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Hydrogels Prepared for Controlled Release of Drugs 

Summary : Crosslinked copolynıers of 2-hydroxyethyl me
thacrylate ( HEMA) 1Yith val)'İng concentrations of anionic ar 
cationic nıononıers, i.e., acrylic acid (AA) and di
nıethylanıinoethyl nıethacrylate (DMAEMA), l'Vere prepared 
by bulk polymerizatioıı in the nıeınbrane fornı far possible 
controlled drug release applications. Sııiface _structures of 
these copolymers were characterized hy the nıeasureınent of 
swface free energy, SEM, XPS, and ATR-FTIR. Their hulk 
properties were investigated by means of swellin.g experi
nıents conducted in water and in bujfered sotutions at various 
pH valııes froın 2 to 11.90. Thermal and mechanical prop
erties of the copolynıers l'Vere studied by DSC and DMTA 
techniques. it was observed that the incoıporation of ionic co
nıononıers ta HEMA significantly affects both the surface and 
bıılk properties, except the sııiface free energies and texture. 
Results indicate that gels having ionizable groııps are pH
seıısitive and their equilihrium water contents (EWC) strongly 
depend ıtpon the ionizahle nıononıer content. Increasing the 
percentage of ionic conıonorner in the polynıer iııcreases the 
EWC witlıout changing tlıe tİJne far equilibration. lıı the case 
of AA-containing copolynıers, a sharp increase of tlıe EWC 
hetween pH 5 and 7 is ohserved. in contrast, a slıarp decrease 
of the EWC betlveen 7 and 8 is observed for DMAEMA
containing geis. The results indicated that these polymeric 
systenıs can be considered as good candidates far oral colon
spPc(flc delivery of sonıe drugs. 
Key words: pH-sensitive hydrogels; p(HEMA-EGDMA); 

controlled drug release; suiface 
characteristics; bıılk structure; phase 
transition. 
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lNTRODUCTION 

Polymeric hydrogels of 2-hydroxyethyl me

thacrylate (HEMA) consist of the large and versatile 

Kontrollu İlaç Salımı İçin Hazırlanan pil-Duyarlı Akrilik 
Hidrojellerin Yapısal Karakterizasyonu 

Özet : Kontrollıı ilaç salını. ııygula1nalaruıda kullanılnıak 
üzere 2-hidroksietil metakrilat (HE111A) nıonoınerinin de
ği~çen konsantrasyonlardaki anyonik ve katyonik nıonomerler 
(akrilik asit, AA ve dinıetilanıinoetil nıetakrilat, DMAEMA) 
ile oluşturduğu çapraz-bağlı kopoli1nerler; yığın (kütle) po
linıerizasyonuyla, ınenıbran fonnunda hazırlannuştır. Ko
polimerlerin yüzey yapıları; yiizey serbest eneıjisi ölçiiınleri, 
SEM, XPS. ve ATR-FTIR yöntemleriyle karakterize edil
nıiştir. Yığın özellikleri ise suda ve pH değerleri 2-11.90 
aralığında değişen tampon çözeltilerdeki ~·i~·me deneyleri 
ile incelenmiştir. Kopolinıerlerin lStsal ve mekanik özel
likleri DSC ve DMTA teknikleriyle belirleıuniştir. iyonik ko
nıononıerlerin HEMA 'ya ilavesinin, yiizey serbest eneıjisi ve 
topografyası dışındaki yüzey ve yığın özelliklerini önenıli 
oranda etkilediği gHzlen.nıiştir. Son.uçlar, iyon/aşabilen 

gruplara sahip jel yapıların pH-duyarh olduğunu ve jellerin 
denge su içeriği (EWC) değerlerinin iyon/aşabilen ko
mononıer miktarına bağlı olduğunu gösternıiştir. Po
linıerdeki iyonik komon.onıer oranının artışıyla EWC art
makta, ancak dengeye ıılaşına süresi değişnıemektedir. AA
içeren kopolimer/erde pi-/ 5 ile 7 arasında EWC'de keskin 
bir artış gözlenıniştir. Bunun zıttı olarak, DMAEMA-içeren 
jetlerde pH 7 ile 8 arasın.da keskin bir azalnıa saptanmTştır. 
Sonuçlar, hazırlanan polinıerik sistenılerin ağızdan alınan 
bazı ilaçların kolondaki spesifik salunı için uygun adcrvlar 
olarak diişünülchilece~~ini vurgula;;aktadır. -
Anahtar kelinıeler: pH-dııyarlı hidrojel; poli.(HEMA-

