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Abstract: Bile acids have recently been studied for potential applications as formulation excipients and
enhancers for drug release; however, some bile acids are not suitable for this application. Unconjugated
lithocholic acid (ULCA) has recently shown drug formulation-stabilizing and anti-inflammatory
effects. Lipophilic drugs have poor gut absorption after an oral dose, which necessitates the
administration of high doses and causes subsequent side effects. Probucol (PB) is a highly lipophilic
drug with poor oral absorption that resulted in restrictions on its clinical prescribing. Hence, this
study aimed to design new delivery systems for PB using ULCA-based matrices and to test drug
formulation, release, temperature, and biological effects. ULCA-based matrices were formulated for
PB oral delivery by applying the jet-flow microencapsulation technique using sodium alginate as a
polymer. ULCA addition to new PB matrices improved the microcapsule’s stability, drug release
in vitro (formulation study), and showed a promising effect in ex vivo study (p < 0.05), suggesting that
ULCA can optimize the oral delivery of PB and support its potential application in diabetes treatment.

Keywords: bile acids; diabetes mellitus; formulation sciences; inflammation; probucol; unconjugated
lithocholic acid

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized by high blood sugar levels resulting in
numerous complications and multiple organ damage. Presently, DM is the most common and significant
public health problem worldwide, and its prevalence is increasing [1,2]. It is projected that in the year
2030–2040, around 700 million individuals will suffer from DM, and by then, DM will be the seventh
leading causes of death, unless new potential and potent drugs are introduced to the market [3,4].

Type one diabetes mellitus (T1DM) is an autoimmune disease resulting in the loss of endogenous
insulin production and secretion, while Type 2 DM (T2DM) stems from peripheral insulin resistance
and is brought about by genetics and environmental factors such as lifestyle changes, urbanization,
aging, obesity, and physical inactivity. T2DM accounts for approximately 90% of all cases of DM [5–8].
The pancreatic β cells are damaged, and the resulting massive inflammation, and glucose-derived
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reactive oxygen species eventually lead to insulin deficiency; these present substantial challenges
in diabetes treatment and long-term prognosis [9–11]. To date, marketed anti-diabetic drugs are
effective in regulating diabetes-associated high and fluctuating blood glucose levels, via improving the
tissue sensitivity or increasing the available insulin, instead of protecting pancreatic β cells from free
radicals, oxidants, and the subsequent inflammation and cell apoptosis [12,13]. Moreover, the risk of
toxin accumulation at the gut level, and hypoglycaemia, are also major side effects common to many
anti-diabetic drugs, which may compromise the clinical efficiency of the drug [11]. Long-term use of an
anti-diabetic drug, such as sulfonylureas, causes β-cell apoptosis due to extreme cell stimulation [14].
Therefore, the use of anti-oxidants (as adjuncts) as potential therapies is based on their ability to protect
pancreatic β cells from inflammation, free radicals and oxidation, is currently gaining significant
interest in potential therapies for the treatment of T2DM [15–17].

Probucol (PB) is a highly lipophilic compound, classified as BCS class-II (Biopharmaceutics
Classification System) drug, initially developed for the treatment of hyperlipidaemia [18]. PB is
reported as a cardioprotective agent and it has been shown that PB-treated rats had markedly reduced
myocardial ischemia lesions [19]. It was clarified that one of the causes of DM is due to oxidative stress
and inflammation involved in the pathogenesis of islet lesions [20,21]. A study done by Gorogawa and
his colleagues has shown that PB can exert anti-diabetic effects by protecting pancreatic β cell function
in T2DM animal models [22]. Likewise, another similar study revealed that PB treatment in hamsters
partially restored pancreatic β-cell function and decreased serum glucose levels [23]. PB restores
insulin secretion by protecting the pancreatic β cells, which supports glucose haemostasis. [15,16,24].
Therefore, PB has great potential in treating diabetes because of its potent anti-inflammatory and
antioxidant properties, and pancreatic β-cell shielding effectiveness. However, it failed to demonstrate
consistent desirable effects due to its lipid solubility, three compartmental modelling, high volume of
distribution and poor and variable bioavailability; hence, drastically robust orally targeted systems are
necessary [19,24–27].

As formulation excipients, bile acids (BAs) can enhance absorption, act as a permeation-enhancing
agent and facilitate the drugs’ uptake [28–31]. Our lab demonstrated through chambers diffusion studies
that BAs, when incorporated via artificial cell microencapsulation technology (ACMT), exert beneficial
anti-diabetic effects in vivo [32,33] and enhance drug uptake ex vivo [34–36]. BA derivatives have
improved anti-diabetic drug absorption via ileum [35]. Findings showed that BA microcapsules
prepared using ACMT improved PB oral absorption for T2DM animals [28,29,37]. However, PB’s
absorption profile remained limited, and its release profile from the microcapsules remained variable.
Therefore, we hypothesized that using a more structurally stable, rigid and less soluble BA may improve
PB release patterns, and promote the targeted delivery by increasing water permeation in microcapsules.
Unconjugated lithocholic acid (ULCA) is a promising compound, endogenously produced in humans,
and recently it was shown to possess formulation-stabilizing and anti-inflammatory effects [38,39].
Moreover, ULCA has substantially different chemical structure compared with other Bile acids (BAs),
different hydrophilicity, and contrasting effects in vivo. From other BAs, UDCA (ursodeoxycholic acid)
is among the most studied ones. Compered to UDCA, ULCA has vastly deferent ligand potency,
particularly in vivo, as ULCA is a much more potent ligand for several BA receptors (FXR-Farnesoid
X Receptor and TGR5-Takeda G-Protein-Coupled Receptor-5) compared to UDCA, including VDR
(vitamin-D receptor), which UDCA is not specific ligand for [40–42].

Recently, studies have come up with a new concept called “Design of Experiment” (DOF),
to understand a drug’s biophysical properties and manufacturing processes, which is used in the
formulation development of nanoparticles and microparticles. DOF is one important tool in employing
quality by design in formulation development [43]. Latterly, the use of micro/nanoparticles has gained
more attention in targeted drug delivery, showing high drug availability and treatment efficacy for many
diseases such as cancer, skin disease, a neurodegenerative disorder, and inflammatory diseases [44–47].
Likewise, polymer-based micro/nanocapsules have a particular interest in controlled and targeted
drug delivery [48]. The selection of the polymer is a vital step in drug delivery and discovery, as it
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affects drug release and absorption [49]. Sodium alginate (SA) has shown the most promising result in
oral drug administration [31,50]. SA is a natural polysaccharide extracted from brown algae and has
characteristic features of being biodegradable and biocompatible, and it has demonstrated excellent
stability and compatibility, as well as pH-dependant degradation and release kinetics which are also
influenced by its viscosity [51,52]. Specifically, low-viscosity SA (LVSA) showed controlled and targeted
drug release in comparison with high-viscosity SA (HVSA), primarily when targeting the cecum [53].
In gastrointestinal (GI) fluid, the hydrated LVSA matrix changes into the porous, insoluble acid matrix
and when it reaches higher pH values (the small intestine), the alginate acid matrix is transformed
into a soluble viscous layer that breaks down the polymer integrity and releases drugs from the
microcapsules [53,54]. Previously, our lab has demonstrated that sodium alginate-based formulation
improved pharmacokinetics and pharmacodynamics responses with optimized structural, chemical,
and physical compatibility and improved targeted delivery [31,55,56]. This study is a preliminary study
to elucidate the application of our ionic gelation vibrational jet flow technology in nano/microcapsule
production, before moving a step further toward an in vivo animal study of anti-oxidant for T2DM.
Therefore, in this study, newly designed PB–LVSA and PB–ULCA–LVSA microcapsule formulation
systems were evaluated as potential drug delivery systems in the management of T2DM, which can be
extended to other lipophilic anti-diabetic drugs.

2. Materials and Method

2.1. Materials

PB (99.89%) was purchased from Medisca (Las Vegas, NV, USA), sodium alginate low viscosity (99%)
and ULCA (≥95%) were purchased from Sigma-Aldrich CO., (St. Louis, MO, USA). Calcium chloride
dehydrates (CaCl2.2H2O, 98%) were purchased from Scharlab S.L (Sentmenat, Spain).

2.2. Drug Preparations

LVSA (1.2%), PB (4%) and ULCA (2%) stock suspension was prepared by the slow addition of
powder in 8% water-soluble gel. CaCl2 (5% w/v) was made by adding CaCl2 powder in ultrapure
milliQ water. Prepared formulations were thoroughly mixed for 6 h at room temperature, stored in the
fridge, and used within 24 h of preparation.

2.3. Microcapsules Preparation

PB–LVSA (F1-without ULCA as control) and PB–ULCA–LVSA (F2-with ULCA as test)
microcapsules were prepared using our established system (BÜCHI Labortechnik AG, Flawil,
Switzerland) based on our developed technology: the ionic gelation vibrational jet flow technique [29,55].
Multiple parameters were used, including a frequency of 1800 Hz with a constant air pressure of
350 mbar, and a liquid flow rate of 5 mL/min; these parameters were constant for both microcapsules.
The microcapsules were prepared with or without ULCA to the final concentration of PB:ULCA:LVSA
in a ratio of 1 × 3 × 30, respectively [12]. This ratio was based on our previous studies [13,57].
Microcapsules were collected in and left for 5–10 min in the CaCl2 ionic gelation bath to preserve
the spherical shape of the droplets. To dry microcapsules, the stability chamber (Angelantoni
Environmental and Climatic Test Chamber, Massa Martana, Italy) was used and the weight of dried
microcapsules was recorded.

