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Abstract

Background: Gastroretentive drug delivery system (GDDS) are novel systems that have been recently developed
for treating stomach diseases. The key function of all GDDS systems is to control the retention time in the stomach.
However, research into the bulk density or entanglement of polymers, especially regarding their effects on drug
float and release times, is scarce.

Methods: In this research, we prepared the floating core-shell beads carrying tetracycline. The ratio of chitosan and
xanthan gum in the shell layer was changed to modify polymer compactness. Tetracycline was encapsulated in the
alginate core.

Results: Using scanning electron microscopy (SEM) techniques, we observed that the shell formulation did not
change the bead morphology. The cross-sectional images showed that the beads were highly porous. The
interaction between anionic xanthan gum and cationic chitosan made the shell layer dense, resisting to the mass
transfer in the shell layer. Due to the high mass transfer resistance to water penetration, the longer float and
delivery time were caused by the dense surface of the beads. The cell culture demonstrated that floating core-shell
beads were biocompatible. Importantly, the beads with tetracycline showed a significant prolonged anti-bacterial
effect.

Conclusion: Research results proved that the floating and releasing progress of core-shell beads can be well
controlled by adjusting the shell layer formulation that could promote the function of gastroretentive drugs.
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Introduction
Oral administration is the most common drug deliv-
ery method as it is multifunctional and convenient
[1]. The size of drug carriers is usually adjusted to 1-
2 mm, allowing the medicine in the stomach to pass
through the pylorus and enter into the small intestine
[2]. Advances in pharmaceutical techniques have en-
abled to release drugs in a specific position in vivo to
lower toxicity, decrease side effects, and promote effi-
ciency. Thus, the gastroretentive drug delivery system
(GDDS) has been developed for treating stomach can-
cer, ulcer and infection. GDDS could keep drugs in
stomach for a prolonged period to achieve a specific
release, including several types: floating, mucoadhe-
sive, expandable and rafting forming drug delivery
systems.

The floating drug delivery system (FDDS) is also called
a hydrodynamically balanced system (HBS). In FDDS,
the drugs carriers float in gastric juice to ensure that
drugs do not leave stomach shortly. It efficiently in-
creases drug bioavailability by prolonging the release
period. The variation of drug concentrations in blood is
also decreased [3]. FDDS is a potential treatment for
stomach and duodenum diseases. The density of FDDS
carriers must be lower than those of the gastric juice
and chymus. Therefore, medicines float and are slowly
released in the stomach, compared with the convectional
drug delivery methods. Most antibacterial agents have
low minimum inhibitory concentration (MIC) to Helico-
bacter Pylori in vitro, but are not very effective for the
eradication of infection caused by Helicobacter Pylori
in vivo. The short residence time is the key problem [4].
Better stability and prolonged residence time allow more
effective antibiotic penetration through the gastric
mucus layer to suppress or eradicate Helicobacter Pylori
in stomach [5, 6], which would be achieved by FDDS.

Currently, most FDDS would not float for 2—8 h; how-
ever, the drug float and release periods need to be pro-
longed. To obtain improved drug float and release times,
previous research studies have widely investigated con-
trol of the drug carrier materials. Kawashima, Sato, Tha-
noo [7-10] et al. prepared hollow spheres for FDDS by
using the emulsion-solvent diffusion method. These
studies focused on controlling the carrier density by
solvent diffusion. In particular, polymer porosity domi-
nates the solvent diffusion rates that determining the
carrier floating behaviors. Xu, Choi and El-Kamel et al.
added gas-forming/generating agents in polymers to in-
crease the porosity, and therefore, the floating properties
[11-13]. Indeed, the porosity was influenced by the
amount of gas-generating agents. According to prior re-
searches, the gas generating agents and solvent diffusion
would significantly affect the porosity in FDDS. In con-
trast, research into the bulk density or entanglement of
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polymers, especially regarding their effects on drug float
and release times, is scarce.

