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Abstract: In these studies, the swelling behaviors of γ-irradiated gelatin hydrogels in the presence of a water 

miscible organic solvent were reported. The addition of DMSO or dioxane to the reaction medium during a γ- 

irradiation process provided gelatin hydrogels with a considerably high swelling property. On the other hand the 

addition of acetone or acetonitrile under same γ-irradiation condition provided gelatin hydrogels with low swel-

ling property. This observation indicates that the swelling of the hydrogels could be controlled by organic addi-

tives and their contents added into the gelatin solution prior to a γ-irradiation.
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Introduction
1)

  Hydrogels that consist of a three dimensional network 

of a hydrophilic polymer chain can contain a much high-

er amount of water than that of other polymers. For the 

biomedical applications, the use of a radiation in the 

preparation of the hydrogels has become attractive since 

the crosslinking of a polymer chain can be readily ach-

ieved at room temperature and it does not require the ad-

dition of harmful chemicals [1]. Furthermore, a cross-

linking and sterilization can be simultaneously achieved 

by using a radiation and this advantage can reduce the 

cost of production [2]. Numerous hydrogels derived from 

natural polymers (e.g. proteins and polysaccharides) and 

synthetic polymers (e.g. PEG, PVA etc.) have been de-

veloped and studied as wound dressings, soft contact 

lenses, controlled release drug delivery systems, artificial 

skin etc, for many years [3]. Recently hydrogels have 

been increasingly studied for tissue engineering since the 

hydrogels are considered as excellent matrices for repair-

ing and regenerating various tissues and organs [4,5]. To 

successfully prepare hydrogels with the desired bio-

logical and physical properties, several factors such as a 

biocompatibility, biodegradability, sterilizability, me-

chanical strength, drug loading capacity, water content 

†
To whom all correspondence should be addressed.

(e-mail: ycnho@kaeri.re.kr)

(degree of swelling), and the components of the hydro-

gels etc, must be carefully considered. 

  Gelatin, a derivative of collagen obtained through a par-

tial hydrolysis of the collagen has been widely used in 

the food, pharmaceutical, and photo industries etc. For 

the biomedical applications, it is often necessary for the 

gelatin to have improved thermal and mechanical stabil-

ities and these properties can be achieved by a chemical, 

enzymatic, or radiation crosslinking. Recently, γ-ray 

generated from a 
60

Co source has been successfully uti-

lized for the preparation of gelatin hydrogels [6,7]. 

Gelatin dissolves in water above its melting temperature 

(ca. 35 
o
C) and it exists as a flexible random-coiled struc-

ture in a solution. Upon a cooling to below the melting 

temperature, gelatin forms a gel which consists of a ran-

dom-coiled peptide part and a triple helix junction part 

where peptides are physically connected by hydrogen 

bonding. 

  It is well known that the mechanical properties of gela-

tin are largely determined by the triple helix content in a 

gelatin solution [8] and the addition of water miscible or-

ganic solvents to a gelatin solution can alter the structure 

of the gelatin network (e.g. conversion of triple helix to 

random coiled structure) [9,10]. Thus we studied the ef-

fects of water miscible organic solvents in the prepara-

tion of γ-irradiated gelatin hydrogels and report the re-

sults here in terms of the gel contents, degree of swelling, 

and the swelling rates. 
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Experimental

Materials

  Gelatin (type A from Porcine Skin, Approx. 300 

Bloom) was supplied by Aldrich Chemical Company. 

Dimethyl sulfoxide (DMSO), Glycerol, Ethanol (EtOH), 

Acetonitrile (CH3CN), Acetone, and Dioxane, were ob-

tained from commercial suppliers (ACS or higher grade) 

and used without any further purification.

