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Abstract. In previous studies, we developed and characterised multicompartmental microcapsules as a
platform for the targeted oral delivery of lipophilic drugs in type 2 diabetes (T2D). We also designed a new
microencapsulated formulation of probucol-sodium alginate (PB-SA), with good structural properties and
excipient compatibility. The aim of this study was to examine the stability and pH-dependent targeted
release of the microcapsules at various pH values and different temperatures. Microencapsulation was
carried out using a Büchi-based microencapsulating system developed in our laboratory. Using SA
polymer, two formulations were prepared: empty SA microcapsules (SA, control) and loaded SA micro-
capsules (PB-SA, test), at a constant ratio (1:30), respectively. Microcapsules were examined for drug
content, zeta potential, size, morphology and swelling characteristics and PB release characteristics at pH
1.5, 3, 6 and 7.8. The production yield and microencapsulation efficiency were also determined. PB-SA
microcapsules had 2.6±0.25% PB content, and zeta potential of −66±1.6%, suggesting good stability.
They showed spherical and uniform morphology and significantly higher swelling at pH 7.8 at both 25 and
37°C (p<0.05). The microcapsules showed multiphasic release properties at pH 7.8. The production yield
and microencapsulation efficiency were high (85±5 and 92±2%, respectively). The PB-SA microcapsules
exhibited distal gastrointestinal tract targeted delivery with a multiphasic release pattern and with good
stability and uniformity. However, the release of PB from the microcapsules was not controlled, suggesting
uneven distribution of the drug within the microcapsules.

KEY WORDS: anti-inflammatory; antioxidant; artificial-cell microencapsulation; diabetes mellitus;
probucol; type 2 diabetes.

INTRODUCTION

Diabetes mellitus is a disease characterised by hypergly-
caemia and metabolic disorders. It is classified as type 1 dia-
betes (T1D) or type 2 diabetes (T2D). T1D is an autoimmune
disease marked by the destruction of β-cells of the pancreas
resulting in a partial or complete lack of insulin production
and the inability of the body to control glucose homeostasis
(1). T2D develops due to genetic and environmental factors

that lead to tissue desensitisation to insulin (2). Despite strict
glycaemic control and the fact that new and more effective
antidiabetic drugs are continuously appearing onto the mar-
ket, diabetic patients still suffer from the disease and its com-
plications (3). Antidiabetic drugs are effective in minimising
variations between peaks and troughs of blood glucose levels
in diabetic patients (3). Common antidiabetic drugs include
the following: sulfonylureas, such as gliclazide that enhances
insulin production, pancreatic β-cell functionality and
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improves insulin sensitivity, and the biguanide metformin,
which reduces glucose production in the liver (3). Howev-
er, the risks of hypoglycaemia, free radical and toxin build
up remain major issues associated with T2D (4,5). Thus,
there is an urgent need for new and more efficacious
medications for diabetes that are capable of exerting a
stronger protection of β-cells and have considerable anti-
free radical and antioxidant effects. An advantage is opti-
mising the formulations of drugs that have already shown
desirable antidiabetic effects such as lowering of blood
cholesterol and reducing the formation of atherosclerotic
plaques.

Probucol (PB) is a highly lipophilic drug that has
been shown to protect β-cells of the pancreas through its
strong anti-free radical and antioxidant effects and thereby
neutralising reactive oxygen species and alleviating oxida-
tive stress (6,7). PB was developed as an antihyperlipi-
demic drug, but was withdrawn in some countries owing
to high interindividual variation in absorption and poten-
tial adverse effects (8). PB has high affinity for adipose
tissues and has huge inter- and intra-individual variations
in absorption after an oral dose (9). The variations in
absorption and efficacy are predicted to contribute signif-
icantly to its adverse effects and compromise its potential
clinical benefits in T2D (10). Thus, developing a novel
and stable formulation with high uniformity, efficient tar-
geted delivery and consistent release kinetics is anticipat-
ed to overcome these variations and maximise its
potential use in T2D.

In a recent study carried out in our laboratory (manu-
script currently under review), we designed novel multicom-
partmental microcapsules of PB that displayed uniform and
homogenous characteristics and exhibited pseudoplastic-
thixotropic properties. These newly designed PB microcap-
sules showed good compatibility and structural properties.
Accordingly, in this study, we aimed at describing further the
targeted delivery, stability and release properties of these PB
microcapsules.

