
1. Introduction 
Biocompatible polymer based hydrogels are interesting 
biomaterials used in controlled drug release devices, 
tissue engineering, biosensors, artificial muscles, 
bioseparations, etc. [1-5] due to their ability to mimic 
body tissue and to respond to external stimuli. However, 
they show poor mechanical characteristics and slow 
response. Strategies to improve performance include 
formation of semi-interpenetrating polymer networks 
(semi-IPN), construction of interconnected pore structures 
by cryogelation, embedding clay minerals to obtain 
organic–inorganic composite hydrogels, etc. [2-4,6-12]. 
Materials with a broad spectrum of micro-morphologies 
and properties can be prepared [1]; properties such as 
swelling, permeation, mechanical, optical, and surface 
characteristics can be varied for applications from 
biotechnology to environmental protection [13-15].  

Semi-IPN hydrogels are typically produced in a “single 
step” by synthesis of a hydrophilic polymer matrix around 
an entrapped water soluble polymer [6,7,9,10-12,16]; 

alternatively, they are prepared by selective cross-linking 
of one polymer in a polymer blend [7,17]. 

In cryogelation soluble monomers, initiator, and 
polymer are expelled from the ice and concentrated in 
the liquid channels between ice crystals. Cross-linking 
polymerization occurs in these channels, the ice crystals 
acting as a template. Thawing leaves a system with 
large and interconnected pores called a cryogel. These 
possesses tissue-like elasticity, withstand high levels of 
elongation and torsion, and absorb  water very rapidly 
[6,8,9,18-20]. Cryogelation has been used to produce 
scaffolds with controlled internal microarchitecture by 
cross-linking two polysaccharides [21]. 

Poly(acrylamide) (PAAm) is widely used due to its 
affinity for proteins and other biomolecules. Its amide 
groups allow further reaction [10-12]. The addition 
of dextran (Dx, a hydrophilic, biocompatible, and 
biodegradable linear α-1,6-linked D-glucopyranose 
polymer) provides a material with new properties. 
Dextran based hydrogels have been used as carriers 
for controlled release of antidiabetics, antibiotics, 
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anticancer drugs, peptides and enzymes [22-25]. 
For example, acyclovir, an antiviral drug with limited 
water solubility, has been successfully encapsulated 
into semi-IPN microspheres of acrylamide grafted on 
dextran (AAm-g-Dx) and chitosan (CS) by varying the 
AAm-g-Dx / CS ratio and the amount of glutaraldehyde 
[22]. 

Preparation of some novel semi-IPN composite 
hydrogels based on PAAm and Dx at 22ºC, 5oC and 
-18ºC has been recently reported [6]. These rod-shaped 
gels have been characterized by FTIR spectroscopy, 
scanning electron microscopy (SEM), differential 
scanning calorimetry, and their swelling behavior. 
The results were compared with those obtained on a 
PAAm network without dextran. The gel swelling ratio is 
enhanced by Dx, and by conducting the polymerization 
at -18oC. Semi-IPNs with interconnected pores and 
superfast-response were obtained [6]. 

Better understanding of the structure-property 
relationship is essential to optimize the composition, 
preparation and processing of materials tailored to 
specific requirements [2]. Therefore we have extended 
the study of these composite gels to disks and rods to 
examine their mechanical and rheological properties 
as well as their thermostability. Dynamic water vapor 
sorption analysis was also performed to evaluate 
surface properties. SEM images of the disks showed 
their morphology. 

2. Experimental procedure  

2.1. Materials
Dextran (Dx) (100 kDa) from Leuconostoc 
mesenteroides was purchased from Sigma-Aldrich 
and used as received. Acrylamide (AAm, Fluka), N,N’-
methylenebis(acrylamide) (BAAm, Sigma), ammonium 
persulfate (APS, Sigma-Aldrich), and N,N,N’,N’-
tetramethylethylenediamine (TEMED, Sigma-Aldrich) 
were used as received. All reagents were of analytical 
grade or the highest purity available.