Preparation of Hydrogels

  To prepare a 10 % gelatin solution, gelatin was added to 

the mixtures of a distilled water/organic solvent and the 

mixture was dissolved at 60 
o
C. The gelatin solution was 

then poured into a petri dish at a 2∼3 cm depth and left 

on the bench for 12 h at room temperature prior to an ex-

posure to a 
60

Co γ-ray source at a dose of 50 kGy (10 

kGy/h dose rate). After cutting it into a circular shape (9 

mm diameter), the hydrogel pieces were immersed in dis-

tilled water for 8 h to remove organic solvents. The hy-

drated hydrogels were then kept at -80 
o
C and the frozen 

hydrogels were lyophilized under low temperature and 

high vacuum in order to completely dry the samples and 

remove any possible residual organic solvent. Thermog- 

ravimetric Analysis (TGA) was used to exam the pres-

ence of organic solvents in the lyophilized gelatin hydro-

gels and no weight losses due to organic solvents were 

observed.

Gel Content

  Gel content of the freeze dried hydrogels (obtained after 

8 h immersing in water and freeze drying) was measured 

by immersing the hydrogel in a water bath for 48 h at 

room temperature, 30 or 37 
o
C. The swollen hydrogel 

was then, placed in a 50 
o
C oven for 2 days to completely 

dry the samples. The gel content was defined by Eq. (1); 

where Wd is the oven-dried gel weight after a swelling 

for 48 h at the given temperatures, and Wi is the initial 

weight of the freeze-dried hydrogels.

  Gel (%) = (Wd/Wi) × 100 (1)

Degree of Swelling

  The gel samples were immersed in distilled water for 48 

h at room temperature, 30 or 37 
o
C. After the mass of the 

swollen hydrogels was determined, the hydrogels were 

placed in a 50 
o
C oven for 48 h in order to determine the 

mass of the dried hydrogel. The degree of swelling was 

described as the water absorptivity of the hydrogel and 

defined by Eq. (2); where Ws is the weight of the swollen 

gels, Wd is the oven-dried gel weight after the swelling 

test, and Wi is the initial weight of the freeze-dried 

hydrogels.

  Water absorptivity (%) = [(Ws - Wd) / Wi] × 100 (2)

Results and Discussion

Swelling Behavior of the γ-irradiated Gelatin Hy- 

drogels Prepared in the Presence of DMSO

  10 wt% gelatin solutions containing various DMSO 

contents were subjected to a 
60

Co γ-ray irradiation at a 

dose of 50 kGy (10 kGy/h dose rate) to evaluate the ef-

fects of DMSO on the gelation and the swelling of the re-

sulting crosslinked hydrogels. Due to the limited sol-

ubility of the gelatin in the DMSO rich solution, over a 

50 % DMSO content of the total volume was avoided for 

the preparation of the 10 wt% gelatin solution. We pre-

pared the gelatin containing DMSO (20 and 50 % DMSO 

content) under several irradiation conditions (0, 25, 50, 

and 100 kGy; 10 kGy/h dose rate). The hydrogels pre-

pared under 0 or 25 kGy irradiation were completely dis-

solved within 48 h immersing period at 37 
o
C. Since our 

interest of the study was how organic additives affected 

the swelling behaviors of the hydrogels, we fixed the ir-

radiation condition to 50 kGy and varied the amount of 

organic solvents. 

  DMSO within the γ-irradiated gelatin hydrogels was 

exchanged with the water by soaking the hydrogel pieces 

in plenty of water (diffusion process) for 8 h at room 

temperature and the same procedure was also applied to 

the DMSO free hydrogels. The DMSO removal process 

is essential for the biomedical applications of the hydro-

gels since most of the organic solvents including DMSO 

are not biocompatible. The swollen hydrogels were then 

lyophilized under low temperature and high vacuum to 

provide dried hydrogels with a porous networked foam 

shape [11]. Any possible residual DMSO after first soak-

ing step, can be removed in this lyophilization process. 

Thermogravimetric Analysis (TGA) was used to exam 

the presence of organic solvents in the lyophilized gelatin 

hydrogels and no weight losses due to organic solvents 

were observed.

