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Abstract: pH-sensitive hydrogels were studied as a drug carrier for the protection of insulin from the acidic envi-

ronment of the stomach before releasing it in the small intestine. In this study, hydrogels based on poly(ethylene

oxide) (PEO) networks grafted with methacrylic acid (MAA) or acrylic acid (AAc) were prepared via a two-step

process. PEO hydrogels were prepared by γ-ray irradiation (radiation dose: 50 kGy, dose rate: 7.66 kGy/h), grafted

by either MAA or AAc monomers onto the PEO hydrogels and finally underwent irradiation (radiation dose: 5-

20 kGy, dose rate: 2.15 kGy/h). These grafted hydrogels showed a pH-sensitive swelling behavior. The grafted

hydrogels were used as a carrier for the drug delivery systems for the controlled release of insulin. Drug-loaded

hydrogels were placed in simulated gastric fluid (SGF, pH 1.2) for 2 hr and then in simulated intestinal fluid (SIF,

pH 6.8). The in vitro drug release behaviors of these hydrogels were examined by quantification analysis with a UV-

Vis spectrophotometer.

Keywords: radiation, crosslinking, radiation grafting, poly(ethylene oxide), pH-sensitive hydrogels, drug delivery,

insulin.

Introduction

Hydrogels are three-dimensional networks of hydrophilic

polymers held together by crosslinks of covalent bonds or

ionic bonds and secondary forces in the form of hydrogen

bonds or hydrophobic interactions.1,2 Environmentally sen-

sitive hydrogels have an enormous potential for various

applications. Some environmental variables, such as pH and

elevated temperatures, are found in the body. For this reason,

either pH-sensitive and/or temperature-sensitive hydrogels

can be used for a site-specific controlled drug delivery.3

Especially, pH-sensitive hydrogels have been most fre-

quently used to develop controlled release formulations for

oral administration.3,4 All the pH-sensitive hydrogels contain

pendent acidic, for example carboxylic and sulfonic acids,

or basic, for example ammonium salts, groups that either

accept or release protons in response to changes in environ-

mental pH.3-8 These ionic hydrogels are the swollen poly-

mer networks which show sudden or gradual changes in

their dynamic and equilibrium swelling behavior as a result

of changing the external pH. In these gels, ionization occurs

when the pH of the environment is above the pKa of the ion-

izable group.5-9 As the degree of ionization increases (pH

increase in the system), the number of fixed charges increases,

resulting in increased electrostatic repulsions between the

chains.4 

There are many advantages in using ionic over neutral

networks in drug delivery. Their properties can be applied in

a wide variety of biomedical applications, such as dental

adhesives and restorations, controlled release devices, pro-

drugs and adjuvants, and biocompatible materials.1,4,9-11

Many researchers have studied the dynamic swelling of

pH-sensitive networks. One of these, studies by Khare and

Peppas9 examined the swelling kinetics of poly(metha-

crylic acid) or poly(acrylic acid) (PAAc) with poly(hydroxy

ethyl methacrylate). They observed the pH- and ionic

strength-dependent swelling kinetics in these gels. It is

known that PAAc has been considered as a pH and electri-

cal sensitive material due to the ionic repulsion between the

anionic charged groups, and thus forms polymer complexes

with polybases such as poly(ethylene oxide), polyvinylpyr-

roidone, or polyacrylamide.12-15

Irradiation, especially if combined with simultaneous

sterilization of the product, is a very convenient tool for the
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synthesis of hydrogels. Radiation processing has many

advantages over other conventional methods.16 For initia-

tion processes, radiation differs from chemical initiation. In

radiation processing, no catalysts or additives are needed to

initiate the reaction. The advantages of the radiation meth-

ods are that they are relatively simple, and moreover, the

degree of crosslinking, which strongly determines the extent

of swelling in hydrogels, can be controlled easily by varying

the absorbed dose.17,18 Therefore, these methods are found

to be very useful in preparing hydrogels for medical appli-

cations, where even a small contamination is undesirable. 