Morphology, drug contents, microencapsulation efficiency, production yield, mean particle size,
surface tension, conductivity, zeta potential, swelling, mechanical resistance, buoyancy, release patterns,
stability, and the biological activity of each preparation were analysed in triplicates (n = 3) [58,59].
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2.4. Characterization of Loaded Microcapsules

2.4.1. Morphological Analysis and Surface Characterization of Microcapsules

Morphological characterization was accessed by using Nikon H550S optical microscopy (OM)
and scanning electron microscope (SEM) (Neon 40EsB FIB-SEM; Zeiss, Oberkochen, Germany). For
SEM, the microcapsules were freshly made, dried and mounted on a glass slide stub with double-sided
adhesive tape and coated under vacuum in an argon atmosphere with 5 nm platinum before examination.
Elemental distribution present on the microcapsules’ surface was analysed by energy dispersive X-ray
spectrometry (EDXR) (INCA X-Act; Oxford Instruments, Abingdon, UK) [28].

2.4.2. Drug Content, Production Yield, and Microencapsulation Efficiency

Dry microcapsules (2 g) were ground and dissolved in 200 mL phosphate buffer saline (PBS) pH
7.8. The suspension was stirred for 6 h, and one mL of the solution was transferred and diluted with
phosphate buffer to 20 mL volume. Before analysis, the prepared solution was filtered through a 0.22µm
Millipore filter (Sigma-Aldrich CO., St. Louis, MO, USA). The dissolved drug content concentration
in the solution was measured with a UV spectrophotometer (Shimandzu UV–Vis spectrophotometer
1240, Kyoto, Japan) at 242 nm against the buffer blank [60]. To confirm the method’s accuracy and
precision, a HPLC (high-pressure liquid chromatography) procedure was done as per our previous
research [61]. The analysis was done in triplicate and calculated by our previously established formulae,
as mentioned [62]:

Drug contents (%) =
Calculated amount o f PB in the microcapsules

Total weight o f microcapsules
× 100 (1)

Production yield (%) =
Total weight o f the microencapules

Total weight o f polymer and drug solution
× 100 (2)

Microencapsulation efficiency (%) =
drug content

Theoretical content
× 100 (3)

2.4.3. Electrokinetic Stability, Size Analysis, Surface Tension and Conductivity

Electrokinetic stability and particle size analysis were determined using the zeta sizer and mastersizer,
respectively (Zetasizer 3000 HS and Mastersizer 2000, Malvern Instruments, Malvern, UK) [37,62].
Surface tension (ST) was measured using a tensiometer (Sigma 703). Conductivity was performed with
the help of the conductivity meter (CDM230, Conductivity Meter, Radiometer Analytical SAS, Lyon,
France) by calibrating with the potassium chloride (KCl) standard.

2.4.4. Swelling and Mechanical Resistance Studies

The microcapsule swelling properties were calculated by placing 200 mg of microcapsules (F1 and
F2) in 20 mL PBS. This study was conducted at four different pH values (1.5, 3, 6 and 7.8) and at
two different temperatures (room temperature and 37 ◦C) over 6 h. The selection of pH values and
temperatures was based upon our previous work [37,62]. Swollen microcapsules’ net wet weight
was measured by weighing on a dynamic balance immediately after blotting them on the filter
paper (Whatman #40). The microcapsule swelling index percentage was determined as previously
described [63]. For mechanical resistance, briefly, 25 dry microcapsules from each formulation batch
(F1 and F2) were placed in 20 mL PBS (pH 7.4) and oscillated at a frequency of 150 rpm for 24 h
(Boeco Company, Hamburg, Germany). The mechanical resistance index was calculated as per our
previously established protocols [62,64].
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2.4.5. Buoyancy Test

One hundred dried microcapsules were taken and placed in 200 mL of PBS (pH 7.8). The buffer was
stirred for 6 h at a speed of 50 rpm at a temperature of 37 ◦C using USP dissolution apparatus 24, type
II (Erweka, DT6, Langen Germany). The temperature was regulated through thermostats. Every hour,
the number of floating microcapsules was counted and calculated as previously described [29].

2.4.6. Drug Release Studies—In Vitro Dissolution Test

Two and a half grams of F1 and F2 microcapsules were weighed and suspended in 300 mL of
simulated intestinal fluids (SIF), which contained the PBS of four different pH values of 1.5, 3, 6 and 7.8
at 37 ◦C. The sink condition was maintained throughout the assay time, and the dissolution medium
was stirred at 200 rpm for 6 h [62]. The solution’s absorbance was measured every 30 min (2 mL
of the solution was taken from the dissolution bath and replaced with the same amount of blank
buffer to maintain the equilibrium condition throughout the assay). The 2 mL solution removed
from the dissolution bath was placed into a 10 mL flask (sink conditions were maintained during
this assay). Following this, the transferred solution was diluted with PBS to the volume and further
centrifuged to clarify the solution. The amount of released drug in the solution was measured with a
UV spectrophotometer at 242 nm against the PBS blank. Additionally, to exclude any interferences and
to confirm that only the drug was being measured, microcapsules without PB (LVSA microcapsules)
were also analysed at all four pH values.

2.4.7. Physical Stability

The stability testing of F1 and F2 was conducted by putting 25 freshly prepared microcapsules
on microscope slides and storing them for four days under thermostatically controlled ovens at four
different temperatures (−20 ◦C, 5 ◦C, 25 ◦C, and 40 ◦C) with relative humidity set at 35% in the stability
chamber [62,64]. After four days, the microcapsules were observed under the OM for morphology and
appearance change, then the drug content and release profile were calculated as mentioned above [62].

2.4.8. NIT-1 Pancreatic β Cells and Biological Analysis

The pancreatic β-cell line (NIT-1) were kindly provided by Professor Morahan (The University
of Western Australia) and cultured in Dulbecco’s Modified Eagle medium (DMEM) (Sigma-Aldrich,
St. Louis, MO, USA) with supplemented 10% bovine serum (Thermo Fisher Scientific, Melbourne,
Victoria, Australia), and 5.5 mmol glucose (Sigma-Aldrich, St. Louis, MO, USA). The cells were
incubated in a humidified atmosphere of 5% CO2 at 37 ◦C. The media was changed at 48 h intervals,
and the cells were sub-cultured when confluence reached 80% as per the standard method [65].

Cytokine release from NIT-1 cells was performed to examine the biological efficiency of the
prepared microcapsules. For this, NIT-1 cells were cultured in the prepared media, DMEM (pH 7.4) at
two different glucose concentrations (5.5 mmol and 25 mmol) and treated with F1 and F2 microcapsules.
The microcapsules were put directly in the cells containing wells, and incubated together with the cells
for 48 h. After 48 h, IFN-γ (interferon gamma) and IL-10 (interleukin 10) were examined by removing
the treated microcapsules and analysing the cell media via the cytokine bead array flow cytometry
analysis (BD Bioscience cytometry Bead Array Mouse, USA) with the cell analyzer BD FACSCanto II
(BD Bioscience, USA). FlowJO software (FlowJo, Ashland, Oregon) was used to interpret data.

For the seahorse analysis, the cells were treated with microcapsules (F1 and F2) at 5.5 and 25 mmol
glucose concentrations for 48 h. The assay was determined via a Seahorse Flux Analyser XF 96
(Seahorse Bioscience Billerica, MA, USA) standard [37].

2.4.9. Statistical Analysis

Student’s t-test was performed to analyse the drug content, production yield and microencapsulation
efficiency and the values are presented as mean ± SD where n = 3. Correlation, regression and one-way



Pharmaceutics 2020, 12, 708 6 of 17

ANOVA/ two-way ANOVA (analysis of variance) were done to analyse the data and Tukey HSD post-hoc
comparison of means was conducted when the data were statistically significant. GraphPad Prism
version X8.2 (Graphpad, Inc., USA) was used for all analyses, and the data were considered of statistical
significance at p < 0.01 or p < 0.05.

3. Results and Discussion

3.1. Microscopic Examination and Surface Analysis

The OM images showed (Figure 1A,G) that both the F1 and F2 microcapsules preserved their
spherical shape, uniformity, and that the incorporation of ULCA did not alter the shape and size of
microcapsules, which was further ascertained by the SEM images (Figure 1C,I). The average horizontal
(L1) and vertical (L2) mean diameter of both microcapsules was 0.7 ± 0.1 mm. Our previous finding
showed that microcapsules, with sizes ranging from 0.7 to 0.9 mm, supported the targeted gut release,
improved cell viability, and had an hyperglycaemic effect on diabetic animals [31]. The surface
topography of F1 (Figure 1D,E) and F2 (Figure 1J,K) presented rough and solid granules on the surface.
Furthermore, corresponding spectra analysis on the microcapsules’ surface showed the abundance
amount of C, Ca, O, and S, which suggest that ULCA did not adversely affect the microcapsule
morphology and surface topography. The presence of S in the analysed spectra indicates that the
granules on the surface are due to PB deposition, since none of the excipients contain S except PB;
as the PB chemical formulation contains two S atoms (Figure 1F,L) [18]. The presence of Ca2+, C, and O
was expected because they are part of the polymer used, and the ionic gelation bath, which was one of
the prerequisites of the process during the manufacture of microcapsules [66]. The results support
our previous studies that the incorporation of BAs did not change the shape, size, and surface drug
content of PB microcapsules, which proved that the microencapsulation method is robust and uniform,
regardless of any formulation [28,31,67].
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Figure 1. Morphological examination of microcapsules. (A,B,G,H) Optical microscopy. (C,I) Scanning
electron micrographs. (D,E,J,K) Energy-dispersive X-ray spectra and figures (F–L) with the
corresponding spectra. (F1): PB–LVSA microcapsules and (F2): PB–ULCA–LVSA microcapsules.
PB—probucol; LVSA—low-viscosity sodium alginate; ULCA—unconjugated lithocholic acid.

