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ABSTRACT

A unique dosage form which uses a hydrophilic polymer was developed to
provide for a predicable release of several drugs. This drug release could be optimized for
controlled release using erosion. It can also be designed to release drug utilizing
electrochemical processes.
The accuracy of drug delivery in terms of dose and timing is of utmost importance
for the patient’s health status and compliance. A well-designed drug delivery technology
offers many advantages to the patient. These advantages include: reduction in dose
frequency, reduction of drug side effects, reduced unwanted fluctuations in circulating
drug levels, and a more uniform effect of the drug over time. The practice of drug
delivery has been dramatically developed in the last decade including electronic
controlled release innovative dosage forms.
In this study, the iontophoretic flux of ibuprofen was investigated using side- byside diffusion cells. Iontophoresis is the process where electric current is applied to
enhance transportation of drugs across the skin. The pH change was found to be an
important factor in increasing the diffusion of the drug. The principle of using electric
current as a driving force to control the drug release was initially demonstrated on an
initial setup. Subsequently, a calcium binding polymer was the hydrogel used as a matrix
to develop a new electric oral dosage form.
The calcium binding polymer is produced in different forms. The production
process of these forms suffers several limitations. In order to apply electric current in a
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practical way to the calcium binding polymer matrix a novel method was developed. The
novel method also allowed for addressing the limitations related to the production process
of the conventional dosage form made with this polymer. More uniform gel tablets in
shape and size were produced.
Different formulations were developed. Ibuprofen was the model drug initially
used to investigate the factors that affected the release profiles of these tablets. A twolevel, three-factor statistical design of experiments (DOE) was performed to evaluate the
effect of those factors on certain responses. These responses included the release rate,
time needed to release 80% of the model drug, and lag-time. A new formulation with
certain adjuvants was developed. This formulation had the ability to release different
kinds of drugs in a uniform release rate.
A fail-safe tablet that can only release less than 20% of the drug in 24 hours was
developed. The drug release was initiated only when the electric current was applied.
This new electric dosage form was aimed to overcome the disadvantages related to
conventional dosage forms such as the inability to supply drugs on demand.
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CHAPTER ONE
INTRODUCTION

1.1 Controlled release
Controlled release systems are designed to protect the drug and enhance its utility
in the body. When optimally designed, these systems could protect the drug from
physiological degradation or elimination and prolong the effect of the drug. They also
could shepherd the drug to the desired site of action while minimizing drug exposure
elsewhere in the body and enable superior control of drug exposure over time (Siepmann
J., et al 2012). Most controlled release systems fall into one of three categories: diffusion,
solvent activated, or polymer degradation. There are physical, chemical, and biochemical
means by which controlled release could be activated. The physical means include
osmotic pressure, hydrodynamic pressure, vapor pressure, ultrasound, magnetic and
electric field. (Padua, G.W., et al 2012).
The rate of the drug release from controlled-release systems can follow a variety
of patterns. One of these patterns is the first order release. In this case, the drug release is
dependent on the concentration of the drug in the solid phase. An exponential decay is
seen where a chemical reaction liberates the drug or where boundary conditions are ratelimiting. (Mark HF, 2007). Another pattern is the zero order release pattern which is seen
in erodible matrices. The drug release rate is independent of the concentration of the drug
remaining in the dosage form. In non-surface erodible matrices diffusion of the drug
takes place from the interior of the particle towards the surface. This release pattern is
called square-root-of-time release. Figure 1.1 shows these different release patterns.
1

Figure 1.1. Cumulative release provided by various release kinetics. Where: ---- Zero
order release, -·-·-·-·- First order release, _______ square root of time release. (Mark HF,
2007).
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1.2 Electric Current Drug Delivery Methods

1.2.1 Iontophoresis
Iontophoresis is one of the well-known techniques where electric current is
applied to enhance transportation of drugs across the skin (Ching, et al 2014). In the
process, ionized drugs migrate through a conducting liquid medium in response to
applied electric current. A wide variety of charged drugs such as: small molecule ions,
ionized peptides and proteins, charged biopolymers can be delivered by iontophoresis
(Harden, J.L., et al 1995). Transdermal drug delivery via passive diffusion is negligibly
low for many ionized drugs. Iontophoresis enhances drug delivery rates compared to
passive percutaneous adsorption. Moreover, iontophoresis allows for better control over
rates and duration of drug delivery by varying the applied current or voltage levels and
duty cycles (Harden, J.L., et al 1995).
The principle of iontophoresis as a physical mean to enhance absorption through
the skin was first demonstrated in 1888 for strychnine. Leduc dramatically demonstrated
that rabbits painted with strychnine nitrate survived while those to which an
electrophoretic current was applied died. In 1934 a “device for inserting medicaments
into the body by iontophoresis” was a subject of a US Patent. Ever since, inotophoretic
enhancement of delivery of different drugs across the skin including peptides and protein
drugs has been investigated (Wilson, et al 2011). For inotiphoretic patches, as shown in
figure 1.2, a steady electrical current is applied through the skin. Charged drug molecules
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are driven through the skin by a like-charged electrode while by electroosmotic
convection, uncharged drug molecules are delivered (Siepmann J, et al 2012).
Charged and polar drug molecules are very difficult to deliver into the systemic
circulation by conventional transdermal methods. Iontophoresis enhances the
permeability of these drugs. It also provides some advantages including better control
over the rate of drug delivery and onset and termination of delivery with ease (OH, et al
1998).

