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A B S T R A C T   

We discuss here the properties of seven different synthetic and biopolymer cryogels prepared under identical 
conditions, and how the cryogenic condition and chemistry affect their properties. The monomers used in the 
study are acrylamide (AAm), N, N-dimethylacrylamide (DMAA), sodium acrylate (NaAA), sodium methacrylate 
(NaMA), and 2-acrylamido-2-methylpropane sulfonic acid sodium salt (AMPS). Silk fibroin (SF), and double- 
stranded deoxyribonucleic acid (DNA) are selected as the biopolymers for the preparation of the cryogels. The 
nonionic monomers AAm and DMAA produce cryogels with the largest total pore volumes and average pore 
diameters while ionic cryogels exhibit a small pore volume due to the collapse of the pores during their drying. 
Moreover, SF cryogel has the most mechanically stable porous structure followed by AAm and DMAA cryogels. 
The experimental findings can be explained with the cryogenic conditions namely, the total ice volume in the 
cryogelation system and the true concentration of the monomers or polymers in the unfrozen domains after 
cryoconcentration, as determined from DSC measurements. The extent of cryoconcentration and hence the true 
concentration of the monomers or polymers regulate the mechanical stability of the cryogel pore walls.   

1. Introduction 

Cryogelation is a simple and green technique to produce mechani-
cally robust, fast responsive, macroporous hydrogels, so-called cryogels 
[1–5]. The key point of this technique is the cryoconcentration of the 
reactants in the unfrozen domains of the apparently frozen reaction 
system [6,7]. As illustrated in Scheme 1a, the reactants, namely the 
monomers (or polymers), cross-linker, and initiator are first dissolved in 
water to form a homogeneous aqueous solution at room temperature, 
and at a predetermined nominal monomer concentration Cnom, usually 
between 5 and 20%. The solution is then cooled to a sub-zero temper-
ature, e.g., − 18 ◦C. As water turns into ice, the reactants expel from the 
ice and cryoconcentrate in the unfrozen regions of the reaction system 
leading to the formation of a highly concentrated monomer solution 
surrounding the continuous ice phase (Scheme 1b). For instance, it was 
shown that the local concentration of N, N′-dimethylacrylamide mono-
mer in the unfrozen zones at − 20 ◦C is 45.5 wt%, which is 7.6-fold 
higher than its nominal concentration Cnom (6 wt%) [8]. Polymeriza-
tion and cross-linking reactions ideally start with the aid of chemical or 
irradiated initiations. The resulting cryogels have ice domains acting as 
the template for the macropores surrounded by mechanically strong and 

elastic walls due to the high polymer concentration (Scheme 1c). Cry-
ogelation provides a significant improvement in the properties of the 
hydrogels and organogels including permanent porosity, squeezability, 
poroelasticity, ultrafast responsivity, and a high-toughness [6,9–13]. 
The intensive research conducted in the past 10 years in the field of 
cryogels mainly focuses on the synthesis of novel synthetic or 
biopolymer cryogels without further considering the real conditions of 
the cryogelation system such as the real concentration of the monomers 
in the unfrozen domains and the ice volume determining the cryogel 
properties [14–16]. The questions that may arise are as follows: How 
does the local concentration of the reactants in the unfrozen regions vary 
depending on the type of the monomers or polymers? What kind of 
correlation exists between the ice volume in the cryogelation system and 
the pore volume of the cryogels? These are the questions we try to 
address in this study. 

