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Abstract

Background: Drug delivery system using polymer-coated magnetic carriers is considered as an effective strat-
egy for passive targeting, which can not only increase drug utilization but also reduce the adverse reaction.
With the carriers, sensitivity to physical stimuli (e.g., magnetic field, pH) has been developed and drugs were
conjugated to form incorporating magnetic particles, so that drugs could be located to desire position.
Method: Novel magnetic alginate (Alg)-chitosan (CS) beads loaded with albendazole (ABZ) were prepared and
evaluated for pH sensitivity and drug release characteristics. The effects of six different factors (Alg concentra-
tion, the weight ratio of drug to polymer, the weight ratio of magnetite nanoparticles to polymer, CaCl, con-
centration, CS concentration, the volume ratio of Alg to CS) were studied on the swelling ability of the
magnetic beads. The magnetic beads were characterized by Fourier transform infrared spectroscopy, scan-
ning electron microscope, and vibrating sample magnetometry. In addition, the delivery behavior of ABZ from
the magnetic beads was studied. Result: The magnetic Alg-CS beads had showed unique pH-dependent
swelling behaviors and a continuous release of ABZ. From the magnetometer measurements data, the beads
also had superparamagnetic property as well as fast magnetic response. Conclusion: The pH-sensitive mag-

netic beads may be used as a magnetic drug targeting system for ABZ in the gastrointestinal tract.
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Introduction

Albendazole (ABZ), methyl[5-(propylthio)-1H-benzimi-
dazol-2yl]carbamate, is a benzimidazole derivative with a
broad spectrum of activity against human and animal
helminthe parasites. ABZ therapy is very important in
systemic cestode infection especially in inoperable or dis-
seminated cases of hydatosis and neuro-cysticercosis'2.
The ABZ mode of action is through its binding to & tubulin
and blocking of microtubule formation, leading to para-
site paralysis and death®*. ABZ exhibits low water solubil-
ity, but once orally administered to a host, it is
metabolized into the slightly soluble sulfoxide and
sulfone>®. The actual bioavailability of slightly soluble sul-
foxide is directly related to the short-term presence of low
levels of the active metabolite in human plasma because
of the limited water solubility of ABZ and its poor and
erratical absorption from the gastrointestinal tract’. This

property, which is ideal for its use against luminal infec-
tions, is a problem in the treatment of systemic helminthi-
asis. Furthermore, the lack of water solubility reduces
flexibility for drug formulation and administration. To
overcome these drawbacks, increasing the aqueous
solubility of ABZ is an important goal.

Different efforts have been made to improve the
detection of aqueous solubility of ABZ such as the prep-
aration of solid dispersions?, the use of lactose monohy-
drate, corn starch, polyvinylpyrrolidone, hydroxypropyl
methyl cellulose and sodium lauryl sulfate®, liposomes?,
and cyclodextrins (CDs)!!. Numerous attempts have
been made to improve its therapeutic efficacy and
patient compliance. In order to reach therapeutic levels
at the desired target site, large doses of drug must be
administered even though only a fraction will actually
reach the intended organ or disease site. Generally, ABZ
appears to have serious cytotoxic effects on normal cells
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and tissue. Therefore, an important approach in improv-
ing the treatment effect is to better harness the potency of
chemotherapeutic agents by more effectively targeting
them to gastrointestinal tract, to deliver ABZ specifically
into the gastrointestinal tract and to produce an effective
and safe therapy for helminthiasis.

Magnetically targeted nanoparticles can be used as
drug carriers to provide targeted delivery and sus-
tained release of chemotherapeutic agents to improve
bioavailability. Drugs based on carriers of core-shell
magnetic nanoparticles can be easily guided to arrive at
the interest position in the body by means of physical
force from magnetic field (MF). Meanwhile, the outer
shell (polymer layer) of the drug can effectively slow
down the rate of release. Therefore, drug delivery system
using polymer-coated magnetic nanoparticles is consid-
ered as an effective strategy for passive targeting, which
can not only increase drug circulation but also reduce
pain in patientslz. In this regard, superparamagnetic
magnetite (Fe;0,) nanoparticles exhibiting higher mag-
netization and good biocompatibility have found increas-
ing and very promising applications in the biomedical
field, such as immobilization of enzymes'3, separation of
biomolecules'*, magnetic resonance imaging (MRI) con-
trast enhancement'®, and, particularly, drug delivery'®.