Figure 1.2. Iontophoretic patch design for a cationic drug (Siepmann, J., et al 2012).
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1.3.2 Electric Current Sensitive Hydrogels
Hydrogels are one of the important classes of biomaterials that play a key role in
drug delivery. Hydrogels are hydrophilic polymeric networks. They can be grouped into
two categories: conventional hydrogels and stimuli responsive hydrogels. Unlike stimuli
responsive hydrogels, conventional hydrogels exhibit no significant change in swelling
with change in pH, temperature, electric field, light or other stimuli (Rosiak et al 1999).
Stimuli responsive hydrogels, may be charged or un-charged depending on the nature of
functional groups present in their structure. The charged hydrogels usually exhibit
changes in swelling upon variations in pH. They can undergo changes in shape when
exposed to an electric field (Calo, et al 2015).

1.3 Alginate Production and Composition
Alginic acid is a soluble polysaccharide extracted mainly from brown algae such
as Laminariales and Fucales species with an alkali solution (H Kakita, et al 2008). NaOH
is typically used as the aqueous alkali solution to extract the alginate. Thereafter, the
extract is filtered, and either sodium or calcium chloride is added to the filtrate to
facilitate the precipitation of the alginate. This alginate salt is treated with dilute HCl to
transform it into alginic acid. After further purification and conversion, water-soluble
sodium alginate powder is produced (Lee, K.W., et al 2011).
The alginate chain is made of the following regions: two homopolymeric regions
of β-d-mannuronic acid (M) blocks and α-l-guluronic acid (G) blocks. These are
interdispersed with regions of alternating structure of α-l-guluronic and β-d-mannuronic
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acid blocks (Figure 1.3) (Wui T, 2011). The ratio of guluronate to mannuronate varies
depending on the natural source of the alginate. Hence, alginates extracted from different
sources differ in M and G contents as well as the length of each block (Lee, K.W., et al
2011).

Figure 1.3. The chemical structures of alginates composed of block sequences of (a) MG,
(b) MM and (c) GG. M, b-d-mannuronic acid; G, a-l-guluronic acid. (Wui, T., 2011).
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1.3.1 Alginate Gel Formation
An insoluble gel composed of three-dimensional network is formed upon gelation
process of alginate when blocks of guluronic acid residues interact ionically with divalent
cations such as Ca+2. This network is usually described by the egg box model (Figure 1.4)
(Bajpai, S.K., and Sharma, S., 2004). Only the G-blocks of alginate are believed to
participate in intermolecular cross-linking with divalent cations to form hydrogels. Thus,
the mechanical properties of alginate gels typically are enhanced by increasing the length
of G-block and molecular weight. (Lee, K.W., et al 2011). For example, gels produced
from bacterial alginate extracted from Azotobacter have a relatively high stiffness. The
physical properties of the produced gels significantly control the stability of the gels and
the rate of drug release from gels (Lee, K.W., et al 2011).

Figure 1.4. Bonding interactions between Ca+2 ions and carboxyl groups in the calcium
alginate beads. (Wui, T., 2011)
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1.3.2 Alginate Beads
Alginate is reported to be generally non-toxic, biodegradable, non-immunogenic
and biocompatible. Alginate is widely used in pharmaceuticals as thickening, gel
forming, and stabilizing agents (Lee, K.W., et al 2011). Alginate can play a significant
role in controlled drug release when used as alginic beads (Wui, T., 2011).
Sodium alginate is the salt of alginic acid. When small drops of sodium alginate
solution are dropped into calcium chloride solution a cation exchange between Na+ and
Ca2+ takes place. Thus, a spherical gel with regular shape and size is obtained (Figure
1.5). The spherical gel is termed as an ‘alginate bead’ (Kim, C.K., and Lee, E.Jm, 1992).