MATERIALS AND METHODS

Materials

Probucol (PB, 99%) and low-viscosity sodium alginate
(LVSA, 99%) were purchased from Sigma Chemical Co,
USA. Calcium chloride dihydrate (CaCl2. 2H20, 98%) was
obtained from Scharlab S.L, Australia. All solvents and
reagents were supplied by Merck (Australia) and were of
HPLC grade and used without further purification.

Drugs Preparations

Due to PB being highly insoluble (11) in aqueous
media, it was dissolved in 10% freshly prepared ultrasonic
suspension prior to carrying out of experiments. Stock
suspensions of PB (20 mg/mL) were prepared by adding
the powder to 10% Ultrasonic water-soluble gel in
100-mL HPLC water. The CaCl2 stock solution (2%)
was prepared by adding CaCl2 powder to HPLC water.
All preparations were mixed thoroughly at room

temperature for 4 h, stored in the refrigerator and used
within 48 h of preparation.

Preparation of Microcapsules

Vibrational-jet flow microencapsulation of PB-loaded
LVSA was prepared using a Büchi-390-based microencapsu-
lating system (BÜCHI Labortechnik, Swizerland). Polymer
solutions containing SA with and without PB were made up
to a final concentration of PB-SA in a ratio of 1:30,
respectively. Parameters were set in a frequency range of
1,000–1,500 Hz and a flow rate of 4 mL/min under a
consistent air pressure of 300 mbar. Vibrational-jet flow
prepared microcapsules were collected from the microen-
capsulating system, and, for each formulation, three inde-
pendent batches were prepared and tested separately (n=
3). All microcapsules (unloaded and PB loaded) were
prepared and treated in the exact same way. Furthermore,
the microcapsules were dried using stability chambers
(Angelantoni Environmental and Climatic Test Chamber,
Italy). The weight of the recovered dry particles was then
recorded, and the PB contents, production yield, microen-
capsulation efficiency, zeta potentials and mean particle
size of each preparation were all measured and compared,
as described below.

Characterisation of PB-Loaded Microcapsules

Drug Content, Production Yield, Microencapsulation
Efficiency and Stability Studies

Drug Content, Production Yield and Microencapsulation
Efficiency. One gram of microcapsules was carefully weighed,
ground and dissolved in 200 mL of phosphate buffer (pH 7.8),
and the suspension was stirred with a magnetic stirrer for 6 h.
Two milliliters of the solution was then transferred to a
100-mL flask and diluted with phosphate buffer (vehicle)
to 100 mL. Aliquots of the dissolution medium (2 mL)
were withdrawn at predetermined time points (every
200 s) and filtered through a 0.22-μm Millipore filter.
The amount of dissolved drug was determined spectropho-
tometrically at λMax=242 nm against the buffer as blank
(12,13). The measurements were performed under sink
conditions, and average values were calculated. Absor-
bance was measured using a UV spectrophotometer (Shi-
madzu UV–Vis spectrophotometer 1240, Japan). PB
concentrations were calculated from the calibration curve. All
analyses were carried out in triplicate (n=3). Drug contents,
production yield and microencapsulation efficiency were calcu-
lated from the following equations.

%DrugContent ¼ CalculatedamountofPBinthemicrocapsules
Totalweightofmicrocapsules

� 100

ð1Þ

%ProductionYield ¼ Totalweightof themicrocapsules
Totalweightof thepolymerþ drugsolution

� 100

ð2Þ

%EncapsulationEfficiency ¼ Drugcontent
Theoretical content

� 100 ð3Þ
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Zeta Potential and Size Analysis. To determine the elec-
trokinetic stability and size uniformity of the microcapsules in
the colloidal system, zeta potential and size distribution for the
microencapsulated formulation of SA and PB-SA were mea-
sured by photon correlation spectroscopy using a Zetasizer
3000HS (Malvern Instruments, Malvern, UK) and by the Mie
and Fraunhofer scattering technique using a Mastersizer 2000
(Malvern Instruments, Malvern, UK). The measurements
were performed at 25°C with a detection angle of 90°, and
the raw data were subsequently correlated to Z average mean
size using a cumulative analysis via an OmniSEC-Zetasizer
software package. Each sample was measured 10 times. All
analyses were performed on samples appropriately diluted
with filtered deionised water. All determinations were per-
formed in triplicate, and results were reported as mean±SD.

Optical Microscopy (OM). Morphological characteristics
and particle size analysis were determined utilising a Nikon
YS2-H mounted with a ToupTek photonics FMA050 fixed
calibrated microscope adaptor (Japan). Sample analysis was
carried out in triplicate. Briefly, predetermined quantities (10
microcapsules from each formulation) of freshly prepared
microcapsules were loaded onto a glass slide mounted to a
calibrated scale. OM software (ToupTek Digital, Japan) capa-
ble of particle size analysis, microcapsule characterisation and
morphological assessments was used to determine the basic
characteristics of the microcapsules that are needed to com-
plement the scanning electron microscopy (SEM) studies.

