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Abstract: Background: The oral route is the most preferred route of administration for self-
medication, but poor membrane permeability and pre-systemic degradation are key challenges that 
need to be addressed. 

Objective: The purpose of this study was to develop and evaluate a double-phase, multiple-unit dosage 
form for enhanced delivery of insulin across the gastrointestinal tract epithelium. The dosage form was 
designed to provide increased membrane permeation by opening of tight junctions during the first 
phase followed by insulin delivery during the second phase. 

Methods: Different beads were prepared by means of extrusion-spheronisation. Combinations of dif-
ferent beads constituted the double-phase drug delivery systems. The one type of bead contained insu-
lin as active ingredient and chitosan as mucoadhesive agent, while the other bead formulations con-
tained each one of the following drug absorption enhancers: a bile salt mixture, sodium glycocholate, 
Aloe vera whole leaf extract or Aloe vera gel. The insulin delivery performance of the different double-
phase delivery systems was evaluated across excised pig intestinal tissues in a Sweetana-Grass diffu-
sion apparatus. 

Results: Initial exposure of the excised pig intestinal tissues to the absorption enhancer containing 
beads (first phase) was associated with enhanced intestinal transport of insulin (second phase) when 
compared to the control group. The insulin permeation enhancement effect across excised pig intestinal 
tissue was statistically significant in the case of pre-exposure to A. vera whole leaf extract and A. vera 
gel containing beads. 

Conclusion: Several double-phase multiple-unit drug delivery systems have the potential to effectively 
deliver insulin across the gastrointestinal epithelium. 

Keywords: Aloe vera, bile salt, chitosan, extrusion-spheronisation, insulin, paracellular permeation, permeation enhancement, 
sodium glycocholate, tight junction.  

1. INTRODUCTION 

 Therapeutic protein and peptide drugs are predominantly 
administered via the parenteral route with an estimated 75% 
of all protein and peptide drugs currently formulated in the 
form of injections. Injections are associated with pain and 
discomfort, as well as a risk of infections and skin hardening 
[1]. The lack of orally administered protein and peptide drug 
products may be ascribed to their poor bioavailability, which 
is caused by poor membrane permeation (due to large mo-
lecular size and hydrophilic characteristics) as well as enzy-
matic degradation [2]. Despite these challenges, the use of  
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therapeutic protein and peptide drugs is increasing due to 
their potential for effective treatment of a variety of diseases 
[1]. Therefore, a need exists for less invasive administration 
of protein and peptide drugs, especially for those drugs that 
need to be chronically administered on a regular basis (e.g. 
insulin). The oral route of administration presents many ad-
vantages over the parenteral route of administration such as 
avoiding the risk of infections and pain associated with injec-
tions [3], no need to manufacture dosage forms under sterile 
conditions with reduced production costs, increased patient 
compliance [4] and replication of the natural route of insulin 
secretion into the portal vein to the liver [5]. Unfortunately, 
the gastrointestinal tract presents physical barriers (such as 
the mucous layer, the biological membrane of the epithelial 
cells and tight junctions between the epithelium cells) and 
biochemical barriers (such as large pH variations and degra-
dative enzymes) that impede effective protein and peptide 
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drug delivery via the oral route [6]. Different approaches 
have been explored to achieve effective protein and peptide 
drug delivery besides exploring alternative routes other than 
the oral route. Of these approaches, co-administration of 
chemical absorption enhancers is considered a promising 
strategy to improve oral protein and peptide bioavailability. 
Chemical absorption enhancers are molecules that circum-
vent the physical barrier in a reversible way with low tissue 
injury, thus allowing the drug molecules to pass through the 
epithelial cells and into the systemic and lymphatic circula-
tion [7]. Absorption enhancers are able to modulate peptide 
drug absorption by different mechanisms such as opening of 
the tight junctions, by decreasing the viscosity of the mucous 
layer, by improving membrane fluidity, by inhibiting efflux 
transporters [8, 9] and by co-administration or covalently 
binding to cell penetrating peptides [10]. Unfortunately, the 
development of effective oral delivery systems is not keep-
ing up with the discovery and development of biotechnol-
ogy-based drugs [11]. 
 Chitosan is a biocompatible and non-toxic polymer of 
natural origin that can improve the paracellular permeability 
of peptide drug molecules across the mucosal epithelium, but 
also acts as a mucoadhesive agent [12-14]. Mucoadhesive 
properties of dosage forms provide certain benefits to protein 
and peptide delivery such as providing intimate contact with 
the mucosa and thereby protecting the drug against luminal 
degradation enzymes. Mucoadhesion also increases the resi-
dence time and provides a steep concentration gradient on 
the absorption membrane [15]. Bile salts, such as sodium 
glycocholate, have demonstrated the ability to increase insu-
lin bioavailability through various mechanisms [16] such as 
the inhibition of protease activity, dissociation of molecular 
aggregates through micellar solubilisation and alteration of 
biological membrane integrity [17, 18]. In vivo studies in 
humans showed that liquid preparations containing Aloe vera 
(L.) Burm.f. (Aloe barbadensis Miller) gel and whole leaf 
extract had the ability to enhance the bioavailability of vita-
mins C and E [19]. Furthermore, aqueous solutions of both 
the whole leaf extract and gel of A. vera have been found to 
increase in vitro insulin transport by opening the tight junc-
tions between intestinal epithelial cells in a reversible man-
ner [6]. 