Figure 1.5. Alginate beads (Ying, X., et al 2012)
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1.3.3 Limitations of Alginate Beads
Alginate has been formulated into different dosage forms to deliver drugs orally.
Calcium alginate beads are one of these dosage forms (Wui, T., 2011). Generally,
different methods can be used to manufacture beads. These methods include: dripping
emulsification, rotating-disc atomization, air jet atomization, mechanical cutting, the
vibrating nozzle technique and electrostatic dripping (Nussinovitch, A., 2010) (Figure
1.6). However, these techniques suffer from different limitations. It is difficult to achieve
simultaneous production of beads at a high production rate under mild and non-toxic or
completely sterile conditions. Another difficulty is the ability to scale-up the process that
can produce beads with a narrow size distribution. (Nussinovitch, A., 2010).

Figure 1.6. Scheme of electrostatic droplet generation; 1 – high voltage DC unit, 2 –
magnetic stirrer, 3 – syringe pump, 4 – needle, 5 – polymer–aroma droplets, 6 –
collecting solution. (Levic, S., et al 2013).
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Additionally, there is a maximum concentration of polymer for producing
spherical beads. Above this concentration the alginate solution will not pass easily
through the needle during the manufacturing process. This means that the drug release
retardation has a limit. This limits its use as a controlled release polymer. Moreover,
highly viscous alginate dispersions produce a small tail at one end of the bead. This
significantly affects the flow properties and particle size distribution (Manjanna, K.M., et
al 2010) (Figure 1.7). Most importantly, the small size of the beads presents a major
limitation due to high drug loss during bead preparation (Almeida, P.F., Almeida, A.J.,
2004).

Figure1.7. Tailing of the beads when highly viscous alginate
solution is used (Manjanna, K.M., et al 2010).

10

Alginate gel beads can be prepared by using two gelation techniques; internal and
external gelation. For external gelation, alginate droplets are placed into a calcium
chloride solution. Calcium ion instantaneously reacts with the carboxylic groups of
guluronic acid residues at the surface of the alginate droplets. Calcium ions then continue
to diffuse inward to form Ca-alginate gel (Figure 1.8, left) (Liu, X.D., 2002). For
internal gelation, alginate solution and calcium carbonate (CaCO3) powder are mixed to
form ﬁnely dispersed suspension. It is then extruded into an oil phase containing
surfactant and an oil soluble acid such as glacial acetic acid (Liu, X., 2004). Gelation
reaction is initiated once the oil soluble acid diffuses through the oil-water interface.
CaCO3 is dissolved immediately to release free Ca2+ (Figure 1.8, right). (Liu, X., 2002).

Figure 1.8. Diagram of external gelation (left) and internal gelation (right). (Liu, X.,
2002).
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1.3.4 Previous Work for Alginate Beads
Arica, B., et al studied the in vitro and in vivo behavior of alginate beads loaded
with ibuprofen (Arica, B., et al 2005). They used ionotropic gelation method to prepare
controlled release of ibuprofen from alginate beads using various formulations (Table 1
and 2). Different compositions of alginate solution were dropped into 50 mL of 0.1 M
CaCl2 solution by stirring via a magnetic stirrer through a syringe (needle) at a dropping
rate of 2 mL/ min. They found that the bead size distribution was significantly affected by
the viscosity of the polymer solution. The smallest beads were produced when a low
concentration (2%) alginate solution was used. Smaller particles (1.15 ± 0.4 mm) were
produced at 5% drug-loading compared to particles made with 10% drug loading. This
indicates the increased coalescence of coacervate droplets.
The small particle size of the ibuprofen beads also affected the encapsulation
efficiency of the beads. Data showed that small beads (1.15 ± 0.4 mm) had a lower
encapsulation efficiency compared to the large particle-size beads (3.15 ± 0.6 mm). 6.5 ±
1.5% to 14.8 ± 2.1% (p< 0.05). They concluded that encapsulation efficiencies of the
beads increased as the mean particle sizes increased.
Arica, B., et al tested ibuprofen release from the alginate beads in acidic media.
All formulations were capable of retarding drug release below 10% for 2 h in 0.1 N HCl
solution. At pH 7.4 phosphate buffer dissolution media the small beads showed a t50%
(time to release 50% of the drug) value of 1.1 h while the big beads showed a 3.5 hours
t50%.
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Table 1.1
Formulation variables of the ibuprofen-loaded alginate beads (Arica B et al 2005).