2.2. Semi-IPN hydrogel preparation 
Semi-IPN hydrogels based on PAAm and Dx were 
prepared by free radical cross-linking copolymerization 
in aqueous solution at three temperatures (Tprep = 22, 
5, or -18oC) as reported [6]. The initial concentration 
of the monomers (AAm+BAAm =  C0) and the cross-
linker ratio (X = molar ratio of cross-linker BAAm to 
monomer AAm) were kept constant (C0 = 5 % w/w; 
X = 1:80). Stock solutions of APS (0.2 g per 25 mL) 
and TEMED (0.625 mL per 25 mL) were the redox 
initiator. 

PAAm/Dx semi-IPN hydrogels were prepared at 22oC 
and 5oC as follows: 0.4868 g AAm, 7 mL Dx aqueous 
solution (1% w/w), 1 mL BAAm (0.33 g per 25 mL) and 
1 mL TEMED stock aqueous solution were first mixed in 
a 10 mL flask. The solution was purged with nitrogen for 
20 min, then 1 mL of APS stock solution was added and 
the mixture further stirred about 20 sec. Portions (1 mL) 
were transferred to 4 mm syringes to obtain rod-shaped 
gels or to 60 mm Petri dishes for disks. The syringes or 
dishes were sealed, immersed in a thermostat bath at 
Tprep and the polymerization proceeded for one day.

The procedure at Tprep = -18oC differs slightly. The 
AAm,  Dx,  BAAm, and TEMED solutions were mixed 
as above, but this solution was kept at 0oC in an ice-
water bath while purged with nitrogen, the APS solution  
added, and the mixture stirred. This diminished the time 
necessary to reach -18oC [18]. The solution was then 
treated as above except a -18oC freezer replaced the 
constant temperature bath. At -18oC, 10 mL of solution 
in syringes or petri dishes was frozen in 10 min, while 
the onset of gelation at X = 1/80 occurred within 30 min. 
Reaction containers of the same volume and shape were 
used to obtain reproducible heating or cooling patterns. 
After polymerization the gels were repeatedly soaked in 
a large excess of water to wash out soluble polymers, 
unreacted monomers and the initiator. The swollen rods 
and disks were used for mechanical measurements. For 
thermogravimetric analysis and water vapor sorption 
tests, the swollen rods were carefully deswollen in 
a series of water–acetone mixtures with increasing 
acetone contents (vol.%), as follows: 20% (3 h) → 
40% (3 h) → 60% (3 h) → 80% (3 h) → 100% (12 h). 
This solvent exchange facilitated final drying at 40oC to 
constant weight.

Reference samples of cross-linked PAAm without 
dextran were prepared as above.

2.3. Equipment  and  procedures for  semi-IPN 	
       hydrogel characterization 
2.3.1. Morphological analysis
The surface morphology and internal structure of the 
dried semi-IPN hydrogels were observed on a Quanta 
200 Environmental Scanning Electron Microscope 
(ESEM), operating in low vacuum mode at 30 kV with 
secondary electrons. Disks were frozen in liquid nitrogen 
and freeze dried in a Martin Christ ALPHA 1-2LD 
lyophilizer (24 h at -57oC and 0.045 mbar). Samples 
were cross-sectioned with a sharp blade to reveal the 
internal structures. The average pore diameter and wall 
thickness were determined from the SEM photographs 
using the ACD Photo Editor v3.1 image analysis program. 
At least 40 pores were measured per sample.
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2.3.2. Mechanical-rheological measurements
Uniaxial compression (stress-strain) tests were 
performed on equilibrium swollen rods in a controlled 
temperature room (21 ± 0.5oC). The stress–strain 
isotherms were measured with a Physik M-150.11 
universal materials tester [26]. Briefly, a 5 – 6 mm 
diameter cylindrical swollen gel sample 10 mm long 
was placed on a digital balance (Sartorius BP221S, 
readability and reproducibility: 0.1 mg). After taring, a 
load was vertically transmitted to the gel through a rod 
fitted with a PTFE end-plate. 

The compressional force (F) was calculated from the 
balance reading, m : 

gmF ⋅= 	                                                        (1)

where g is the gravitational acceleration. 
The resulting deformation (∆l) was:

lll −=∆ 0                                                                  (2)

where l0 and l are the initial and deformed lengths.  After 
20 s relaxation the latter was measured with a digital 
comparator (IDC Digimatic Indicator 543-262, Mitutoyo 
Co.) sensitive to 10-3 mm. The measurements were 
conducted up to about 15% compression. 