 Multiple-unit drug delivery systems consist of a number 
of sub-units combined into a dosage form, each containing a 
certain portion of the total drug dose. Multiple-unit dosage 
forms offer several advantages over conventional single-unit 
drug delivery systems including a higher degree of homoge-
nous dispersion of the drug in the gastrointestinal tract, a 
reduced risk of dose dumping and a reduced risk of tissue 
irritation [20]. A uniform distribution of drug in small units 
maximizes drug absorption and reduces peak plasma level 
fluctuations. Furthermore, the influence of gastric emptying 
time as well as gastrointestinal transit time on drug absorp-
tion is minimized, which results in a more reproducible drug 
absorption profile with reduced intra- and inter-subject vari-
ability [21]. 
 Several polymeric devices have been investigated for oral 
insulin delivery such as pH sensitive hydrogels, graft co-
polymer hydrogels, biodegradable polymeric devices that 
included polymeric micelles and polymeric nanoparticles 
[22-24]. A two staged single-unit drug delivery system was 
investigated for oral peptide drug delivery in a previous 
study, which consisted of an absorption enhancer and a pep-
tide drug combined into a swellable solid oral dosage form. 
The development of this drug delivery system was aimed at 
releasing the drug absorption enhancer first to overcome the 
absorption barrier, followed by release of the peptide drug 
and subsequent absorption [25]. The purpose of this study is 
to develop and evaluate a double-phase multiple-unit oral 
dosage form that consisted of a mixture of two different 
types of beads (one type of bead contains insulin as well as a 
mucoadhesive agent and the other type of bead contains the 
drug absorption enhancer) for oral administration. The ra-
tionale behind the composition of this innovative type of 
drug delivery system was that the beads containing the drug 
absorption enhancer will reach the upper small intestine first 
and interact with the intestinal epithelium in order to increase 
the epithelial permeability by opening of the tight junctions 
(first phase). This will be followed by delivery of the insulin 
from the beads with increased gastrointestinal retention time 
due to their mucoadhesive properties at the site where en-
hanced absorption can take place (second phase). The insulin 
delivery process intended with this multiple-unit double-
phase dosage form is schematically illustrated in Fig. (1). 

 
Fig. (1). Schematic illustration of the intended oral drug delivery process by the multiple-unit double-phase dosage form. 
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2. MATERIALS AND METHODS 