Table 1.2
Properties of ibuprofen-loaded alginate bead formulations (Arica B et al 2005).
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For the in vivo study, a dose of free ibuprofen (100 mg/ kg), blank and ibuprofen
loaded alginate beads (100 mg/ kg) were suspended in 0.5% (w/v) NaCMC solution.
Each group was orally given to six mice by gavage. Data showed that no erosion or
hemorrhage was observed in the gastric mucosa upon the administration of the blank or
the ibuprofen loaded alginate beads. The free ibuprofen on the other hand caused small
erosive areas (<1mm diameter) in some regions of the gastric mucosa.
Tous, et al dispersed ketoprofen homogenously in alginate solution using different
formulations to prepare ketoprofen alginate beads for sustained release. The alginate
suspension forced the through needles into gently stirred 0.1M CaCl2 solution. The
alginate beads were allowed to stand in CaCl2 solution until curing for 12 hrs. The beads
were filtered and washed three times with distilled water. Finally, they were dried at
room temperature for 24 h and then placed in an oven at 45°C for another 24 h (Tous, S.,
et al 2014).
Release profiles of some of the formulations they used in 0.1 M HCl is shown in
figure 1.9 (Tous, S., et al 2014). 10-15% of the drug was released after 4h. On the other
hand, almost 63 % of the drug was released from pure ketoprofen powder at the same
time.
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Figure 1.9. In-vitro release of KP, in acidic medium (Tous, S., et al 2014).
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Release of ketoprofen in pH 7.4 phosphate buffer is shown in figure 1.10 (Tous,
S., et al 2014). All the formulations released the drug completely after 3 h. In addition,
increasing alginate concentration from 3 to 5% w/v significantly decreased the drug
release rate during the first hour. Thereafter, all formulations became superimposed when
the erosion of beads occurred. Complete release of drug from its powder took about 15
min due to the high solubility of KP in this medium.

Figure 1.10. In-vitro release of KP, in phosphate buffer (pH 7.4) drug powder and Caalginate beads prepared using alginate with different concentrations at 1:1 alginate / drug
ratio (Tous, S., et al 2014)..
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Hsu et al used alginate microspheres for colonic delivery of anti-cancer drug,
cisplatin. They prepared pectin and alginate solution by dissolving pectin (4 wt.%) and
sodium alginate (1 wt.%) in 0.9 wt.% sodium chloride with stirring for 1 h at room
temperature. Cisplatin was added into the pectin/alginate solution to produce a final
cisplatin concentration of 1 mg/mL. To fabricate the microspheres electro spraying with
working voltage of 15 kV was used. Figure 1.11 shows these microspheres (Hsu, F.Y., et
al 2013).

Figure 1.11. Optical micrographs of pectin alginate microspheres generated with 15 kV.
Operating conditions: flow rate 2.54 mL/h, needle size 18G (Hsu, F.Y., et al 2013).
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The microspheres were coated with Eudragit S100 based on a 1:2 ratio of
methacrylic acid and methyl methacrylate using fluid bed coating and solvent
evaporation techniques (figure 1.12).The drug load used was 17.4 ± 0.7 and 14.9 ± 0.4
µg/mg for uncoated pectin/alginate microspheres (PAMs) and Eudragit S100- coated
PAMs, respectively. About 87.0 % of the drug was entrapped in the uncoated

microspheres. 74.6 % was entrapped in the Eudragit S100-coated PAMs where 12 % of
the drug was lost after coating.

Figure 1.12. SEM images of the surfaces and cross-sections of uncoated pectin/alginate
microspheres (PAMs) and Eudragit S100-coated PAMs. (a) surface morphology of the
uncoated PAMs, (b) surface morphology of the Eudragit S100-coated PAMs. (Hsu, F.Y.,
et al 2013)..
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Release profile of the microspheres in different media at different pH is shown in
figure 1.13. Eudragit S100- coated PAMs showed slower drug release in HCl media (pH
1.2) and phosphate buffer (pH 4.5) compared to uncoated PAMs. At pH 7.4 phosphate
buffer both coated and uncoated PAMs showed similar release behavior. The drug release
profile was also influenced by the presence of chelating agent in the dissolution media
such as phosphate or citrate at various pH values. At pH 4.5 media that has phosphate
Eudragit S100-coated PAMs had slower release rate compared with uncoated PAMs
(Figure 1.13 b). Figure 1.14 shows the results of the percent cumulative in vitro release of
cisplatin from uncoated pectin/alginate microspheres and Eudragit S100-coated PAMs in
simulated gastrointestinal fluids PAMs (Hsu, F.Y., et al 2013).
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Figure 1.13. Release profile describing percent cumulative in vitro release of cisplatin
from uncoated pectin/alginate microspheres (PAMs) and Eudragit S100-coated PAMs at
various pHs. a pH = 1.2, b pH = 4.5, and c pH = 7.4 (Hsu, F.Y., et al 2013).
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Figure 1.14. Release profile describing percent cumulative in vitro release of cisplatin
from uncoated pectin/alginate microspheres (PAMs) and Eudragit S100-coated PAMs in
simulated gastrointestinal fluids (Hsu, F.Y., et al 2013).