A drawback of magnetic nanoparticles for drug deliv-
ery applications is that they are most likely to be rapidly
cleared by macrophages or the reticuloendothelial sys-
tem before they arrive at the desired site'’. Thus, for
drug delivery applications, it is preferred that the nano-
particle drug carrier is characterized by a functionalized
magnetic core and a biodegradable polymer shell.
Using this approach, the possible side effects of an anti-
cancer drug can be minimized because the drug will be
covered by the polymer shell during the delivery
processw. However, limited literatures reported the
direct application of chitosan (CS)-coated magnetic
nanoparticles as drug carriers.

In recent years, stimuli-responsive polymers, which
can respond to external stimuli, such as pH, temperature,
and electric field, have attracted a great deal of interest
because of their potential applications in controlled drug
delivery'%?°. These hydrogels provide advantages over
conventional therapeutic dosage forms by having higher
delivery efficiency, site-specific delivery, controlled dose,
and elimination or reduction of harmful side effects to
the patients. By these wide advantages of the hydrogels, a
number of researches have been successfully proposed
to integrate active drug molecules and host materials,
where to manipulate drug release desirably*!. Recently,
the use of natural polymers in the design of drug delivery
formulation has received much attention. Among them,
alginate (Alg) and CS are very promising and have been
widely exploited in pharmaceutical industry for the con-
trolled drug delivery®>%3,

CS, a linear polymer of b-glucosamine and N-acetyl-
glucosamine units, is obtained by alkaline N-deacetylation
of chitin. Because of its biodegradability, nontoxicity, and
good biocompatibility, CS is a widely used polymer in tis-
sue engineering and biomedical and pharmaceutical
formulations®*%°, To improve the CS properties for con-
trolled drug delivery, complexation between oppositely
charged molecules of Alg to prepare beads (or micro-
spheres) that have been widely used to obtain devices
for the controlled release of drugs, which can offer not
only the improvement of biodegradability but also the
potential of pH responsive®®, Alg, a polyanionic copoly-
mer of mannuronic and guluronic sugar residues, is a
typical anionic polymer with carboxyl groups in the
molecular chain and has been widely used in biomedi-
cal applications®”?8, The interaction between Alg and
CS and the preparation methods of Alg/CS beads had
been systematically investigated?®.

Although natural polymers in the design of drug deliv-
ery formulation have evoked much interest for their supe-
rior properties, the property of drug carrier composed of
homogenous material was not satisfied. Recently, com-
posite materials as drug carrier can obtain multifunction
and high-powered magnetic beads or microsphere.
Therefore, a combination of Alg, CS, and magnetic parti-
cles is a potential approach to prepare magnetic beads
that can be applied as a drug delivery system.

On the basis of our previous work on CS/Alg hydrogel
beads for nifedipine delivery>’, this work presents mag-
netic Alg-CS beads for the controlled release of ABZ. Its
stimulus-response property is advantageous for drug-tar-
geting system. The magnetic beads could be located by a
powerful MF in the target site where the parasites live and
could be retained in the intestines with prolonged time.
pH change of the environment could control the amount
of drug release. Some successful applications of magnetic
targeting system are achieved, However, the properties of
pH-sensitive magnetic hydrogel, especially the site-spe-
cific release under the gastrointestinal condition, have
not been sufficiently studied®!.

In this study, the magnetic beads were mainly
focused on single calcium cross-linking, such as mag-
netic CS-coating Alg calcium beads, which were
endowed with bioadhesion. The inner core of calcium-
Alg network is coated with an Alg-CS membrane, which
itself is surrounded by a layer of CS. The aim of this
study was to investigate the influence of CS coating on
drug release properties of the magnetic calcium-Alg
beads and magnetic property of the magnetic calcium-
Alg beads. Factors influencing swelling characteristics
of the hydrogels were investigated and release proper-
ties of ABZ from the beads in phosphate buffer solutions
of various pH (2.5, 5.0, 6.8, 7.4, and 8.0) were also stud-
ied. The results were analyzed using a semiempirical
equation to reveal the drug release mechanism.