EGDA1A); kontrollu ilaç salunı; yüzey 
özellikleri; yığın yapr; faz geçi,ı·i. 

family of synthetic biocompatible gels which have 

been widely used in biomedical and bio

technological applicationsl,2. They have high swell

ing ability in water, but !hey are insoluble due to the 
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presence of crosslinks. Because of their high water 

content and rubbery nature, !hey are similar to nat

ura! tissue. They can be neutral or ionic hydrogels, 

however, in recent years much attention has been 

directed to the pH-sensitive gels containing pendant 

acidic or basic groups which change ionization by 

depending upon changes in medium pH3-6. These 

gels can be prepared by the incorporation of one or 

more weakly acidic or basic monomersr such as car

boxylic acids (acrylic acid, methacrylic acid) and 

primary or substituted amines (N,N-

dimethylaminoethyl methacrylate, N,N-

diethylaminoethyl methacrylate), or by the in

corporation of strong acids and bases such as sul

fonic acids (sodium styrenesulfonate, sulfoxyethyl 

methacrylate) and quaternary ammonium salts (vi

nylpyridine, vinylbenzyl trimethylammonium chlo

ride) in the polymeric backbone or in crosslinks. 

The equilibrium degrees of swelling of pH-sensitive 

hydrogels are higher than that of their neutral 

forrns, i.e., polyHEMA gels, due to the diffusion of 

counterions into the gel from !he surrounding me

dium. An increase in the conceııtration of ionizable 

monomer in the gel has been found to increase the 

swelling and pH-sensitivity of !he gel. The other fac

tors i.e. pH, ionic strength, and composition of the 

swelling medium, crosslinking density and hydro

philicity /hydrophobicity of the polymer alsa affect 

the degree of swelling and the pH-sensitivity4. The 

pH-sensitive hydrogels, their characteristics and po

tential especially in the development of new drug 

delivery systems have been reported by several re

searchers6-ıo. While basic gels which swell at low 

pH can be used in the oral delıvery of faul tasting 

drugs, acidic gels are considered for delivery of acid 

labile drugs to the small intestine4. 

Bulk and surface characteristics of biomaterials are 

critical to predict their responses in biological en

vironment. Therefore, !hey must be known prior to 

any medical/pharmaceutical application. The 

present work descıibes the surface and bulk char

acterization and the study of the swelling behaviour 

of pH-sensitive gels based on a cross!inked meth

acrylic system, i.e. poly (hydroxyethyl me

thacrylate-ethyleneglycol dimethacrylate), with io

nizable comonomers, acrylic acid (AA) and di-
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methylaminoethyl methacrylate (DMAEMA) in 5, 

10, 20, 30 % volume ratios. 

EXPERIMENTAL 

Synthesis of pH-Sensitive Hydrogels 

pH-sensitive poly(HEMA-EGDMA) based hydro

gels were prepared by crosslinking / 

copolyrnerization of HEMA monomer (Aldrich 

Chern. Corp., U.S.A.) in the presence of the radical 

initiator, azobisisobutyronitrile (AIBN, EDH, UK), 

the crosslinking agent, ethyleneglycol dirn

ethacrylate (EGDMA, Aldrich Chem. Corp., U.S.A.) 

and ionizable acrylate rnonomers, i.e., acrylic acid 

(AA, EDH, UK) or dimethylarninoethyl me

thacrylate (DMAEMA, Aldrich Chem. Corp., 

U.S.A.). By keeping the AIBN and EGDMA con

centrations constant at 0.002 gmL-1 HEMA and 0.04 

mLmL-1 HEMA, respectively, volurne ratios of AA 

or DMAEMA were varied in the range of 0-30%, i.e., 

5, 10, 20, 30% v /v. The hydrogels were prepared in 

membrane form by casting the monomer solutions 

that contain ali constituents described above, be

tween flat polypropylene plates using a Teflon® 

spacer to adjust the membrane thickness. They were 

then heated at 60°C far about 24h far complete bulk 

copolymerization and crosslinking. The thickness of 

the resulting poly(HEMA-EGDMA) based hydro

gels as approxirnately 300±25µrn. These mernbranes 

were extensively washed with distilled water to re

move unreacted comonomers. They were dried in a 

vacuum dessicator at room temperahıre. 