The deformation ratio α was:

			                             (3)

and the stress f :
  						    

A
Ff = 				                              (4)

where A is the initial cross-sectional area:

				                (5)

and r0 is the initial radius. The modulus relative standard 
deviations were less than 3%. 

Rheological measurements (oscillatory shear) 
on equilibrium swollen disks provide a quantitative 
characterization of the viscoelastic properties 
[27]. The response was determined at constant 
deformation (γ) during a frequency sweep (ω). 
Viscoelasticity causes a phase shift (δ). If the 
deformation does not exceed the linear viscoelastic 
region, nondestructive characterization is possible 
and the network parameters can be determined 
[27,28].

The complex shear modulus (G*) is the ratio of 
maximum shear stress (σo) to maximum deformation 
(γo), incorporating the phase shift (δ):

                                        (6)

where G’ is the storage modulus (elastic energy stored) 
and G’’ is the loss modulus (viscous dissipation) [29]. 
The complex dynamic viscosity, |η*| is:

							     
			              (7)

where η' is the dynamic viscosity.
Rheology was measured using a HAAKE Mars II 

RheoScope 1 (Thermo Scientific) with parallel plate 
geometry (Ø = 60 mm) and a 1 mm gap. A Peltier plate 
maintained the temperature at 25oC. The samples were 
carefully loaded between the plates and the excess 
hydrogel removed to ensure a cylindrical contact 
region. All measurements were carried out in the range 
ω = 0.5 – 100 rad s-1 and in the experimentally determined 
linear viscoelastic region (γ = 0.005%), where G’ and G’’ 
are independent of strain. A force of 0.3 N was applied 
normal to the sample surface to avoid gel slippage from 
the Peltier plate and water release from the -18oC gels. 
This resulted in slight sample compression. This setup 
is comparable to other works [30-32].

2.3.3. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed on 
3 – 5 mg samples from 25 to 700 oC at 10 oC min-1 under 
nitrogen flow (20 cm3 min-1) with a Mettler Toledo TGA/
SDTA 851. 

2.3.4. Water vapor sorption capacity
Samples were initially dried to constant weight at 25oC 
in flowing nitrogen (250 mL min-1)  at RH < 1%. Dynamic 
water vapor sorption was measured using the IGAsorp 
gravimetric analyzer (Hiden Analytical, Warrington 
(UK). A microbalance measures the weight change as 
the sample chamber humidity is changed at constant 
temperature. Measurements were performed at 25oC 
and the relative humidity (RH) was increased from 0 – 
90% in 10% steps with a 50 - 60 min equilibrium time. 
Step decreases (10% from 90 - 0%) gave desorption 
isotherms. A program with 5% humidity steps between 0 
and 40% RH and 10% steps between 40 and 90% RH 
was used to determine the BET surface. 

3. Results and discussion
Different shapes of semi-IPN hydrogels have been 
synthesized by free-radical polymerization at 22ºC, 
5oC and -18ºC, with Dx as physically entrapped 
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polymer, AAm as monomer, and BAAm as cross-
linker [6]. The gel preparation temperature and Dx 
presence were key factors controlling the porous 
structure of the networks. During polymerization, the 
Dx chains inter-diffuse and get physically entangled 
with the PAAm 3D network, yielding a semi-IPN 
hydrogel. 

This work is here extended to evaluate the effects 
of synthesis temperature and the presence of Dx on 
the mechanical, rheological, thermal, and surface 
properties.

Optical images of the swollen PAAm/Dx gels 
prepared as rods and disks are presented in Fig. 1.

The gels formed at -18oC were opaque, indicating 
separate submicrometer to micrometer domains, while 
those formed at 22oC or 5oC were semi-transparent with 
a smooth slippery surface. These differences correspond 
to different swelling behaviors. In the previous work [6], 
the swelling ratios of rod-shaped PAAm/Dx gels were 
46.68 g g-1, 35.04 g g-1 and 28.25 g g-1 for 22, 5 and 
-18oC gels. For the disk-shaped gels the swelling ratios 
were very similar. 

Fig. 2 shows SEM images (1000X) of lyophilized 
hydrogel disks. 

