
P
m

C
a

b

a

A
R
R
A
A

K
S
P
m
O
P

1

l
(
t
m
i
a
s
C
C
a
a
(
i
t

n
a
b
m
c
a

0
d

International Journal of Pharmaceutics 371 (2009) 16–24

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journa l homepage: www.e lsev ier .com/ locate / i jpharm

reparation of oxidized sodium alginate-graft-poly((2-dimethylamino) ethyl
ethacrylate) gel beads and in vitro controlled release behavior of BSA

hunmei Gaoa, Mingzhu Liua,∗, Shilan Chena, Shuping Jina,b, Jun Chena

Department of Chemistry, Lanzhou University, Lanzhou 730000, People’s Republic of China
Department of Chemistry, Hexi University, Zhangye 734000, People’s Republic of China

r t i c l e i n f o

rticle history:
eceived 18 June 2008
eceived in revised form 7 November 2008
ccepted 11 December 2008

a b s t r a c t

Graft copolymerization of amino group-terminated poly((2-dimethylamino) ethyl methacrylate)
(PDMAEMA-NH2) onto oxidized sodium alginate (OSA) was reacted without using a catalyst. The structure
of the graft was investigated by Fourier transform infrared (FT-IR) spectroscopy. The OSA-g-PDMAEMA
gel beads were prepared by dropping the aqueous solution of the graft copolymer into CaCl2 aqueous
vailable online 24 December 2008

eywords:
odium alginate
oly((2-dimethylamino) ethyl
ethacrylate)

solution. The effects of pH and ionic strength on the swelling behaviors of the gel beads were studied. The
results indicate that the gel beads have pH and ionic strength sensitivity. Bovine serum albumin (BSA) was
entrapped in the beads and the in vitro drug release profiles were established in buffer solution with pH
1.8 (HCl), pH 7.4 (KH2PO4–NaOH), and 0.9% (w/v) NaCl at 37 ◦C. The results showed that the oral delivery
of proteins can be controlled by adjusting the graft percentage (G, %), pH and ionic strength. According to

AEM
xidation
rotein delivery

this study, the OSA-g-PDM

. Introduction

Alginate is an anionic linear polysaccharide composed of (1,4)-
inked �-d-mannuronate (M) and its C-5 epomer �-l-guluronate
G) residues arranged in a nonregular blockwise pattern along
he linear chain (Liu et al., 2008; Tomme et al., 2008). The

ost attractive property of alginate is the gel formation simply
nduced by adding various divalent cations, except Mg2+ (Liu et
l., 2003). Alginate gel beads are commonly formed by dropping
odium or potassium alginate solution into an aqueous solution of
a2+ typically made from calcium chloride (CaCl2) (Chretien and
haumeil, 2005; Pasparakis and Bouropoulos, 2006; Sriamornsak
nd Kennedy, 2006). As the encapsulation method is mild, and done
t room temperature in aqueous medium, several sensitive drugs
Grassi et al., 2001; Kim et al., 2005), proteins (Xu et al., 2007), liv-
ng cells (Stabler et al., 2001), etc. have been successfully released
hrough alginate beads.

However, the only enzyme known to degrade alginate is algi-
ase, a bacterial enzyme which is not synthesized by humans or
nimals (Bouhadir et al., 1999). So alginate gels are not chemically

roken down in mammals. Alginate gel degradation occurs in vivo,
ainly due to the sensitivity of the gel towards calcium chelating

ompounds (e.g., phosphate, citrate, and lactate) (Boontheekul et
l., 2005). The alginate gels have uncontrollable degradation kinet-

∗ Corresponding author. Tel.: +86 931 8912387; fax: +86 931 8912582.
E-mail address: mzliu@lzu.edu.cn (M. Liu).