3.2. Drug Content, Microencapsulation Efficiency, Production Yield, Zeta Potential, Size Analysis,
Surface Tension, and Conductivity

As shown in Figure 2A,B, the amount of PB content in both formulations (F1 and F2) remained
constant with little variation but not statistically significant (F1 = 2.3 ± 0.2% and F2 = 2.27 ± 0.32%)
(p > 0.05), which proved that the integration of ULCA in F1 did not alter the drug content of the
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microcapsules. The total manufacture yield and microencapsulation efficiency of F1 and F2 ranged
from 70 to 92% and was not significantly different between the F1 and F2 microcapsules. A good
level of PB loading around 85–90% was recorded for both kinds of microcapsules. This proves that
the addition of ULCA has the least effect on the drug content, ability, and yield in both F1 and F2
microcapsules, which lines up with our previous lab studies (p > 0.05) [28,31].
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Figure 2. Drug content, production yield, and encapsulation efficiency (A,B), (C) electrokinetic
charge, (D) size analysis, (E) surface tension and (F) conductivity. N = 3, mean ± SEM. F1: PB–LVSA
microcapsules and F2: PB–ULCA–LVSA microcapsules. PB—probucol; LVSA—low-viscosity sodium
alginate; ULCA—unconjugated lithocholic acid. * p < 0.01.

The measurement of surface charge provides particle colloidal suspension properties,
showing which kind of interaction the particles may have, whether they aggregate or disperse
in solution. Usually, the higher the negative charge, the better the electrokinetic stability of the
particles [68]. Likewise, the surface chemistry provides information about the formulation’s nature.
With higher surface chemistry, the formulation is homogenous and smooth, with impacts on drug release
kinetics [69]. Figure 2C–F shows that the surface charge (−60–70 mV) (p = 0.1167), size distribution
(750–770 µm) (p = 0.8411), and surface chemistry (64–67 m/Nm) (p = 0.2931) remained constant after
the addition of ULCA, suggesting that the dispersion of microcapsules was stable, and capable of
withstanding particle agglomeration and flocculation [70]. However, the conductivity was diminished
after mixing the ULCA in the PB–LVSA formulation (p < 0.01). The conductivity of the formulation
provides information on the nature of the main vehicle in terms of the current conductivity being
predominantly water-based; hence, the potential micelle formation and clear hydrophilic–lipophilic
balance are significantly influenced by water. The addition of BAs increases the negative charge due to
the removal of a proton from the carboxylic acid group, resulting in a net decrease in positive surface
charge in the mixture, which decreases the conductivity of the formulations that support the kinetics of
encapsulated drug release [71].

3.3. Swelling Index

Table 1 incorporates the swelling index of F1 and F2 microcapsules. The swelling test was
performed at four different pH values (1.5, 3, 6, and 7.8) and two different temperatures (25 ◦C and
37 ◦C). Table 1A,B show that the temperature and pH of the medium affect the swelling properties of
the microcapsules. The addition of ULCA in F1 significantly decreased the swelling behaviour of the
microcapsules (p < 0.01) at high pH and temperature compared to low pH and temperature, suggesting
a better control of PB release in the target site of the intestine at pH 7.8; which is further complemented
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by a mechanical resistance and buoyancy test (Figure 3A,B). Usually, alginate undergoes extensive
swelling at higher temperatures and pH because of the higher water uptake, an increase in porosity and
the solubilisation of the polymer [52]. In addition, heat often causes the erosion and breakdown of the
microcapsule wall (matrix wall), which allows for more significant water infiltration [72]. This result
undoubtedly backed our hypothesis that BAs enhance membrane stabilization by cross-linking
properties or ionic interaction with the alginate matrix [33–35].

Pharmaceutics 2020, 12, x FOR PEER REVIEW 8 of 17 

 

complemented by a mechanical resistance and buoyancy test (Figure 3A,B). Usually, alginate 
undergoes extensive swelling at higher temperatures and pH because of the higher water uptake, an 
increase in porosity and the solubilisation of the polymer [52]. In addition, heat often causes the 
erosion and breakdown of the microcapsule wall (matrix wall), which allows for more significant 
water infiltration [72]. This result undoubtedly backed our hypothesis that BAs enhance membrane 
stabilization by cross-linking properties or ionic interaction with the alginate matrix [33–35]. 

 
Figure 3. (A) Microcapsules mechanical strength testing; control (F1) and test (F2); (B) microcapsules 
buoyancy index. (C–D) Microcapsules dissolution profiles in simulated gastric media at pH 1.5, pH 
(C); pH 6, pH 7.8; (D). N = 3, mean ± SEM. F1: PB–LVSA microcapsules and F2: PB–ULCA–LVSA 
microcapsules. PB—probucol; LVSA—low-viscosity sodium alginate; ULCA—unconjugated 
lithocholic acid. *p < 0.05. 

Table 1. Swelling index at pH 1.5, 3, 6 and 7.8 for 25 °C (A) and 37 °C (B). N = 3, mean ± SEM. F1: PB–
LVSA microcapsules and F2: PB–ULCA–LVSA microcapsules. PB—probucol; LVSA—low viscosity 
sodium alginate; ULCA—unconjugated lithocholic acid. *p < 0.01. 

Temperature = 25 °C (A) 
Formula code  pH 1.5 pH 3 pH 6 pH 7.8 

F1 0.92 ± 0.005 1.873 ± 0.0625* 3.286 ± 0.148* 3.90 ± 0.11* 
F2 0.89 ± 0.005 1.383 ± 0.343* 2.633 ± 0.104* 3.08 ± 0.05* 

Temperature = 37°C (B) 
F1 0.99 ± 0.005 2.345 ± 0.005*  3.83 ± 0.056*  4.89 ± 0.095* 
F2 0.933 ± 0.057 2.12 ± 0.081* 2.986 ± 0.349* 3.87 ± 0.161* 

3.4. Mechanical Strength, Buoyancy Test and Drug Release Studies 

Mechanical resistance provides ideas about the microcapsules’ ability to resist mechanical stress 
and pressure. Figure 3A shows the mechanical index of the microcapsules in a percentage over a 24 
h time frame. Until 12 h, there was no statistical alteration in the number of intact microcapsules 
between the control and test. However, after 12 h, the control microcapsules started losing their shape 
and dry contents, as well as physical adherence. After 16 h, almost 50% of the F1 microcapsules 

Figure 3. (A) Microcapsules mechanical strength testing; control (F1) and test (F2); (B) microcapsules
buoyancy index. (C,D) Microcapsules dissolution profiles in simulated gastric media at pH 1.5, pH (C);
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Table 1. Swelling index at pH 1.5, 3, 6 and 7.8 for 25 ◦C (A) and 37 ◦C (B). N = 3, mean ± SEM.
F1: PB–LVSA microcapsules and F2: PB–ULCA–LVSA microcapsules. PB—probucol; LVSA—low
viscosity sodium alginate; ULCA—unconjugated lithocholic acid. * p < 0.01.

Temperature = 25 ◦C (A)

Formula Code pH 1.5 pH 3 pH 6 pH 7.8

F1 0.92 ± 0.005 1.873 ± 0.0625 * 3.286 ± 0.148 * 3.90 ± 0.11 *
F2 0.89 ± 0.005 1.383 ± 0.343 * 2.633 ± 0.104 * 3.08 ± 0.05 *

Temperature = 37◦C (B)

F1 0.99 ± 0.005 2.345 ± 0.005 * 3.83 ± 0.056 * 4.89 ± 0.095 *
F2 0.933 ± 0.057 2.12 ± 0.081 * 2.986 ± 0.349 * 3.87 ± 0.161 *

3.4. Mechanical Strength, Buoyancy Test and Drug Release Studies

Mechanical resistance provides ideas about the microcapsules’ ability to resist mechanical stress
and pressure. Figure 3A shows the mechanical index of the microcapsules in a percentage over a
24 h time frame. Until 12 h, there was no statistical alteration in the number of intact microcapsules
between the control and test. However, after 12 h, the control microcapsules started losing their shape
and dry contents, as well as physical adherence. After 16 h, almost 50% of the F1 microcapsules
became deformed, while 80% of the F2 microcapsules remained intact (p < 0.05); which proved that the
addition of ULCA significantly enhanced the microcapsule’s strength and can prevent premature drug
loss due to a rapid change in GI pH values (1.5–7.8) when administrated orally [29,31,64].
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Figure 3B shows the in vitro buoyancy test of the control (F1) and test microcapsules (F2) over
6 h. In the buoyancy test, the percentage of floating microcapsules is calculated over a time period.
At the end of 6 h, the portion of floating microcapsules for F1 was below 30%, while part of the
floating microcapsules was almost 50% for F2 microcapsules (p < 0.05). Improved F2 buoyancy
proves that microcapsules could maintain this property in the stomach and support and optimize
the controlled and targeted release of the carrier drug. Overall, our swelling study findings from
Table 1, including mechanical resistance (Figure 3A) and in vitro buoyancy test (Figure 3B) prove that
the incorporation of ULCA into F1 microcapsules leads to more stable microcapsules by supporting
membrane integrity and physical coherence. The release study (Figure 3C,D) complements the above
results and endorses that the addition of ULCA results in more coherent and more potent microcapsules
at a high pH value of 7.8, which emphasises its ability to withstand degradation in the lower GI tract,
resulting in higher controlled release and promote targeted drug delivery. These results were consistent
with our previous studies [29,73].

