze out water only with a large force, held weights as large as 50 
grams, and resisted cutting (b). The scale bar in (c, d) is 100 μm. 

2.4.5 Compressive test 

The mechanical properties of the cryogels were investi-
gated in compression using Tensilon RCT 1310A (Orientec, 
Japan). 100 N load cell was used to detect the stress re-
sponse of the sample to the applied strain. At least three 
samples of each cryogel were investigated. For the 

compressive test, disc samples of 10 mm in diameter were 
cut from larger cryogel discs or rectangular sheets, that 
were swollen in water to equilibrium. The compression ve-
locity was set constant as a 10% strain per minute (~0.25–
0.5 mm min-1 depending on the sample thickness given by 
the gel composition and respective degree of swelling). The 
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correct initial gap size between the measuring plates, corre-
sponding to full contact with the sample, was determined 
from a positive load when the loading force started to steep 
constantly. The compressive stress was estimated from the 
compressive force divided by the apparent sample surface 
area without deformation. All moduli presented in this 
work are nominal moduli, that are the moduli of the porous 
samples calculated from the slope at the beginning of the 
compressive stress-strain curve (~0–5% compression). 

2.4.6 Tensile and cyclic tensile test of cryogels 

The mechanical properties of the cryogels were also in-
vestigated in tension using 1250A (Orientec, Japan). 100 N 
load cell was used to detect the stress response of the sam-
ple to the applied strain. At least three samples of each cry-
ogel were investigated. For the tensile and tensile cyclic 
tests, the samples were cut by a Dumbbell shape cutter (12 
mm length and 2 mm thickness). These cut samples were 
then tightly clamped (compressed) by clamps equipped 
with sandpaper to ensure that the samples do not slip dur-
ing measurement. The measurement velocity was set to 10 
mm min-1. The nominal stress of the sample was calculated 
based on the apparent cross-sectional area of the porous 
sample before deformation (2 mm × thickness of sample). 

 

3. Results and Discussion 

3.1 Comparison of SN and DN cryogels 

SN cryogels based on PNaAMPS were prepared with a 
broad range of mechanical properties (Figure S1), from 
which samples 0.44-4 and 0.44-1 with compressive moduli 
of 29.1 kPa and 3.5 kPa, respectively, were chosen for the 
preparation of DN cryogels (see Experimental section for 
sample coding). The SN cryogels were typically brittle, 
which is a prerequisite for toughening by introducing the 
ductile 2nd network. Sample 0.44-4 with 4 mol.% of cross-
linker was slightly opaque (Figure 1a), while sample 0.44-
1 with 1 mol.% of crosslinker was transparent. It is interest-
ing that supermacroporous hydrogels were even transpar-
ent. The gel phase of such cryogels was highly swollen so 
that the refractive index of the gel phase was close to the 
refractive index of water. The (semi-)transparency of SN 
cryogels could ensure an advantage during the preparation 
of the DN cryogels as it allows even distribution of UV light 
within the sample during irradiation. Scanning electron mi-
croscopy (SEM) images of the SN cryogels of different com-
position are shown in Figure S2, showing similar morphol-
ogy of interconnected pores (~50–100 μm).

 

Figure 2. Mechanical properties of DN cryogels in comparison with their original SN cryogels measured under both compression (a-
d) and tension (e-h). The compressive test of SN cryogel 0.44-4 with 4 mol.% of crosslinker (a), SN cryogel 0.44-1 with 1 mol.% of 
crosslinker (c) and of their corresponding DN cryogels (a, c) and respective compressive moduli (b, d). DN cryogels were significantly 
stronger and stiffer than their original SN cryogels and pure 2nd network PAAm cryogel. The tensile test of DN cryogels (e-g) showed 
remarkably improved tensile behavior in comparison with SN cryogels. DN cryogels showed hysteresis during the cyclic tensile test 
as typical for DN gels (g); the area of hysteresis loop (in % of toughness) represents the ratio of mechanical energy dissipated by 
sacrificial bonding. 