In this research, we prepared the core-shell floating
particles for GDDS. We used two polymers, chitosan
and xanthan gum, as the shell layer, which are cationic
and anionic, respectively. Chitosan and xanthan gum
were widely used in previous researches for the drug de-
livery, so their biocompatibility and biodegradability
have been well approved. Manca et al. controlled the ra-
tios of chitosan and xanthan gum to adjust the surface
potential of liposome with coating layer, which influ-
enced the rheological properties of microparticles in
aerosol performance [14]. In the study of Kulkarni et al.,
chitosan and xanthan gum were blended to produce
dense particles. Their results supported that the chito-
san/xanthan gum ratio influenced the mucoadhesive
properties [15]. Fareez et al. prepared chitosan-coated al-
ginate/xanthan gum beads. The surface properties of
beads were determined by chitosan shell layer [16]. Al-
though chitosan and xanthan gum were used in these
studies, the core-shell and porous particles with shell
layer controlled by chitosan and xanthan gum interac-
tions have been never applied for the FDDS and GDDS
system.

Adjusting the chitosan/xanthan gum (C/X) ratio en-
abled us to adjust the polymeric entanglement, and
allowed us to control the shell layer properties and
structures in floating beads. We studied how the shell
layer affects the float, release and biocompatibility prop-
erties. Moreover, the efficient drug carriers with better
duration in GDDS would be developed by controlling
the shell layer properties.

Materials and methods

Materials

Alginic acid sodium salt (medium viscosity), xanthan
gum (from Xanthomonas campestris), NaHCO3 (sodium
bicarbonate powder), chitosan (low molecular weight),
tetracycline (>98.0%) were purchased from Sigma-
Aldrich (St. Louis, MO). CaCl, (calcium chloride) and
HCI and acetic acid were purchased from ].T. Baker,
Japan. Dulbecco’s modified eagle medium (DMEM), fetal
bovine serum (FBS), penicillin, trypsin was purchased
from Gibco Life Technologies (Thermo Fisher Scientific
- TW). Kaighn’s modification of Ham’s F-12 medium
was purchased from Manassas, VA, USA. MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
kit was purchased from Carlsbad, CA, USA. Distilled de-
ionized (DI) water was used throughout the experiment.

Preparation of floating beads containing tetracycline

Two solutions were prepared respectively for core-shell
beads. One was the tetracycline-alginate aqueous solu-
tion for core, and the other was the chitosan/xanthan-
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gum (C/X) solution for shell. First, 50 mg tetracycline
and 200 mg alginate were mixed in 10 ml DI water, and
stirred for 2h to obtain the tetracycline-alginate solu-
tion. 200 mg NaHCO3 was then added into alginate so-
lution, and stirred at 500 rpm for 1 h.

On the other hand, the C/X solution was prepared by
mixing chitosan solution and xanthan gum solution. The
chitosan solution was fabricated by dissolving chitosan
powders in 1 v/v% acetic acid aqueous solution, and xan-
than gum solution was prepared by dissolving xanthan
gum in DI water. After that, chitosan and xanthan gum
solutions were mixed with different C/X ratios of 4:1, 4:
2, 4:3, 4:4 and 1:4, where CaCl2 was also added as the
concentration of 1 w/v%.

After finishing tetracycline-alginate solution for core
and C/X solution for shell respectively, we extruded the
tetracycline-alginate solution through a 26-gauge needle
into the continuously stirred C/X solution. The C/X
shell layer was then formed outside the alginate core,
and the solution with floating beads was stabilized after
continuously stirred for 15 min. After the beads were
collected and washed with DI water, they were vacuum
dried for 48 h and then stored in 4°C until used. The
exact formulations of core and shell layer were described
in Table 1.

FE-SEM (field emission scanning electron microscope)
analysis

SEM (JEOL JSM-6390LV, Japan) images were taken to
analyze the morphology of floating beads. The beads
were dried at 4°C. After that, the bead samples were
spread and fixed on the metal plate with double-sided
carbon tape, and a gold layer was then coated on the
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sample surface under vacuum using an auto-sputter
coater for 1 min under argon atmosphere. The beads
morphologies were then observed with SEM. With SEM
images, the bead diameters were measured by Image ]
software.