We prepared seven different cryogels under identical conditions, 
namely at − 18 ◦C and at a fixed monomer (or polymer) concentration of 
5 w/v %. Acrylamide (AAm), N, N-dimethylacrylamide (DMAA), sodium 
acrylate (NaAA), sodium methacrylate (NaMA), 2-acrylamido-2-methyl-
propane sulfonic acid sodium salt (AMPS) were selected as monomers 
while silk fibroin (SF), and double-stranded deoxyribonucleic acid 
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(DNA) were the biopolymers for the preparation of cryogels. N, N′- 
methylenebisacrylamide (BAAm) and 1,4-butanediol diglycidyl ether 
(BDDE) were the chemical cross-linker for the preparation of synthetic 
and biopolymer cryogels, respectively. We should mention that AAm is a 
widely used hydrophilic and nonionic monomer while DMAA is a rela-
tively hydrophobic nonionic monomer leading to the formation of 
associative polymers [17]. Moreover, hydrogels derived from NaAA and 
NaMA monomers are weak polyelectrolytes while those derived from 
AMPS are strong polyelectrolytes. SF is known to show extraordinary 
mechanical properties due to its β-sheet domains acting as physical 
cross-links [18]. Double stranded DNA is a semiflexible biopolymer and 
the hydrogels or cryogels derived from DNA exhibit smart functions such 
as self-healing, temperature sensitivity, selective binding, and molecular 
recognition [19]. The prediction of the morphological characteristics of 
the cryogels based on these monomers and polymers is thus important to 
obtain various tailor-made smart cryogels. Here, we investigate the ef-
fects of the chemical structure of the monomer units on the swelling, 
mechanical, and morphological properties of the resulting cryogels. The 
results are explained by considering the ice volume in the cryogelation 
system, and the true concentration of the monomers or polymers in the 
unfrozen domains, as determined by simple DSC measurements. Overall, 
this study highlights the importance of cryogenic conditions and 
chemistry in determining morphological and mechanical properties of 
cryogels. 

2. Materials and methods 

2.1. Materials 

Acrylamide (AAm, Merck), N, N-dimethylacrylamide (DMAA, 
Sigma-Aldrich), acrylic acid (AAc, Merck), methacrylic acid (MAAc, 
Merck), 2-acrylamido-2-methylpropane sulfonic acid (AMPS, Sigma- 
Aldrich), N, N′-methylene bis(acrylamide) (BAAm, Merck), 1,4-butane-
diol diglycidyl ether (BDDE, Sigma-Aldrich), potassium persulfate 
(KPS, Fluka), sodium metabisulfite (SMS, Fluka), sodium bromide 
(NaBr, Merck) and N, N, N′, N′-tetramethylethylenediamine (TMEDA, 
Sigma-Aldrich) were used as received. Deionized water with a conduc-
tivity of 12.9 μS⋅cm− 1 was used as the solvent for the cryogelation 

reactions, DSC solutions, and swelling measurements. AAc, MAAc, and 
AMPS were used after their neutralization with 1 M NaOH to pH = 7. 
Double-stranded deoxyribonucleic acid sodium salt (DNA) isolated from 
salmon testes was supplied from Sigma-Aldrich. Its molecular weight 
was 1.3 × 106 g⋅mol− 1, e.g., 2000 base pairs. Silk fibroin (SF) was 
extracted and purified from the cocoons of Bombyx mori (Kozabirlik, 
Turkey) as detailed before [20,21]. Briefly, the cocoons were boiled in 
an aqueous solution of 0.02 M Na2CO3 to remove sericin proteins from 
cocoons. The remaining SF was washed with water and then dissolved in 
aqueous 9.3 M LiBr solution for 2 h at 60 ◦C. The homogeneous SF so-
lution was then dialyzed against pure water using 10,000 MWCO dial-
ysis tubing (Snake Skin, ThermoFisher). The concentration of aqueous 
SF solution after dialysis was 9.1 wt%. 

2.2. Cryogelation 

The cryogelation reactions were conducted in a deep freezer at 
− 18 ◦C for various times. It should be mentioned that − 18 ◦C is the 
widely used subzero temperature for the cryogelation of aqueous reac-
tion solutions. The initial cooling rate of the reaction solutions was of 
− 2.0 ± 0.6 ◦C⋅min− 1 (Fig. S1). The initial (nominal) concentration Cnom 
of the monomers and biopolymers was fixed at 5 w/v % throughout this 
study. The synthetic cryogels based on AAm, DMAA, NaAA, NaMAA, 
and AMPS were prepared using BAAm as a cross-linker at a molar ratio 
of 1/80 in the presence of 3 mM KPS and 0.25 v/v% TMEDA as the 
initiator and accelerator, respectively. For DMAA cryogels, SMS (1 mM) 
instead of TMEDA was used as an accelerator. Biopolymer cryogels 
based on SF and DNA were prepared using BDDE as a cross-linker in the 
presence of 0.25 v/v% TMEDA [22,23]. The amount of BDDE was fixed 
at 2 w/v% for DNA cryogel while for SF cryogel, 2.00 mL BDDE per gram 
SF, e.g., 20 mmole epoxide groups per gram of SF was used. The amounts 
of the cross-linker, initiator, and accelerator used in the cryogelation 
reactions were determined by considering our previous works [21–26], 
and preliminary experiments yielding a complete gel fraction. 