After the introduction of the PAAm 2nd network, the cryo-
gels became semi-transparent or opaque (Figure 1b). The 
higher concentration of the second monomer solution, the 

opaquer the porous DN gel was. While SN cryogels were 
easy to cut and required careful handling, DN cryogels could 
be bent or repeatedly compressed without apparent 
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damage (Video S1). During compression, water in their 
pores drained out. After releasing compressive stress, the 
cryogels quickly retained their original shape, soaking wa-
ter back due to capillary forces. This behavior indicated that 

the DN cryogels had interconnected macropores. Further-
more, DN cryogels could hold relatively large weights and 
even showed certain unusual cutting resistance (Figure 1b 
with screenshots from SI video).

 

Figure 3. Mechanical properties and morphology of the TN cryogels (a-d) and DN cryogel with PHEMA as the 2nd network (e, f): The 
compressive test of TN cryogels (a) and moduli of TN cryogels plotted with moduli of the corresponding SN and DN cryogels (c, d). 
The morphology of freeze-dried TN cryogels as revealed by the SEM (b). The compressive test of DN cryogel with PHEMA 2nd net-
work and its corresponding SN cryogel (e) and the morphology of such a DN cryogel (f). 

SEM observation of the freeze-dried samples revealed 
that the original gross morphology of SN cryogels, with 
large pores (~50–100 μm) and large interconnections, was 
maintained after the 2nd cryogelation in both the DN cryogel 
0.44-4 and 0.44-1 series (Figure 1c, d). Such size of 
macropores and connectivity is suitable for cell cultivation 
and various tissue engineering applications.2-4 After the in-
troduction of the 2nd network, the sample dimensions only 
slightly increased by swelling. For example, the 0.44-4/0.7-
0.1 sample diameter increased from ~3.5 mm to ~3.8 mm, 
corresponding to an increase of ~9% in pore size or ~28% 
of their volume by volume of pore size. The equilibrium wa-
ter regain (ratio Qw) decreased with the second monomer 
concentration increase because of the increase in the poly-
mer content (Figure 1e, f). Qw is the weight ratio of the 
swollen sample, including water present in both 
macropores and their gel walls, to the dry polymer. Based 
on the water squeezing experiment, the gel phase of DN gels 
that was based on SN 0.44-4 consisted of 26–34 wt.% of the 

dry polymer and ~66–74 wt.% of water, that was ~13–17 
wt.% of the total water (Figure S3). The porosity of the 
samples was slightly decreased (Figure 1e, f) by the for-
mation of the 2nd network, despite the SEM images showing 
that the gross morphology remained unchanged. The poros-
ities of the DN cryogels based on the cyclohexane uptake 
were higher and decreased less steeply than those of the 
cryogels based on the water squeezing experiment, suggest-
ing uneven shrinking of the gel phase during freeze-drying. 

 

3.2 Mechanical performance of DN cryogels 

The results of the compressive testing of SN cryogels and 
the corresponding DN cryogels are shown in Figure 2a and 
3b, respectively. For example, the compressive modulus of 
DN cryogels made from SN cryogel (sample 0.44-4) was 
about 2- to 4-times higher (depending on the concentration 
of 2nd PAAm network) than the compressive modulus of the 
original SN cryogel (Figure 2b). DN cryogels were also sig-
nificantly tougher under compression than the 
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corresponding SN cryogel, as shown by comparing the area 
under the compressive curves (Figure 2a). Typically, while 
stress at 60% compression reaches about 15 kPa for SN cry-
ogel 0.44-4, it is more than 100 kPa for the corresponding 
DN cryogel 0.44-4/1.4-0.1. Higher 2nd network concentra-
tion resulted in higher compressive modulus and tougher 
DN cryogels. Some of the previous studies on IPN cryogels 
have shown an increase in the modulus of porous gels, but 
that does not necessarily translate to a noticeable increase 
in strength and toughness. A similar trend was observed in 
DN cryogels prepared from SN cryogel 0.44-1 (Figure 2c, d). 
DN cryogels from this series are softer than those from the 
0.44-4 series because of their lower amount of the 1st net-
work crosslinker. When no crosslinker was used during the 
formation of the 2nd network, the prepared semi-IPN cryo-
gels were less tough than DN cryogels (Figure S4). 