Swelling and floating test

The swelling percentage of beads was determined by
measuring the extent of swelling of the polymer matrix
in pH 2 aqueous solution. The weight of dried beads was
recorded. After the immersion in pH 2 buffer for 1, 2, 4,
6, 8, 12 and 24 h, water on bead surfaces was removed
by filter paper and the weight beads were measured
again. The swelling percentage was calculated by using
the following equation.

Weight of beads after swelling - Dry weight of beads

100%
Dry weight of beads * ’

Swelling index (%) =

For the floating analysis, twenty dried beads were kept
in pH 2 buffer for 24 h with continuous shaking. After 1,
2,4, 6,8, 12 and 24 h, the floating percentage was calcu-
lated according to following equation:

N
Floating percentage (%) = ]\ﬁ x 100%
f s

Ng number of floating beads; Ns: number of settled
beads

In vitro release and encapsulation efficiency of
tetracycline

The dry beads were immersed in pH 2 buffer in the dy-
namic gastric simulator [17]. After 2, 4, 6, 8, 12 and 24
h, 10 ml solution was taken out and analyzed by UV/VIS

Table 1 The formulations of core-shell floating beads with tetracycline

Drug Core Gas
(mg) | Polymer | Generatin Coating solution
Batch | Water (mg) g Agent
No. (ml) (NaHCO;
Na mg) Water CaCl, Acetic Chitosan  Xanthan  C/X ratio
Pure | Alginate (ml) — (%w/v)  acid (mg) gum  (Chitosan
(%v/v) (mg) /Xanthan
gum)
F1 10 50 200 200 100 1 1 50 12.5 4/1
F2 10 50 200 200 100 1 1 50 25 4/2
F3 10 50 200 200 100 1 1 50 37.5 4/3
F4 10 50 200 200 100 1 1 50 50 4/4
F5 10 50 200 200 100 1 1 12.5 50 1/4
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spectrophotometer at 266 nm, followed by refilling fresh
10 ml buffer.

In the analysis of encapsulation efficiency, beads were
suspended in pH2 buffer with continuous shaking at
37 °C for 24-h, where a part of encapsulated tetracycline
was released. Then, the beads were completely broken
by using ultrasonic shaker for 30 min, and the residual
tetracycline would be completely released. After the so-
lution was filtrated, UV/VIS spectrophotometer was ap-
plied to quantify tetracycline in buffer by deducting the
absorbance at 266 nm, allowing the determination of en-
capsulation efficiency as following equation.

x 100%

Actual 1
Encapsulation Efficiency (EE%) = Am(c)‘l;;:t o(;a:::gtrclllge q

Cytotoxicity test

MTT assay was applied to evaluate the cytotoxicity of
core-shell beads. In this experiment, a stomach cell
line, AGS, was seeded on a 24-well plate with the
density of 5x10% cells per well. AGS has been ap-
plied in the cytotoxicity of biomaterials for stomach
in previous researches [18]. As the cell monolayer
were cultured to confluence, they were exposed to
fluid extracts. The extracts were obtained by placing
the core-shell beads in culture medium (0.2g core-
shell particles in 1 ml medium) for 24 h at 37°C. The
C/X =4:3 core-shell beads were applied in this re-
search. Each fluid extract obtained was then applied
to AGS monolayer, replacing the medium that had
nourished the cells. The cells were then cultured with
extracts for 1day. After the cell culture, the metabolic
activity of AGS was determined by MTT assay. The
cells were incubated with 1 mg/mL of MTT for 4h.
Then, the MTT was removed and the formazan crys-
tals were dissolved with dimethyl sulfoxide for 30
min. Finally, absorbance values were read at 570 nm
by using an automatic microplate reader (ELx800;
Bio-Tek Instruments, Winooski, VT, USA).

Antibacterial testing

LB medium (from Creative Life Science Co., Ltd.) was
applied for the culture of E. coli which was from Biore-
sources Conservation and Research Center (BCRC),
Taiwan. The medium with cultured bacterial was added
onto agar plate evenly, followed by an overnight culture.
After that, core-shell beads were added onto the agar
plate, and the antibacterial effects were observed at vari-
ous time points.