Typically, to prepare cryogels based on AAm, AAm (0.5 g) was dis-
solved in 9.88 mL pure water in a glass vial, and then BAAm (13.6 mg) 
was added. After dissolution, 0.1 mL of 300 mM KPS stock solution and 
0.025 mL TMEDA were added and stirred for a few seconds. The solution 

Scheme 1. Cartoon showing cryoconcentration of the reactants at − 18 ◦C (a, b) followed by cryogelation and thawing to form a cryogel (c).  
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was then transferred into 1 mL plastic syringes and the cryogelation 
reactions were conducted at − 18 ◦C. Cryogels based on DMAA, NaAA, 
NaMA, and AMPS were also prepared using the same procedure. 

For the preparation of SF cryogels, 5.5 mL of 9.1 wt% aqueous SF 
solution was mixed in a glass vial with 3.5 mL pure water and 0.996 mL 
BDDE. After adding 0.025 mL TMEDA as a pH regulator [21], and stir-
ring properly, the solution was transferred into 1 mL plastic syringes and 
cryogelation reactions were conducted at − 18 ◦C. Cryogels based of 
DNA were prepared in 4 mM NaBr solution instead of water to prevent 
its denaturation [27]. Typically, 0.5 g DNA was dissolved in 4 mM 
aqueous NaBr solution at 35 ◦C for 1 day. 0.18 mL BDDE was then added 
and stirred at 35 ◦C for 1 h. After addition of 0.025 mL TMEDA, the 
solution was transferred into 1 mL plastic syringes of 4.5 mm internal 
diameter to conduct the cross-linking reaction at − 18 ◦C. 

2.3. Characterization of Cryogels 

Preliminary experiments showed that all cryogels, except DNA, show 
a complete gel fraction after a reaction time of 24 h. In contrast, DNA 
needed at least 3 days to incorporate completely into the cryogel 
network. Therefore, the cryogelation time was fixed as 3 days for DNA, 
and 24 h for SF and the monomers. After cryogelation, the syringes 
containing cryogels were taken out of the deep freezer and submerged in 
an excess of water at 23 ± 2 ◦C for at least one week to remove soluble 
species. They were then dried in a freeze-dryer (Christ Alpha 2–4 LD- 
plus) using a three-step procedure involving freezing at − 25 ◦C under 
atmospheric pressure for 24 h, main-drying at − 40 ◦C under 0.12 mbar 
vacuum for 24 h, and final-drying at − 60 ◦C under 0.011 mbar vacuum 
for 24 h. The gel fraction Wg which is the cross-linked polymer fraction 
obtained from monomer or polymer was calculated by the equation 

Wg =
mdry

m0w
(1)  

where mdry is the weight of the dried cryogel, m0 is the weight of as- 
prepared cryogel and w is the weight fraction of monomer or polymer 
in the cryogelation solution which was fixed at 0.05. The swelling 
behavior of cryogels was investigated in water which is a good solvent 
for all polymers. For this purpose, the freeze-dried cylindrical cryogels 
with 4.3 mm in diameter after preparation were cut into small samples 
with 2.5 ± 0.5 mm in thickness, and they were immersed in an excess of 
pure water. All cryogels attained their equilibrium swelling within less 
than 1 min. The equilibrium weight and volume swelling ratios, qw and 
qv, respectively, were calculated by, 

qw =
msw

mdry
(2a)  

qv =

(
Dsw

Ddry

)3

(2b)  

where msw and Dsw are the weight and diameter of the swollen samples in 
water, respectively, and Ddry is the diameter of the freeze-dried sample. 
All diameters were measured by absolute digimatic caliper (Mitutoyo) 
with 0–150 mm measurement range and 0.02 mm accuracy. 