The high strength of the prepared DN cryogels also ena-
bled the characterization of the tensile behavior of these su-
permacroporous hydrogels. The uniaxial tensile behavior of 
the DN cryogels is depicted in Figure 2e. The stretching 
ability of DN cryogels was larger than that of the SN cryogels 
(the individual 1st network and 2nd network porous gels). In 
case of DN cryogels made of SN cryogel 0.44-1 with a lower 
amount of the crosslinker, the stretching ability of DN cryo-
gels even exceeded that of PAAm cryogel (corresponding to 
2nd network), which was very soft. The stretching ability of 
DN cryogels was up to 2.2-times of the original sample 
length, depending on the composition of the DN cryogels. 
The tensile modulus and strength of DN cryogels increased 
with increasing concentration of PAAm 2nd network. For ex-
ample, the tensile modulus of the DN cryogel made from SN 
cryogel 0.44-4 was up to 3-times higher than that of the cor-
responding SN cryogel (~140 kPa vs ~50 kPa, Figure 2f). 
The tensile strength of DN cryogels was up to ~200 kPa, 
which was two orders higher than that of SN cryogels. 

The characteristic feature of DN gels is the large hystere-
sis upon cyclic loading.16 The larger hysteresis results in the 
dissipation of higher mechanical energy by rupture of 1st 
network bonds, thereby resulting in high toughness of DN 
gel. Figure 2g shows the results of the cyclic tensile test of 
DN cryogels, wherein the hysteresis is clearly visible. While 
the dissipated energy, that is the enclosed area of the hyste-
resis loop, is insignificant for sample 0.44-4/0.7-0.1, sam-
ples 0.44-4/1.4-0.1 and 0.44-1/0.7-0.1 show relatively large 
hysteresis because of the increase in the amount of the 2nd 
network relative to the 1st network. The work of extension 
(kJ m-3), which is the area below the stress-strain curve, was 
up to 38 kJ m-3 for DN cryogels (sample 0.44-4/1.4-0.1). In 
comparison, it was only 0.35 kJ m-3 for the corresponding SN 
cryogel (sample 0.44-4) and 2.3 kJ m-3 for the PAAm cryogel 
(the corresponding 2nd network gel). Therefore, it can be 
concluded that two types of tough DN cryogels can be pre-
pared: 1) stiffer and less stretchable DN cryogels (sample 
0.44-4/1.4-0.1) made from stiffer SN cryogel by using a 
higher concentration of 2nd network pre-gel solution, and 2) 
softer but more stretchable DN cryogels (sample 0.44-
1/0.7-0.1) made from softer SN cryogel by using a lower 
concentration of 2nd network pre-gel solution. The existence 
of hysteresis distinguishes supermacroporous DN gels from 

other IPN gels. The supermacroporous hydrogels made 
from PNaAMPS and PAAm networks were, thus, proven to 
belong to DN gels. 

 