Swelling Studies 

The swelling behavior of the gels was explored by 

placing the dried samples (approximately 2 cm2) in 

phosphate buffer solutions (PES) (40 mL) having 

the desired pH values (from 2 to 11.90), and ionic 

strength (0.2 M) at 37°C. The composition of PES 

far 1 !iter of solution and their pH values are given 

in Table 1. The swollen weight of each sample (Ws) 

was determined by removing the membrane frorn 

the solution, blotting, and then weigh:ing it on an 

electronic balance. Measurements were contiııued 

until constant values for weight were obtained lor 

each sample in order to calculate the equilibrium 

Hif' 
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water content (EWC) of the gels. The percent water 
content values were calculated using the following 
equation: 

% water content=[(W, -W d)/W d]xlOO (1) 

where W d is the dry weight of mernbranes. 

Table 1. Cornposition and pH values of phosphate 
buffer solutions prepared in this study 
(ionic stregth = 0.2 M). 

Measured KH2P04 Na2HP04 
pH (g) (g) 

2.00 5.440 
3.00 5.440 
4.20 5.440 
5.05 5.168 
6.00 3.680 0.805 
7.00 0.942 1.570 
8.00 0.122 1.860 
9.10 1.894 
10.00 1.784 
11.90 

0.150 
2.531 

85%H3P04 
(ml) 

0.790 
0.270 

Although some of these mixtures are not true buffers, continuous mon· 
itoring of the pH using a pH meter indicated that these solutions were es
sentially stable for the duration of the experiment. 

Surface Characterization 

Surface morphology of the poly(HEMA-EGDMA) 
based hydrogels were exarnined by scanning elec
tron rnicroscopy (SEM Model JEOL-ISM-T330) oper
ated at accelerating voltages of 17-20 kV. 

Surface hydrophilicity of the gels was assessed 
through the underwater captive bubble contact angle 
measurernents using a goniorneter (Olyrnpus, VS-N, 
Tokyo, Japan). Surface free energy (Ysvl• its com
ponent with respect to the dispersion forces (Ysv d), 
and the polar interactions (YsvP), were calculated by 
n1eans of the harmonic mean equationll,12. 

Surface atornic compositions of pH-sensitive hydro
gels were deterrnined by X-ray photoelectron spec
troscopy (XPS; SSX-100 model 206, Fisons). Sarnples 
of 0.5 crn2 were cut, rinsed in distilled water, placed 
on stainless steel precooled with liquid nitrogen, 
then transferred to the freeze dryer. Freeze drying 

was performed at -50°C for 12 hrs. The pressure 
around ıo-3 mbar indicated that the sarnpk3 were 
dry. Then, the ternpera!ure was raised to 25°C; the 
samples were immediately transferred to a des

sicator and stored !here until analysis. This pro
cedure was undertaken to prevent the incomplete 

drying and deformation of the sarnples in air condi
tions. The sequence of records is as follows; O, C, N, 
and a survey scan. 

Fourier transform infrared spectrophotometer (Shi
madzu, FTIR-8100 Series, Kyoto, Japan) was used to 
characterize the functional groups on the polymer 
Sllrface. Polymeric surfaces swollen in water were 

placed on the gerrnanium plate at 45° (Harrick Sci
entific Co., Ossining, NY, USA) and their spectra 
were laken in the attenuated total reflection (ATR-
8000, Shimadzu) rnode after water subtraction. 

Therrnal and mechanical properties of the hydrogels 
were exarnined by Differential Scanning Cal
orimetry (DSC, DuPont Model 1090) and Dynamic 
Mechanical Thermal Analyser (DMTA, PL Thermal 
Science Ltd., Loughborough, UK). DSC and DMTA 
curves were obtained over the range -30 to 200°C 
and -75 to 75°C, respectively. The samples were 
heated with a rate of 10 °C/rnin for DSC and 4 °C/ 
rnin for DMTA under a nitrogen atrnosphere. 