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.12.013
A gel beads could be suitable for the oral delivery of proteins.
© 2008 Elsevier B.V. All rights reserved.

ics and gels dissolve in an uncontrollable manner following the loss
of divalent cations releasing high and low molecular weight algi-
nate units (Balakrishnan and Jayakrishnan, 2005). One previously
reported approach to control alginate gel degradation involved par-
tial periodate oxidation. Oxidized alginates present more reactive
groups and a faster degradation when they are used in supports
for drug controlled delivery (Boontheekul et al., 2005; Kong et al.,
2004). This approach offers control over the degradation rate by
varying the degree of oxidation, as increasing the degree of oxida-
tion can accelerate the rate of degradation.

Poly((2-dimethylamino) ethyl methacrylate) (PDMAEMA) is a
water-soluble polymer containing tertiary amino groups which can
be protonized in acidic solution (Zha et al., 2002). PDMAEMA has
been also shown to be temperature-sensitive (Zhang et al., 2006;
Xu et al., 2006). The lower critical solution temperature (LCST) of
PDMAEMA is about 45 ◦C at pH 8.5 and higher than 50 ◦C at pH
7.0 (Amalvy et al., 2004; Liu and Armes, 2001; Li et al., 2003). It is
impractical to utilize such LCST in biomedical applications. Thus,
PDMAEMA is often used to prepare pH-sensitive materials, which
can be used as controlled drug delivery system (Traitel et al., 2000;
Basan et al., 2002), gene transfer agent (Van de Wetering et al., 2000;
Kurisawa et al., 2000), etc.

In this study, amino group-terminated PDMAEMA-NH2 was

grafted onto oxidized sodium alginate, and the beads of OSA-g-
PDMAEMA were prepared in an aqueous solution of Ca2+. The main
idea is that the side chain, PDMAEMA, is a cationic polyelectrolyte
for slow rate of drug release. The releases from beads were observed
at 37 ◦C. BSA was used as a model drug.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:mzliu@lzu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2008.12.013
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Table 1
Preparation of graft copolymers and their graft percentage.

Sample OSA (g) PDMAEMA-NH2 (g) N (wt%) G (%)

OSA 2.0 0 0 0
C. Gao et al. / International Journ

. Materials and methods

.1. Materials

Sodium alginate (the viscosity of 2% solution is 3200 mPa s at
5 ◦C) was obtained from Qingdao Haiyang Chemical Co. (China).
2-Dimethylamino) ethyl methacrylate (DMAEMA, Acros, 99%) was
istilled under vacuum. 2-Aminoethanethiol hydrochloride (AESH-
Cl) was purchased from Aldrich. N,N-Azobisisobutyronitrile

AIBN) was recrystallized with 95% ethanol. The other reagents
ere A.P. grade and used without further purification.

.2. Synthesis of amino group-terminated PDMAEMA
PDMAEMA-NH2)

Amino group-terminated PDMAEMA was synthesized
s described (Ju et al., 2001). DMAEMA (5 mL), AESH-HCl
5.9 × 10−4 mol), AIBN (2.95 × 10−4 mol) were dissolved in N,N-
imethylformamide (DMF) (2.5 mL). Dried nitrogen was bubbled

nto the solution for 30 min to remove oxygen. Polymerization was
arried out at 70 ◦C for 6 h. And then, the reactant was precipitated
nto an excess of petroleum ether. The product was dissolved in
istilled water, precipitated in hot water, and dried to constant
eight under vacuum at room temperature.

.3. Preparation of oxidized sodium alginate (OSA)

Partially oxidized sodium alginate was prepared according
o previously reported method (Balakrishnan and Jayakrishnan,
005). Into 10 g sodium alginate dispersed in 80 mL ethanol, sodium
eriodate (3.2408 g) in 80 mL distilled water was added and stirred
agnetically in the dark at room temperature for 6 h to obtain OSA.
n equimolar amount of ethylene glycol to periodate was added
fter 6 h to stop the oxidation reaction. The resultant solution was
ltered, washed with ethanol/water (1:1, v/v) and dried under vac-
um at room temperature.