The total pore volume Vp, i.e., the volume of open pores in milliliters 
per gram of the freeze-dried cryogel was measured by immersing cryogel 
specimens in an excess of poor solvent until reaching equilibrium at 
room temperature. Because the poor solvent fills only the pores without 
penetrating into the polymer network, the mass increase of a freeze- 
dried cryogel specimen in a poor solvent gives the total pore volume, 
Vp. Methanol was chosen as a poor solvent for DNA cryogels while 
acetone was chosen for all other cryogels. The total pore volume was 
calculated by the equation 

Vp =
mp − mdry

dp mdry
(3)  

where mp is the weight of the samples in poor solvent, dp is the density of 
poor solvent which is 0.784 and 0.792 g/mL for acetone and methanol, 
respectively. The texture determination of freeze-dried cryogels was 
carried out by optical microscopy and scanning electron microscopy 
measurements. An optical microscope (Olympus CX-31 microscope) was 
used to determine the interior structure of the cryogels in dry-state. All 
cryogels were cut into thin samples and then transferred to glass mi-
croscope slides. Their photographs were captured by Q Imaging Camera 
connected to a computer. Then, the average pore diameter of the cry-
ogels was calculated from the images using Image-Pro Plus software. A 
scanning electron microscope (SEM, Quanta FEG 250) was also used to 
investigate the interior structure of the cryogels in dry-state under a high 
vacuum. After cryogel samples were coated with Au-Pd, SEM images 
were obtained for all cryogels at several magnifications between 50 and 
1000 times. The average pore size in the SEM an OM images was esti-
mated by analyzing at least 100 pores in the images taken at various 
magnifications. 

2.4. Characterization of cryogelation solutions at − 18 ◦C 

The amount of unfrozen water, extent of cryoconcentration, and ice 
volume of the frozen solutions were determined by differential scanning 
calorimetry (Perkin-Elmer Diamond DSC 4000) under a nitrogen at-
mosphere. For this purpose, the cryogelation solutions were prepared as 
described above except that the initiator and catalyst were not added. 
The solutions, each 15 mg, were places in the aluminum pans of the 
instrument and they were frozen at − 18 ◦C for 24 h. The pans were held 
in the instrument at − 18 ◦C for 2 h and then heated from − 18 to 10 ◦C 
with a scanning rate of 1 ◦C⋅min− 1. The ice melting temperature Tm in 
the presence of cryoconcentrated solutions was determined from the 
melting peaks according to ICTAC (International Confederation for 
Thermal Analysis and Calorimetry) standards. Thus, Tm was determined 
from the extrapolated peak onset temperature for water, DMAA, NaAA, 
NaMA and AMPS solutions, while the peak temperature was taken as the 
Tm for biopolymer (SF, DNA) solutions. Moreover, because of the exis-
tence of eutectic point in AAm solutions, the maximum of the second 
melting peak was taken as Tm for frozen AAm solutions. The melting 
enthalpy ΔH of frozen monomer/polymer solutions was determined 
from the area under the melting peak from DSC. The mass fraction funf of 
unfrozen water was calculated by the equation 

funf = 1 −
ΔH
ΔHm

(4)  

where ΔHm is the melting enthalpy of ice taken as 333.89 J⋅g− 1. Cry-
oconcentration is, as detailed above, the phenomenon of increasing 
monomer concentration in cryogelation system due to the freezing of 
water. Thus, as water freezes, monomers or polymers accumulate in the 
still unfrozen domains until an equilibrium is obtained at a given sub-
zero temperature. As a consequence, the local (true) concentration Ctrue 
of the monomers or polymers is always larger than their nominal con-
centration. It was calculated from the mass fraction funf of unfrozen 
domains by 

Ctrue =
Cnom

Cnom + (1 − Cnom)funf
*100 (5)  

where Cnom was fixed at 5 w/v % in our study. The ice volume of the 
frozen reaction solutions was calculated by the equation 

Vice =
(1 − C0)

(
1 − funf

)

diceC0
(6)  

where dice is the density of ice at − 18 ◦C, 0.995 g/mL. 
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2.5. Statistical analysis 

All the experimental data are the averages of three (for Wg) or eight 
independent measurements (for all other data). They are displayed in 
the form of the average value ± standard deviation (see Table S1-S4). 