  Table 1 shows the gel contents and degree of swelling 

of the γ-irradiated gelatin hydrogels prepared in DMSO/ 

water mixtures and they were obtained by immersing the 

hydrogels in a water bath for 48 at the given tempera- 

tures. The gel content of the hydrogels decreased as the 

DMSO contents or temperature increased. More interest-

ing results were obtained from swelling behavior study 

of the hydrogel. During the swelling process, significant 

increases of the degree of swelling were observed from 

the hydrogels prepared in the DMSO rich solutions. The 

hydrogel prepared from the 30 % DMSO solution 

showed more than 20-fold increased swelling at 37 
o
C for 

48 h, when compared to the hydrogel prepared in the ab-

sence of DMSO. Furthermore the degree of swelling of 
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Table 1. Gelation and Degree of Swelling of the γ-irradiated Gelatin Hydrogels Prepared in the Presence of DMSO (mean ± SD)

DMSO Contents
a 
(%)

Gel Content
b
 (%) Degree of Swelling

b
 (%)

Room Temp. 30 
o
C 37 

o
C Room Temp. 30 

o
C 37 

o
C

0 92.5 (± 1.0) 81.8 (± 2.4) 73.1 (± 3.4) 1210 (± 107) 747 (± 29) 713 (± 4)

10 90.2 (± 2.8) 57.6 (± 3.7) 43.5 (± 2.2) 1727 (± 84) 3223 (± 99) 5228 (± 184)

20 89.8 (± 2.4) 49.9 (± 2.6) 39.0 (± 0.4) 2163 (± 236) 5417 (± 122) 9983 (± 800)

30 85.1 (± 5.3) 46.2 (± 0.6) 34.8 (± 1.5) 2542 (± 144) 7505 (± 874) 14196 (± 2403)

50 83.0 (± 1.6) 40.5 (± 4.7)
c

3250 (± 220) 10788 (± 359)
c

a
DMSO contents are shown as a volume percentage of DMSO in the gelatin solution before DMSO in the γ-irradiated hydrogel is removed.

b
Gel contents and degree of swelling of the hydrogels were measured after a 48 h immersion in a water bath at a given temperature.

c
The hydrogel was dissolved at 37 

o
C within 48 h.

Figure 1. The γ-irradiated gelatin hydrogels prepared in the presence of DMSO. The picture was taken after a 48 h swelling at 30 
o

C. 

The contents of DMSO are 0 (A), 20 (B), and 50 % (C).

the hydrogels prepared in the absence of DMSO de-

creased as the temperature increased but the hydrogels 

prepared from the DMSO rich solutions showed a re-

verse pattern. 

  It is assumed that the swelling behavior of the gelatin 

hydrogels prepared in the DMSO rich solutions arose 

from two factors: the unfolding of the triple helix struc-

tures of the peptide chains by DMSO and insufficient 

radical generation in the presence of DMSO. The unfold-

ing of the triple helix chains could reduce the cross-

linking efficiency of the peptide chains during the γ-ir- 

radiation process because the crosslinking of the gelatin 

is expected to be largely occurred at the triple helix 

junction. Since DMSO in the reaction media could be al-

so involved in the radical generation process by γ-irra- 

diation, the gelatin hydrogels having insufficient cross-

linking could be obtained.

  The hydrogel prepared from the 50 % DMSO solution 

swelled quickly in the beginning and lost its shape in 48 

h at 37 
o
C. However the hydrogel prepared from the 30 

% DMSO solution maintained its shape at the same 

condition. The picture taken after a 48 h immersion at 30 
o
C shows the increased size of the gelatin hydrogels pre-

pared in the DMSO rich solutions (Figure 1). 

  The swelling rates of the hydrogels were measured at 

room temperature and 37 
o
C for 24 h (Figure 2). Fast 

swelling in the beginning followed by equilibrated states 

were observed at room temperature while continuous in-

creases in the degree of swelling were observed at 37 
o
C 

for 24 h. Control experiment with the hydrogel prepared 

from pure water (0 % DMSO) shows a different swelling 

behavior at 37 
o
C.