RESULTS AND DISCUSSION 

in our previous work, poly(HEMA-EGDMA) hydro
gels were modified by copolymerization with me
thacrylate rnonorners that contain weakly acidic and 
basic groups for suitable biomedical applications. 
Their biological behavior in relation to the concentra
tion and type of groups incorporated into the poly
mer were evaluated by polymer-tissue cells, polymer
microorganisms and polyrner-plasma protein inter
actions13-15_ Here, details of the characterization stud
ies including pH-sensitivity were discussed. 

Swelling S!udies and pH-sensitivity 

Experirnents to determine the kinetics of dynamic 
swelling of the gels were perforrned in distilled wa
ter and in a series of PBS solulions thal are listed in 
Table 1. The waler contenl (WC) values were cal-
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Table 2. EWC vat\,ıes of pol):'.(HEMA-EGDMA) based hl:'.dro!2els at different EH values (Temperature=37°C) 
Equilibrium water content (EWC. %) 

POLYMER pH of PBS 

2.00 3.00 4.20 5.05 6.00 7.00 8.00 9.10 10.00 11.90 

pHEMA 38±1.0 39±1.5 40± 1.5 43±0.7 48±1.8 61±0.2 61±0.9 70±2.3 73±0.4 83±2.7 

p(HEMA-5%DMAEMA) 71± 1.3 72±0.3 64± 1.8 62±0.8 59±1.7 49±0.7 47± 1.7 48±1.1 48±0.8 57± 1.0 

p(HEMA-10%DMAEMA) 119±2.3 107±1.4 101±0.8 98±0.6 86±1.3 72± 1.1 47±1.1 46±1.3 51±1.6 63±1.6 

p(HEMA-20%DMAEMA) 187±6.0 185±2.6 141±3.9 128±1.4 109±5.3 98±3.0 54±1.0 53±1.5 50±1.1 61±3.7 

p(HEMA-30%DMAEMA) 242±3.5 233±3.6 224±2.9 209±3.9 204±2 g 172±1.8 54±0.5 51± 1.6 47±2.6 64±2.8 

p(HEMA-5%AA) 40±1.1 46±1.5 47 ±1.6 52± 1.5 143±2.0 144± 1.5 148±1.1 146± 13.0 153±1.5 164±4.5 

p(HEMA-10%AA) 36±1.5 39±1.3 44± 1.0 48±1.6 185± 10.1 231±8.4 219±8.0 223±8.3 260±3.1 331±9.7 

p(HEMA-20%AA) 40±1.3 44±0.2 58±1.6 90±1.4 334±7.7 370± 10.5 380±6.2 401± 11.3 453±9.4 476±5.7 

p(HEMA-30%AA) 47±2.2 50±1.0 84±3.1 188±3.5 488±8.5 604±6.6 615±8.3 633± 11.7 641± 12.7 665± 16.4 

EWC values are given as average and standard deviation over three experiments. 

culated on a dry weight hasis. Figure 1 shows the 
swelling kinetics of AA and DMAEMA-containing 

so 
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Figure l. Dynamic swe!ling kinetics of poly(HEMA

EGDMA) based hydrogels. 
a. As a function of AA concept at pH=6.00 
b. Asa function of DMAEMA content at pH=7.00 
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gels as a function of ionizable group concentration. 
The gels containing different amounts of AA and 
DMAEMA reached equilibrium swelling in ap
proximately 120 minutes. Rapid swelling was ob
served during the first 20 minutes for ali types of hy
drogels. 

The EWC values of the gels swollen in PBS were de
termined in the pH range of 2-11.90. Figure 2 a, b 
shows the variation of the EWC as a function of the 
solution pH for AA and DMAEMA containing hy
drogels, respectively. In the case of AA-containing 
gels !here is a sharp increase of the EW C between 
pH 5 and 7. These transitions are characteristics of 
copolymers bearing carboxylic groups as side sub
stituents. An acidic hydrogel will be ionized at high 
pH, thus EWC will increase at high pH where the 
gel is ionized. A cationic/basic hydrogel has the op
posite pH-dependence of swelling. Figure 2b in
dicates this situation clearly. The EWC of DMAE
MA-containing cationic hydrogel dramatically de
creases between pH 7 and 8. Polymerization of 
DMAEMA with HEMA would possibly increase the 
crosslinking density due to the chain transfer mech
anism found in free tertiary amine groups. There
fore, carboxylic acid containing gels swell to a great
er degree than the amine containing gels. 