Statistical analysis

The one-way ANOVA was used to analyze the statistical
significance of particle diameters, encapsulation effi-
ciency, floating percentage, and cell viability. The two-
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way ANOVA was used to analyze the statistical signifi-
cance of swell percentage.

Results

Table 1 demonstrates the floating bead formulations. In
this research, the mass ratio of chitosan to xanthan gum
(C/X) in the shell layer was adjusted to 4:1, 4:2, 4:3, 4:4
and 1:4, where the amounts of salts (CaCl, and
NaHCO3) and alginate in core were fixed.

The morphologies of core-shell particles were analyzed
by using SEM as shown in Fig. 1(a). The beads were
roughly spherical, with a diameter ranging from 1.5 to 2
mm. The particle diameters were analyzed using Image |
and presented in Fig. 1(b). The formulation of the shell
layer had a weak impact on the particle morphologies
and diameters. The ANOVA analysis indicated p>0.1
for the formulation effects on particle diameters, reveal-
ing the ratios of chitosan and xanthan gum did not
change particle size significantly. The cross-sectional im-
ages of core-shell beads are presented in Fig. 2. Results
show that the particles prepared in this research were
highly porous. On the other hand, the surfaces of float-
ing beads were highly dense. The whole particle was
highly dense when only alginate was applied to prepare
dense bead.

Figure 3 revealed the swelling ratios of core-shell parti-
cles with different immersion periods at pH 2. As shown
in Fig. 3(a), all kinds of particles were gradually swelled
during first 6 h (p < 0.05 from ANOVA test) and reached
a steady state over the next 2 h. The highest swelling ra-
tios at steady state were 150—250%.

Figure 3(b) shows that the particles are swelled faster
and steady-state swelling ratios increased when the
amounts of chitosan were much higher or much lower
than the amounts of xanthan gum, such as C/X =4:1
and 1:4. In contrast, the swelling ratios were relatively
low with C/X =4:3 and 4:4. At all the given time point,
C/X =4/1 and 1/4 showed the highest swelling ratio, and
the second high were C/X =4/2. The lowest swelling ra-
tio appeared in C/X =4/3 and C/X =4/4. All differences
mentioned in this paragraph were significant according
to t-test (p <0.05).

Figure 4 presents the floating percentages of core-shell
beads in the aqueous solution with pH 2 after immersion
for different periods. Figure 4 shows that the floating
percentage of chitosan and alginate beads respectively
decreased to 55 and 11.6% after 24 h when there is no
core-shell structure. Results in Fig. 4 also show that
about 90 and 88% of core-shell particles would still keep
their floating conditions after 8 and 24 h. The differences
between core-shell beads and non-core-shell beads
(dense chitosan and alginate beads) were statistically sig-
nificant after the immersion for 6 h. On the contrary, the
ANOVA test indicated that there is no significant
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Fig. 1 Morphologies of core-shell floating beads with various formulation in chitosan/xanthan-gum shell layer (n = 20). (a) SEM images of floating
beads. The (/X ratios are 4:1 (A), 42 (B), 4:3 (C), 44. (D) and 1:4 (E). (b) Diameters of beads with various formulations in chitosan/xanthan-gum (C/

difference caused by the ratios of chitosan and xanthan
gum (p >0.15).

The encapsulation efficiency and releasing rate of
tetracycline of floating beads are described in Fig. 5.
There was significant difference in the formulation C/
X =4/1 and C/X=4/4, as revealed in Fig. 5(a). The
release profile in Fig. 5(b) was evaluated in dynamic
conditions. The results support that the formulation
of shell layer actually influence the releases of tetra-
cycline (p <0.1 and p <0.05 from ANOVA test) at
2nd, 4th and 6th hr. That is, the particles released
tetracycline faster when the amounts of chitosan are

much higher or much lower than the amounts of
xanthan gum, such as C/X =4:1 and 1:4.