2.1. Materials 

 Aloe vera gel extract powder (200:1) and chitosan were 
sourced from Warren Chem Pharmaceuticals (Pty) Ltd. 
(Kempton Park, South Africa). A. vera whole leaf extract 
was obtained from Improve USA, Inc. (DeSoto, TX, United 
States of America). The A. vera gel and whole leaf extract 
materials were chemically characterized by means of proton 
nuclear magnetic resonance spectroscopy (1H-NMR) analy-
sis to confirm the presence of marker molecules for  A. vera 
leaf materials. Insulin, bile salt mixture (consisting of 50% 
sodium salt of cholic acid and 50% sodium salt of deoxy-
cholic acid), sodium glycocholate, triethyl citrate, Krebs-
Ringer Bicarbonate (KRB) buffer and sodium bicarbonate 
were purchased from Sigma-Aldrich (Pty) Ltd. (Johannes-
burg, South Africa). MicroceLac®100 (co-processed excipi-
ent consisting of lactose and microcrystalline cellulose) was 
donated by Meggle (Wasserburg, Germany). The following 
solvents of analytical grade were purchased from Associated 
Chemical Enterprises (Pty) Ltd. (Johannesburg, South Af-
rica): glacial acetic acid, acetone, isopropanol and hydro-
chloric acid. Ac-Di-Sol® (Croscarmellose Sodium) was ob-
tained from BASF (Midrand, South Africa). 
 The pig proximal jejunum tissue was collected on the day 
of the permeation experiment from the local abattoir 
(Potchefstroom, South Africa). The use of animal tissues in 
the ex vivo permeation studies was approved by the Animal 
Ethics Committee at the North-West University 
(Potchefstroom, South Africa) (Ethics Committee approval 
certificate number NWU-00025-15-A5). 

2.2. Bead Composition and Preparation 

 In order to produce a multiple-unit double-phase dosage 
form, two types of spherical beads (or pellets) were needed. 
The one type of bead formulation contained the active in-
gredient (i.e. insulin) together with a mucoadhesive agent 
(i.e. chitosan) of which only one batch was prepared. Por-
tions of this insulin containing bead formulation were 
tested in combination with the other type of beads. Four 
other different bead formulations were prepared (one batch 
of each), each containing one of four selected absorption 
enhancers. The selected drug absorption enhancers used in 
this study were: A. vera gel, A. vera whole leaf extract, 
sodium glycocholate and a bile salt mixture (which con-
sisted of 50% sodium salt of cholic acid and 50% sodium 
salt of deoxycholic acid). 
 For the bead formulations containing an absorption en-
hancer, the dry powders were weighed including Microce-
Lac®100 (88% w/w, filler material), Ac-Di-Sol® (2% w/w, 
disintegrant) and one of the selected absorption enhancers 
(10% w/w). The powders were blended in a Turbula® mixer 
(Willy. A. Bachofen, Switzerland) for 5 min at 69 rpm. The 
total weight of each batch of bead formulation prepared was 
100 g. The powder mixture of each bead formulation was 
wetted with an ethanol in water mixture (20% v/v) in a mor-
tar while agitated with a pestle. The wetted powder mixtures 
were each passed individually through a 1 mm extrusion 
screen of a Type 20 Caleva® extruder (Caleva Process Solu-
tions, England) at a speed of 25 rpm to form a spaghetti-like 

extrudate. This was followed by spheronisation of the extru-
date using a Caleva® spheroniser (Caleva Process Solutions, 
England) at 1200 rpm for 6 min to form spherical beads. The 
beads were lyophilized by freezing them at -80°C and drying 
under vacuum (Virtis, Gardiner N.Y. USA) for up to 48 h. 
One batch of beads consisting of MicroceLac®100 only (con-
trol group for mucoadhesion) was prepared as described 
above. 
 The beads containing the active ingredient (i.e. insulin) 
and mucoadhesive agent (i.e. chitosan) were prepared by 
means of extrusion-spheronisation in a similar manner as 
described for the beads containing the absorption enhancers 
above. These beads consisted of MicroceLac®100 (82.9% 
w/w), insulin (0.1% w/w), chitosan (15% w/w) and Ac-Di-
Sol® (2% w/w). Acetic acid (2% v/v) was added to the wet-
ting agent and spheronisation of the extrudate was performed 
at 1800 rpm for 12 min. 