Oral delivery of peptides, proteins and other drugs to the

gastrointestinal (GI) tract is one of the most challenging

issues, and thus, under much investigation.19-23 There are

many hurdles, including protein inactivation by digestive

enzymes in the GI tract, and the poor epithelial permeability

of these drugs. Certain hydrogels may overcome some of

these problems by appropriate molecular design or formula-

tion approaches.

In this work, we prepared the pH-sensitive hydrogels by

the γ-ray radiation grafting technique, as an oral delivery

carrier for a drug. The effects of radiation dose and monomer

composition in the gel formation were investigated as well

as the stimuli-sensitive property such as the specific pH for

applications for the controlled drug release systems in vitro.

Experimental

Materials. Poly(ethylene oxide) (PEO), Mw 2.0 × 105,

was purchased from the Aldrich Chemical Company Inc.

Milwaukee in the USA. Methacrylic acid (MAA) and acrylic

acid (AAc) monomer obtained from the Junsei Chemical

Co. Tokyo in Japan, were purified by an inhibitor removal

column packed with aluminum oxide (Junsei Chemical Co.

Tokyo in Japan). Ferrous ammonium sulfate (FeSO4(NH4)2SO4

⋅6H2O, Mohr’s salt) was purchased from the Wako Pure

Chemical Industries Ltd. Osaka in Japan. Insulin (from

bovine serum, 28.2 IU/mg) was purchased from the Sigma

Chemical Co. St. Louis in USA.

Preparation of Hydrogles. An aqueous solution of PEO

was prepared by dissolving PEO in distilled water at room

temperature with a stirrer. In order to crosslink the PEO

solution, irradiation was carried out by a 60Co source. The

dose rate was 7.66 kGy/hr. After irradiation, the crosslinked

PEO hydrogel was dried and weighted. Then, the hydrogel

was kept in deionized water for 48 hr at room temperature

and was occasionally shaken. The insoluble part of the

hydrogel made up of only the crosslinked hydrogel, was

dried and weighed. The gel content is defined as

Gel content(%) = (1)

where Wi is the initial weight of dried hydrogel after irra-

diation and Wd is the weight of the dried insoluble part after

agitation with water.

10, 20 and 30% (v/v) solutions of MAA and AAc which

contain 0, 0.005, 0.01, 0.015 and 0.02 M of FeSO4(NH4)2SO4

⋅6H2O (Mohr’s salt) were prepared, respectively. The graft-

ing experiments were performed by the mutual irradiation

method for the PEO hydrogel swollen with these monomer

solutions in a capped vial. The PEO-g-MAA and PEO-g-

AAc hydrogels were washed in deionized water and dried

in air. The degree of grafting is defined as

Degree of grafting(%) = (2)

Where Wg and Wo denote the weights of the grafted and

the ungrafted PEO hydrogel, respectively. 

Measurement of Swelling Characteristics. Swelling

behavior was examined for both the PEO-g-MAA and PEO-

g-AAc hydrogels as a function of the pH of the swelling

medium. The weight swelling ratio (Q) is define as

Q = (3)

where Ws and Wd denote the weight of the hydrogels at the

swelling state and dry state, respectively. To measure the

weight swelling ratio, preweighed dry samples were

immersed in a swelling medium for a certain period of time.

After the excessive surface water on the swollen hydrogel

was removed with filter paper, the weight of the swollen

sample was measured.

Instrumental Analysis. The ATR-FTIR spectroscopic

investigations were carried out with a Bruker TENSOR 37

spectrophotometer equipped with a DLaTGS detector.

Transmission and ATR spectra were recorded at 16 scans

with a resolution of 4 cm-1. DSC thermogram was recorded

using a TA instruments Q-1000, which were scanned up to

300 oC at a heating rate of 10 oC/min under a N2 flow. The

surface morphologies of hydrogels were observed by a XL

Series 30 s scanning electron microscope (SEM) (Philips

Co., Netherlands). UV-vis analysis was performed with a

SCINCO Co. S-1100.