Figure 3C,D show the PB release at 1.5, 3, 6, and 7.8 pH over 6 h at a temperature of 37 ◦C for
two different formulations (F1 and F2). These pH values were taken based on the sites of anti-diabetic
drug absorption in the GI and pH gradient system [28,62,73]. The results show that the release of PB is
mainly dependent upon the pH and formulation type. At lower pH values (1.5, 3 and 6), the alginic acid
present in the LVSA matrix usually leads to shrinkage, which helps the encapsulated drug to remain
within the core of the microcapsules. Still, at a higher pH (>6) values, due to the quick dissolution and
solubilisation, alginic acid forms a soluble viscous layer [74], resulting in the microcapsule bursting
and the subsequent release of the encapsulated drug.

As seen in Figure 3C, at pH 1.5, there was a low drug release of only 2–2.5%, and 3–5% at pH
3 from both F1 and F2 microcapsules. As predicted, the release of PB was higher at pH values of
6 (5–10%) and 7 (60–80%) (Figure 3D). Notably, the release pattern was significantly higher at pH 7.8 in
comparison with pH 6 for both formulations (p < 0.05), which coincides with the targeted delivery
in the distal site of the intestine. After 6 h, the drug release from F1 microcapsules at pH 7.8 reaches
up to 80%; whereas the drug release from F2 microcapsules peaks at 54–65% (p < 0.05). This feature
is important in the development of diabetes therapy, as most of the anti-diabetic drugs are absorbed
from the distal site of the intestine (pH 7–7.8) [74]. Other studies presented different and inconsistent
effects of drug release such as the biphasic, multiphasic and rapid burst of drug when other BAs were
used to formulate microcapsules [28,62]. In contrast, this study shows the continuous and targeted
release of the PB at pH 7.8, probably because of the structural, physical and chemical nature of ULCA.
This study further supports that targeted drug release from BA microcapsules depends upon the
formulation. Compared to other BAs, ULCA is less soluble but has excellent excipient and stability
properties, which assist in resisting dissolution even if the pH values are higher. This is achieved by
retaining cross-links with LVSA, which results in increased membrane stability, and in turn, protects
the microcapsule from rapid degradation and allows for a more controlled release of encapsulated
PB [75,76] as seen in Figure 3A,B and Table 1. Moreover, the EDXR results (Figure 1) showed the
potential presence of PB on the surface, as well as the inside of the capsules, which is expected and
similar to previously published data on drug encapsulation using BA-based capsules [29]. This can
allow for a more controlled and prolonged drug release profile, since initial release can take effect
immediately in the intestine, followed by a more slowed release. The findings are consistent with
previously published data, this release profile suggests the successful incorporation of ULCA within
the designed capsules, as well as the even distribution throughout the layers, including on the surface.
Therefore, the PB release from the ULCA-based microcapsules showed a targeted release and revealed
the most favourable characteristics for anti-diabetic drug delivery. The PB release was conducted in
SIF in different pH values. In the future, the release patterns will teste in an in vivo murine model
to reflect and compare different fluid dissolution behaviour; fasted state simulated intestinal fluid
(FaSSIF), fasted state simulated gastric fluid (FaSSGF), fed state simulated intestinal fluid (FeSSIF) and
fed state simulated gastric fluid (FeSSGF).
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3.5. Stability Studies

Figure 4 shows the microcapsules’ (control and test) morphological characteristics before
(Figure 4A–D) and after (Figure 4E–H) the accelerated stability testing at various temperatures; −20◦C
(Figure 4A,E), 5 ◦C (Figure 4B,F), 25 ◦C (Figure 4C,G) and 40 ◦C (Figure 4D,H) over 96 h at 35% humidity.
Both F1 and F2 microcapsules successfully preserved their original morphological characteristics
(shape) during the study period at a lower temperature (−20 ◦C and 5 ◦C). Both microcapsules’ size
and weight decreased drastically with increasing temperatures (25 ◦C and 40 ◦C) (Figure 4I,J) due to
the water content evaporation from the microcapsules [62]. Figure 4K showed a positive correlation
between the size of the microcapsules and the weight changes. More than a 50% reduction in size,
and a 70% reduction in weight of the microcapsules was found, and the most significant effect was
seen at a temperature of 40 ◦C. The microcapsules became brittle and hard, and lost elasticity on all
temperatures except −20 ◦C. Due to the microcapsules’ moisture content evaporation, many more
changes were noticed at 40 ◦C, possibly because of the potential oxidation and dehydration effects on the
microcapsules. After four days, the UV–Vis spectrophotometric analysis was conducted to establish the
drug content (post-stability study), concluding that there were no significant changes in drug content.
The average percentage of drug content for PB–LVSA was 2.21± 0.1, and 2.32± 0.2 for PB–ULCA–LVSA,
respectively. Similarly, the drug release pattern after the post stability study was conducted in two
different pH values (6 and 7.8) and the result showed that the drug release was higher in pH 7.8,
and the release pattern was continuous and controlled in the presence of ULCA, similar to the freshly
prepared microcapsules as presented in Figure 3C,D (data are not shown). The post-stability drug
content was similar to fresh microcapsules, which proved that there was no significant loss of PB under
these testing conditions from both microcapsules. This study is consistent with a previous study where
the F1 and F2 microcapsules’ physicochemical compatibility was analysed [39]. Differential scanning
calorimetry (DSC) results showed that PB did not participate in a cross-linking reaction with LVSA
and BA, and did not compromise thermal and chemical integrity during the microencapsulation
process, which is further supported by the Fourier-transform infrared spectroscopy (FTIR) analysis [39].
The addition of ULCA has no impact on the stability of PB microcapsules. Thus, the stability study
confirmed the uniformity of the PB content with no noticeable differences from changing temperatures
and conditions.
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Figure 4. Effect of temperature on the microcapsules’ appearance. Pictures were taken before (A–D)
and after the accelerated stability testing (E–H); (I) % change in weight, (J) % change in diameter
and (K) correlation between % changes in diameter and % change in weight. N = 3, mean ± SEM.
F1 (control): PB–LVSA microcapsules and F2 (test): PB–ULCA–LVSA microcapsules. PB—probucol;
LVSA—low-viscosity sodium alginate; ULCA—unconjugated lithocholic acid.
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3.6. Biological Activity of PB-Loaded Microcapsules

3.6.1. Pancreatic β-Cell Cytokine Measurement

Plasma biomarkers like IFN-γ have been linked with inflammation and expressed widely in
patients with diabetes [77]. Their expression level is interconnected with the development and
progression of diabetes. In Figure 5A,B, the level of expression of IFN-γ and IL-10 were measured in
NIT-1 pancreaticβ-cells exposed to hyperglycaemia (25 mmol) and treated with F1 and F2 microcapsules
for 48 h. The cytokines expression in the NIT-1 cells after microcapsule treatment was compared to
the cells treated with empty microcapsules. Figure 5A shows that the level of IFN-γ production was
significantly higher in untreated cells (13.50 ± 0.90 pg/mL) (p < 0.01), whereas the levels decreased
in cells treated with microcapsules (F1 = 7.90 ± 1.4 pg/mL and F2 = 5.80 ± 1.30 pg/mL). The basic
MTT assay was initially carried out to examine the cell biological activity and the results were
consistent with IFN-γ levels [39]. Likewise, the expression of anti-inflammatory cytokine IL-10
was m in the control and increased considerably in the treated cells (F1 = 5.70 ± 0.85 pg/mL and
F2 = 8.90 ± 0.72 pg/mL) (p < 0.01) (Figure 5B). The potent anti-inflammatory effect of PB that supports
cell proliferation, reduces apoptosis signalling, and increases the expression of anti-inflammatory and
decreases the level of pro-inflammatory cytokines has been previously described [9,78]. Interestingly,
the addition of ULCA in PB microcapsules significantly increased the expression of the IL-10 cytokine
(p < 0.01). This suggests that ULCA also may have a decisive role in cell proliferation and support the
expression of anti-inflammatory cytokine production. This is due to the stabilizing properties of ULCA,
as presented in Table 1 and Figure 3A, which showed that ULCA act as a stabilizing effect on the
microcapsules, thereby reducing the swelling property and improving the microcapsules mechanical
resistance [22,79]. However, no significant difference was noted between the F1 and F2-treated cells in
IFN-γ expression, possibly because of the different metabolic and secretory pathway compared to other
cytokines [80]. The reduction in IFN-γ and enhancement in IL-10 that the PB–ULCA microcapsules
showed, are expected to decrease cell apoptosis and support cell function, which is supported by
bioenergetics analysis [81]. Previously published data have displayed that the anti-oxidant activity of
BAs enhanced β-cell viability [39,81–83].
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Figure 5. Cytokine production test (A,B) 48 h post-treatments and bioenergetics parameters (C,D)
using the NIT-1 pancreatic β cell lines at two glucose concentrations: 5.5 mmol and 25 mmol. N = 3,
mean ± SEM. F1: PB–LVSA microcapsules and F2: PB–ULCA–LVSA microcapsules. PB—probucol;
LVSA—low-viscosity sodium alginate; ULCA—unconjugated lithocholic acid; IFN-γ—interferon
gamma; IL-10—interleukin 10; OCR—oxygen consumption rate; ECAR—extracellular acidification rate
** p < 0.01.
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3.6.2. Seahorse Analyses