2.3. Evaluation of the Bead Formulations 

2.3.1. Insulin Content (Assay) 

 A sample of the insulin-containing beads (1g) was 
crushed using a mortar and pestle and quantitatively trans-
ferred to a volumetric flask, which was made up to 100 ml 
with distilled water. The insulin quantity present in the solu-
tion was determined with a validated High Performance Liq-
uid Chromatography (HPLC) method. An HP1100 series 
HPLC equipped with a pump, auto-sampler, UV detector and 
Chemstation Rev. A.10.01 Agilent® Technologies data ac-
quisition and analysis software (Hewlett-Packard, Palo Alto, 
CA, USA) was used. The analysis was performed on a Vy-
dac C18 protein and peptide column, 4.6 x 250 mm, 5 µm 
spherical particles, 300 Å (Grace Vydac, Hesperia, CA), 
using gradient elution with a mobile phase consisting of (A) 
HPLC grade water and 0.1% orthophosphoric acid and (B) 
acetonitrile, at a flow rate of 1.0 ml/min and an injection 
volume of 50 µl. The UV detector was set at 210 nm and the 
gradient conditions were set at 80% (A) for the first 6 min 
and then adjusted to 40% (A) and 60% (B), up to 8 min, 
where after it was re-equilibrated at 20% (B), and stopped at 
12 min. Insulin eluted at ~5.87 min. The percentage insulin 
content in the bead formulation was calculated as follows: 
% Insulin content = (Experimental value/Theoretical value) 
× 100 

2.3.2. Mass Variation 

 Ten size 0 hard gelatine capsules were manually filled by 
hand with each of the different bead formulations as well as 
combinations thereof as follows (i.e. in total 60 capsules): 

• MicroceLac®100 only beads, 
• Insulin and chitosan containing beads, 
• Combination of insulin containing beads and A. vera 

gel containing beads, 
• Combination of insulin containing beads and A. vera 

whole leaf extract containing beads, 
• Combination of insulin containing beads and bile salt 

mixture containing beads, 
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• Combination of insulin containing beads and sodium 
glycocholate containing beads. 

 The mass of the contents of 10 individual capsules from 
each capsule formulation was compared to that of the aver-
age mass of that formulation. According to the United States 
Pharmacopeia [26], capsules weighing more than 300 mg 
should not have more than two units with a percentage de-
viation of 7.5% or more from the average mass in order to 
comply with the specification for mass variation. 

2.3.3. Friability 

 A sample of beads (3g) from each formulation was 
placed in a friability tester (TAR 220, Erweka, Heusen-
stamm, Germany) along with 25 glass beads (5 mm diame-
ter). The friability tester was operated at 25 rpm for 4 min to 
apply 100 revolutions to each test sample. The glass beads 
were removed and the beads were placed on a sieve (425 µm 
sieve) to remove any small powder particles, before weigh-
ing the beads again. The percentage friability (%F) was de-
termined by calculating the percentage loss in mass accord-
ing to the following equation: 
%F = ((Initial mass - End mass)/Initial mass) × 100 

2.3.4. Particle Size Analysis 

 The particle size distribution of the beads from each for-
mulation was determined with laser diffraction by using a 
Malvern® Mastersizer 2000 (Malvern Instruments Ltd, 
Worcestershire, UK), fitted with a Hydro 2000MU sample 
dispersion unit and a 300 mm lens. A volume of 600 ml 
ethanol was used as liquid dispersant for the beads and to 
flush the system to align apparatus optics. The Mastersizer 
software was used to determine the volume mean particle 
diameter (i.e. D[4,3] value) and particle size distribution (i.e. 
d(0,5) value and span). 

2.3.5. Mucoadhesive Properties 

 The mucoadhesive properties of the bead formulations 
were evaluated by means of a method adapted from the “fal-
ling liquid film method” and the “adhesion number” meas-
urement as published before [27]. The mucoadhesion of each 
bead formulation was tested by placing 1 g of each bead 
formulation onto a piece of excised pig proximal jejunum 
tissue that was mounted on a concave surface fitted at an 
angle of 15°. Distilled water (total volume of 1 l) was al-
lowed to flow over the beads placed on the tissue, which 
caused some beads to wash off and accumulate in a beaker. 
The beads remaining on the intestine was collected and 
rinsed with 60 ml distilled water to remove residual mucus. 
The beads were then dried in a conventional oven at 40°C 
for 60 min and weighed. The percentage mucoadhesion was 
calculated using the following equation: 
% Mucoadhesion = (Mass of beads retained on tissue/Initial 
mass of beads) × 100 