Materials and methods

Materials

CS (molecular weight is 7.5 x 10°, degree of deacetyla-
tion is 80%) was acquired from Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences
(Lanzhou, China). Sodium alginate of low viscosity (0.02
Pa-S) for a 1% solution at 20°C was purchased from
Shanghai Chemical Co., Ltd. (China). Fe;O, (average size
is 20 nm) was purchased from Nanjing Emperor Nano
Material Co., Ltd. (Nanjing, China). Polyethylene glycol
(PEG) 4000 was purchased from Tianjin Tiancheng Phar-
maceutical Co., Ltd. (Tianjin, China). ABZ (purity 99.34%)
was purchased from Wuhan Kanglong Century Technol-
ogy Development Co., Ltd. (Wuhan, China). All other
chemicals and reagents used were of analytical grade.

Single-factor design experiments

Magnetic Alg/CS beads were prepared based on the
single-factor design. The independent variables are Alg
concentration (X;), the weight ratio of drug to polymer
(X), the weight ratio of nanoparticles to polymer (X3),
CaCl, concentration (X,), CS concentration (X;), and the
volume ratio of Alg to CS (X;) (Table 1). On the contrary,
encapsulation efficiency and loading efficiency are the
response parameters as the dependent variables.

Preparation of magnetic Alg-CS beads

PEG aqueous solution (5%, w/v) was prepared by
expanding 2.5 g of PEG in 50 mL of deionized water.
A stock solution were prepared though adding 5 g of
Fe;0, into 50 mL PEG aqueous solution (5%, w/v) and
was sonicated for 2 hours for the subsequent experi-
ments.
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Alg solution (2.5%, w/v) was prepared by dissolving
2.5 g of sodium Alg in 100 mL of deionized water. CS
solution (2.0%, w/v) was prepared by dissolving 2.0 g
of CS in 100 mL 1% acetic acid solution. The magnetic
calcium-Alg beads were prepared by ionic polymer-
ization according to the following steps: 10 mL 2.5%
Alg solution (w/v), 1.25 mL stock solution of magne-
tite nanoparticles was mixed adequately and soni-
cated for 2 hours. The resulting suspension was then
added dropwise in a gently stirred calcium bath (40
mL, 2.5%) for 30 minutes at a constant speed (4 mL/
min). The speed has been chosen to avoid the sedi-
mentation of ABZ particles in the syringe during the
time of the beads preparation. An optimal drop height
of 5 cm was used to obtain spherical beads. The wet
magnetic calcium-Alg beads were transferred into CS
solution and kept for 30 minutes under gentle mag-
netic stirring. The resulting magnetic Alg-CS beads
were collected and rinsed with deionized water and
dried in air overnight.

Preparation of ABZ-loaded magnetic beads

62.5 mg of ABZ was dispersed in 10 mL solution containing
2.5% sodium Alg, and then the other processes were the
same as the preparation of the beads as shown earlier.

Scanning electron microscopy

Micrographs of the samples were taken using a scanning
electron microscope (SEM) (JEOL, JSM-6380LV, Akish-
ima, Tokyo, Japan). Before the observation, all samples
were mounted on aluminum stubs, using double-sided
adhesive tape, then hydrogel samples were coated with
gold, and scanned at an accelerating voltage of 15 kV.

Table 1. Formulation of the magnetic alginate-chitosan beads utilizing single-factor design.

X, X, X, X, X5 X, Encapsulation Loading
Formulation (%,w/v) (w/w) (w/w) (%,w/v) (%,w/v) (v/v) efficiency (%) efficiency (%)
Al 1.5 1:3 1:1 2.0 1.0 1:3 91.48 13.66
A2 2.0 1:3 1:1 2.0 1.0 1:3 90.10 12.99
A3 2.5 1:3 1:1 2.0 1.0 1:3 96.72 13.66
Bl 2.5 1:4 1:1 2.0 1.0 1:3 88.56 10.28
B2 2.5 1:5 1:1 2.0 1.0 1:3 89.00 8.50
Cl1 2.5 1:4 1:2 2.0 1.0 1:3 84.67 13.14
Cc2 2.5 1:4 1:3 2.0 1.0 1:3 79.80 13.45
D1 2.5 1:4 1:2 1.5 1.0 1:3 84.7 29.49
D2 2.5 1:4 1:2 2.5 1.0 1:3 87.59 9.66
El 2.5 1:4 1:2 2.5 0.5 1:3 85.37 9.96
E2 2.5 1:4 1:2 2.5 1.5 1:3 87.12 9.97
E3 2.5 1:4 1:2 2.5 2.0 1:3 88.38 10.23
F1 2.5 1:4 1:2 2.5 2.0 1:4 87.69 9.86
F2 2.5 1:4 1:2 2.5 2.0 1:5 82.50 9.32
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Fourier transform infrared spectroscopy