Different parameters, such as the oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR), which assess mitochondrial function, were measured and presented in Figure 5C,D.
NIT-1 cells were treated with empty microcapsules (control), F1, and F2 microcapsules for 48 h
at two glucose concentrations (5.5 mmol and 25 mmol glucose). This shows that there is no cell
stress at 5.5 mmol, which causes no significant changes in the cellular metabolism biomarkers and
bioenergetics parameters between the control and test (F1 and F2) cells. At 25 mmol, due to the cell
stress, significant changes in the OCR and ECAR were found between the untreated and treated cells
(p < 0.01). The ULCA incorporation in the F1 microcapsules significantly improved the β cells OCR
(from 57 ± 12 to 79 ± 19 pmol O2/min) (p < 0.01) (Figure 5C) and ECAR (29 ± 3.9 to 44 ± 5.2 mpH/min)
level (p < 0.01) (Figure 5D). This significant improvement suggests a strong positive influence of
the PB-loaded microcapsules on the β-cells’ biological activity, such as glycolysis and mitochondrial
respiration [84,85]. New oxygen molecules are generated by electron acceptors, stimulating an oxidative
phosphorylation chain to synthesize ATP (adenosine triphosphate), and ultimately increase insulin
secretion from β-cells. However, one major limitation of this study is the lack of insulin secretion data.
Different studies also showed that PB-loaded microcapsules had anti-oxidant and anti-inflammatory
properties that improve mitochondrial respiration and metabolic activity [37,67,86]. In recent literature,
it was shown that PB-ursodeoxycholic acid microcapsules have similar effects on cellular parameters,
viability and drug release, proving that these effects were formulation dependent [81]. From these
biological results, the F2 microcapsules undoubtedly showed a positive and significant protective effect
on pancreatic β-cells, and improvement in bio-energetic parameters.

Due to the focus of the paper on the effect of ULCA on PB release, biological changes were
examined using two different microcapsules, one with ULCA and one without ULCA. Untreated cells
were considered as control. Future studies will endeavour to examine the biological impact of ULCA
alone, using ULCA novel delivery matrices. Overall, to our knowledge, this is the first preliminary
study of the application of ionic gelation vibrational jet flow technology in producing microcapsules
with an encapsulation efficiency ≥90% as the result of ULCA incorporation, with empowered surface
chemistry and electrical conductivity. Furthermore, the findings illustrate a clear association between
the change in weight vs. diameter and the clear impact of ULCA integration on the most powerful
anti-inflammatory cytokine.

4. Conclusions

Our microencapsulation method with set parameters produced excellent and uniform
microcapsules. The integration of ULCA on F1 microcapsules did not affect the size, shape, uniformity,
stability and microcapsule drug content, but enhanced the microcapsules strength. Furthermore, the
ULCA addition leads to more stable microcapsules by reduces swelling, and allowing for controlled
and pH-targeted drug release. The ULCA incorporation enhanced bioenergetics parameters, decreased
the inflammatory cytokines and increased the anti-inflammatory cytokines. Overall, this suggests
the potential applications of PB in the oral administration in T2DM. Future studies will endeavour to
evaluate the pharmacology of the microcapsules in vivo using diabetic rodent models.

Author Contributions: The study was designed by H.A.-S., A.M. and G.S.; significant contribution to data
interpretation and presentation resulting in significant improvement of quality was made by S.R.W., B.K., D.W.,
C.M.I., M.J., S.K., A.M. and H.A.-S.; data or analytical skills provision, which added significantly to the design,
quality and readability of the work was done by S.R.W. and H.A.-S.; analysis and interpretation of the research
data and drafting significant parts of the work or critically revising it, which contributed to the interpretation
was made by all the authors and all the authors agree with presented publication draft. H.A.-S. has been and is
currently receiving funding from Beijing Nat-Med Biotechnology Co. Ltd. All authors have read and agreed to
the published version of the manuscript.

Funding: Al-Salami’s work is partially supported by the European Union’s Horizon 2020 research and innovation
programme under the Marie Skłodowska-Curie grant agreement No 872370.



Pharmaceutics 2020, 12, 708 13 of 17

Acknowledgments: The use of laboratory equipment, scientific and technical assistance of Microscopy and
Microanalysis Facility at Curtin University which has been partially funded by the University, State and
Commonwealth Governments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wild, S.; Roglic, G.; Green, A.; Sicree, R.; King, H. Global prevalence of diabetes: Estimates for the year 2000
and projections for 2030. Diabetes Care 2004, 27, 1047–1053. [CrossRef] [PubMed]

2. King, H.; Aubert, R.E.; Herman, W.H. Global burden of diabetes, 1995–2025: Prevalence, numerical estimates,
and projections. Diabetes Care 1998, 21, 1414–1431. [CrossRef]

3. Alberti, K. The World Health Organisation and Diabetes; Springer: Berlin, Germany, 1980.
4. Newsholme, P.; Cruzat, V.F.; Keane, K.N.; Carlessi, R.; de Bittencourt, P.I.H., Jr. Molecular mechanisms of

ROS production and oxidative stress in diabetes. Biochem. J. 2016, 473, 4527–4550. [CrossRef] [PubMed]
5. Association, A.D. Diagnosis and classification of diabetes mellitus. Diabetes Care 2014, 37, S81–S90. [CrossRef]

[PubMed]
6. Organization, W.H. World Health Organization Diabetes Fact Sheet; WHO: Geneva, Switzerland, 2011.
7. Johansen, J.S.; Harris, A.K.; Rychly, D.J.; Ergul, A. Oxidative stress and the use of antioxidants in diabetes:

Linking basic science to clinical practice. Cardiovasc. Diabetol. 2005, 4, 1–11. [CrossRef] [PubMed]
8. Moore, P.A.; Zgibor, J.C.; Dasanayake, A.P. Diabetes: A growing epidemic of all ages. J. Am. Dent. Assoc.

2003, 134, 11S–15S. [CrossRef] [PubMed]
9. Maritim, A.C.; Sanders, A.; Watkins III, J.B. Diabetes, oxidative stress, and antioxidants: A review. J. Biochem.

Mol. Toxicol. 2003, 17, 24–38. [CrossRef]
10. Oberley, L.W. Free radicals and diabetes. Free Radic. Biol. Med. 1988, 5, 113–124. [CrossRef]
11. Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.; Delzenne, N.M.

Selective increases of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through
a mechanism associated with endotoxaemia. Diabetologia 2007, 50, 2374–2383. [CrossRef]

12. Schmid, K.L.; Schmid, L.M. Knowledge of the ocular effects of diabetes among the general population of
Australia and the members of Diabetes Australia. Clin. Exp. Optom. 2003, 86, 91–103. [CrossRef]

13. Mooranian, A.; Negrulj, R.; Mikov, M.; Golocorbin-Kon, S.; Arfuso, F.; Al-Salami, H. Novel chenodeoxycholic
acid-sodium alginate matrix in the microencapsulation of the potential antidiabetic drug, probucol. An in vitro
study. J. Microencapsul 2015, 32, 589–597. [CrossRef] [PubMed]

14. Beck, J.; Angus, R.; Madsen, B.; Britt, D.; Vernon, B.; Nguyen, K.T. Islet Encapsulation: Strategies to Enhance
Islet Cell Functions. Tissue Eng. 2007, 13, 589–599. [CrossRef] [PubMed]

15. Yamashita, S.; Matsuzawa, Y. Where are we with probucol: A new life for an old drug? Atherosclerosis 2009,
207, 16–23. [CrossRef]

16. Heel, R.; Brogden, R.; Speight, T.; Avery, G. Probucol: A review of its pharmacological properties and
therapeutic use in patients with hypercholesterolaemia. Drugs 1978, 15, 409–428. [CrossRef]

17. Crim, W.S.; Wu, R.; Carter, J.D.; Cole, B.K.; Trace, A.P.; Mirmira, R.G.; Kunsch, C.; Nadler, J.L.; Nunemaker, C.S.
AGI-1067, a novel antioxidant and anti-inflammatory agent, enhances insulin release and protects mouse
islets. Mol. Cell. Endocrinol. 2010, 323, 246–255. [CrossRef]

18. Davignon, J. Probucol. In Principles and Treatment of Lipoprotein Disorders; Springer: Berlin, Germany, 1994;
pp. 429–469.