The degree of oxidation (DO, %) was defined as the number
f oxidized guluronate residues per 100 guluronate units, and
ollowed by determining the concentration of periodate left uncon-
umed by iodometry after 6 h (Balakrishnan and Jayakrishnan,
005). Before adding the quencher into oxidation reaction, a 5 mL
liquot of the reaction mixture was neutralized with 10 ml of sat-
rated sodium bicarbonate solution. Iodine was liberated by the
ddition of 20% (w/v) potassium iodide solution (2 mL). This was
ept under dark for 15 min and the liberated iodine was titrated
ith standardized sodium thiosulphate solution using starch as the

ndicator. The DO value of OSA was determined by the following
quation (Wu et al., 2007):

O (%) = 198n

m
× 100 (1)

here m is the weight of sodium alginate (g), 198 is the molecular
eight of sodium alginate unit (g/mol), n is the consumed amount

f substance of periodate (mol).
The molecular weights of sodium alginate and OSA were cal-

ulated from viscosity measurements. The viscosity measurement
as performed at 30 ◦C with Ubbelohde viscometer. Aqueous solu-

ions of 0.2% (w/v) sodium alginate and OSA with 0.1 M sodium

hloride were used. Viscosity-average molecular weight (M�) was
alculated by the following equation (Smidahod and Haug, 1968):

�] (100 mL/g) = 2.0 × 10−5 M� (2)
OSA-g-PDMAEMA (9:1) 1.8 0.2 0.34 4.55
OSA-g-PDMAEMA (7:3) 1.4 0.6 0.96 17.73
OSA-g-PDMAEMA (5:5) 1.0 1.0 1.71 37.87

2.4. Preparation of OSA-g-PDMAEMA copolymer

To form Schiff’s base between aldehyde group in OSA and amino
group in PDMAEMA-NH2, OSA and PDMAEMA-NH2 with various
proportions (the mass ratio of OSA to PDMAEMA-NH2 were 9:1,
7:3, 5:5, respectively) were respectively dissolved in water (the total
volume was 50 mL). The solution mixture was continuously stirred
at room temperature for 24 h. The graft copolymer was purified
by precipitation with the addition of ethanol. The production was
again dissolved in water and re-precipitated with ethanol. Finally,
the precipitate was washed with ethanol and freeze-dried. The
composition and designation of each sample are listed in Table 1.

2.5. Characterization

FT-IR spectra of sodium alginate, OSA, PDMAEMA-NH2 and OSA-
g-PDMAEMA were taken in KBr pellet using Nicolet NEXUS 670
FT-IR Spectrometer. The 1H NMR spectrum of PDMAEMA-NH2 was
investigated on Mecury Plus-300 1H NMR instrument. Elemental
analysis of nitrogen by combustion method was used to determine
the graft percentage (G, %) of OSA-g-PDMAEMA. The G (%) is calcu-
lated from the following equation:

G (%) = Wp

Wo
× 100 (3)

where Wp and Wo are the weights of PDMAEMA-NH2 and OSA,
respectively.

2.6. Preparation of OSA and OSA-g-PDMAEMA gel beads

OSA (0.5 g) was dissolved in 10 mL distilled water. The solu-
tion was dropped through 0.9 mm in diameter syringe needle into
the 30 mL solution of 2% (w/v) calcium chloride at a flow rate of
1 mL/min. The smooth and spherical beads were formed under
magnetic stirring for 30 min. The beads were washed three times
with distilled water and dried under vacuum at room tempera-
ture. The OSA-g-PDMAEMA gel beads were prepared as the same
processes.

2.7. Preparation of the BSA loaded gel beads

BSA was loaded by dissolving it in OSA or OSA-g-PDMAEMA
aqueous solution, up to a concentration of 1 mg/ml and subse-
quently crosslinking during beads synthesis. The other processes
were the same as Section 2.6 preparation of OSA and OSA-g-
PDMAEMA gel beads.