The porosity of semi-IPN hydrogels has been 
reported [6,33,34]. Fig. 2A shows the irregular assembly 
of spherical pores (36 ± 3 µm) of a 22oC hydrogel. 
Fig. 2B shows the same morphology in the 5oC hydrogel 
(35 ± 3 µm).  Gels prepared at T > 0oC are porous due 
to physical entanglement of Dx chains within the 3D 
PAAm network. This improves the mechanical stability 
because the pores cannot collapse during deswelling 
or drying. Decrease of the preparation temperature to 
-18oC gave a heterogeneous microstructure consisting 
of interconnected 80 ± 5 µm polyhedral pores 
(Fig. 2C). As Fig. 2 shows, the main change in morphology 
when the preparation temperature decreased from 
22 to -18oC is an increase in average pore size. At -18oC 
the ice crystals act as porogen during gelation, leading 
to a porous architecture with interconnected pores. 
The thickness of the pore walls was 2.5 ± 0.5 µm, 
3 ± 0.5 µm, and 12 ± 2 µm at preparation temperatures 
of 22, 5 and -18oC.

3.1. Mechanical and rheological properties
The mechanical properties of equilibrium swollen 
hydrogels were evaluated by uniaxial compression 
and rheological measurements. Uniaxial compression 

                                  

Figure 1. Pictures of PAAm/Dx semi-IPN hydrogels in swollen state prepared in the shape of rods (A) and disks (B).
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tests the stiffness of a material and describes its elastic 
deformation along the axis on which forces are applied. 
The elastic modulus (G) is the stress-strain curve slope 
in the elastic deformation region [26]. On the other hand, 
rheology examines viscoelastic and shear behavior. 
A sinusoidal stress is applied and the strain is measured, 
allowing one to determine the complex modulus (G*) 
[29].

For uniaxial deformation, the statistical theory of 
rubber elasticity for Gaussian chains gives Eq. 8 [35]:

		                            (8)

Uniaxial compression measurements were performed 
on rod-shaped equilibrium swollen hydrogels. At small 
compressions deviation from  linearity was observed 
in all samples. This was attributed to the imperfect 
geometry of the sample surface, which decreases 
the contact area between the PTFE plate and sample 
at low compression and results in relatively high 
deformation at low stress. To correct this, the data at 
very low strain were discarded. The linear portion of 
the curve was extrapolated to – (α - α-2) at f = 0, from 
which the corrected initial length was computed and the 
deformation ratios determined. The corrected data are 
shown in Fig. 3. Data for the equilibrium swollen PAAm 
hydrogels demonstrate the role of Dx.

Table 1 shows the elastic modulus G determined 
from the slope of f vs. – (α − α−2) (Eq. 8 and Fig. 3).

The semi-IPN hydrogels showed higher G values 
than those without Dx at all preparation temperatures. 
The 22oC and 5oC gels exhibited elastic moduli of 1595 
and 1918 Pa, while those without Dx gave 1031 and 
1544 Pa. The -18oC gels were exhibiting more 
elastic moduli of 4384 Pa for semi-IPN hydrogels and 
2879 Pa for the PAAm gels (Table 1). The -18oC gels 
were very tough and could be stretched by about 
100% without cracking. Thus the elastic modulus of the 
semi-IPN hydrogel networks can be tailored by 
preparation temperature and Dx addition.

Rheology measures the hydrogel viscoelastic 
properties, which often link formulation and processing 
with performance. These properties strongly correlate 
with the microstructure and are useful in controlling 
performance [36]. 

Figs. 4, 5 and 6 show the relationships of G’, G’’ and 
|η*| with applied oscillatory frequency.

The storage modulus was higher than the loss 
modulus (G’ > G’’), over the whole frequency range: 
elasticity dominates viscosity and the swollen samples 

Figure 2. SEM images of the PAAm/Dx semi-IPN hydrogel disks prepared at 22oC (A), 5oC (B), -18oC (C). The scaling bars are 100 µm. Mag. = 1000x.
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Figure 3. Typical stress-strain data for PAAm hydrogels prepared 
at 22oC (□), 5oC (○) and -18oC (∆) and for PAAm/Dx semi-
IPN hydrogels prepared at 22oC (■), 5oC (●) and -18oC 
(▲).