Individual beads were crushed with pestle in an agate
mortar and the crushed material was mixed with
potassium bromide in 1:100 proportions. The mixture
was compressed to a 1 mm semitransparent disk by
applying a pressure of 20 MPa (FW-4A pelleter) for 5
minutes. The Fourier transform infrared (FTIR) spectra
over the wavelength range 4000-400 cm™' were
recorded using an FTIR spectrometer (Thermo Nicolet

Nexus, TM, Madison, WI, USA).

Swelling studies

Swelling characteristics of the beads were determined
by immersing dried test beads in two aqueous media:
simulated gastric fluid (SGF, pH 1.5) and phosphate
buffer solutions (pH 6.8) prepared according to the
Chinese Pharmacopoeia 2005 at 37°C. Accurately
weighed amounts of beads (ranging from 20 to 25 mg)
were immersed in 20 mL media solution and the
beads were removed from the swelling medium at
specific time intervals. They were blotted with filter
paper to absorb water on the surface and then
weighed using electronic microbalance (Model
NE2155; Genius, Goettingen, Germany) immediately.
Swelling ratio (SR) of the sample was calculated
according to the following expression®* 33:

W-Ww,
SR=———2 (1)
WO

where W is the weight of the swollen beads and W, is
the initial weight of the beads.

Assay of drug content

The beads containing ABZ (10 mg) were pulverized and
incubated in 25 mL citrate sodium solution (5%, w/v)
with a water bath at 40°C for 30 minutes, then the
supernatant was extracted by ethyl acetate three times
(10, 10, 10 mL), and the residue was dissolved in glacial
acetic acid after evaporation of ethyl acetate. The whole
mixture was transferred into a 25-mL volumetric flask,
added methanol to scale, the resulting solution was
diluted with methanol five times, then it was filtrated,
the filtrate was assayed by a UV spectrophotometer at
295 nm (UV-2401PC, Shimadzu, Japan). All the experi-
ments were carried out in triplicate.

1%
Loading efficiency(%) = W“ %100, ()
t

where W, is the actual ABZ content and W, is the
theoretical ABZ content.

Magnetic property

A vibrating sample magnetometer (VSM) (Lake Shore,
735 VSM, Model 7304, USA) was used at room tempera-
ture to characterize the magnetic properties of pure
Fe;0, nanoparticles and magnetic Alg-CS beads.

In vitro drug release

The in vitro ABZ release properties from the beads
were determined as follows: 0.20-0.25 g ABZ-loaded
magnetic hydrogel beads were suspended in 500 mL
solution and maintained at 37 = 0.5°C under 100 rpm.
The solutions were phosphate buffer solutions of vari-
ous pH (2.5, 5.0, 6.8, 7.4, and 8.0). At predetermined
time intervals, 2.5 mL solution was withdrawn and the
dissolution medium was supplied with 2.5 mL fresh
buffer solution to maintain the total volume. The drug
release percent was determined as follows: the sample
was extracted by ethyl acetate for 3 times (1, 1, 1 mL)
and the residue was dissolved in glacial acetic acid
after evaporation of ethyl acetate. The whole mixture
was transferred into a 10-mL volumetric flask, added
methanol to scale, and assayed spectrophotometri-
cally at 295 nm. The drug release percent was deter-
mined using Equation (3). All samples were analyzed
in triplicate.

R
Drug release(%) = —£ x 100, (3)

where L and R, represent the initial amount of drug
loaded and cumulative amount of drug released at time .

Release kinetics

The mathematical models Higuchi M,/M., _ kt'2 equa-
tions were fitted to individual dissolution data with lin-
ear regression by SPSS 11.0 for Windows>*. The drug
release mechanisms of hydrogel beads were described
by a semiempirical equation.

Statistical analysis

Statistical analysis for the determination of differences
in the swelling characteristics within groups was
accomplished using one-way analysis of variance, per-
formed with a statistical program (SPSS 11.0 for Win-
dows). For all statistical calculations, the level of
significance was set at 0.05.