19. Russell, J.C.; Graham, S.E.; Amy, R.M.; Dolphin, P.J. Cardioprotective effect of probucol in the
atherosclerosis-prone JCR:LA-cp rat. Eur. J. Pharmacol. 1998, 350, 203–210. [CrossRef]

20. Kaneto, H.; Katakami, N.; Kawamori, D.; Miyatsuka, T.; Sakamoto, K.Y.; Matsuoka, T.-A.; Matsuhisa, M.;
Yamasaki, Y. Involvement of oxidative stress in the pathogenesis of diabetes. Antioxid. Redox Signal. 2007, 9,
355–366. [CrossRef]

21. Kim, Y.; Keogh, J.B.; Clifton, P.M. Polyphenols and glycemic control. Nutrients 2016, 8, 17. [CrossRef]
[PubMed]

22. Gorogawa, S.-I.; Kajimoto, Y.; Umayahara, Y.; Kaneto, H.; Watada, H.; Kuroda, A.; Kawamori, D.; Yasuda, T.;
Matsuhisa, M.; Yamasaki, Y. Probucol preserves pancreatic β-cell function through reduction of oxidative
stress in type 2 diabetes. Diabetes Res. Clin. Pract. 2002, 57, 1–10. [CrossRef]

http://dx.doi.org/10.2337/diacare.27.5.1047
http://www.ncbi.nlm.nih.gov/pubmed/15111519
http://dx.doi.org/10.2337/diacare.21.9.1414
http://dx.doi.org/10.1042/BCJ20160503C
http://www.ncbi.nlm.nih.gov/pubmed/27941030
http://dx.doi.org/10.2337/dc14-S081
http://www.ncbi.nlm.nih.gov/pubmed/24357215
http://dx.doi.org/10.1186/1475-2840-4-5
http://www.ncbi.nlm.nih.gov/pubmed/15862133
http://dx.doi.org/10.14219/jada.archive.2003.0369
http://www.ncbi.nlm.nih.gov/pubmed/18196668
http://dx.doi.org/10.1002/jbt.10058
http://dx.doi.org/10.1016/0891-5849(88)90036-6
http://dx.doi.org/10.1007/s00125-007-0791-0
http://dx.doi.org/10.1111/j.1444-0938.2003.tb03067.x
http://dx.doi.org/10.3109/02652048.2015.1065922
http://www.ncbi.nlm.nih.gov/pubmed/26190214
http://dx.doi.org/10.1089/ten.2006.0183
http://www.ncbi.nlm.nih.gov/pubmed/17518605
http://dx.doi.org/10.1016/j.atherosclerosis.2009.04.002
http://dx.doi.org/10.2165/00003495-197815060-00001
http://dx.doi.org/10.1016/j.mce.2010.02.041
http://dx.doi.org/10.1016/S0014-2999(98)00244-1
http://dx.doi.org/10.1089/ars.2006.1465
http://dx.doi.org/10.3390/nu8010017
http://www.ncbi.nlm.nih.gov/pubmed/26742071
http://dx.doi.org/10.1016/S0168-8227(02)00005-0


Pharmaceutics 2020, 12, 708 14 of 17

23. Takatori, A.; Ohta, E.; Inenaga, T.; Horiuchi, K.; Ishii, Y.; Itagaki, S.-I.; Kyuwa, S.; Yoshikawa, Y. Protective
effects of probucol treatment on pancreatic β-cell function of SZ-induced diabetic APA hamsters. Exp. Anim.
2003, 52, 317–327. [CrossRef] [PubMed]

24. Zimetbaum, P.; Eder, H.; Frishman, W. Probucol: Pharmacology and clinical application. J. Clin. Pharmacol.
1990, 30, 3–9. [CrossRef]

25. Heeg, J.F.; Hiser, M.F.; Satonin, D.K.; Rose, J.Q. Pharmacokinetics of probucol in male rats. J. Pharm. Sci.
1984, 73, 1758–1763. [CrossRef]

26. Matsushita, M.; Yoshino, G.; Iwai, M.; Matsuba, K.; Morita, M.; Iwatani, I.; Yoshida, M.; Kazumi, T.; Baha, S.
Protective effect of probucol on alloxan diabetes in rats. Diabetes Res. Clin. Pract. 1989, 7, 313–316. [CrossRef]

27. Liu, J.H.; Liu, D.F.; Wang, N.N.; Lin, H.L.; Mei, X. Possible role for the thioredoxin system in the protective
effects of probucol in the pancreatic islets of diabetic rats. Clin. Exp. Pharmacol. Physiol. 2011, 38, 528–533.
[CrossRef] [PubMed]

28. Mooranian, A.; Negrulj, R.; Arfuso, F.; Al-Salami, H. The effect of a tertiary bile acid, taurocholic acid, on the
morphology and physical characteristics of microencapsulated probucol: Potential applications in diabetes:
A characterization study. Drug Deliv. Transl. Res. 2015, 5, 511–522. [CrossRef] [PubMed]

29. Mooranian, A.; Negrulj, R.; Arfuso, F.; Al-Salami, H. Multicompartmental, multilayered probucol microcapsules
for diabetes mellitus: Formulation characterization and effects on production of insulin and inflammation in a
pancreatic β-cell line. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1642–1653. [CrossRef] [PubMed]

30. Mooranian, A.; Negrulj, R.; Chen-Tan, N.; Watts, G.F.; Arfuso, F.; Al-Salami, H. An optimized probucol
microencapsulated formulation integrating a secondary bile acid (deoxycholic acid) as a permeation enhancer.
Drug Des. Dev. Ther. 2014, 8, 1673.

31. Mathavan, S.; Chen-Tan, N.; Arfuso, F.; Al-Salami, H. A comprehensive study of novel microcapsules
incorporating gliclazide and a permeation enhancing bile acid: Hypoglycemic effect in an animal model of
Type-1 diabetes. Drug Deliv. 2016, 23, 2869–2880. [CrossRef] [PubMed]

32. Mikov, M.; Al-Salami, H.; Golocorbin-Kon, S.; Skrbic, R.; Raskovic, A.; Fawcett, J.P. The influence of
3alpha,7alpha-dihydroxy-12-keto-5beta-cholanate on gliclazide pharmacokinetics and glucose levels in a rat
model of diabetes. Eur. J. Drug Metab. Pharmacokinet. 2008, 33, 137–142. [CrossRef]

33. Al-Salami, H.; Butt, G.; Tucker, I.; Golocorbin-Kon, S.; Mikov, M. Probiotics decreased the bioavailability of
the bile acid analog, monoketocholic acid, when coadministered with gliclazide, in healthy but not diabetic
rats. Eur. J. Drug Metab. Pharmacokinet. 2012, 37, 99–108. [CrossRef]

34. Al-Salami, H.; Butt, G.; Tucker, I.; Fawcett, P.J.; Golo-Corbin-Kon, S.; Mikov, I.; Mikov, M. Gliclazide reduces
MKC intestinal transport in healthy but not diabetic rats. Eur. J. Drug Metab. Pharmacokinet. 2009, 34, 43–50.
[CrossRef] [PubMed]

35. Al-Salami, H.; Butt, G.; Tucker, I.; Mikov, M. Influence of the semisynthetic bile acid MKC on the ileal
permeation of gliclazide in vitro in healthy and diabetic rats treated with probiotics. Methods Find. Exp.
Clin. Pharmacol. 2008, 30, 107–114. [CrossRef]

36. Al-Salami, H.; Butt, G.; Tucker, I.; Mikov, M. Probiotic treatment proceeded by a single dose of bile acid and
gliclazide exert the most hypoglycemic effect in Type 1 diabetic rats. Med. Hypothesis Res. 2008, 4, 93–101.

37. Mooranian, A.; Negrulj, R.; Chen-Tan, N.; Fakhoury, M.; Arfuso, F.; Jones, F.; Al-Salami, H. Advanced bile
acid-based multi-compartmental microencapsulated pancreatic β-cells integrating a polyelectrolyte-bile acid
formulation, for diabetes treatment. Artif. Cells Nanomed. Biotechnol. 2016, 44, 588–595. [CrossRef]

38. Moretti, A.; Li, Q.; Chmielowski, R.; Joseph, L.B.; Moghe, P.V.; Uhrich, K.E. Nanotherapeutics
containing lithocholic acid-based amphiphilic scorpion-like macromolecules reduce in vitro inflammation in
macrophages: Implications for atherosclerosis. Nanomaterials 2018, 8, 84. [CrossRef] [PubMed]

39. Wagle, S.R.; Walker, D.; Kovacevic, B.; Gedawy, A.; Mikov, M.; Golocorbin-Kon, S.; Mooranian, A.;
Al-Salami, H. Micro-nano formulation of bile-gut delivery: Rheological, stability and cell survival, basal and
maximum respiration studies. Sci. Rep. 2020, 10, 1–10. [CrossRef]

40. Staudinger, J.L.; Goodwin, B.; Jones, S.A.; Hawkins-Brown, D.; MacKenzie, K.I.; LaTour, A.; Liu, Y.;
Klaassen, C.D.; Brown, K.K.; Reinhard, J.; et al. The nuclear receptor PXR is a lithocholic acid sensor that
protects against liver toxicity. Proc. Natl. Acad. Sci. USA 2001, 98, 3369–3374. [CrossRef]