Swelling Studies. To determine the swelling properties of
themicrocapsules (SA and PB-SA), 50-mg drymicrocapsules were
weighed and placed in 20mL of two pH values (3 and 7.8) and two
temperatures (25 and 37°C) for 6 h. The selection of the two
temperatures, pH values and study duration was based on our
previously publishedwork (14,15). The swollenmicrocapsuleswere
then removed at periodically predetermined intervals (hourly). The
wet weight of the swollen microcapsules was determined by blot-
ting them with filter paper to remove moisture adhering to the
surface, immediately followed by weighing on an electronic bal-
ance. All experiments were done in triplicate (n=3). The swelling
index of the microcapsules was calculated from the following for-
mula (16,17):

SwellingIndex ¼ Finalweight
Initialweight

ð4Þ

Drug Release Studies (In Vitro Dissolution Test). A
weighed sample (2 g) of PB-loaded microcapsules was sus-
pended in 200 mL of phosphate buffer solution at pH values of
1.5, 3, 6 and 7.8 for 6 h, as appropriate. The dissolution
medium was stirred at 200 rpm. Sink conditions were main-
tained throughout the assay period (18,19). All the experi-
ments were carried out at 25°C. The absorbances of the
solutions were measured every 30 min using a Hewlett-
Packard-based time-controlled UV-spec mounted with a
close-loop flow system under sink conditions (Fig. 1). All
analyses were carried out in triplicate (n=3). Additionally,
unloaded microcapsules (containing no drug) were analysed
spectrophotometrically at λMax=242 nm using phosphate buff-
er at all four pH values (temperature maintained at 25°C) in
order to exclude any interference in the analytical data and to

ensure that only PB was being measured at that particular
wavelength and experimental condition.

Physical and Chemical Stability. The stability test was
carried out by placing predetermined amounts of freshly prepared
microcapsules onto sterile petri dishes (30 microcapsules in each)
and storing them in thermostatically controlled ovens at −20, 5, 25
and 40°C, respectively, with relative humidity set at 35% for 3 days.
The experiment was conducted using a stability chamber (Ange-
lantoni environmental and climatic test chamber, Italy). A temper-
ature and humidity regulator was used to ensure constant
experimental conditions. At the end of the experiment, the micro-
capsules were analysed for any changes in appearance and mor-
phology and for the determination of the amount of drug
remaining in each formula, using a validated UV–Vis stability-
indicating method (20,21). Briefly, the dosage forms were crushed
and dissolved in a 200-mLphosphate buffer at pH 7.8. The solution
was filtered, the first 20 mLwas removed, and 10mL of the filtrate
were diluted to 100mL in a volumetric flask. Then, 1-mL aliquot of
the prepared solution was transferred to a 10-mL volumetric flask
and the volume was completed with the buffer. A calibration curve
was constructed for PB in phosphate buffer across the concentra-
tion range of 0.01–4 mg/mL with R2=0.99 (data not shown).
Physical stability data (morphology and appearance) were
recorded for both microencapsulated formulations (SA and PB-
SA), and chemical stability (drug content remaining) was recorded
for the PB-SA formulation.

Statistical Analysis

Values are expressed as means±SD. Drug content, produc-
tion yield andmicroencapsulation efficiency were assessed using

Fig. 1. Closed loop flow system for microcapsule-drug release
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Student’s t test. Swelling index and drug dissolution comparison
for the different formulations were also assessed and compared
using Student’s t test. The best-fit model was derived using
GraphPad Prism software (V6; GraphPad Software, Inc.,
USA). Statistical significance was set at p<0.05, and all statistical
analyses were performed using GraphPad Prism software.

RESULTS AND DISCUSSION

Drug Content, Production Yield and Microencapsulation
Efficiency

Significant levels of PB-loading (microencapsulation) ef-
ficiency were achieved for all microcapsules as shown in
Table I. The results of the drug content and encapsulation
efficiency showed minimum variation amongst repeated sam-
ples, which confirms the reproducibility of our developed
microencapsulation method. Additionally, high production
yield with low variability in drug content and good drug load-
ing efficiency were achieved. Neither any peaks for a biode-
gradable polymer nor any alteration of the chromatographic
pattern of PB was observed, which is in line with our pub-
lished work.