2.8. Equilibrium swelling ratio studies

The dried beads were immersed in different buffer solutions
with constant ionic strength (I = 0.1 M) at 25 ◦C. The ionic strength

of each buffer solution was kept constant at 0.1 M using NaCl. Dif-
ferent formulations of buffer solutions at a wide range of pH values
were prepared as described (Chen et al., 2008). The weight of equi-
librium swollen samples was measured after removing the water
on their surface with filter paper. The equilibrium swelling ratio
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Fig. 1. The 1H NMR (CDCl3) spectrum of PDMAEMA-NH2.

ESR) was defined as:

SR = W∞ − Wd

Wd
(4)

where W∞ and Wd are the weight of equilibrium swollen and
ried beads, respectively.

The dried beads were also immersed in NaCl aqueous solution
ith different ionic strengths at 25 ◦C. The ionic strength of the
edium was altered by changing the amount of NaCl. The ESR was

etermined by the above procedure.

.9. Morphology observation

The surface and cross-section morphology of OSA and OSA-
-PDMAEMA beads were examined using scanning electron
icroscopy (JSM-5600LV SEM, Japan) at an accelerating voltage

f 20 kV. The used beads were freeze-dried for 12 h on LABCONCO
reeze-dried system (England) after swelling 1 h in buffer solution
ith pH 6.0 (KH2PO4–NaOH).

.10. In vitro drug release

Release studies were carried out in three different media: buffer
olutions with pH 1.8 (HCl), pH 7.4 (KH2PO4–NaOH) and 0.9% (w/v)
aCl. In vitro BSA release profiles of the beads were determined
s follows: the BSA loaded beads were placed into conical flask
ith 50 mL release medium and incubated at 37 ◦C. At appropri-

te intervals, 5 mL of the solution was replaced by fresh medium.
he amount of BSA released from the beads was evaluated at
80 nm using a PerkinElmer Lamda 35 UV–visible spectrophotome-
er (USA). The percent released of BSA is defined as the percentage
f the released amount on the basis of the total amount entrapped
n gel beads.

. Results and discussion

.1. Characterization of PDMAEMA-NH2

Fig. 1 shows the 1H NMR spectrum of PDMAEMA-NH2, the
ignals at 2.2 and 2.5 ppm are attributed to the methyl and the

ethlyene groups on the tertiary amine, respectively. The signal

t 4.0 ppm is assigned to the methylene group adjacent to the car-
oxylate group of PDMAEMA-NH2. The signals in the region of
.0–3.4 ppm correspond to the terminal amide protons. From these
esults, we could confirm the synthesis of PDMAEMA-NH2. The
Fig. 2. FT-IR spectra of (a) PDMAEMA-NH2, (b) sodium alginate, (c) OSA-g-
PDMAEMA (9:1), (d) OSA-g-PDMAEMA (7:3), (e) OSA-g-PDMAEMA (5:5) and (f)
OSA.

semitelechelic PDMAEMA has an average of one amino-terminated
group per polymer chain, so the number-average molecular weight
(Mn) of PDMAEMA-NH2 is calculated to be 2278 determined by
elemental analysis.

3.2. Characterization of OSA and OSA-g-PDMAEMA

Sodium alginates were oxidized using sodium periodate at room
temperature during 6 h in the dark. Hydroxyl groups on carbons
2 and 3 of the repetitive unit were oxidized by sodium periodate
which leads, by rupture of carbon–carbon bond, to the forma-
tion of two aldehyde groups in each oxidized uronic acid units
(Gomez et al., 2007). The oxidation of sodium alginate is confirmed
by appearance of a symmetric vibrational band of the aldehyde
group at 1671 cm−1 (Fig. 2f), which is lower than that obtained
by Lee et al. (2002) and Bouhadir et al. (2001). Yamaguchi et
al. (2005) investigated the structure of crystalline chitin by two-
dimensional FT-IR spectroscopy. In their study, two sharp peaks
were observed in the lower frequency region at 1619 and 1581 cm−1,
which were assigned to the carbonyl of [C (6) OH· · ·O C] and
[NH· · ·O C]. The oxygen atom of carboxyl and the hydrogen atom
of �-hydroxyl groups or �-amino groups may form hydrogen bond,
and the molecule is apt to exist in the form of overlap confor-
mation (Xing et al., 1993). Thus, the peak at 1671 cm−1 might
be caused by the influence of hydrogen bond. In addition, the
degree of oxidation is determined to be 29.01% and the M� is
9.75 × 104 g/mol.