Swelling Behavior of the γ-irradiated Gelatin Hydro- 

gels Prepared in the Presence of other Water Miscible 

Organic Solvents

  Other water miscible organic solvents such as dioxane, 

acetonitrile, acetone, DMF, ethanol, and glycerol were 

also applied to investigate the effects of the organic sol-

vents on the swelling behaviors. The 10 wt% gelatin 

could be dissolved and formed gel in the presence of up 

to 50 % DMSO, glycerol, EtOH, and DMF. The 10 wt% 

gelatin was, however, not completely dissolved in the 

presence of 50 % dioxane, acetonitrile, and acetone. 

Therefore, the volume ratio of the organic solvents was 

fixed at 20 %. After 10 wt% gelatin solutions containing 

various solvent contents were subjected to a 
60

Co γ-ray 

irradiation at a dose of 50 kGy, the crosslinked hydrogel 

was immersed in plenty of water for 8 h at room temper-

ature to remove organic solvent. The hydrated hydrogels 

were then lyophilized to provide dried hydrogels and re-

move any possible residual organic solvent left after pre-

vious soaking step. TGA data with lyophilized gelatin 

hydrogel also showed no weight loss due to the residual 
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(a) (b)

Figure 2. Swelling behaviors of the γ-irradiated gelatin hydrogels prepared in the presence of DMSO at room temperature (a) and 37 
o

C (b).

(a) (b)

Figure 3. Gel contents (a) and degree of swelling (b) of the γ-irradiated gelatin hydrogels prepared in various organic/water 

mixtures. This data was measured after a 48 h immersion in a water bath at a given temperature.

organic solvents. 

  The hydrogel prepared from 20 % glycerol was im-

mersed at 37 
o
C and completely dissolved in 15 min sug-

gesting that the crosslinking of gelatin in the presence of 

20 % glycerol was very inefficient. The hydrogels from 

20 % DMF and 20% ethanol were completely dissolved 

in 6 and 48 h at 37 
o
C respectively. These insufficient 

crosslinking of the gelatin hydrogels can be largely at-

tributed to the protic solvents known as a radical 

scavenger.

  Figure 3 shows the gel contents and degree of swelling 

of the hydrogels prepared from various organic/water 

mixtures. The hydrogel prepared from 20 % dioxane 

showed similar swelling properties to the hydrogel pre-

pared from 20 % DMSO; relatively low gel content (ca. 

40 %) and very high degree of swelling (ca. 10000) at 37 
o
C for 48 h. However, the hydrogels prepared from 20 % 

acetonitrile and 20 % acetone showed completely differ-

ent swelling behaviors; low degree of swelling at 37 
o
C. 

Hydrogel swelling rates shown in Figure 4 also support 

the data in Figure 3. The additions of acetonitrile or ace-

tone would not significantly affect the swelling behavior 

of gelatin. 

  As discussed in the previous section, dioxane could also 

affect the triple helix structures of the peptide chains and 

radical generation process to give similar swelling behav-

iors with DMSO, whereas acetone/acetonitrile did not af-

fect them much. Gel content (%) data in Figure 3A im-

plied that acetone and acetonitrile decreased crosslinking 

density of the hydrogels little bit compared to 100 % 

H2O. It is not clear yet what factors gave the differences 

of swelling behavior between DMSO/dioxane and ace-

tone/acetonitrile. Further profound and detailed inves-

tigations about solvent effects are planned in the near 

future.  
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Figure 4. Swelling behaviors of the γ-irradiated gelatin hydrogels prepared in various organic/water mixtures at room temperature 

(A) and 37 
o

C (B).

Conclusion

  In these studies, we demonstrated that gelatin hydrogels 

with a high swelling property can be prepared via a γ-ir- 

radiation of a gelatin solution in the presence of DMSO 

or dioxane. We also showed that the degree of swelling 

could be controlled by the amount of organic additives 

added into the gelatin solution. When acetone or acetoni-

trile was used as a cosolvent during the gelatin hydrogel 

preparations, no significant changes in the swelling prop-

erties were observed. We believe that the addition of or-

ganic additives in the γ-irradiated crosslinking of gelatin 

can be an alternative method to control swelling pro- 

perty. The hydrogels capable of a high swelling are an-

ticipated to be utilized in as a controlled drug delivery 

vehicle, wound dressing, and a tissue engineering 

scaffold.
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