Table 1. 

Sample code Tprep (
oC) Elastic modulus, G (Pa)

PAAm_22 22 1031
PAAm_5
PAAm_-18

5
-18

1544
2879

PAAm/Dx_22 22 1595
PAAm/Dx_5
PAAm/Dx_-18

5
-18

1918
4384

Elastic modulus for PAAm/Dx semi-IPN hydrogels prepared 
at three temperatures with a cross-linker ratio of 1:80.
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are rigid. Moreover, the limiting values of G’ and G’’ at 
ω = 0 differ and were greater than zero, also indicating 
gel-like structures [36].

Semi-IPN gels prepared at -18oC were more 
elastic, with storage modulus of 1600 Pa, while 
for the 22oC and 5oC  gels it was 850 and 968 Pa. 
(Fig. 6 compared with Figs. 4 and 5). The improved 
elasticity of -18oC gels comes from cryogelation, 
when the polymerization takes place in the non-frozen 
regions where the monomers are concentrated, unlike 
22 or 5oC hydrogels when polymerization occurs in 

the whole solution. The semi-IPN gel stability was also 
improved by synthesis below the solution freezing 
point; G’ was about 30 times G’’. For 22oC and 5oC 
gels the ratios were 7 and 5 (Fig. 6 compared with 
Figs. 4 and 5).

Figs. 4, 5 and 6 show that the complex viscosity 
decreased linearly with applied frequency: typical 
behavior for true gels such as the cross-linked 
carboxymethyl cassava starch reported by Lawal et al. 
[28]. The complex viscosity increased with decreasing 
preparation temperature. 

Figure 4. Angular frequency dependence of G’, G’’ and |η*| for PAAm/Dx semi-IPN gels prepared at 22oC.

Figure 5. Angular frequency dependence of G’, G’’ and |η*| for PAAm/Dx semi-IPN gels prepared at 5oC.
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The elastic modulus values obtained by uniaxial 
compression and rheological tests are not comparable 
because different deformational stress was applied and 
different shapes were used.

3.2. Thermogravimetric analysis
The thermal stability of semi-IPN hydrogels strongly 
depends on the polymer matrix structure and trapping 
mode, being higher [37-39] or lower [40-42] than that of 
the polymer itself. The thermal behavior of the PAAm/Dx 
semi-IPN gels was compared to that of the corresponding 
PAAm gels and Dx. The thermogravimetric (TG) curves 
and the differential weight loss (DTG) curves for 22oC 
and -18oC PAAm/Dx gels and PAAm gels compared with 
Dx are presented in the supplementary material and 
summarized in Table 2.

Dx decreased the PAAm/Dx gel thermal stability 
compared to the corresponding PAAm gels, indicating that 
the Dx chains interdiffuse and are physically entangled 
in the 3-dimensional PAAm  network (no covalent bonds 
form between Dx and PAAm). This behavior has been 
reported for other composite hydrogels [40,42]. The 
gels’ thermal stability did not depend on preparation 
temperature. 

Thermal decomposition occurs in two stages for 
Dx and three stages for PAAm/Dx and PAAm gels, 
irrespective of preparation temperature. The first weight 
loss is attributed to loss of water and other volatiles. The 
lower second stage Tonset for the PAAm/Dx gels than the 
PAAm gels is attributed to Dx chain degradation, which 
has Tonset of 220oC. PAAm/Dx gels lost more weight in 
the third stage as the cross-linked PAAm matrix (main 

component) decomposes mainly at higher temperatures. 
Dx in the gels increased the final char mass.

3.3. Sorption isotherms
Many of the properties useful for medical and applications 
from microelectronics to adhesives and coatings depend 
on moisture sorption and water swelling [43]. Hydrogels 
are cross-linked polymers able to absorb substantial 
amounts of water and softening without dissolving 
[7,44]. With their biocompatibility, this makes them 
important for medical applications as tissue scaffolds, 
devices for controlled drug delivery, contact lenses, 
etc. [45].

Kinetic curves depicting time variation of mass and 
relative humidity in the dynamic vapor sorption (DVS) 
experiment are shown in Fig. 7.