Figure 2a,b also shows the importance of the ioniz
able monomer content in the hydrogel which affects 
pH-sensitivity of the gel. While the neutral hydrogel 
does not show pH-sensitivity, increasing the per
centage of comonomer in the polymer increases pH
sensitivity of the gel. For AA-containing gels, below 
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Figure 2. Variation of the equilibrium water content, 
EWC, with the pH of buffered solution at 37°C. 
a. Far AA-containing hydrogels. 
b. For DMAEMA-containing hydrogels. 

pH 5 there is no change of EWC with pH, similar to 

tras!, pH-sensitivity was observed below pH 7 for 
DMAEMA-containing gels. The comparison of Fig
ure 2a and b indicated that the copolymer"gels pro
duced by using AA exhibited higher EWC values 
relative to those produced by using DMAEMA. 

Surface Free Energies 

Table 3 presents the air and octane contact angles 
8air and eoctane• respectively), surface free energies 
(Ysvl, and its polar and dispersive components (Ysvp 
and Ysv d) of the polymers studied here. The results 
indicate that al! polymeric surfaces are highly hy
drophilic with approximately 60.0 erg/cm2 surface 
free energies. Al! of the surfaces investigated here 
are fully hydrated and are in equilibrium with wa
ter. As explained by Andrade et al., the surface free 
energy of a gel is highly dependent on its degree of 
hydration [11]. Since the EWC values of the surfaces 
are higher than 40%, they have similar surface po
larity due to the importance of the water film 
present on the surfaces. Therefore, the incorporation 
of AA and DMAEMA comonomers into the cross
linked polyHEMA structure does not change the 

surface tension. 

XPS Analysis 

XPS analysis provides unique information about 
the surface that cannot be obtained by other tech
niques. Table 4 presents the surface composition of 

polyHEMA and 20% DMAEMA-containing struc
tures deduced from XPS elemental peak analysis 
and peak decomposition in terms of atom fractions 

the neutral gel. However, above pH 5, increasing excluding hydrogen and concentration ratios. Since 

AA content causes increasing pH-sensitivity. in con- the atomic composition of AA-containing surfaces 

Table 3. Contact angle and surface free energy parameters of poly (HEMA-EGDMA) based hydrogels. 

POLYMER eair 8octane yP sv 'f1sv Ysv 

(o) (o) (erg/cm') (erg/ cm2) (erg/ cm2) 

pHEMA 32±4.3 26±4.0 45.2 17.9 63.1 
p(HEMA-5%DMAEMA) 33±3.5 29±1.3 44.6 16.8 61.4 
p(HEMA-10%DMAEMA) 37±0.6 28±2.4 44.8 14.8 59.6 
p(HEMA-20%DMAEMA) 33±1.4 22±4.0 46.9 15.0 61.9 
p(HEMA-30%DMAEMA) 31±4.1 26±4.1 45.5 17.0 62.5 
p(HEMA-5%AA) 31±4.2 28±0.9 44.5 17.6 62.1 
p(HEMA-10%AA) 32±2.5 29±0.5 44.5 17.5 62.0 
p(HEMA-20%AA) 36±1.7 26±0.1 45.6 14.6 60.2 
p(HEMA-30%AA) 36±2.3 29±3.4 46.2 14.0 60.3 
Values of contact angles are given as average and standard deviation over three experirnents. 
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Table 4. Atomic cornposition of poly (HEMA
EGDMA) based hydrogels determined by 

XPS. 
Composition pHEMA p(HEMA-

20%DMAEMA) 

atom fraction (%) 