3.3 TN cryogels and DN cryogels with different 2nd net-
work 

DN cryogels 0.44-4/0.7-0.1, 0.44-1/0.7-0.1, and 0.44-
1/1.4-0.1 were used to prepare TN cryogels. Then, we in-
vestigated how the compressive toughness of TN cryogels 
can be increased by introducing a 3rd network. The com-
pressive test of TN cryogels is shown in Figure 3a. TN cry-
ogels were tougher and stiffer than the corresponding DN 
cryogels under compression (compare Figure 2a, b with 
Figure 3a). The compressive modulus of the TN cryogels in-
creased with increase in the 2nd network concentration 
(Figure 3c, d). TN cryogels originating from SN cryogels 
with higher amount of the crosslinker (4 mol.%, sample 
0.44-4/0.7-0.1/0.7-0.1) were significantly stiffer than those 
originating from SN cryogel with the lower amount of the 
crosslinker (1 mol.%, samples 0.44-1/0.7-0.1/0.7-0.1 and 
0.44-1/1.4-0.1/1.4-0.1). The morphology of TN cryogel 
0.44-4/0.7-0.1/0.7-0.1 was changed more than that of TN 
cryogel 0.44-1/0.7-0.1/0.7-0.1. However, both these sam-
ples still showed an open-cell morphology with large inter-
connected pores. The total concentration of 2nd and 3rd pre-
gel solution was 1.4 mol L-1 for both samples, which is about 
10 wt.%. The morphology of TN cryogel 0.44-4/1.4-0.1/1.4-
0.1 was considerably changed. This morphology change was 
attributed to the high total concentration of 2nd and 3rd pre-
gel solution that was 2.8 mol L-1, about 20 wt.%. The denser 
the DN cryogel’s gel phase, the less likely the 3rd network 
would be formed without affecting the morphology of DN 
cryogel. 

Since poly(2-hydroxyethyl methacrylate) (PHEMA) and 
poly(N,N-dimethylacrylamide) (PDMAAm) are biocompati-
ble polymers, we prepared DN cryogels, using HEMA or 
DMAAm as the monomer for creation of the 2nd network, by 
the same procedure replacing AAm monomer. The DN cry-
ogel 0.44-4/HEMA0.7-0.1 with the PHEMA 2nd network also 
showed higher modulus and toughness under compression 
than the original SN cryogel 0.44-4 (Figure 3e). The modu-
lus of this DN cryogel with 2nd PHEMA network increased 
three times from 13.2 ± 2.7 kPa to 40.2 ± 6.7 kPa compared 
to that of the original SN cryogel. Meanwhile, the original 
supermacroporous morphology of the SN cryogel was 
maintained, as shown in Figure 3f. However, when DMAAm 
was used for the formation of the 2nd network, the cryogels 
became stiffer, but the morphology was significantly 
changed, probably due to the more hydrophobic nature of 
DMAAm (Figure S5). It seems that DMAAm polymerizes 
mostly in pores of SN cryogel. It is because most of DMAAm 
does not diffuse into the gel phase of SN cryogel. Moreover, 
hydrophobicity of DMMAm can lead to different crystalliza-
tion rate and, hence, to different size of ice crystals; change 
in 2nd cryogelation temperature could eventually lead to 
better results. Nevertheless, the DN cryogels with the 
PDMAAm 2nd network still showed an open-cell morphol-
ogy. Therefore, these results indicate that, for the prepara-
tion of supermacroporous DN hydrogels that are based on 
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highly hydrophilic 1st network, the two-step cryogelation 
technique should be used preferably with hydrophilic than 
with hydrophobic monomers to form the 2nd network. 

The question why modulus of DN cryogels is two orders 
lower than that of non-porous DN hydrogels can be simply 
explained adopting the following equation5: 

𝐸 = 𝐸0 ⋅ (1 − 𝑃)2    (5) 

where E0 is Young’s modulus of non-porous hydrogel, E is 
Young’s modulus of respective porous hydrogel with the 
same composition, and P is the volume fraction of pores in 
the porous hydrogel. Similar relation to the dependence of 
material strength on porosity can be found in the literature.6 
The porosity of our DN cryogels ranged between 71 to 85% 
determined by gel squeezing experiment (Figure 1e, f). De-
spite the lower compressive and tensile moduli of superma-
croporous DN hydrogels in comparison to non-porous DN 
hydrogels, the mechanical performance of these materials 
far exceeds these of original supermacroporous SN hydro-
gels. The developed method for preparation of DN cryogels 
represents original instructions on how to prepare tough 
supermacroporous hydrogels.  