Drug Loading. In this experimental, insulin (100 mg)

was dissolved in 1 mL of 0.1 N HCl. The insulin solution

was diluted with a 198 mL 25 vol% ethanol aqueous solu-

tion and normalized 1 mL of 1 N NaOH. Loading was

accomplished by soaking the freeze dried PEO-g-MAA and

PEO-g-AAc hydrogels for 48 hr in the insulin solution.

Then the hydrogels were filtered using filter paper with

Whatman No. 1 and washed with 100 mL 0.1 N HCl solu-

tion to remove the remaining insulin from their surface. The

insulin-loaded hydrogels were dried under vacuum and

stored at 4 oC.

Drug Releasing in vitro. Drug-loaded hydrogels (100 mg)

were placed in a 30 mL enzyme-free simulated gastric fluid

(SGF, pH 1.2, prepared by dissolving 2 g of NaCl and 7 mL

of concentrated HCl in 1 L of distilled water) at 37 oC for

Wd

Wi

------ 100×

Wg Wo–( )

Wo

----------------------- 100×

Ws Wd–( )

Wd

----------------------
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2 hr and then in a 30 mL enzyme-free simulated intestinal

fluid (SIF, pH 6.8, prepared by mixing 250 mL of 0.2 M

KH2PO4 and 118 mL of 0.2 N NaOH) at 37 oC for 8 hr in

order to mimic in vivo conditions in the GI tract. At several

different time intervals, 3 mL of the release medium was

collected and replaced by the same volume of a buffer solu-

tion (SGF or SIF). The released insulin concentration was

analyzed by UV-Vis spectrophotometer. 

Results and Discussion

Figure 1 shows the gel content of the PEO hydrogel as a

function of the irradiation dose. As the irradiation dose and

the concentration of the PEO increased, the gel content of

the PEO increased. Highly crosslinked hydrogels have a

tighter structure, and swell less compared to the hydrogels

with lower crosslinking ratios. Crosslinking hinders the

mobility of the polymer chain, hence it lowers the swelling

ratio. When aqueous solutions of PEO are subjected to γ-ray

irradiation, the radicals are formed in the polymer chain

either by a direct action of the high energy radiation, or by

an indirect attack of the solvent derived radicals.24 Based on

an ESR study, Ferloni et al.25 have found that γ-ray radiation

of the PEO chains leads to the localization of positive

charges in the PEO oxygen atoms as shown below

The positive polymer radicals then undergo α− and β−

scissions resulting in three types of radicals

Finally, the combination of these radicals can lead to

crosslinking in the PEO structure.

The hydrogels synthesized by irradiating (50 kGy) PEO 5

wt% aqueous solution were used for grafting because the

hydrogel had the suitable physical properties for pH-sensi-

tive hydrogels. Figure 2 shows the effect of irradiation dose

on the grafting of MAA onto PEO hydrogels. As the con-

centration of MAA solution for grafting increased, the

grafting yield increased. In the case of 30% MAA, the high

grafting yield was obtained even at a low dose of 5 kGy. On

the other hand, the degree of grafting of 10% MAA mono-

mer increased slightly with an increase of radiation dose. 

Figure 3 exhibits the effect of irradiation does on the

grafting of AAc onto PEO hydrogels. When the irradiation

dose was more than 15 kGy, the rate of the grafting was low

at 10, 20% AAc concentration. The grafting yield of 30

wt% of the MAA was much higher than that of the AAc as

shown in Figures 2 and 3. The reactivity of the monomers

and radicals in copolymerization is determined by the nature

of substituents in the double bond of the monomer. The

methyl group of methacrylic acid may activate the double

bond, making the monomer more reactive than the acrylic

acid. It is known that activation energies for polymerization

Figure 1. Gel content of PEO hydrogels as a function of irradia-

tion dose (PEO M
w
=2× 105).

Figure 2. Effect of irradiation dose on the grafting of MAA onto

PEO hydrogel. 0.01 M Mohr’s salt was added in the monomer

solution.
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of AAc and MAA in salts-free solutions are 16.7 and 15.6

kcal/mol, respectively.26

Figure 4 shows the effect of Mohr’s salt (FeSO4(NH4)2SO4

⋅6H2O) concentration on the grafting of the MAA and AAc

onto the PEO hydrogels. The addition of the salt in the graft

polymerization system led to a decrease in grafting yield.