3. Results and discussion 

Seven different cryogels based on AAm, DMAA, NaAA, NaMA, AMPS, 
SF and DNA were synthesized at − 18 ◦C and at a fixed monomer (or 
polymer) concentration of 5 w/v %, the rest being water. This reveals the 
presence of around 95% ice during cryogelation, potentially acting as a 
template for the formation of pores. Moreover, because of the differ-
ences in the molar masses of the monomers, the monomer solutions have 
different molarities affecting the kinetics of the polymerization and/or 
cross-linking reactions. To eliminate this effect, a complete incorpora-
tion of the monomers and polymers into the 3D cryogel network was 
achieved by adjusting the reaction time. BAAm and BDDE were the 
chemical cross-linker for the preparation of synthetic and biopolymer 
cryogels, respectively. In the first subsection, we compare and discuss 
the swelling, morphological, and mechanical properties of the cryogels. 
The characteristics of the cryogelation solutions at − 18 ◦C, namely the 
fraction of unfrozen water, the ice volume, and the true concentration of 
the reactants during cryogelation are then presented, and their effects on 
the cryogel properties are discussed in the second subsection. 

3.1. Swelling, morphological, and mechanical properties of the cryogels 

Except for the ionic cryogels based on AMPS and NaMA, all cryogels 
exhibited a gel fraction Wg close to unity indicating that the monomers 
or polymers are completely incorporated into the 3D cryogel network 
(Fig. S2). For AMPS and NaMA cryogels, Wg values are larger than unity 
reflecting the existence of bound water that cannot be removed after the 
freeze-drying procedure [28,29]. The filled and open bars in Fig. 1a 
present the equilibrium weight qw and volume swelling ratios qv, of the 
cryogels, respectively. The weight swelling ratio qw of all cryogels is 
much larger than their volume swelling ratio qv, and the difference be-
tween qw and qv increases in the order of SF < DMAA < AAm < DNA <
NaAA <NaMA < AMPS. The larger weight swelling of cryogels can be 

explained with the water-filling of the pores of the cryogels when 
immersed in water during which their mass significantly increases 
without changing much their volume. Assuming isotropic swelling, qv 
relates to qw by [30], 

qv =
d0

d2

[

1+
(qw − 1) d2

d1

]

(7)  

where d1 is the solvent density, d2 is the bulk density of the polymer 
forming the pore walls, and do is the apparent density of dried cryogel 
which is inversely proportional to the dry-state porosity P by, 

P = 1 −
d0

d2
(8)  

Eqs. (7), (8) reveal that the volume swelling ratio qv assumes smaller 
values as the apparent density do decreases, i.e., as the porosity P in-
creases. Combining Eqs. (7) and (8) gives a relation between the porosity 
Psw of the swollen cryogels and their swelling ratios qv and qw [30], 

Psw = 1 − qv [1 + (qw − 1)d2/d1 ]
− 1 (9a) 

Assuming equal densities for polymer and water, Eq. (9a) reduces to 

Psw = 1 −
qv

qw
(9b) 

Thus, the difference between the weight or volume swelling ratios is 
directly proportional to the porosity Psw of the swollen cryogels. The 
filled and open bars in Fig. 1b show the porosity Psw calculated using Eqs. 
(9a) and (9b), respectively. Except SF with 86–90% porosity, all cryogels 
exhibit more than 95% porosity in their swollen states. The results also 
show that the simplified Eq. (9b) describes well the swollen state 
porosity of all cryogels. Another parameter reflecting the porous struc-
ture of cryogels is their total pore volume Vp in their dry states. This 
parameter was determined by immersing the freeze-dried cryogel 
specimens in a poor solvent that only enters into the pores without 
swelling the cryogel network. The pore volume Vp of all cryogels 
compiled in Fig. 2a shows that the nonionic monomers AAm and DMAA 
produce cryogels with the largest pore volumes (14–16 mL⋅g− 1). 
Moreover, although the ionic cryogels exhibit a high porosity Psw in the 
swollen state (Fig. 1b), they have a smaller total volume of pores Vp, 
which is attributed to the collapse of the pores during drying, as verified 

Fig. 1. (a) The equilibrium weight qw and volume swelling ratios qv of the cryogels. (b) Swollen state porosities Psw of the cryogels. The filled and open bars show the 
porosity Psw calculated using Eqs. (9a) and (9b), respectively, and using d2 = 1.44, 1.35, 1.35, 1.21, 1.10, 1.29, and 1.05 g/mL for DNA, SF, and polymers of AAm, 
DMAA, NaAA, NaMA, and AMPS, respectively [22,31–33]. The data in (a) and (b) are arranged in decreasing order of qw and Psw, respectively. 
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V p

D

Fig. 2. Variations of the total pore volume Vp (a) and the average pore diameter D (b) depending on the type of the cryogels. The data in (a) and (b) are arranged in 
increasing order of Vp and D, respectively. 