 

3.4 Structural analysis of DN cryogels 

To observe the structure of the samples in the pristine 
swollen state, DN cryogel 0.44-4/0.7-0.1 was stained with 
fluorescent dyes and subjected to visualization by confocal 
laser scanning microscopy (CLSM; Figure 4a-c). The images 
of PNaAMPS 1st network, that was stained with Rhodamine 
B (red fluorescence), and PAAm 2nd network, that was 
stained by copolymerization with o-fluorescein acrylate 
(green fluorescence), showed perfect overlap, confirming 
that the 2nd network was polymerized mainly in the 1st net-
work phase and not in the pores. The DN cryogel 0.44/0.7-
0.1 was also treated with a PbNO3 solution, which allowed 
visualization of the swollen sample by nano-CT with enough 
contrast (Figure 4d-f). The nano-CT enabled advanced 3D 
analysis of the sample structure. The average distance of gel 
walls was calculated as 52.9 ± 15.8 μm.  The gel contained 
mostly highly connected spherical pores 40–70 µm in diam-
eter and longitudinal pores of up to approximately 230 µm 
long. The size of connections between pores was 23 ± 10 µm 
in diameter. Such morphology is sufficient for migration of 
various human cells.3,4 The thicknesses distribution of the 
macropores gel walls was calculated as 11.3 ± 4.8 μm. The 
gel wall thickness was up to 27 μm at the gel nodes (cross-
points of gel walls).
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Figure 4. Visualization of swollen DN cryogel 0.44-4/0.7-0.1 by CLSM (a-c), the element size is (210 μm)2 × 100 μm) and by nano-CT 
with 3D analysis (d-i).  For CLSM, PNaAMPS 1st network was stained with Rhodamine B, red fluorescence (a), PAAm 2nd network was 
stained by copolymerization with o-fluorescein acrylate, green fluorescence (b), merged CLSM images (c); DN cryogel for nano-CT 
was stained through 1st network by PbNO3 solution: reconstructed 3D image, the element size is (300 μm)3)  (d), the wall distance 
(e, f) and the wall thickness 3D analyzes (g-i), where the colors in individual scans represent the wall distance and wall thickness, 
respectively. The wall distance and wall thickness distributions (f, i). 

 

4. Conclusions 

In this work, we established a two-step cryogelation technique to produce tough supermacroporous hydrogels, with open-
cell morphology, based on the DN strategy. This technique enabled the synthesis of the 2nd network while preserving the 
porous structure of the 1st network gel. When the 2nd pre-gel solution was frozen under certain condition, ice crystallization 
occurred preferentially in the pores, permitting the synthesis of the 2nd network while maintaining the porous structure of 
the 1st network gel. We showed that original open-cell morphology of the 1st network cryogels can be well preserved when 
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the 2nd and even 3rd networks are introduced. We also demonstrated that the compressive and tensile properties of the brittle 
supermacroporous SN hydrogels can be significantly enhanced by using the DN/TN strategy. The high toughness distin-
guishes the DN cryogels from conventional IPN cryogels. Interestingly, DN cryogels also showed improved cutting resistance. 
In addition, the semi-transparency of some DN cryogels could still provide an advantage for the observation of cell behavior 
during cultivation. Furthermore, we assume that while the proposed technique could be used universally for the preparation 
of tough supermacroporous hydrogels by cryogelation, the exact conditions differ for different gel precursors. To the best of 
our knowledge, DN cryogels based on PNaAMPS and PAAm prepared in this study are the toughest cryogels with open-cell 
morphology reported. These DN cryogels will meet the high demand on stiffer and stronger supermacroporous hydrogels for 
advanced load-bearing applications, including the biomedical field. 
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SYNOPSIS TOC. Supermacroporous double-network (DN) hydrogels are prepared by a two-step cryogelation, that is 
cross-linking polymerization in a frozen state where ice crystals act as porogens. Although the 1st and 2nd single-net-
work (SN) cryogels are weak, DN cryogels showed synergistically improved mechanical properties. Cryogelation is also 
conducted to prepare even tougher triple-network (TN) cryogels.

 

 