Mohr’s salt was incorporated in order to suppress the side

reactions such as homopolymerization and extra gelation of

the monomer solution. Metallic salts such as Fe2+ and Cu2+

play a role in inhibiting the grafting reaction as well as

homopolymerization above a certain content. The degree of

grafting of the AAc monomer was drastically decreased

with the addition of 1× 10-2 M Mohr’s salt. 

Figures 5 and 6 show the typical swelling behavior of the

graft hydrogels at several different pH values. It is obvious

that the swelling ratios of the hydrogels are significantly

higher at a pH above 5.8 compared to the lower pH media.

At a low pH, when the complexation occurred, both the

swelling rate and ratio were low. Complex formation results

from the formation of temporary physical crosslinks due to

hydrogen bonding between the PEO and PMAA or PAAc

pendent groups. This hydrogen-bonded complex causes the

polymer network to be less hydrophilic because the carboxyl

groups in the PMAA and PAAc graft chain participate in the

complex formation. As the pH increases, complexation does

not occur resulting in both a faster swelling rate and higher

swelling ratio. In a higher pH media, the complexes are bro-

ken and the carboxylic acid groups in the PMAA and PAAc

become progressively more ionized. In these cases, the

hydrogels swell more rapidly due to a large swelling force

created by electrostatic repulsion between the ionized car-

boxylate groups. In the transition region of a pH between

4.8 and 5.8, the swelling is governed by the ionic interac-

tions as well as interpolymer complexation. 

Figures 7 and 8 show the swelling ratio in SIF/SGF of the

grafted hydrogels. With increasing the SIF/SGF values, it

can expect that drug release effect will be increased in

Figure 3. Effect of irradiation dose on the grafting of AAc onto

PEO hydrogel. 0.01 M Mohr’s salt was added in the monomer

solution.

Figure 4. Effect of Mohr’s salt on the grafting of MAA and AAc

to PEO hydrogel (10 kGy irradiation).

Figure 5. Degree of swelling of PEO-g-MAA hydrogels swollen

in several different buffer solutions as a function of time at 25 oC

(10 kGy irradiated, degree of grafting of hydrogel : 225%).



Preparation and Characterization of pH-Sensitive PEO Grafted MMA and AAc Hydrogels by γ-ray Irradiation

Macromol. Res., Vol. 13, No. 4, 2005 331

intestine. Virgin crosslinked PEO showed a similar swelling

behavior in SIF and SGF. Both PEO-g-MAA and PEO-g-

AAc hydrogels showed a similar swelling behavior as a

function of time. It was found that the graft copolymers con-

taining a high amount of MAA and AAc gave rise to a high

swelling ratio in SIF/SGF. This swelling behavior was

explained by the fact that a higher MAA and AAc content

resulted in a larger electrostatic repulsion due to the higher

content of the ionized carboxylate groups and thus a higher

swelling ratio. 

Figure 7. Swelling ratio in SIF/SGF of PEO-g-MAA hydrogels

swollen in SIF and SGF as a function of time at 25 oC (10 kGy

irradiation).

Figure 6. Degree of swelling of PEO-g-AAc hydrogels swollen

in several different buffer solutions as a function of time at 25 oC

(10 kGy irradiated, degree of grafting of hydrogel : 203%).

Figure 8. Swelling ratio in SIF/SGF of PEO-g-AAc hydrogels

swollen in SIF and SGF as a function of time at 25 oC (10 kGy

irradiation).