Fig. 3. SEM (first two columns) and OM images (last column) of cryogels based on DMAA (a1-a3), AAm (b1-b3), and DNA (c1-c3).  
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by morphological analysis. 
The morphology of the cryogels was investigated by scanning elec-

tron microscopy (SEM) and optical microscopy (OM) measurements. 
Fig. 3 shows SEM (first two columns) and OM images (last column) of 
cryogels based on DMAA (a1-a3), AAm (b1-b3), and DNA (c1-c3) while 
the average pore diameter D of all cryogels are compiled in Fig. 2b. 
Moreover, SEM images of all cryogels at various magnifications are 
shown in Fig. S3. DMAA produces most regular and largest pores with an 
average diameter of around 200 μm. Both the diameter and regularity of 
the pores slightly decrease by replacing DMAA with AAm or DNA. 
Interestingly, AAm cryogel exhibits two generation of pores, namely in 
addition to the large pores of around 130 μm in diameter, small pores of 
a few μm in diameter appear in the walls of the large pores (inset to 
Fig. 3 b1). We attribute this characteristic of AAm cryogel to the bimodal 
melting behavior of aqueous AAm solution as will be discussed in the 
next section. 

Fig. 4 shows SEM images of cryogels based on NaMA, AMPS, NaAA, 
and SF. The images reveal existence of irregular shapeless pores indi-
cating collapse of the pores. Indeed, visual observation of these cryogels 
reflected shrinkage of the cryogel specimens after their freeze-drying. 
This could be related to the weak pore walls due to the low extent of 
cryoconcentration (see next section). Another reason is the existence of 
bound water acting as plasticizer in the cryogel structure so that the pore 
walls remain in the rubbery state facilitating collapse of the porous 
structure [34–36]. It was reported that the glass transition temperature 
Tg of polyacrylic acid decreases from 120 to around 25 ◦C with 
increasing water content to 15 wt% [36]. Thus, pore collapse induced by 
moisture absorption of ionic cryogels may also be responsible for their 
irregular pore structure. The average pore diameters determined from 
OM and SEM images also show that they can be varied over a wide 
range, i.e., between 30 and 200 μm, by changing the type of the cryogel 
(Fig. 2b). 

To compare the mechanical properties of the cryogels, uniaxial 
compression tests were conducted on freeze-dried cryogel specimens in 
cylindrical shapes. We should note that NaMA, NaAA and AMPS cry-
ogels collapse during drying and lose their cylindrical shapes so that the 
mechanical tests could not be conducted. Fig. 5a, b shows the stress- 
strain curves of dried cryogels in linear and semi-logarithmic scales, 
respectively. The compressive strengths of SF and AAm cryogels are 13.1 
± 0.7 and 3.1 ± 0.3 MPa, respectively, and clearly surpass those of other 
cryogels. Moreover, the cryogels except DNA exhibit a distinct plateau- 
like regime in the stress-strain curves during which they easily deform 
under an almost fixed stress. For instance, SF cryogel can easily be 
compressed from 10 to 40% strain under an almost constant stress of 
0.72 ± 0.07 MPa. We can interpret this plateau as the transition region 
from linear to the hardening regimes as indicated by (1) and (2) in 
Fig. 5c, respectively. Thus, the porous structure of the cryogel remains 
intact in the linear regime while the pores start to collapse with the onset 
of the plateau. As the pores disappear and the cryogel turns into an 
almost nonporous one, the stress drastically increases in the final 
regime. The plateau stress can thus be interpreted as the stress required 