The biocompatibility of floating particles was ana-
lyzed by culturing AGS cell line. The C/X =4:3 core-
shell beads were applied because they showed the
best floating and long-term release properties in this
research. The results in Fig. 6 identify the good bio-
compatibility of floating beads when the bead concen-
tration was as high as 1.5mg/ml, which contained
149.03 pg/ml tetracycline, 112.9 times higher than the
effective concentration of tetracycline for a 60-kg
person [17].
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Fig. 2 The cross-sectional SEM images of floating beads with various formulation in chitosan and xanthan gum shell layer. The C/X ratios are 4:1
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The anti-bacterial effects of floating beads are proved
in Fig. 7. The obvious anti-bacterial rings are formed by
applying beads with encapsulated tetracycline onto cul-
tured E. coli. It was caused by the released tetracycline,
and the core-shell beads without tetracycline did not re-
sult in any anti-bacterial ring (Fig. 7(a), (b), and (c)). To
identify the duration of the floating particles, we
immersed the particles in a pH 2-buffer for 2 and 4 h be-
fore conducting the anti-bacterial experiments. The

results in Fig. 7(e) and (f) proved that the beads can effi-
ciently suppress E. coli though there was a pre-release
for 2 and 4 h. Compared with the beads without prere-
lease in Fig. 7(d), the anti-bacterial effect did not decay,
as shown in in Fig. 7(e) and (f). Figure 7(g) presented the
anti-bacterial effects of alginate beads without tetracyc-
line. The alginate beads were immersed in a pH 2-buffer
for 4 h before the test. The result shows that the alginate
bead is not effective on E. coli.
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Fig. 3 The swelling ratios of core-shell beads with various in chitosan/xanthan-gum (C/X) formulation in pH = 2 buffer (n = 4). The times for
immersion were 1, 2,4, 6, 8, 12 and 24 h. The results were pooled in accordance with formulation (a) and with immersion period (b). In (a), the
significance from ANOVA test from 1 h to 6 h with fixed formulation was marked by * (p < 0.05), ** (p < 0.01) and *** (p < 0.005) for indicated
groups. In (b), the significance from ANOVA test for C/X ratio with fixed immersion time was marked by *** (p < 0.005)

Discussion demonstrated high density compared with their original
The densities of chitosan and xanthan gum used in this  values. Thus, we assume that interactions between chito-
research were approximately 0.3 and 1.5 g/cm? respect- san and xanthan gum increase the density of the two
ively. The bulk densities of blended chitosan and xan- components. The anionic polymer chains of xanthan
than gum were approximately 1.47 g/cm® when the ratio gum and protonated chitosan exert high intermolecular
was 1:1. After get mixed, chitosan and xanthan gum forces because of the electro-affinity. Polymer
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Fig. 4 The floating percentage of core-shell beads with various chitosan/xanthan gum ratios, chitosan beads and alginate beads (n = 3). The
significant difference between core-shell beads with all the formulations and dense chitosan beads was indicated by * (p < 0.05) and ** (p < 0.01)
from t-test at the same immersion time. The significant difference between core-shell beads with all the formulations and dense alginate beads
was indicated by # (p < 0.05), ## (p < 0.01) and ### (p < 0.005) from t-test at the same immersion time (n = 3). Chitosan and alginate beads were
dense particles without core-shell structure. There is not significant differences between floating beads with different C/X (p > 0.15) from
ANOVA test

interactions make the shell layer dense. In previous re-
searches, polyelectrolyte complexes (PECs) were pre-
pared by blending chitosan and polyanions, such as
carrageenan [19], alginate [20], poly (acrylic acid) (PAA)
and poly (vinylpyrrolidone) (PVP) [21]. By varying the
amounts of positive chitosan and negative polymers, the
charge density would be changed, causing differences in
the diffusion through PECs. The mass transfer properties
were highly related to the polymeric electrostatic inter-
actions, corresponded to our finding in this research.

According to SEM images, the bead surfaces are dense,
which would prolong floating periods due to the resist-
ance of mass transfer in water penetration. The dense
skin layer could be help prolong the release time of en-
capsulated drugs. The C/X ratios did not significantly
affect the porosity of core-shell beads.