41. Adachi, R.; Honma, Y.; Masuno, H.; Kawana, K.; Shimomura, I.; Yamada, S.; Makishima, M. Selective
activation of vitamin D receptor by lithocholic acid acetate, a bile acid derivative. J. Lipid Res. 2005, 46, 46–57.
[CrossRef]

http://dx.doi.org/10.1538/expanim.52.317
http://www.ncbi.nlm.nih.gov/pubmed/14562608
http://dx.doi.org/10.1002/j.1552-4604.1990.tb03431.x
http://dx.doi.org/10.1002/jps.2600731225
http://dx.doi.org/10.1016/0168-8227(89)90021-1
http://dx.doi.org/10.1111/j.1440-1681.2011.05545.x
http://www.ncbi.nlm.nih.gov/pubmed/21615774
http://dx.doi.org/10.1007/s13346-015-0248-9
http://www.ncbi.nlm.nih.gov/pubmed/26242686
http://dx.doi.org/10.3109/21691401.2015.1069299
http://www.ncbi.nlm.nih.gov/pubmed/26377035
http://dx.doi.org/10.3109/10717544.2015.1110846
http://www.ncbi.nlm.nih.gov/pubmed/26610261
http://dx.doi.org/10.1007/BF03191110
http://dx.doi.org/10.1007/s13318-011-0060-y
http://dx.doi.org/10.1007/BF03191383
http://www.ncbi.nlm.nih.gov/pubmed/19462928
http://dx.doi.org/10.1358/mf.2008.30.2.1159652
http://dx.doi.org/10.3109/21691401.2014.971806
http://dx.doi.org/10.3390/nano8020084
http://www.ncbi.nlm.nih.gov/pubmed/29393918
http://dx.doi.org/10.1038/s41598-020-64355-z
http://dx.doi.org/10.1073/pnas.051551698
http://dx.doi.org/10.1194/jlr.M400294-JLR200


Pharmaceutics 2020, 12, 708 15 of 17

42. Li, T.; Chiang, J.Y.L. Nuclear receptors in bile acid metabolism. Drug Metab. Rev. 2013, 45, 145–155. [CrossRef]
43. Kolluru, L.P.; Gala, R.P. Design of Experiments: A Valuable “Quality by Design” Tool in Formulation

Development. Nanopart. Vaccine Deliv. Syst. 2015, 61. [CrossRef]
44. Wei, X.; Liao, J.; Davoudi, Z.; Zheng, H.; Chen, J.; Li, D.; Xiong, X.; Yin, Y.; Yu, X.; Xiong, J.; et al.

Folate Receptor-Targeted and GSH-Responsive Carboxymethyl Chitosan Nanoparticles Containing
Covalently Entrapped 6-Mercaptopurine for Enhanced Intracellular Drug Delivery in Leukemia. Mar. Drugs
2018, 16, 439. [CrossRef]

45. Zheng, H.; Yin, L.; Zhang, X.; Zhang, H.; Hu, R.; Yin, Y.; Qiu, T.; Xiong, X.; Wang, Q. Redox Sensitive Shell and
Core Crosslinked Hyaluronic Acid Nanocarriers for Tumor-Targeted Drug Delivery. J. Biomed. Nanotechnol.
2016, 12, 1641–1653. [CrossRef]

46. Poovaiah, N.; Davoudi, Z.; Peng, H.; Schlichtmann, B.; Mallapragada, S.; Narasimhan, B.; Wang, Q. Treatment
of neurodegenerative disorders through the blood-brain barrier using nanocarriers. Nanoscale 2018, 10,
16962–16983. [CrossRef] [PubMed]

47. Davoudi, Z.; Peroutka-Bigus, N.; Bellaire, B.; Wannemuehler, M.; Barrett, T.A.; Narasimhan, B.; Wang, Q.
Intestinal organoids containing poly(lactic-co-glycolic acid) nanoparticles for the treatment of inflammatory
bowel diseases. J. Biomed. Mater. Res. A 2018, 106, 876–886. [CrossRef] [PubMed]

48. Wang, Y.-J.; Larsson, M.; Huang, W.-T.; Chiou, S.-H.; Nicholls, S.J.; Chao, J.-I.; Liu, D.-M. The use of
polymer-based nanoparticles and nanostructured materials in treatment and diagnosis of cardiovascular
diseases: Recent advances and emerging designs. Prog. Polym. Sci. 2016, 57, 153–178. [CrossRef]

49. Whelehan, M.; Marison, I.W. Microencapsulation using vibrating technology. J. Microencapsul 2011, 28,
669–688. [CrossRef]

50. Mathavan, S.; Chen-Tan, N.; Arfuso, F.; Al-Salami, H. The role of the bile acid chenodeoxycholic acid in the
targeted oral delivery of the anti-diabetic drug gliclazide, and its applications in type 1 diabetes. Artif. Cells
Nanomed. Biotechnol. 2016, 44, 1508–1519. [CrossRef]

51. Yu, C.-Y.; Yin, B.-C.; Zhang, W.; Cheng, S.-X.; Zhang, X.-Z.; Zhuo, R.-X. Composite microparticle drug
delivery systems based on chitosan, alginate and pectin with improved pH-sensitive drug release property.
Colloids Surf. B Biointerfaces 2009, 68, 245–249. [CrossRef]

52. Storz, H.; Müller, K.J.; Ehrhart, F.; Gómez, I.; Shirley, S.G.; Gessner, P.; Zimmermann, G.; Weyand, E.;
Sukhorukov, V.L.; Forst, T. Physicochemical features of ultra-high viscosity alginates. Carbohyd Res. 2009,
344, 985–995. [CrossRef]

53. Lee, H.Y.; Chan, L.W.; Dolzhenko, A.V.; Heng, P.W.S. Influence of viscosity and uronic acid composition of
alginates on the properties of alginate films and microspheres produced by emulsification. J. Microencapsul
2006, 23, 912–927. [CrossRef]

54. Choi, Y.S.; Hong, S.R.; Lee, Y.M.; Song, K.W.; Park, M.H.; Nam, Y.S. Study on gelatin-containing artificial skin:
I. Preparation and characteristics of novel gelatin-alginate sponge. Biomaterials 1999, 20, 409–417. [CrossRef]

55. Al-Salami, H.; Mamo, J.; Mooranian, A.; Negrulj, R.; Lam, V.; Elahy, M.; Takechi, R. Long-term supplementation
of microencapsulated ursodeoxycholic acid prevents hypertension in a mouse model of insulin resistance.
Exp. Clin. Endocrinol. Diabetes 2017, 125, 28–32. [CrossRef] [PubMed]

56. Mooranian, A.; Negrulj, R.; Al-Salami, H. The incorporation of water-soluble gel matrix into bile acid-based
microcapsules for the delivery of viable β-cells of the pancreas, in diabetes treatment: Biocompatibility and
functionality studies. Drug Deliv. Transl. Res. 2016, 6, 17–23. [CrossRef] [PubMed]

57. Mooranian, A.; Negrulj, R.; Chen-Tan, N.; Al-Sallami, H.S.; Fang, Z.; Mukkur, T.; Mikov, M.;
Golocorbin-Kon, S.; Fakhoury, M.; Watts, G.F. Microencapsulation as a novel delivery method for the
potential antidiabetic drug, Probucol. Drug Des. Dev. Ther. 2014, 8, 1221.

58. Mooranian, A.; Negrulj, R.; Al-Sallami, H.S.; Fang, Z.; Mikov, M.; Golocorbin-Kon, S.; Fakhoury, M.; Arfuso, F.;
Al-Salami, H. Release and swelling studies of an innovative antidiabetic-bile acid microencapsulated
formulation, as a novel targeted therapy for diabetes treatment. J. Microencapsul 2015, 32, 151–156. [CrossRef]
[PubMed]

59. Negrulj, R.; Mooranian, A.; Chen-Tan, N.; Al-Sallami, H.S.; Mikov, M.; Golocorbin-Kon, S.; Fakhoury, M.;
Watts, G.F.; Arfuso, F.; Al-Salami, H. Swelling, mechanical strength, and release properties of probucol
microcapsules with and without a bile acid, and their potential oral delivery in diabetes. Artif. Cells
Nanomed. Biotechnol. 2016, 44, 1290–1297. [CrossRef]

http://dx.doi.org/10.3109/03602532.2012.740048
http://dx.doi.org/10.1201/b18096-4
http://dx.doi.org/10.3390/md16110439
http://dx.doi.org/10.1166/jbn.2016.2279
http://dx.doi.org/10.1039/C8NR04073G
http://www.ncbi.nlm.nih.gov/pubmed/30182106
http://dx.doi.org/10.1002/jbm.a.36305
http://www.ncbi.nlm.nih.gov/pubmed/29226615
http://dx.doi.org/10.1016/j.progpolymsci.2016.01.002
http://dx.doi.org/10.3109/02652048.2011.586068
http://dx.doi.org/10.3109/21691401.2015.1058807
http://dx.doi.org/10.1016/j.colsurfb.2008.10.013
http://dx.doi.org/10.1016/j.carres.2009.02.016
http://dx.doi.org/10.1080/02652040601058368
http://dx.doi.org/10.1016/S0142-9612(98)00180-X
http://dx.doi.org/10.1055/s-0042-106084
http://www.ncbi.nlm.nih.gov/pubmed/27219878
http://dx.doi.org/10.1007/s13346-015-0268-5
http://www.ncbi.nlm.nih.gov/pubmed/26671765
http://dx.doi.org/10.3109/02652048.2014.958204
http://www.ncbi.nlm.nih.gov/pubmed/25265061
http://dx.doi.org/10.3109/21691401.2015.1024845