Microcapsule Size Analysis and Zeta Potential Determination

Analysis of the size of the microcapsules obtained from
each formulation, as demonstrated in Table I, revealed uni-
form and consistent particle size distribution, and thus the
addition of the drug did not alter the size of the microcapsules,
ensuring effective encapsulation without adverse effects on
size. SA and PB-SA microcapsules had a range in size of
0.8–1 mm. The significant uniformity in particle size distribu-
tion of the microcapsules ensures reproducibility.

As depicted by zeta potential values of −66 mV (SA) and
−72.9 mV (PB-SA), the dispersion of microcapsules suggested
a stable system (22), with the PB-SA formulation being more
charged (Table I). This is assuming the higher charge
(>25 mM) indicates stronger surface electrical charge of the
suspended drug particles. Additionally, the PB-SA formula-
tion would be more stable, given the greater repulsion created
within the suspension system (23).

Optical Microscopy

From both formulations, SA and PB-SA, ten microcap-
sules were randomly selected for particle size and morpholog-
ical analysis. Results show an overall consistent and uniform
shape as determined via a calibrated scale mounted onto a

glass slide. As evident in Fig. 2, the mean diameter of SA
microcapsules (Fig. 2a) (average±SD) was 800±20 μm, whilst
that of PB-SA microcapsules (Fig. 2b) was 850±50 μm.
Results obtained also include the horizontal diameter (L1),
the vertical diameter (L2) and the microcapsule width (L3).

Swelling Studies

Figures 3 and 4 show that the formulation type, the pH of
the medium and the temperature do have an effect on the
swelling characteristics of the microcapsules. Evidently, the
higher the temperature and pH, the more swelling of micro-
capsules in both formulations.

In line with PB-SA in vitro dissolution data (Fig. 5), the
swelling index corresponds to degree of drug release. The
greater the swelling, the higher the amount of drug that dif-
fuses into the dissolution media. This is due to water uptake,
expansion, and subsequent erosion of the alginate matrix,
resulting in the loss of microcapsule structural integrity and
release of both surface bound and encapsulated PB (24). The
swelling index is heavily influenced by pH and temperature,
and, by considering physiological parameters, it is evident that
at pH 7.8 and 37°C, the greatest swelling and thus the most
extensive drug release occurs from PB-SA microcapsules. PB-
containing microcapsules swell more than empty SA micro-
capsules. This could be due to the fact that the surface of PB-
SA microcapsules contains dry crystal agglomerates compro-
mising the surface integrity, causing weak links in the alginate
matrix and easy expansion and rupture upon contact with
water.

By considering the swelling and dissolution data, it seems
logical to emphasise the importance of the alginate matrix
structural integrity and stability in order to ensure controlled
drug release, particularly in physiological conditions. An im-
portant formulation excipient that should be considered for
future work is a bile acid (BA), which has the potential to
provide stability and matrix reinforcement (14). Additionally,
BAs have also been shown to be more hydrophobic than their
corresponding salts, ensuring greater protection from water
penetration as well as being very good tissue permeation
enhancers in diabetes (25,26).

Drug Release Studies and In Vitro Dissolution

Probucol release from the PB-SA microcapsules was
studied in triplicates across four pH values (1.5, 3, 6 and 7.8)
at 25°C for a period of 6 h each. The selection of these four
pH values was based on our previous studies examining the
best sites of potential antidiabetic drug absorption in the

Table I. Drug Content, Production Yield, Encapsulation Efficiency, Zeta Potential and Mean Particle Size of SA and PB-SA Microencapsu-
lation Formulations

Formulation
code Formula composition

Drug content
(%)±SD

Production
yield (%)±SD

Encapsulation
efficiency (%)±SD

Zeta potential
(mV)±SD

Mean particle
size (μm)±SD

SA Low-viscosity sodium alginate
microcapsules

N/A N/A N/A −66±1.6 1033±33

PB-SA Probucol low-viscosity sodium
alginate microcapsules

2.6±0.25 85±5 92±2 −72.9±1.6 1094±50

N/A not applicable
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gastrointestinal tract (GIT) (27–33). However, the use of a
gradient-pH system may have also provided good prediction
of in vivo results.