The positive charges of chitosan and negative charges
of xanthan gum would result in a strong polymer inter-
action. These interactions make the shell layer dense,
forming a resistance of mass transfer in the shell layer.
This hinders water penetration into particles, and

therefore, the swelling ratio is low. This result in Fig. 3
revealed that the particle swelling can be tuned by con-
trolling the electro-statistical properties of the shell
layer. Besides, the high swelling ratios of core-shell beads
show that all the beads developed in this research are
very hydrophilic. The hydrophilic particles can provide
good encapsulation efficiency and release profile due to
the high affinity between the drugs and particles.

The retention periods of FDDS in the stomach re-
ported in previous studies were about 2-4h [22]. The
floating time of core-shell particles was about 24h,
which was much longer than the above residual periods.
It indicates that the dense shell layer developed in this
research can prolong the floating time of drugs in the
stomach.

When the amounts of chitosan are much higher or
much lower than xanthan gum (C/X =4:1 and 1:4), the
release of tetracycline is also higher than those from C/
X =4:3 and 4:4. This is due to the strong interactions be-
tween positive chitosan and negative xanthan gum,
which results in a dense shell layer. With the dense shell
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Fig. 5 Encapsulation efficiency (a) and releasing profile (b) of tetracycline-alginate floating beads in pH =2 buffer. In (a), the significant differences

were indicated by ### (p < 0.005) from t-test (n = 3). In (b), the significant differences were indicated by * (p < 0.1) and ** (p < 0.05) from ANOVA
test with the same release time (n = 4)

layer, the particle swelling is slow, and the tetracycline Many researches supported that the ionic crosslinking,
release is delayed due to the high resistance in mass  which was achieved by mixing chitosan and polyanions,
transfer. The results supported that the prolonged re- was effective on the control release [23-25]. In this re-
lease can be achieved by controlling the formulation of search, we adjusted the ratio between positive chitosan
the dense layer in the core-shell floating beads. and negative xanthan gum, and the diffusion properties
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TCPS (p > 0.05 and n=4)
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Fig. 7 Antibacterial effects of floating beads with/without tetracycline for different immersion periods. (a), (b) and (c) are core-shell beads (C/X=4/3)
without tetracycline, and (d), (e) and (f) are core-shell beads (C/X=4/3) with tetracycline. (g) is non-core-shell alginate beads without tetracycline. The
immersion time before antibacterial test is 0 hour for (a) (d), 2 hours for (b) (e), and 4 hours for (c) (f) and (g). The beads in (d), () and (f) encapsulate
69.9 ug tetracycline in total
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were thus controlled. The differences between this study
and previous researches lies in the components diffusing
through polycation/polyanion layer. The water diffusion
through shell layer was influenced in this work to pro-
long the swelling and floating periods of core-shell por-
ous beads. On the other hand, most previous researches
focused on the controlled release of encapsulated drugs
but not on the floating behaviors.

The floating beads are proved to be biocompatible,
and can carry effective antibiotics when they were ap-
plied. The released tetracycline from core-shell beads
present clear antibacterial effects. According to the stat-
istical analysis, the C/X ratio significantly prolonged the
swelling (p <0.005 from ANOVA test) and drug release
(p<0.1 and p<0.05 from ANOVA test). This supports
that the core-shell beads developed in this research can
continuously delivery antibiotics for a long period for a
certain period.

Conclusion

In this research, we developed core-shell floating beads
for GDDS with porous alginate core and a dense chito-
san/xanthan-gum shell layer. The compactness of the
shell layer in floating beads was controlled by adjusting
the ratios of anionic xanthan gum and cationic chitosan.
When the C/X ratio was 4:3 and 4:4, the shell layer
would be dense and would cause high resistance of mass
transfer under the water penetration. Thus, a low swell-
ing rate and a prolonged release was achieved. The ex-
perimental results proved the high biocompatibility of
the floating beads, and the anti-bacterial effects of beads
were also significant after the release for 4 h. This study
proposed the method to modify the properties of shell
layer, allowing the control of the swelling and release be-
haviors of floating beads.
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