to break down the porous structure of the cryogels. Fig. 5b also reveals 
that SF cryogel has the most mechanically stable porous structure fol-
lowed by AAm and DMAA cryogels. SF is known to show extraordinary 
mechanical properties due to its β-sheets domains acting as physical 
cross-links [22]. Although Tg of hydrophilic polymers decreases with 
increasing water plasticization, the water molecules in the amorphous 
regions of SF act as a plasticizer inducing β -sheet crystallization and 
hence further improving the mechanical properties [37]. Moreover, self- 
cross-linking ability of DMAA during cryopolymerization may also 
contribute to the mechanical strength of DMAA cryogels [38]. The 
mechanical tests were also conducted on AAm, AMPS and SF cryogels in 
their swollen states (Fig. S4). AAm and AMPS cryogel specimens can 
easily be compressed under less than 2 kPa stress up to 80% strain due to 
squeezing out water from the cryogel network. Finally, the steep in-
crease at higher strains indicates compression of nearly nonporous AAm 
and AMPS networks. In contrast, SF cryogel in swollen state exhibits a 
plateau regime reflecting its mechanically stable porous structure, as in 
its dry state. 

3.2. Effect of cryogenic conditions on the cryogel properties 

The results presented above show that AAm, DMAA, and DNA create 
cryogels with a maximum pore volume in dry state and the largest pore 
diameters. They, together with the SF cryogel, also sustain large com-
pressions without failure. In contrast, all ionic cryogels exhibit a low 
pore volume in dry state and irregular small pores due to the collapse of 
their porous structure. Moreover, from the studied cryogels, those based 
on silk fibroin (SF) was found to present the highest mechanical strength 
although they exhibit irregular and small pores. Thus, the cryogel 
properties significantly depend on the chemical structure of the cryogel 
scaffolds. This means that the nature of cryogel precursors under the 
cryogenic conditions should determine the properties of the cryogels. To 
highlight this effect, DSC measurements were conducted on the cry-
ogelation solutions at − 18 ◦C to determine the melting point of ice in the 
cryoconcentrated solutions, the amount of unfrozen water funf, the vol-
ume of ice Vice, and the actual (true) concentration Ctrue of the cryogel 
precursors in the unfrozen domains of the cryogelation system. To 
determine the amount of unfrozen water at − 18 ◦C, the cryogelation 
solutions containing 5 w/v % monomers or polymers, and the cross- 
linker were prepared without addition of the initiator and catalyst. 
After freezing the solutions at − 18 ◦C, they were heated to 10 ◦C in a 
DSC instrument with a scanning rate of 1 ◦C⋅min− 1 (Fig. 6a). Except 
AAm, all aqueous solutions of the monomers and polymers exhibited a 
single melting peak. As for the ionic monomers, melting point shifted to 
a lower temperature between − 3 and − 7 ◦C because of their counter-
ions (Fig. 6b). DSC analysis of AAm solution shows formation of a 
eutectic mixture that melted at − 9.2 ◦C, as also reported before by 
Ivanov and Lozinsky [39]. Thus, in addition to the main melting peak at 
1.2 ± 0.1 ◦C, a second melting peak at a much lower temperature ap-
pears in the aqueous AAm solutions. This means that the AAm solution 
exhibits two freezing temperatures leading to the formation of bimodal 

Fig. 4. SEM images of the cryogels based on NaMA, AMPS, NaAA, and SF.  
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pores in the resulting cryogels, as observed by SEM images (Fig. 3 b1). 
Fig. 7a shows the variation of the fraction funf of unfrozen water at 

− 18 ◦C depending on the type of the cryogels. funf varies between 6.5 ±
1 and 38 ± 1% depending on the type of the monomers or polymers. For 
the ionic monomers and polymers, more than 30% of water in the cry-
ogelation system remains unfrozen at − 18 ◦C while this amount de-
creases below 14% for the nonionic monomers DMAA and AAm. The 
lowest value of funf was found for DMAA as 6.5% which is attributed to 
its lower hydrophilicity. Fig. 7b shows the true concentration Ctrue of the 
monomers/polymers in the unfrozen domains. The nominal concentra-
tion Cnom of 5 w/v % was indicated by the horizontal dashed line. We 

should note that the Ctrue/Cnom ratio represents the extent of cry-
oconcentration under cryogenic conditions [5]. As expected from the 
large amount of unfrozen water in ionic cryogelation systems, the extent 
of cryoconcentration is not significant and Ctrue/Cnom ratio remains be-
tween 2.4 and 3.5. In contrast, this ratio increases for the nonionic 
monomers and SF because of its hydrophobic segments [18], and be-
comes 9 for DMAA corresponding a DMAA concentration of 45 w/v % in 
the unfrozen region. Because a higher Ctrue means a higher polymer 
concentration of the pore walls, the higher extent of cryoconcentration 
produces stable pore walls as observed for AAm and DMAA cryogels. 