Results and discussion

Morphology of the beads

Morphological study of magnetic Alg-CS beads is shown
in Figure 1. The wet beads had rather regular spherical
shape and smooth surface at higher Alg concentration
(2.5%), the diameter was about 2.5-3.5 mm (Figure 1a).
As the Alg concentration increased, the beads had more
spherical shape and smooth surface. In the case of dried
magnetic beads, the test beads usually retained their
spherical shape but showed a rather rough surface and
collapsed center. The diameter was found to be 1 mm
approximately (Figure 1b). SEM micrographs of dry mag-
netic Alg-CS beads are shown in Figure 1c-f. Detailed
examination of the surface structure revealed cracks and
severe wrinkles caused by partial collapsing of the poly-
mer network during dehydration.

The wet magnetic beads are found to be spherical
and dark brown because of the presence of magnetite
nanoparticles and the beads can be easily removed
from the aqueous solution with an MF. A creased exte-
rior surface was observed different from the smooth and
regular surface of pure Alg-CS beads. This aspect is
associated with the presence of inorganic fillers>. It was
reported that Alg-CS-coated beads usually had a heter-
ogeneous structure with CS-Alg surface layer and cal-
cium-Alg core, which resulted in the collapse of beads
during the drying process>®.

The hydrogel beads were formed as a result of poly-
electrolyte complex membrane forming through ionic
interaction between —-NH>* of CS and —-COO™ groups of
Alg, giving a skin layer of membrane. The inner core of
calcium-Alg network with a large amount of Fe;0,
nanoparticles is coated with an Alg-CS membrane,
which itself is surrounded by a layer of CS%".
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FTIR spectroscopy

FTIR spectra of CS, sodium alginate, magnetic Alg-CS
blank beads, magnetic Alg-CS beads containing ABZ are
shown in Figure 2. The FTIR spectrum of CS showed a
weak band of -OH stretching at 2877 cm™!, the absorption
band of the carbonyl (C=0) stretching of the secondary
amide (amide I band) at 1655 cm™, and the bending
vibrations of the N-H (N-acetylated residues, amide II
band) at 1598 cm '3, The peaks at 1423 and 1381 cm™!
belong to the N-H stretching of the amide and ether
bonds and N-H stretching (amide III band), respectively.
The peaks observed at 1095 and 1033 cm™! were the sec-
ondary hydroxyl group (characteristic peak of -CH-OH in
cyclic alcohols, C-O stretch) and the primary hydroxyl
group (characteristic peak of -CH,-OH in primary alco-
hols, C-O stretch)®. Sodium alginate showed the follow-
ing distinct peaks: (1) strong absorption bands at 1626
and 1427 cm™! because of carboxyl anions (asymmetric
and symmetric stretching vibrations) and (2) the bridge
oxygen (C-O-C, cyclic ether) stretching bands at 1029
cm™! were observed as well. For the magnetic Alg-CS
blank beads, the peaks observed at 1609, 1416, 1094, and
1032 cm™! were the characteristic absorption band of CS
and Alg; the absorption band at 1598 cm™! of CS shifts to
1609 cm™! after the reaction with Alg, the stretching vibra-
tion of ~OH and —~NH, at 3444 cm™! shifts to 3420 cm™
and comes broad, indicating that the polyelectrolyte com-
plexes are formed and enhanced between CS and Alg.
The characteristic absorption peak of magnetite Fe;0,
also appears at around 561 cm ™.

The FTIR spectra of ABZ show the -NH, —CHj;, C=0,
and amide stretching frequencies at 3331, 2957, 1712,
and 1634 cm™}, respectively‘“’, whereas those appear-
ing at 1588, 1524 cm™' are because of aromatic C=C
stretching vibrations. The N-H bending vibrations are

X gg U }&)‘@ﬁ'—xﬁf-”

Figure 1. Photographs of magnetic alginate-CS beads: (a) wet beads; (b) dried beads. SEM micrographs of the surface morphology of magnetic

alginate-CS beads: magnification (¢ x 70), (d x 500), (e x 1000), (fx 2000).
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Figure 2. The FTIR spectra of CS, sodium alginate, magnetic alginate

seen at 1503 cm ™. Bands at 1095 cm ™ are because of C-
N stretching vibrations, whereas the one appeared at 1271
cm™!is because of aromatic C-O stretching vibrations. The
peaks at 2955, 1628, 1324, 1270, 1097 cm™! were observed
in the FTIR spectra of magnetic Alg-CS beads containing
ABZ as well, which indicated that the chemical stability of
ABZ was physically filled in the polymeric network.