Fig. 8 shows that the isotherm shape is mainly 
influenced by the preparation technique (implicitly by 
morphology) and to a lesser extent by Dx presence. 
Similar behavior was observed for the 5 and 22oC 
samples. However, while the isotherms for hydrogels 
with/without Dx prepared at T > 0oC fall into IUPAC 
classification III, indicating weak water affinity, the cryogel 
isotherms are type II with increased water affinity. Both 
types are characteristic of macroporous adsorbents.

Fig. 8 shows that up to 75% RH all isotherms show 
hysteresis due to interactions of water sorbed into the 
bulk [46],  swelling the adsorbent. In many cases the 
deformed structure does not relax even when the water 
has been removed by outgassing at high temperature, 
and the original properties are only recovered after long 
annealing [47].

Figure 6. Angular frequency dependence of G’, G’’ and |η*| for PAAm/Dx semi-IPN gels prepared at -18oC.
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Table 2. Thermogravimetric characteristics of PAAm/Dx semi-IPN gels, PAAm gels compared with those of Dx.

Sample code Stage aTonset, 
oC bTpeak, 

oC cW, % dMresid, %

PAAm/Dx_22 I 54 72 13.2 22.61

II 248 272 19.85

III 370 387 44.34

PAAm_22 I 53 76 12.2 18.36

II 266 327 14.25

III 365 389 55.19

PAAm/Dx_5 I 54 79 13.23 28.98

II 252 273 17.67

III 363 392 40.12

PAAm_5 I 53 74 13.28 18.51

II 263 296 14.71

III 356 389 53.50

PAAm/Dx_-18 I 55 75 13.69 25.60

II 235 269 21.2

III 363 391 39.51

PAAm_-18 I 51 79 13.19 18.61

II 274 300 14.01

III 353 385 54.19

Dx I 53 82 9.06 39.86

II 220 225 51.08
aThe onset temperature of the decomposition.
bThermal degradation peak temperatures of the decomposition.
cMass loss in every stage.
dMass remained after the decomposition process.
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Figure 7. Water sorption-desorption kinetics of PAAm/Dx semi-IPN gels and PAAm gels prepared at 5oC and -18oC.
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The sorption data were used to estimate the BET 
surface, although the method is limited because the 
BET model does not consider H-bonding among 
adsorbed water molecules [48,49]. In addition, 
compared with the N2 molecule, water is small and 
polar and can better penetrate internal surfaces. 
Higher BET values are generally obtained with 
water vapor than with N2 [49-51]. The values for two 
composite gels and PAAm gels are summarized in 
Table 3. 

Dx presence causes very little change in BETH2O 
area and water sorption capacity for 5oC gels. Cryogels 
have the highest BETH2O and water sorption capacity 
because these parameters are greatly influenced by the 
morphology, controlled by preparation temperature.

4. Conclusions
By entrapping Dx in a PAAm network at different 
temperatures, the mechanical, thermal and surface 
characteristics of semi-IPNs could be varied. The elastic 

modulus increased from 1595 Pa for the 22oC PAAm/
Dx hydrogel to 1918 Pa for the 5oC PAAm/Dx hydrogel 
and to 4384 Pa for the hydrogel generated at -18oC. The 
increased elasticity of the hydrogels is shown by the 
storage modulus values of 850, 968 and 1600 Pa for the 
22, 5 and -18oC semi-IPN gels. Their thermal stability was 
not significantly affected by the preparation temperature, 
but it was slightly decreased by Dx incorporation. The 
total water vapor sorption capacity and BETH2O area 
depended on the preparation temperature as well as 
Dx presence. Samples prepared at low temperature 
showed the highest sorption capacity, which increased 
only slightly with Dx presence.
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Table 3. The main surface parameters evaluated based on sorption isotherms.

Sample code Total water vapors sorption 
capacity, Weight (% d.b.)

aBETH2O data
             Area (m2 g-1)                          Monolayer (g g-1)

PAAm/Dx_5 41.19 239.34    0.068

PAAm_5 36.76 248.76    0.070

PAAm/Dx_-18 57.32 250.79    0.071

PAAm_-18 51.78 328.72    0.093
aBET (Brunauer-Emmett-Teller) [48] data evaluated on the basis of sorption isotherms registered in the relative humidity range 5 - 35%.
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