2.4. Excised Pig Intestinal Tissue Preparation 

 A portion of pig proximal jejunum tissue (± 30 cm) was 
collected immediately after slaughtering of the animal at the 
abattoir and transported in ice cold Krebs Ringer Bicarbon-
ate (KRB) buffer in a cooler box. In the laboratory, the jeju-

num was pulled onto a glass rod, where after the serosa was 
removed with blunt dissection and the jejunum tube was cut 
open along the mesenteric border with a scalpel blade. The 
intestinal tissue was then further cut into 2 cm segments, 
kept moist with buffer and mounted onto the half-cells of a 
Sweetana-Grass diffusion apparatus [28, 29]. The two half-
cells were clamped together and a series of six complete 
chambers were placed into a heating block, each half-cell 
was filled with 7 ml pre-heated (37°C) KRB buffer and con-
nected to parallel gas flow (5% CO2; 95% O2) at a flow rate 
of 15-20 ml/min. The assembled cells were equilibrated for 
20 min before transepithelial electrical resistance and trans-
port studies commenced. 

2.5. Transepithelial Electrical Resistance (TEER) Studies 

 The effect of the different bead formulations containing 
drug absorption enhancers on transepithelial electrical resis-
tance (TEER) of the excised pig intestinal tissues was deter-
mined as an indication of tight junction modulation. A Dual 
Channel Epithelial Voltage Clamp (Warner Instruments, 
Hamden, Connecticut, USA) was used to measure the initial 
TEER value directly before adding a sample of each of the 
bead formulations (0.78 g) to each of the apical chambers, 
followed by TEER measurements every 20 min over a period 
of 2 h. The percentage TEER was calculated by using the 
following equation: 
% TEER = (TEER value at each time interval/initial TEER 
value) × 100 

2.6. Insulin Delivery Across Excised Intestinal Tissues 

 The delivery of insulin across excised pig intestinal tis-
sues mounted in a Sweetana-Grass diffusion apparatus was 
measured after exposure to combinations of the different 
bead formulations. The in vitro transport study was designed 
in such a way to mimic the expected in vivo events after oral 
administration of the multiple-unit double-phase delivery 
systems (Fig. 1). Firstly, the mounted excised tissues were 
exposed to a bead formulation containing an absorption en-
hancer (0.78 g) for a period of 60 min (mimicking phase I), 
after which the beads were removed. Secondly, the mounted 
excised tissues were then exposed to the bead formulation 
containing insulin and chitosan (sufficient quantity to pro-
vide a concentration of 0.1 mg/ml insulin) for a period of 
120 min (mimicking phase II). Samples (200 µl) were with-
drawn from the basolateral chamber every 20 min over the 
120 min period, which were replaced with pre-heated KRB 
buffer. The beads containing insulin and chitosan were ap-
plied to the apical chambers without pre-exposure to beads 
containing an absorption enhancer to determine the effect of 
the chitosan (included in the beads as mucoadhesive agent) 
on insulin transport. Insulin dissolved in KRB buffer served 
as a normal control for insulin transport across the excised 
pig intestinal tissues. The transport samples were analysed 
with a validated HPLC method as described above for the 
insulin bead assay method. 
 The transport results were corrected for dilution and the 
cumulative insulin transported was plotted as a function of 
time [30] to produce transport curves. The apparent perme-
ability coefficient (Papp) values were calculated from the 
transport data using the following equation [31, 32]: 
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Papp = dQ/dt(1/(A.C0.60)) 
where Papp represents the apparent permeability coefficient 
(cm/s), dQ/dt is the appearance rate of the test compound at 
the receiver chamber over time (µg/s), A is the effective sur-
face area of the excised tissue (cm2) and C0 is the initial test 
compound concentration in the donor chamber (µg/ml). 