The filled symbols in Fig. 8 present the ice volume Vice in the cry-
ogelation system as estimated by DSC measurements. DSC data were 
converted to mL ice per gram of dry cryogel to make comparable with 
the experimental pore volume (Vp) data of the cryogels, as also shown in 
the figure by the bar plots. The general trend is that the ice volume Vice 
calculated from the DSC results is larger than the pore volume Vp of the 
cryogels. This could be due to the partial collapse of the pores during 
drying of the cryogels. Moreover, in accord with the experimental Vp 
data, DSC simulations also predict that the nonionic monomers DMAA 
and AAm form cryogels with the largest ice volumes Vice, namely 17.9 
and 16.5 mL⋅g− 1, respectively. For other cryogels, Vice remains almost 
constant at 13 ± 1 mL⋅g− 1 indicating that the extent of pore collapse 
determines their Vp data. The results thus reveal that the measurement 
of the ice volume in the cryogelation solution is an effective tool to es-
timate the pore volume of the cryogels. 

4. Conclusions 

We presented the effects of cryogenic condition and chemistry on the 
properties of seven different cryogels prepared under identical condi-
tions. The weight swelling ratio qw of all cryogels is much larger than 
their volume swelling ratio qv, and the difference between qw and qv 
corresponding to the swollen state porosity Psw increases in the order of 
SF < DMAA < AAm < DNA < NaAA < NaMAA < AMPS. In their dry 
states, however, the nonionic monomers AAm and DMAA produce cry-
ogels with the largest total pore volumes and average pore diameters 
while ionic cryogels exhibit a small pore volume due to the collapse of 
the pores during drying. Uniaxial compression tests reveal that SF cry-
ogel has the most mechanically stable porous structure followed by AAm 
and DMAA cryogels. The experimental findings can be explained with 
the chemical structure of the cryogels as well as with the cryogenic 
conditions namely, the amount of unfrozen water funf, the volume of ice 
Vice, and the true concentration Ctrue of the cryogel precursors in the 
unfrozen domains of the cryogelation system. It was found that the 
extent of cryoconcentration represented by the Ctrue/Cnom ratio is not 
significant for the ionic monomers and polymers, and remains between 
2.4 and 3.5. This ratio increases for SF and the nonionic monomers, and 
becomes 9.0 for DMAA corresponding to 45 w/v % DMAA concentration 
in the unfrozen regions. Because a higher Ctrue means a higher polymer 

%

no
m

%

no
m

Fig. 5. (a, b) Stress-strain curves of the cryogels in linear (a) and semi-logarithmic scales (b). (c) Schematic presentation of the stress-strain curves for cryogels.  

Fig. 6. DSC scans (a) and ice melting temperatures Tm (b) of bulk ice and in the 
presence of cryoconcentrated solutions of AAm, DMAA, NaAA, NaMA, AMPS, 
SF, and DNA at a fixed concentration of 5 w/v %. 
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concentration of the pore walls, the higher extent of cryoconcentration 
produces stable pore walls as observed for AAm and DMAA cryogels. In 
contrast, the pores in ionic cryogels easily collapse during drying due to 
the low Ctrue/Cnom ratio. Moreover, the general trend is that the ice 
volume Vice calculated from the DSC results is larger than the pore vol-
ume Vp of the cryogels. This could be due to the partial collapse of the 
pores during drying of the cryogels. In accord with the experimental 
data, DSC simulations also predict that the nonionic monomers DMAA 
and AAm form cryogels with the largest ice volumes Vice, namely 17.9 
and 16.5 mL⋅g− 1, respectively, while for other cryogels, Vice remains 
almost constant at 13 ± 1 mL⋅g− 1. The results thus reveal that the 
measurement of the ice volume in the cryogelation solution is an 
effective tool to estimate the pore volume of the cryogels. 
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