As we known, the graft reaction is predominantly due to Schiff’s
base formation between the amino group of PDMAEMA-NH2 and
the available aldehyde of OSA (Scheme 1). Characteristic absorp-
tion peaks of OSA appear at 3400 cm−1 for hydroxyl group and at
1625 and 1450 cm−1 for the asymmetric COO− stretching vibration
and symmetric COO− stretching vibration, respectively (Fig. 2f).
In the case of PDMAEMA-NH2 (Fig. 2a), a sharp peak observed at
1729 cm−1 corresponds to the ester carbonyl stretching vibration.
In the FT-IR spectra of OSA-g-PDMAEMA (Fig. 2c–e), these peaks
are seen together, which can indicate the presence of DMAEMA in
the graft copolymer structure. The characteristic peaks at 2771 and
2823 cm−1 of PDMAEMA for the –CH2– groups which are adjacent
to the nitrogen atom are clear (Jin et al., 2004). With an increase in
the amount of PDMAEMA in graft, the characteristic peaks at 1729,

2771 and 2823 cm−1 of PDMAEMA become much stronger. Proba-
bly, the absorption due to C N stretching, which is weak in aliphatic
Schiff’s base, is masked by C O (Vieira et al., 2008). The N (wt %)
and G (%) are displayed in Table 1. It can be found that N (wt %) and
G (%) increase as PDMAEMA-NH2 content in the graft copolymer
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Scheme 1. Schematic illustration of

ncreases. Therefore, it is concluded that PDMAEMA-NH2 is grafted
nto OSA.

.3. Effect of pH on ESR

In order to investigate the effect of pH on the ESR of gels, dried
amples were allowed to swell equilibrium in buffer solution with
arious pH, fixed ionic strength (I = 0.1 M) and temperature (25 ◦C).
ig. 3 shows the changes in the ESR of gels with the changing pH
alue, the ESR of gel beads with different G (%) increases continu-
usly with increasing pH values. It is known that the pKa of alginate
s 3.2 and 4.0 for guluronic and mannuronic acids, respectively (Lee
t al., 2006). At a low pH region, most carboxylic acid groups of algi-
ate are in the form of COOH. As the pH of the medium increases,
he carboxylic acid groups become ionized, and the resulting elec-

rostatic repulsion caused the gels to swell. With a pKa of 7.0–7.3,
DMAEMA can be protonated and ionized at low pH, while depro-
onation above pH 8.0 can render PDMAEMA hydrophobic (Alarcón
t al., 2005; Liu and Armes, 2001; Amalvy et al., 2004). At the
H ranged from 3.0 to 6.0, ionization of tertiary amino groups of Fig. 3. Effect of pH on the ESR of OSA and OSA-g-PDMAEMA beads at 25 ◦C.



20 C. Gao et al. / International Journal of Pharmaceutics 371 (2009) 16–24

MAEM

P
s
g
i
f

F
7

Scheme 2. Schematic illustration of the swelling of OSA-g-PD
DMAEMA takes place, which could lead to the increase in the
welling ratio of OSA-g-PDMAEMA gels. However, the ESR of OSA-
-PDMAEMA gels is lower than that of OSA gel in this pH range. This
s due to the low amount of OSA in OSA-g-PDMAEMA gels and the
ormation of interpolymer polyelectrolyte complex (COO− in algi-

ig. 4. Swelling kinetics of OSA and OSA-g-PDMAEMA beads in pH 6.8 (a) and pH
.4 (b).
A gels in buffer solution (a) and in NaCl aqueous solution (b).