Pharmaceutics 2020, 12, 708 16 of 17

60. Nourooz-Zadeh, J.; Gopaul, N.K.; Forster, L.A.; Ferns, G.A.; Änggård, E.E. Measurement of plasma probucol
levels by high-performance liquid chromatography. J. Chromatogr. B Biomed. Sci. Appl. 1994, 654, 55–60.
[CrossRef]

61. Mooranian, A.; Negrulj, R.; Takechi, R.; Mamo, J.; Al-Sallami, H.; Al-Salami, H. The biological effects of the
hypolipidaemic drug probucol microcapsules fed daily for 4 weeks, to an insulin-resistant mouse model:
Potential hypoglycaemic and anti-inflammatory effects. Drug Deliv. Transl. Res. 2018, 8, 543–551. [CrossRef]

62. Mooranian, A.; Negrulj, R.; Mathavan, S.; Martinez, J.; Sciarretta, J.; Chen-Tan, N.; Mukkur, T.; Mikov, M.;
Lalic-Popovic, M.; Stojancevic, M. An advanced microencapsulated system: A platform for optimized oral
delivery of antidiabetic drug-bile acid formulations. Pharm. Dev. Technol. 2015, 20, 702–709. [CrossRef]

63. Barakat, N.S.; Shazly, G.A.; Almedany, A.H. Influence of polymer blends on the characterization of
gliclazide–encapsulated into poly (Æ-caprolactone) microparticles. Drug Dev. Ind. Pharm. 2013, 39, 352–362.
[CrossRef]

64. Mooranian, A.; Negrulj, R.; Arfuso, F.; Al-Salami, H. Characterization of a novel bile acid-based delivery
platform for microencapsulated pancreatic β-cells. Artif. Cells Nanomed. Biotechnol. 2016, 44, 194–200.
[CrossRef] [PubMed]

65. Hamaguchi, K.; Gaskins, H.R.; Leiter, E.H. NIT-1, a pancreatic β-cell line established from a transgenic
NOD/Lt mouse. Diabetes 1991, 40, 842–849. [CrossRef] [PubMed]

66. Awasthi, R.; Kulkarni, G.T. Development of novel gastroretentive floating particulate drug delivery system
of gliclazide. Curr. Drug Deliv. 2012, 9, 437–451. [CrossRef]

67. Mooranian, A.; Negrulj, R.; Al-Salami, H. The influence of stabilized deconjugated ursodeoxycholic acid
on polymer-hydrogel system of transplantable NIT-1 cells. Pharm. Res. 2016, 33, 1182–1190. [CrossRef]
[PubMed]

68. Honary, S.; Zahir, F. Effect of zeta potential on the properties of nano-drug delivery systems-a review (Part 2).
Trop. J. Pharm. Res. 2013, 12, 265–273.

69. Azarbayjani, A.F.; Jouyban, A.; Chan, S.Y. Impact of surface tension in pharmaceutical sciences. J. Pharm.
Pharm. Sci. 2009, 12, 218–228. [CrossRef] [PubMed]

70. Xie, H.G.; Li, X.X.; Lv, G.J.; Xie, W.Y.; Zhu, J.; Luxbacher, T.; Ma, R.; Ma, X.J. Effect of surface wettability and
charge on protein adsorption onto implantable alginate-chitosan-alginate microcapsule surfaces. J. Biomed.
Mater. Res. A 2010, 92, 1357–1365. [CrossRef] [PubMed]

71. Hofmann, A.F.; Roda, A. Physicochemical properties of bile acids and their relationship to biological
properties: An overview of the problem. J. Lipid Res. 1984, 25, 1477–1489. [PubMed]

72. Al-Kassas, R.S.; Al-Gohary, O.M.; Al-Faadhel, M.M. Controlling of systemic absorption of gliclazide through
incorporation into alginate beads. Int. J. Pharm. 2007, 341, 230–237. [CrossRef]

73. Mathavan, S.; Mikov, M.; Golocorbin-Kon, S.; Al-Salami, H. Diabetes development increased concentrations
of the conjugated bile acid, taurocholic acid in serum, while treatment with microencapsulated-taurocholic
acid exerted no hypoglycaemic effects. Eur. J. Pharm. Sci. 2017, 106, 1–9. [CrossRef] [PubMed]

74. Al-Salami, H.; Butt, G.; Tucker, I.; Skrbic, R.; Golocorbin-Kon, S.; Mikov, M. Probiotic Pre-treatment Reduces
Gliclazide Permeation (ex vivo) in Healthy Rats but Increases It in Diabetic Rats to the Level Seen in Untreated
Healthy Rats. Arch. Drug Inf. 2008, 1, 35–41. [CrossRef] [PubMed]

75. Luner, P.E. Wetting properties of bile salt solutions and dissolution media. J. Pharm. Sci. 2000, 89, 382–395.
[CrossRef]

76. Yang, L.; Zhang, H.; Mikov, M.; Tucker, I.G. Physicochemical and biological characterization of monoketocholic
acid, a novel permeability enhancer. Mol. Pharm. 2009, 6, 448–456. [CrossRef] [PubMed]

77. Spranger, J.; Kroke, A.; Möhlig, M.; Hoffmann, K.; Bergmann, M.M.; Ristow, M.; Boeing, H.; Pfeiffer, A.F.
Inflammatory cytokines and the risk to develop type 2 diabetes: Results of the prospective population-based
European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam Study. Diabetes 2003, 52,
812–817. [CrossRef]

78. Karunakaran, U.; Park, K.-G. A systematic review of oxidative stress and safety of antioxidants in diabetes:
Focus on islets and their defense. Diabetes Metab. J. 2013, 37, 106–112. [CrossRef]

79. Ward, J.B.J.; Lajczak, N.K.; Kelly, O.B.; O’Dwyer, A.M.; Giddam, A.K.; Gabhann, J.N.; Franco, P.;
Tambuwala, M.M.; Jefferies, C.A.; Keely, S.; et al. Ursodeoxycholic acid and lithocholic acid exert
anti-inflammatory actions in the colon. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 312, G550–G558.
[CrossRef]

http://dx.doi.org/10.1016/0378-4347(94)00003-4
http://dx.doi.org/10.1007/s13346-017-0473-5
http://dx.doi.org/10.3109/10837450.2014.915570
http://dx.doi.org/10.3109/03639045.2012.681383
http://dx.doi.org/10.3109/21691401.2014.934457
http://www.ncbi.nlm.nih.gov/pubmed/25014218
http://dx.doi.org/10.2337/diab.40.7.842
http://www.ncbi.nlm.nih.gov/pubmed/1647994
http://dx.doi.org/10.2174/156720112802650716
http://dx.doi.org/10.1007/s11095-016-1863-y
http://www.ncbi.nlm.nih.gov/pubmed/26818840
http://dx.doi.org/10.18433/J32P40
http://www.ncbi.nlm.nih.gov/pubmed/19732499
http://dx.doi.org/10.1002/jbm.a.32437
http://www.ncbi.nlm.nih.gov/pubmed/19353563
http://www.ncbi.nlm.nih.gov/pubmed/6397555
http://dx.doi.org/10.1016/j.ijpharm.2007.03.047
http://dx.doi.org/10.1016/j.ejps.2017.05.041
http://www.ncbi.nlm.nih.gov/pubmed/28529037
http://dx.doi.org/10.1111/j.1753-5174.2008.00006.x
http://www.ncbi.nlm.nih.gov/pubmed/20157366
http://dx.doi.org/10.1002/(SICI)1520-6017(200003)89:3&lt;382::AID-JPS9&gt;3.0.CO;2-H
http://dx.doi.org/10.1021/mp800143w
http://www.ncbi.nlm.nih.gov/pubmed/19718798
http://dx.doi.org/10.2337/diabetes.52.3.812
http://dx.doi.org/10.4093/dmj.2013.37.2.106
http://dx.doi.org/10.1152/ajpgi.00256.2016


Pharmaceutics 2020, 12, 708 17 of 17

80. Koh, S.J.; Kim, J.M.; Kim, I.K.; Ko, S.H.; Kim, J.S. Anti-inflammatory mechanism of metformin and its effects
in intestinal inflammation and colitis-associated colon cancer. J. Gastroenterol. Hepatol. 2014, 29, 502–510.
[CrossRef]

81. Mooranian, A.; Wagle, S.R.; Kovacevic, B.; Takechi, R.; Mamo, J.; Lam, V.; Watts, G.F.; Mikov, M.;
Golocorbin-Kon, S.; Stojanovic, G.; et al. Bile acid bio-nanoencapsulation improved drug targeted-delivery
and pharmacological effects via cellular flux: 6-months diabetes preclinical study. Sci. Rep. 2020, 10, 1–15.
[CrossRef] [PubMed]

82. Negrulj, R.; Mooranian, A.; Al-Salami, H. Potentials and limitations of bile acids in type 2 diabetes mellitus:
Applications of microencapsulation as a novel oral delivery system. J. Endocrinol. Diabetes Mellit. 2013, 1,
49–59.
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