Figure 9. ATR-FTIR spectra of PEO, PEO-g-MAA and PEO-g-

AAc hydrogels (PEO; 50 kGy irradiated, PEO-g-MAA and

PEO-g-AAc; 10 kGy irradiated, degree of grafting of hydrogel :

24%, 183% respectively).
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Radiation crosslinked hydrogels were characterized by an

ATR-FTIR spectroscopy. In Figure 9, ATR-FTIR spectra of

the PEO, PEO-g-MAA and PEO-g-AAc are shown. PEO

exhibits the absorption features at 2938-2976 cm-1 (νC-H) and

around 1110 cm-1(νC-O-C). PEO-g-MAA and PEO-g-AAc

show an intense band (1734 cm-1) corresponding to the

carbonyl group shifted by the hydrogen bonding between

the ether group of the PEO and the hydroxyl group of the

carboxyl group of the AAc or MAA. 

Figure 10 shows the ATR-FTIR spectra of the PEO-g-

AAc hydrogel depending on the swelling time. A peak at

2938-2976 cm-1(νC-H) and 1734 cm-1(νC=O) in the swelling

condition disappeared partially. On the other hand, the peak

at 1558 cm-1(νCOO
-) appeared clearly. As the swelling time

is increased, the νCOO
- peak intensity increases because the

-COOH group is dissociated into -COO- and H+.

Figure 11 shows the DSC melting endotherms of the PEO

and PEO-g-MAA hydrogels. PEO hydrogel has T
m
 (49.8 oC).

We can detect a small melting peak of PEO in the DSC ther-

mogram of the PEO-g-MAA hydrogel. This phenomenon

can be attributable to the decrease in a crystalline structure

of the PEO after the PEO was grafted with MAA. 

Figure 12 shows the scanning electron microscope of the

PEO-g-MAA hydrogels which were freeze-dried after swell-

ing for 10 hr in SGF and SIF. Very few pores were found

when hydrogels were freeze-dried after swelling in SGF. On

the other hand, hydrogels which were freeze-dried after

swelling in SIF had porous structure on the surface and the

inside. 

Figure 10. ATR-FTIR spectra of PEO-g-AAc hydrogel depend-

ing on swelling time (10 kGy irradiated, degree of grafting of

hydrogel : 203%).

Figure 11. DSC thermogram of PEO-g-MAA (grafting ratio :

24%) and PEO hydrogels.

Figure 12. Surface SEM analysis of MAA-grafted PEO(grafting

ratio : 225%). (a) dried hydrogel, (b) freeze drying of hydrogel

swollen in SGF for 10 hr, and (c) freeze drying of hydrogel swol-

len in SIF for 10 hr.



Preparation and Characterization of pH-Sensitive PEO Grafted MMA and AAc Hydrogels by γ-ray Irradiation

Macromol. Res., Vol. 13, No. 4, 2005 333

Figure 13 exhibits the in vitro drug release profile from

the hydrogels in two different pH environments as a func-

tion of drug-releasing time. The drug release was carried out

for the first 2 hr in simulated gastric fluid and for the next 6

hr in simulated intestine fluid in order to create a similar

condition with the human body. Both PEO-g-MAA and

PEO-g-AAc hydrogels released only a small amount of

insulin for the first 2 hr in the simulated gastric fluid, and

then a lot of insulin rapidly for the next 6 hr in the simulated

intestine fluid.

Conclusions

pH-sensitive hydrogels based on PEO-g-MAA and PEO-

g-AAc were synthesized as a drug carrier for oral drug

delivery. The hydrogels based on poly(ethylene oxide) (PEO)

networks grafted with methacrylic acid (MAA) or acrylic

acid (AAc) were prepared via a two-step process. PEO

hydrogels were prepared by γ-ray irradiation, and then

grafting by either MAA or AAc monomers onto the PEO

hydrogels with subsequent irradiation. The degree of grafting

of these hydrogels increased as the concentration of MAA

and AAc monomers increased. The equilibrium swelling

measurements of these hydrogels, which were carried out in

simulated gastrointestinal fluids, showed a pH-sensitive

nature. The in vitro release profiles of the drugs were

obtained in both a simulated gastric fluid and simulated

intestinal fluid. The release behavior of the pH-sensitive

PEO-g-MAA and PEO-g-AAc hydrogels indicated that these

gels could be applied successfully for oral drug delivery to

the gastrointestinal tract. 
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