nate and N+(CH3)H in PDMAEMA). The lower the amount of OSA
in OSA-g-PDMAEMA gels, the weaker the electrostatic repulsion
among COO− groups. At the same time, complex formation conse-
quently decreased the ESR that the functional groups responsible
for swelling are involved in the complex formation (Torre et al.,
2003). As a result, the ESR of OSA-g-PDMAEMA gels decreases by
increasing the G (%) from pH 3.0 to 6.0. Based on the above analysis,
the schematic structure of OSA-g-PDMAEMA gel in buffer solution
is brought forward, as shown in Scheme 2a.

Since alginate gel beads crosslinked with Ca2+ are not stable at
higher pH of 7.0 (Xu et al., 2007), the disruption of Ca2+-alginate
hydrogel matrix occurs fast in phosphate buffer solution with pH
7.0 due to the chelating action of phosphate ions. So the ESR of
hydrogels at pH 7.0 was not investigated due to their burst dis-
integration. The swelling profiles in buffer solution with pH 6.8
(KH2PO4–NaOH) reveal no time lag (even for beads prepared with

pure oxidized sodium alginate) and a higher swelling ratio (Fig. 4a).
This phenomenon has also been observed by other authors (Bajpai
and Sharma, 2004; Gaudio et al., 2005). In addition, the time of
maximum swelling attainment is increased from 4 to 6 h in pH 6.8.

Fig. 5. Effect of ionic strength on the ESR of OSA and OSA-g-PDMAEMA beads at
25 ◦C.
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ubsequently, the bead structure is quickly disaggregated, leading
o the dissolution of the swollen bead. It is generally believed that
he residence time of drug carriers in the small intestine (pH 6.8) is
h (Xu et al., 2007; Liu and Pan, 2008). Through the above analysis,
e believe that the beads in the small intestine are stable, which is

mportant to the oral delivery of proteins. The swelling kinetics of
ifferent beads in pH 7.4 (KH2PO4–NaOH) are also studied (Fig. 4b),
hich is a guide to the BSA release in vitro.
.4. Effect of ionic strength on ESR

Fig. 5 depicts the ESR of gels with an increase in the
onic strength of the solution. The ionic strength of the

ig. 6. SEM photos and macroscopic photos of different beads. Surface morphology of (a
SA-g-PDMAEMA (5:5) bead; cross-section morphology of (A) OSA bead, (B) OSA-g-PDMA
acroscopic photos of OSA beads: (e) dried beads and (E) swollen beads.
harmaceutics 371 (2009) 16–24 21

medium is adjusted by changing the amount of NaCl in solu-
tion.

For gels crosslinked with Ca2+, unlike chemically crosslinked
gels, the increase of ionic strength in solution increase the num-
ber of the charged groups in the gel. The ionic strength of the
medium increases as the increase of ion exchange between Ca2+

and Na+ ions. A large number of the charged groups decrease the
crosslinking density and increase the hydrophilicity of the network

(Ju et al., 2002, 2001). Wang et al. (2007) also reported that the
decrease of osmotic pressure inside the fiber with the increase of
the salt concentration and the weakened salt-bond between Ca2+

and alginate, alginate and fiber matrix by Na+. In addition, the sta-
bility of polyelectrolyte complex depends on the amount of free

) OSA bead, (b) OSA-g-PDMAEMA (9:1) bead, (c) OSA-g-PDMAEMA (7:3) bead, (d)
EMA (9:1) bead, (C) OSA-g-PDMAEMA (7:3) bead, (D) OSA-g-PDMAEMA (5:5) bead.
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Fig. 6.

ons because the electrostatic interaction between polyannions and
olyactions can be destroyed by salt ions owing to electrostatic
creen (Chen et al., 2008). Based on these considerations, we can
ropose a model swelling mechanism about OSA-g-PDMAEMA gel
eads in NaCl aqueous solution (pH 6.0–7.0), which is shown in
cheme 2b.