Swelling characteristics of magnetic Alg-CS beads

The SRs of magnetic Alg-CS beads at pH 1.5 had no dis-
tinct difference (P > 0.05) among all the factors investi-
gated except the weight ratio of magnetite nanoparticles
to polymer. So, the figures of the SRs of test beads at pH
1.5 were not shown.

Figure 3 shows the swelling characteristics of mag-
netic Alg-CS beads at various Alg concentrations. At pH
6.8, the SRs of test beads increased significantly com-
pared with those at pH 1.5. As the Alg concentration
increased, the SR of the test beads decreased. It was
found that the test beads (Alg concentration = 2.5%) had
better swelling characteristics among all studied groups

-CS blank beads, and magnetic alginate-CS beads containing ABZ.

45
40
35
30
25
20
15
10

——1.5% alginate
—#—2.0% alginate

—4— 2.5% alginate

Swelling ratio

0 50 100 150 200 250

Time (min)
Figure 3. The influence of alginate concentration on the swelling
characteristic from magnetic alginate-CS beads (the weight ratio of
drug to polymer, 1/3; the weight ratio of magnetite nanoparticles to
polymer to polymer, 1/1; CaCl, concentration, 2%; CS concentra-

tion, 1%; the volume ratio of alginate to CS, 1/3).

(~0.66 at pH 1.5 and ~36.2 at pH 6.8). The low-swelling
degree may retain drug better at the lower end of the
gastric pH range.
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Figure 4. The influence of weight ratio of drug to polymer on the
swelling characteristic from magnetic alginate-CS beads (alginate
concentration, 2.5%; the weight ratio of magnetite nanoparticles to
polymer, 1/1; CaCl, concentration, 2%; CS concentration, 1%; the
volume ratio of alginate to CS, 1/3).

The weight ratio of drug to polymer is another
important factor influencing the swelling characteristic
besides the Alg concentration. As Figure 4 shows, the SR
of test beads to the weight ratio of drug to polymer of 1/
3 was lower than the other two groups at pH 6.8 and the
beads eroded quickly. This phenomenon would result
in a drug burst release at pH 6.8 and the hydrogel beads
could not become a potential polymer carrier for the
controlled release of ABZ. With increasing polymer
weight, the SR of test beads increased, but the test beads
eroded slowly. The SR was approximately 0.6 at pH 1.5
and 42.1 at pH 6.8 when the weight ratio of drug to poly-
mer was 1:4. The beads may retain drug longer at pH
6.8. Therefore, the higher the weight ratio of drug to
polymer, the higher the loading efficiency and the bet-
ter the swelling behavior.

Figure 5 shows the effect of magnetite nanoparticles to
polymer on the swelling characteristic. As shown, the SR
of test beads with weight ratio of magnetite nanoparticles
to polymer of 1:1 was lower than the other two groups at
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) . nanoparticles to
Time (min)
polymer 1:3

Figure 5. The influence of weight ratio of magnetite nanoparticles to
polymer on the swelling characteristic from magnetic alginate-CS
beads (alginate concentration, 2.5%; the weight ratio of drug to
polymer, 1/4; CaCl, concentration, 2%; CS concentration, 1%; the
volume ratio of alginate to CS, 1/3).
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Figure 6. The influence of CaCl, concentration on the swelling char-
acteristic from magnetic alginate-CS beads (alginate concentration,
2.5%; the weight ratio of drug to polymer, 1/4; the weight ratio of
magnetite nanoparticles to polymer, 1/2; CS concentration, 1%; the
volume ratio of alginate to CS, 1/3).

pH 6.8 and 1.5 (P < 0.05). At pH 6.8, with increasing poly-
mer weight, the SR of test beads increased significantly.
So, among all the factors investigated, the weight ratio of
magnetite nanoparticles to polymer had the most influ-
ence on the swelling characteristic.

Figure 6 shows the swelling curves of magnetic Alg-
CS beads prepared at different concentrations of CaCl,.
The SRs of all test groups had no distinct difference (P >
0.05) at pH 1.5 and 6.8, respectively. The SR of test beads
with a 2.5% CaCl, concentration was lower than the
other groups at pH 1.5. At pH 6.8, groups of 1.5%, 2.0%,
and 3.0% CaCl, showed no statistical difference (P >
0.05), indicating that the carboxyl groups of Alg are
limited. When the CaCl, concentration increased to a
certain extent, the ionic cross-linking of Alg with Ca®*
was completed, the swelling of beads was not obviously.