c 72.97 67.43 

*284.8 eV; C-(C,H) 38.98 28.80 

"·286.3 eV; C-(0,N) 24.54 29.81 

*288.0 eV; C=O 9.45 8.82 

o 27.03 30.51 

*"531.3 eV; OH 19.22 20.46 

*532.7 eV; 0= 7.81 10.05 

N 2.06 

was similar to the poly(HEMA) surfaces, it was not 
indicated separately in Table 4. In addition to the C 
and O, N is found in DMAEMA-containing poly
mers; it is not detected in pHEMA and AA
containing surfaces as expected. The Cls peaks are 
decomposed into three main components: one at 
284.8 eV attributed to carbon bound orily to carbon 
and hydrogen, (C-(C,H)), one near 286.3 eV attrib
uted to carbon singly bound to oxygen or nitrogen, 
(C-(0,N)), anda component near 288.0 eV attributed 
to carbon double bound ko oxygen, C=O. A fourth 
component may be considered between 284.8 e V and 
286.3 e V to account for the carbon bound to the ester 
group, C-(COO). in addition, the atomic composition 
of the membranes was expected from the stoichiom
etry of füe molecules involved (for 20% DMAEMA 
containing membrane:68.09%C; 29.79% O; 2.13% N). 
Comparison of theoretical and experimental values 
show that DMAEMA is homogenously distributed 
vvithin the copolymeric structure. 

ATR-FTIR Studies 

The qualitative analysis of surface atomic structure 
was realized by ATR-FTIR. Ali spectra were laken in 
the hydrated state. Since the water absorption at 
3600-3400 cm· 1 and the 1650 cm· 1 bands overlap 

some of the polymer bands, the water subtraction 
from the polymer was made in order to minimize the 
band at 1640 cm·1. Therefore, it is possible to study 

the polymer membranes in their biological environ
ment eliminating the possibility of artifacts due to the 
drying process. An additional technical advantage is 
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also obtained: the usual problem of optical contact be
tween the ATR element and the material is totaly 
eliminated. The scaling factors were obtained from a 
least-square analysis program using the frequency re
gion from 1900 to 1400 cm· 1 16. The absorption band 
in the spectrum of DMAEMA-containing polymer 
surface at 1655 crn· 1 and 1530 cm· 1 represents bending 
vibrations of -NH2 group. These bands are character
istic absorption bands lor amino groups and hence 
confirm the presence of amino groups on the surface 
of the membrane (Figure 3). 

A 

:w::(> >:ı:.J 

Figure 3. ATR-FTIR spectra of poly(HEMA) membranes. 

Therınal Analysis 

The glass-transition temperatures (T g) of the poly
meric samples in dried form were determined by 
DSC and DMTA. Comparison of DSC and DMTA 
results showed !hat T g values obtained from DMTA 
are in good agreement with !hat obtained from DSC. 
in the case of AA-containing polymers there is no 
DMTA dala due to the weak mechanical properties 
of these membranes. it must be noted !hat the pres
ence of comonomers decreases the T g value of poly
HEMA (Table 5). 

Table 5. T g values of the hydrogels determined by 
DSCandDMTA 

Tg ('C) 

POLYMER DSC DMTA 

pHEMA 38.5 38.0 

p(HEMA-10%DMAEMA) 32.0 32.0 

p(HEMA-30%DMAEMA) 30.0 28.0 

p(HEMA-10%AA) 31.0 

p(HEMA-30%AA) 33.0 

--
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CONCLUSIONS 

The hydrogel membranes investigated here are ali 

based on 2-hydroxyethyl methacrylate, containing 

4% ethyleneglycol dimethacrylate as the crosslinking 

agent. Their acidic and basic copolymers contain 5 

to 30% acrylic acid and dimethylaminoethyl me

thacry late, respectively. Characterization studies 

showed !hat copolymerization with these co

monomers affects not only the swelling behavior of 

the copolymer, but can alsa cause substantial chang

es in their crosslinked structure, glass transition 

t~ınperature, aı1d mechanical properties. However, 

their surface morphologies and surface energies are 

approximately the same in ali cases. 

Results indicate that gels having ionizable groups 

undergo a discontinuous volume change with 

changes in pH A change in pH from 2 to 7 caused a 

dramatic increase in the EWC, with a greater in

crease exhibited by 30% AA-containing copolymer 

(increase from 47% to 665%). in contrast, when pH 

is increased from 2 to 8, a greater decrease of EWC 

is observed (decrease from 242% to 64%) far 30% 

DMAEMA-containing copolymer. The pH

dependeı1t transition occurs iı1 a narrow pH interval 

(5-7 far AA-containing copolymers; 6-8 for DMAE

MA-containing copolymers) corresponding to phys

iological conditions. Therefare, these hydrogels 

have potential in drug delivery to the gastro

intestinal (GI) tract, due to the pH-variation 

throughout the GI tract 
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