It can be seen from Fig. 5 that the ESR of gels increases up to
bout 0.2 mol/L NaCl but decreases at higher NaCl concentrations.
imilar results were observed by Ju et al. (2002). The decrease of
he swelling ratio at high ionic strengths is caused by the decrease
f the crosslinking density or destruction of the alginate network
Ju et al., 2002).

.5. Morphology of OSA and OSA-g-PDMAEMA beads

Fig. 6 shows the SEM photos of the surface and cross-section
orphology of OSA and OSA-g-PDMAEMA beads after swelling 1 h

n buffer solution with pH 6.0. It can be seen from the surface
orphology observations that the floccule increases by increas-

ng the amount of PDMAEMA-NH2 in the graft, which results from
he chelating action of phosphate ions. Cross-section observations
Fig. 6A–D) reveal that there are some pores in the beads. In
ddition, some dendritic dangling chains, which result from the
ntanglement of the freely mobile PDMAEMA chain, are observed
n the SEM image of OSA-g-PDMAEMA beads. These dendritic

angling chains would limit the release of drug. Macroscopic obser-
ation shows that the beads have a spherical shape and smooth
urface (Fig. 6e and E). Generally, the diameter of wet beads is about
.1–3.5 mm. After drying, the diameter of the beads is reduced to
.2–1.5 mm.
inued ).

3.6. In vitro drug release

Percent of BSA release as a function of time was determined in pH
1.8, pH 7.4 and 0.9% (w/v) NaCl at 37 ◦C to investigate the influence
of pH and ionic strength on drug release.

Fig. 7a shows the BSA release profiles from the gel beads at
pH 1.8 buffer solutions at 37 ◦C. The sequence of drug release per-
cent follows the sequence of ESR at pH 1.8. It implies that the G
(%) is higher in high ESR gel, leading to a result of higher per-
cent of drug release. At pH 1.8, tertiary amino groups of PDMAEMA
can be protonized, which cause the beads to swell. Bouhadir et al.
(2000) reported that the C N bond under acidic conditions would
hydrolyze. The ionization of tertiary amino groups and the hydroly-
sis of C N bonds make the pore size of diffusion path became large.
Among the four gel beads, highest percent of BSA release is occurred
in OSA-g-PDMAEMA (5:5) (61.24% in 9 h) due to the larger pore size
of diffusion path.

The release profiles of BSA from the gel beads at pH 7.4 at 37 ◦C
are given in Fig. 7b. The BSA released from the OSA gel beads is
much faster than that from the others and the BSA total release is
up to 98.4% in 7 h. The affinity of phosphate for calcium is higher
than that of alginate (Xu et al., 2007), phosphate ions interact with
calcium ions to form calcium phosphate, and the gel structure
becomes to lose gradually (Bajpai and Sharma, 2004). BSA is, at
neutral conditions, a negatively charged protein that could be
bound by positively charged PDMAEMA grafted chains (Savina et

al., 2005; Kusumo et al., 2007). Sparse long grafted polymer chains
are preferable for binding BSA molecules. They are more flexible
and could protrude in solution performing as “tentacles” capable
of multipoint interactions with negatively charged BSA molecules.
The higher the G (%), the higher the BSA binding capacity. As
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between 0.52 and 0.82 indicate that the release deviates from the
Fickian mode. On the other hand, the effect of G (%) on k of the gel
beads is more noticeable. The value of k increases at 0.9% (w/v) NaCl
and pH 1.8 with increasing G (%), but decreases at pH 7.4.

Table 2
Release kinetics of BSA from gel beads of the different formations.