The release of PB was dependant on temperature and
pH, which is in line with previous studies using SA-drug for-
mulations (34,35). As shown in Fig. 5, PB release was slow and
minimal but in a relatively controlled manner at low acidic pH
values (1.5 and 3). As pH values were increased, the release of
PB was also increased, in particular, at pH 7.8, which is
expected (24,36). PB release from PB-SA microcapsules at
pH 6 and 7.8 was biphasic and multiphasic, respectively
(Fig. 5). This has important implications in diabetes therapy
as work in our laboratory has confirmed the distal GIT to be
the site of intended drug delivery due to an abundance of
efflux transporters, which have been associated with PB ab-
sorption after oral administration, such as the transporter
ABCA1 (37,38). However, the exact impact of such release
patterns in PB oral absorption, efficacy and safety profiles
remains difficult to predict (39–41).

A possible explanation of the multiphasic release of PB
from the PB-SA microcapsules is that PB is unevenly distrib-
uted within the microcapsules, with some of it on the outside,
as well as inside of the microcapsules. Thus, the multiphasic
drug release pattern depicted in PB-SA dissolution data
(Fig. 5) could be the preferential binding of PB to the micro-
capsule surface, and by coating the microcapsule surface, the

drug would be quickly liberated following swelling and ero-
sion of the alginate matrix.

Preferential deposition of encapsulated drugs onto micro-
capsule surfaces has been extensively studied and may occur
due to several factors such as the hydrophilic-lipophilic bal-
ance of the surface (HLB), the molecular weight, solubility
and degree of ionisation of the drug as well as the surface
charge of the microcapsule and the physicochemical proper-
ties and proportions of the excipients used (42). It is also
possible that the rapid release of PB from the microcapsule
surface is attributed to its very low solubility in the release
medium (creating thermodynamic instability); as such, re-
lease mechanisms often stem from drugs that are very
lipophilic and their release patterns are characterised by
short “burst” times followed by much slower release con-
centrations (43).

It appears that microencapsulation of PB using only the
sodium alginate polymer results in drug coating of the surface
by the drug, with some being distributed within the core of the
microcapsule.

Accelerated Stability Studies (Environmental Chamber)

Accelerated stability studies were carried out over a 3-
day period, testing both formulations (SA and PB-SA) at −20,
5, 25 and 40°C and at a relative humidity of 35%.

Fig. 2. SA microcapsule a and PB-SA microcapsule b. L1 is the horizontal diameter, L2 is the
vertical diameter, and L3 is the microcapsule width

Fig. 3. Swelling characteristics of PB-SA and SA microcapsules (pH 3 and 7.8) at 25°C
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Both formulations (SA and PB-SA) appeared to retain
their original morphological characteristics throughout the
study. However, there were some changes in the colour, over-
all size and quality of the microcapsule surfaces across the
temperatures. In detail, at −20°C, some PB-SA microcapsules
formed agglomerates that were easily re-dispersed, whilst
others retained their original shape. The appearance of PB-
SA at this temperature was white and spherical following the
3-day period, with the original quality (soft microcapsules)
maintained. Similarly, SA microcapsules were also soft, spher-
ical and flexible but were much lighter in colour (opaque in
appearance). At the higher temperatures, microcapsules
appeared to change colour from white (5 and 25°C) to
light brown (at 40°C), most likely due to oxidation of the
alginate, whilst retaining their spherical shapes and even
homogenous particle size distribution. In terms of size, it
was evident that an increase of the temperature resulted
in greater shrinkage (by up to 50%), of the microcapsules,
with the biggest effect seen at a temperature of 40°C. This

may be explained in terms of loss of moisture content,
reducing the overall surface area and volume of each
microcapsule. In addition, the microcapsules at all temper-
atures (except at −20°C) had become harder and more
brittle owing to loss of moisture within the microcapsules
and reduction in their elasticity.

UV analysis of the microcapsules after 3 days of acceler-
ated stability testing revealed an average percent drug content
of 2.6±0.3 for PB-SA microcapsules, illustrating that various
accelerated environmental conditions did not compromise
drug content nor did it result in a loss of drug structure. This
complemented the visual characterisation of the microcap-
sules following accelerated stability testing and confirmed
uniformity of drug contents.

CONCLUSION

Our vibrational-jet flow microencapsulation method
of PB is effective in producing microcapsules with good

Fig. 4. Swelling characteristics of PB-SA and SA microcapsules (pH 3 and 7.8) at 37°C

Fig. 5. Probucol release from PB-SA microcapsule over time across various pH values
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stability and uniformity. However, the multiphasic release
characteristics may not result in optimised oral absorption.
Thus, an interesting future investigation will be to incor-
porate BA as a formulation excipient, which may provide
reinforcement to the alginate polymer matrix and enhance
the controlled release of the drug, and perhaps optimise
its potentials in T2D.
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