2.7. Statistical Analysis 

 Data analyses on the mucoadhesion, TEER and transport 
results were performed with STATISTICA 12 (Statsoft, 
Tulsa, OK, USA) with which a one-way analysis of variance 
(ANOVA) and Tukey’s Honest Significant Difference 
(HSD) post-hoc tests were performed to indicate statistically 
significant differences (p ≤ 0.05). All results were verified 
with non-parametric Kruskal-Wallis and Dunn’s post-hoc 
tests. 

3. RESULTS AND DISCUSSION 

3.1. Insulin Content (Assay) 

 The insulin content of the beads prepared in this study 
was measured as 0.9 mg insulin per 1 g of beads. The con-
centration of insulin applied to the apical chamber of the 
Sweetana-Grass apparatus in the form of beads was deter-
mined from this measured insulin content value. 

3.2. Mass Variation 

 The average masses of the beads loaded into hard gela-
tine capsules as well as maximum deviations are shown in 

Table 1. It is clear that all the bead formulations complied 
with the United States Pharmacopeia [26] guidelines for 
mass variation. 

3.3. Friability 

 The percentage friability values of the bead formulations 
are shown in Table 2 and it is clear that all the bead formula-
tions exhibited acceptable values of less than 1%. This indi-
cates that the beads should be able to withstand mechanical 
stress during packaging, handling and storage. 

3.4. Particle Size 

 Table 2 also shows the particle size parameters including 
average particle size [D4,3], median of the particle size dis-
tribution d(0.5) and span of all the bead formulations pre-
pared in this study. The bead formulations showed relatively 
narrow particle size distributions, especially when the span 
values are considered. This indicates that the extrusion-
spheronisation production technique is capable of producing 
relatively uniform beads, irrespective of the ingredients 
added. 

3.5. Mucoadhesive Properties 

 The percentage mucoadhesion values of the bead formu-
lations are graphically presented in Fig. (2). The inclusion of 
chitosan in the beads resulted in a statistically significant 
increase (Tukey’s HSD analysis, p < 0.05) in the mucoadhe-
sion percentage (73.6%) when compared to that of the con-
trol group (26.2%). Chitosan was specifically added to the 

Table 1. Mass variation for the hard gelatine capsules filled with different bead formulations. 

Bead Composition Average Mass (mg) Max Lower (%) Max Higher (%) 

Aloe vera gel (10% w/w) 309.1 7.0 4.9 

Aloe vera whole leaf extract (10% w/w) 282.4 6.2 4.4 

Sodium glycocholate (10% w/w) 312.8 5.5 4.4 

Bile salt mixture (10% w/w) 270.1 6.4 4.1 

Insulin (0.1% w/w) and Chitosan (15% w/w) 320.9 5.3 4.7 

MicroceLac®100 only 275.2 7.2 3.3 

 

Table 2. Percentage friability, particle size and particle size distribution of the bead formulations. 

Bead Composition Friability (%) 
Median Particle Distribu-

tion d(0.5) (µm) 
Volume Mean Diameter 

D[4,3] (µm) 
Span 

Aloe vera gel (10% w/w) 0.56 ± 0.28 1051.77 ± 7.27 1080.83 ± 7.48 0.65 

Aloe vera whole leaf extract (10% w/w) 0.98 ± 0.14 974.29 ± 23.95 1005.97 ± 25.02 0.66 

Sodium glycocholate (10% w/w) 0.78 ± 0.31 918.12 ± 7.37 951.25 ± 7.45 0.67 

Bile salt mixture (10% w/w) 0.87 ± 0.67 1039.40 ± 14.24 1070.38 ± 13.41 0.67 

Insulin (0.1% w/w) and Chitosan (15% w/w) 0.94 ± 0.28 841.03 ± 7.95 872.44 ± 8.27 0.67 