Figure 7 shows the effect of CS concentration on the
swelling characteristic. The SRs of all test groups had no
distinct difference (P > 0.05) at pH 1.5 and 6.8, respec-
tively. At pH 1.5, with increasing CS concentration, the

50 r
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g 20 i —h— ()
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10
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Figure 7. The influence of CS concentration on the swelling charac-
teristic from magnetic alginate-CS beads (alginate concentration,
2.5%; the weight ratio of drug to polymer, 1/4; the weight ratio of
magnetite nanoparticles to polymer, 1/2; CaCl, concentration,
2.5%; the volume ratio of alginate to CS, 1/3).
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Figure 8. The influence of volume ratio of alginate to CS on the
swelling characteristic from magnetic alginate-CS beads (alginate
concentration, 2.5%; the weight ratio of drug to polymer, 1/4; the
weight ratio of magnetite nanoparticles to polymer, 1/2; CaCl, con-
centration, 2.5%; CS concentration, 2%).

SR of test beads decreased. It was found that the test
beads (CS concentration = 2.0%) had a better swelling
characteristic among all studied groups (~0.61 at pH 1.5
and ~36.2 at pH 6.8).

Figure 8 shows the influence of volume ratio of Alg
to CS on the swelling characteristic from magnetic
Alg-CS beads. The SRs of all test groups had no dis-
tinct difference (P > 0.05) at pH 1.5 and 6.8, respec-
tively. Among all the factors investigated, the volume
ratio of Alg to CS had the least influence on the swell-
ing characteristic.

At pH 1.5, CS and Alg are partly ionized. The swelling
degree of the beads was limited due to the formation of
polyelectrolyte complex between —COO™ groups of algi-
nate and —-NH;" groups of CS. At this pH, the beads
reached to their maximum swelling degree within 30 min-
utes and then shrunk gradually toward their equilibrium
state. At pH 6.8, the swelling behavior of the dry beads is
mainly attributed to the hydration of the hydrophilic
groups of Alg and CS*!. In this case, free water penetrates
inside the beads to fill the inert pores among the polymer
chains, contributing to a greater swelling degree. The SRs
of test beads increased significantly because of the
exchange of Ca?* with Na*, and the decrease of CS ioniza-
tion, increase of ionization of the carboxyl groups of Alg,
resulting in the lower binding of CS with Alg leading to
less stable beads*?. The swelling degree of beads reached
to a maximum and then decreased because of disintegra-
tion and erosion of hydrogel network.

Magnetic property

Figure 9 shows a typical magnetization curve of mag-
netic Alg-CS beads. The saturation magnetization (os)
of the magnetic Alg-CS beads was about 15 emu/g,
which comparing the reference value for the pure mag-
netite nanoparticles of os was 58.57 emu/g.
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Figure 9. Magnetization curve of magnetic Alg-CS beads: magnetic
alginate-CS beads containing ABZ, <; pure Fe;0, .

Magnetic response property of the beads was deter-
mined by dispersing dried test beads in 0.2% Tween-
80 solution (w/v) adequately. A given MF of about
3200 Oe was used to determine magnetic response
time of the beads. When the weight ratio of magnetite
nanoparticles to polymer increased, response time of
the beads to MF decreased quickly. After increasing
weight ratio of magnetite nanoparticles to polymer
from 1:3 to 1:2, response time of the beads to MF was
decreased from 9 to 2.5 seconds. Therefore, the higher
the weight ratio of magnetite nanoparticles to poly-
mer, the shorter the response time and the better mag-
netic response property.

The superparamagnetic property of polymer mag-
netic beads is critical for their application in biomed-
ical and bioengineering fields, which prevents
polymer magnetic beads from aggregation and
enables them to redisperse rapidly when the MF is
removed. As could be seen from Figure 4, the hystere-
sis loop showed superparamagnetic property (i.e., no
remanence effect), indicating that the single-domain
magnetic nanoparticles remained in these polymer
nanoparticles.