Formulation r2 k × 102 n

0.9% (w/v) NaCl OSA 0.9416 0.12 0.60
OSA-g-PDMAEMA (9:1) 0.9212 0.17 0.49
OSA-g-PDMAEMA (7:3) 0.8554 0.19 0.45
OSA-g-PDMAEMA (5:5) 0.8479 0.23 0.38

pH 1.8 OSA 0.9721 0.10 0.33
OSA-g-PDMAEMA (9:1) 0.9536 0.15 0.38
OSA-g-PDMAEMA (7:3) 0.9932 0.16 0.48
Fig. 7. Release of BSA from the beads of the different form

hown in SEM studies, the more the amount of PDMAEMA-NH2 in
he graft, the more the dendritic dangling chains. The positively
harged PDMAEMA grafted chains can also couple with COO− of
SA, which can prevent the beads dissolution. BSA release speed
ould be influenced concurringly by these factors.

Fig. 7c shows the release profiles of BSA from the gel beads at
.9% (w/v) NaCl. OSA and OSA-g-PDMAEMA gel beads are formed
y ionic bonds between COO−of alginate and Ca2+. The BSA can be
eleased at 0.9% (w/v) NaCl solution, which is mainly attributed to
he ion exchange between Na+ and Ca2+ ions. A larger number of the
harged groups decrease the crosslinking density, and increase the
ore size of diffusion path. The BSA cumulative release of OSA, OSA-
-PDMAEMA (9:1), OSA-g-PDMAEMA (7:3) and OSA-g-PDMAEMA
5:5) are respectively 40.61, 43.30, 45.62, and 48.00% in 9 h.

.7. Analysis of release data

Drug release kinetics is analyzed by plotting the cumulative
elease data versus time and by fitting these data to the exponential
quation (Ritger and Peppas, 1987):

Mt

M∞
= ktn (5)

where Mt/M∞ represents the fractional drug release at time t, k
s a constant characteristic of the drug–polymer system and n is an

xponent characterizing the release mechanism.

The n and k values determined from the initial portion of
0 ≤ Mt/M∞ ≤ 0.6) the fitted plot of ln(Mt/M∞) versus ln(t) are pre-
ented in Table 2 together with the correlation coefficients (r2).
or n = 0.5, the diffusion and release of the drug from the poly-
s at pH 1.8 (a), pH 7.4 (b) and 0.9% (w/v) NaCl (c) at 37 ◦C.

mer matrix follow a Fickian diffusion. If n > 0.5, an anomalous or
non-Fickian type drug diffusion occurs. Finally, for n = 1, a com-
pletely non-Fickian or Case II release kinetics is operative (Ritger
and Peppas, 1987).

As could be seen in Table 2, the values of k and n show a depen-
dence on the release medium and the G (%) of the gel beads. Values
of n for beads at 0.9% (w/v) NaCl ranging from 0.60 to 0.38, lead to a
shift of transport from non-Fickian to Fickian type. The gel beads at
pH 1.8 have the n values ranging between 0.33 and 0.49, indicating
the drug release obey to Fickian type. At pH 7.4, the values ranging
OSA-g-PDMAEMA (5:5) 0.9657 0.19 0.49

pH 7.4 OSA 0.9951 0.31 0.52
OSA-g-PDMAEMA (9:1) 0.9802 0.25 0.60
OSA-g-PDMAEMA (7:3) 0.9342 0.17 0.78
OSA-g-PDMAEMA (5:5) 0.8687 0.12 0.82
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. Conclusions

The OSA-g-PDMAEMA with different G (%) was synthesized, and
SA and OSA-g-PDMAEMA gel beads crosslinked with Ca2+ were
lso prepared. The ESR of the gel beads with different G (%) increased
ontinuously with increasing pH values. The ESR of all the gel beads
as also affected by the ionic strength in solution. The percent of
rug release increased at pH 1.8 and 0.9% (w/v) NaCl by increas-

ng G (%); and decreased at pH 7.4. The oral delivery of proteins
an be controlled by adjusting the G (%), pH and ionic strength.
rom the results obtained, OSA-g-PDMAEMA gel beads seem to be
good candidate for oral protein delivery applications. However,

urther in vivo studies on animal models are necessary to establish
he efficiency of the system.
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