MicroceLac®100 (100% w/w) 0.85 ± 0.70 966.71 ± 5.38 998.35 ± 5.02 0.65 
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insulin-containing beads to increase their mucoadhesive 
properties, which will potentially also increase the transit 
time of these beads along the gastrointestinal tract. This will 
allow the absorption enhancer containing beads to reach the 
target absorption site (i.e. the upper small intestine) first in 
order to open the tight junctions, where after the insulin-
containing beads will reach this site and deliver the insulin 
via the paracellular route. 
 Inclusion of A. vera gel as absorption enhancer in the 
beads caused a relatively large increase in the percentage 
mucoadhesion (51.7%) as compared to that of the control 
group (26.2%), but it was not statistically significant. The 
inclusion of A. vera whole leaf extract material increased the 
mucoadhesion to an even lower extent (34.9%). This in-
crease in mucoadhesion for the selected aloe leaf materials 
may be explained by the presence of relatively large poly-
saccharide molecules [33] that can interact with the mucous 
layer on the pig intestinal tissue, resulting in increased mu-

coadhesion. Addition of the bile salt mixture and sodium 
glycocholate only caused negligible change in the mucoad-
hesive properties of the beads compared to that of the control 
group. 

3.6. Transepithelial Electrical Resistance (TEER) Studies 

 The TEER values of the excised tissues exposed to the 
bead formulations containing different absorption enhancers 
are graphically displayed in Fig. (3) as a function of time. 
The control group (i.e. beads consisting of MicroceLac®100 
only) showed no reduction in TEER of the excised intestinal 
tissues over the total 60 min exposure time. The beads con-
taining A. vera whole leaf extract material displayed a statis-
tically significant (Dunn’s post-hoc analysis, p < 0.05) re-
duction in TEER of the excised tissue over the 60 min expo-
sure period. The beads containing A. vera gel also showed a 
relatively large reduction in TEER, which corresponds with 
the findings of Chen et al. [6] that A. vera gel is capable of 

 
Fig. (2). Bar graph of the percentage mucoadhesion of the different bead formulations. * Statistically significantly different from the control 
group based on Tukey’s HSD analysis. 

 
Fig. (3). Percentage transepithelial electrical resistance (TEER) of excised pig intestinal tissues exposed to the bead formulations plotted as a 
function of time. * Statistically significantly different from the control at 60 min based on Tukey’s HSD analysis. ** Statistically signifi-
cantly different from the control at 60 min based on a Dunn’s post-hoc test. 
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reducing the TEER of epithelial (i.e. Caco-2) cell monolay-
ers. A reduction in TEER suggests the opening of tight junc-
tions between adjacent epithelial cells, which are associated 
with enhanced paracellular absorption of poorly absorbable 
drugs [34]. Beads containing bile salt mixture and sodium 
glycocholate also showed a reduction in TEER values, which 
is in accordance with a previous study [35]. Bile salts have 
the ability to enhance drug absorption by modulating tight 
junctions and changing membrane fluidity through phosphol-
ipid solubilisation [9]. From these TEER results, it is evident 
that the beads formulated in this study containing the differ-
ent drug absorption enhancing agents have the potential to 
increase insulin transport across the intestinal epithelium via 
the paracellular route. 

3.7. Insulin Delivery Across Excised Intestinal Tissues 

 Fig. (4) illustrates the percentage insulin transport across 
the excised pig intestinal tissue after exposure to combina-
tions of the different bead formulations, while the Papp values 
are shown in Table 3. No insulin could be detected in the 
control group (i.e. insulin alone in solution) on the baso-
lateral side of the tissues during the entire period of 120 min, 
which indicated that insulin did not permeate the excised 
intestinal pig tissues. This was expected since peptide and 

protein drugs have very poor membrane permeation and usu-
ally exhibit a bioavailability of < 1% after oral administra-
tion [36]. Although insulin alone has previously been shown 
to be transported in vitro across intestinal epithelial mem-
branes such as Caco-2 cell monolayers [6], it was not perme-
able across the excised pig intestinal tissue in this study. This 
can be explained by the fact that Caco-2 cell monolayers are 
“leakier” than intact excised animal intestinal tissues [37]. 
 Pre-exposure of the excised pig intestinal tissues to the 
beads containing A. vera whole leaf extract material exhib-
ited the highest enhancement in insulin transport (14.77%, 
Papp = 11.64 x 10-6 cm/s) when compared to the control 
group, which is in agreement with the TEER results. This 
constituted a statistically significant (p < 0.05) effect on the 
insulin transport when comparing the Papp value of insulin 
after pre-exposure to the A. vera whole leaf extract beads 
with the Papp value of the control group (Table 3) as deter-
mined by the Kruskal-Wallis post-hoc test. Beads containing 
A. vera gel also exhibited relatively high insulin transport 
(5.75%, Papp = 3.92 x 10-6 cm/s) when compared to that of 
the control group. 
 This enhanced insulin transport across the excised intes-
tinal tissues can be attributed to opening of tight junctions 

 
Fig. (4). Percentage insulin transport across excised pig intestinal tissues exposed to different bead formulations plotted as a function of time. 
 