In vitro release properties of ABZ

Figure 10 shows ABZ release profiles of the magnetic
beads at various pHs at 37 + 0.5°C as a function of
time. It can be seen that the percentage released
increased with the pH of the medium. Within 2 hours,
the amount of ABZ released from the magnetic beads
was 2.16% at pH 2.5, 29.06% at pH 5.0, 58.67% at pH
6.8, and 68.62% at pH 7.4. This suggests that the drug
release properties of magnetic Alg-CS beads are pH-
sensitive. Within 16 hours, ABZ release from the mag-
netic beads was 92.86% at pH 6.8, 94.72% at pH 7.4,
whereas the amount of ABZ released from the
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Figure 10. The cumulative release profiles of magnetic alginate-CS
beads containing ABZ at various pH of media at 37°C £ 0.5°C (pH
2.5,<), (pH 5.0, A), (pH 6.8, O), (pH 7.4, A), (pH 8.0, ). Values are
mean-SD, n=3.

magnetic beads was the lowest (6.12%) at pH 2.5. The
release rate of ABZ from magnetic Alg-CS beads at pH
6.8 is higher than that at pH 2.5 and pH-dependent
release of ABZ. The relatively low amount of ABZ
released from the magnetic beads was probably
related to the comparatively low degree swelling of the
hydrogel at pH 2.5 (Figure 3). At pH 6.8, the amount of
ABZ released increased significantly compared with
those released at pH 2.5, because the swelling of the
hydrogel network increased considerably because of
the lower binding between the amino groups of CS and
the carboxyl groups of Alg at neutral pH.

Drug release kinetics

The usage of mathematical models when designing new
pharmaceutical formulations as well as for the analysis
of the experimental results is essential. The Korsmeyer-
Peppas equation (see below) is often used to describe
the drug release behavior from polymeric systems when
the mechanism is not well known or when more than
one type of release phenomena are involved. This equa-
tion was used to explain the drug release mechanism
and to compare the release profiles, the drug released
amount versus time was used.

M
=kt" or log(M—tJ =logk, +nlogt, (4)

oo

where M,/M,, is the fractional amount of the drug
released at time ¢, n is a diffusion exponent that indi-
cates the release mechanism, and k; is a characteristic
constant of the system. From the slope and intercept of
the plot of log(M, /M.,) versus log t, kinetic parameters n
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Table 2. Estimated parameters and drug release mechanism of
alginate-chitosan magnetic beads at different pH.

pH n k r
2.5 0.6151 0.6239 0.9705
5.0 0.8360 0.5346 0.9329
6.8 0.3862 1.5307 0.9169
7.4 0.2245 9.4254 0.9460
8.0 0.3569 9.6984 0.9034

Drug transport mechanism

Anomalous transport
Anomalous transport
Fickian diffusion
Fickian diffusion
Fickian diffusion

Kinetic constants (k), diffusional exponents (n), and correlation coeffi-
cients (r), by linear regression of log (M,/M.,) versus log £ k is the con-
stant related to the structural and geometric characteristic of the
device; n is the diffusional exponents, indicative of the drug release
mechanism.

and k; were calculated. For spheres, values of n
between 0.43 and 0.85 are an indication of both diffu-
sion-controlled drug release and swelling-controlled
drug release (anomalous transport). Values above 0.85
indicate case-II transport that relate to polymer relax-
ation during gel swelling. Values below 0.43 indicate
that drug release from polymer was due to Fickian
diffusion®344,

ABZ-release kinetics from Alg-CS magnetic beads at
different pH was shown in Table 2. ABZ release profile
changes showed the drug undergoing immediate
release within the first 2 hours. After 2 hours, the
remaining drug is released almost linearly at pH 6.8 and
7.4. Figure 10 also shows how the drug was released in
the first 2 hours. At pH 2.5-5.0, the release was because
of both diffusion and erosion mechanisms, whereas
drug release mechanism at pH 6.8-7.4 was because of
Fickian diffusion.

Conclusion

The magnetic Alg beads are produced by simple ionic
gelation and do not require detailed chemical synthesis.
In this study, Alg-CS beads containing magnetic nano-
particles and ABZ were prepared in an attempt to
obtain pH-sensitive magnetic hydrogel. The results
showed that the beads possess excellent pH sensitivity
in SR and superparamagnetic property as well as fast
magnetic response, which indicated that the potential
applications of these beads as a magnetic targeting sys-
tem in the gastrointestinal tract.
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