Table 3. Apparent permeability coefficient (Papp) values for insulin after pre-exposure to the various bead formulations. 

Bead Composition Papp ( x 10-6 cm/s)# 

Insulin solution (control) 0.00 ± 0.00 

Aloe vera whole leaf extract (10% w/w) 11.64 ± 1.75 */** 

Aloe vera gel (10% w/w) 3.92 ± 0.10 * 

Sodium glycocholate (10% w/w) 2.74 ± 0.33 * 

Bile salt mixture (10% w/w) 0.65 ± 0.08 

Chitosan (15% w/w) 1.54± 0.40 
#Mean ± standard deviation of mean (n=3). * denotes a statistically significant difference from the control based on Tukey’s HSD analysis. ** denotes a statistically significant 
difference from the control based on a Kruskal-Wallis post-hoc test. 
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and thereby resulting in enhanced paracellular transport, as 
confirmed by the reduction in TEER and previously pub-
lished results [6]. In a previous in vitro study, it was shown 
that both A. vera gel and whole leaf extract materials in solu-
tion were able to reduce the TEER of Caco-2 cell monolay-
ers and enhance the transport of insulin across these mono-
layers [6]. In the current study, evidence was obtained that A. 
vera gel and whole leaf materials are capable of enhancing 
insulin transport across excised intestinal tissues when for-
mulated into a solid oral dosage form. This confirmed the po-
tential use of these A. vera leaf materials as functional excipi-
ents in solid oral dosage forms for oral insulin delivery.  
 The pre-exposure of excised tissues to beads containing 
sodium glycocholate also produced an enhancement in insu-
lin transport (4.54%, Papp = 2.74 x 10-6 cm/s), which is inac-
cordance to previous findings that sodium glycocholate 
could enhance macromolecular drug transport [35, 38, 39]. 
After pre-exposure of the excised tissues to beads containing 
chitosan, which was included primarily as a mucoadhesive 
agent in this study, an insulin transport of 2.14% (Papp = 1.54 
x 10-6 cm/s) was obtained across the excised pig intestinal 
tissue. Although chitosan was primarily intended to act as a 
mucoadhesive agent in the double-phase delivery system 
developed in this study, it was also capable of opening tight 
junctions which mediated an increase in the paracellular 
permeability of peptide drugs as was previously shown. The 
relatively low increase in insulin transport caused by chito-
san was probably due to the neutral pH of the KRB buffer 
where chitosan is poorly soluble [12, 40]. 
 This in vitro transport study provided proof of concept 
that the double-phase multiple-unit pellet systems are capa-
ble of delivering insulin across the intestinal epithelium 
when the epithelium is first exposed to beads containing an 
absorption enhancer and then exposed to beads containing 
the insulin. However, no claims regarding therapeutic effi-
cacy can be made based on in vitro studies only and in vivo 
studies are needed to determine the extent of bioavailability 
enhancement that can be achieved by this double-phase dos-
age form. 

CONCLUSION 

 All the drug absorption enhancing agents incorporated 
into beads resulted in TEER reduction of excised pig intesti-
nal tissue, indicating the ability to open tight junctions be-
tween adjacent epithelial cells. The beads containing the A. 
vera whole leaf extract material exhibited the highest TEER 
reduction and, in accordance with this result, also achieved 
the highest insulin delivery across excised pig intestinal tis-
sue. This study showed, by means of in vitro testing, that 
several double-phase multiple-unit drug delivery systems 
have potential for effective delivery of insulin across the 
gastrointestinal epithelium. However, follow-up in vivo stud-
ies are necessary to confirm the efficacy of this double-phase 
delivery system in terms of providing therapeutic levels of 
peptide drugs via the oral route of drug administration. 
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