21

1.4 Objectives of the Project
In this thesis a new electric device comprising an alginate hydrogel will be
demonstrated. This new dosage form is called a fail-safe tablet. The current will be
applied into it through an electrode that is inserted in its core. The objective for making
the fail-safe tablet is to provide less than 20% of the drug if the tablet is given passively.
Thus, the drug release will be obtained via the application of an electric current. This can
help in targeting the delivery of the drug to a specific site in the GI tract including the
colon. This will ensure safety for the patient in case of device malfunction.
The preparation process of the conventional calcium alginate dosage forms such
as sheets and beads are not suitable for making a fail-safe tablet. The small size of the
calcium alginate bead doesn’t allow for insertion of an electrode to the core of the bead.
Hence, a novel method was developed to address this problem. This novel method has
several advantages over the available calcium alginate dosage forms. It allows for
producing a dosage form in the size of a conventional tablet. This procedure allowed for
the insertion of the electrode easily to the core of the tablet. It also addressed the
limitations related to the small size and variability of the beads and their preparation
process. The procedure utilizes a mesh basket covered with filter paper that allows the
passage of cross-linking liquid from outside. The basket determines the size and shape of
the gel. The openings of the mesh allows for an immediate and simultaneous contact of
the cross-linking solution with the outer surface of the gel from all sides.
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To be able to produce a fail-safe tablet, the new calcium alginate dosage form was
investigated. A more robust process to manufacture calcium alginate tablets was
developed. The formulation and process to control the drug release profile was optimized.
Thus, two new dosage forms were developed. One that can release the drug passively and
another that controls the drug release using electric current.

1.5 Hypothesis
‘The release profile of the model drug (Ibuprofen) used in the calcium alginate gel
tablet will be controlled passively; through adjusting the concentration of the crosslinking solution, cross-linking time and/or addition of a certain excipient, or electrically
through applying electric current’.

1.6 Specific Aims
1.

To conduct a preliminary screening to determine the ideal conditions to produce
calcium alginate tablets that are capable of producing a controlled release profile of
ibuprofen.

2.

To determine the formulation and process parameters which affect the rate of drug
release.

3.

To conduct a Statistical Design of Experiments to make a new model that predicts
the cross-link time needed in a certain calcium chloride molarity to meet a certain
release profile.

4.

To achieve a uniform release rate of different drugs using the same formula.
23

5.

To achieve a controlled release profile via application of different electric current.
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CHAPTER TWO
PRELIMINARY EXPERIMENTS OF SIDE BY SIDE DIFFUSION CELLS

2.1 Introduction
Iontophoresis is a non-invasive technique usually applied on transdermal patches
to enhance penetration of drugs across the skin by a low electrical current (Ching C.T.S.,
et al 2014). The iontophoretic device is composed of:
1- a chamber carrying a drug.
2- an electrode carrying the same charge as the drug.
3- a ground electrode of the opposite charge which is placed elsewhere on the
body to complete the circuit.
The drug serves as a conductor of the current through the tissue (Eljarrat-Binstock E., et
al 2006). Thus, ionizable drugs get repelled by the electrode that bear the same charge.
This mechanism is called electro-repulsion (Gye, R.H., et al 1999). Iontophoresis can be
also used to deliver neutral drugs. Due to an electric current, water flow is developed in
the patient's body. Hence, even a non-charged drug exhibits increased skin permeability.
This mechanism is called electro-osmosis (Hirvonen, J., et al 1998).
The horizontal side-by-side diffusion cell is the device usually used in the lab for
iotophoresis experiments (Figure 2.1). These cells basically consists of two chambers
separated by a membrane (Banga, 2003). The membrane could be a synthetic filtration
membrane, polymeric matrix, skin, or nail. The device consists of two half cells. The
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donor cell contains the drug to be delivered to the receiver cell. Each half cell has two
ports. One port is for sampling and the other used to insert the electrode. The surface
area of the exposed skin is typically 0.64 cm2. An external water bath is used to maintain
the temperature of the circulating water in the jackets at 32oC (for skin and nails) or 37oC
(for internal testing). A magnetic stirrer is used for stirring the solutions in both
compartments continuously.

Figure 2.1. Schematic representation of a horizontal diffusion cell. (Banga, 2003)
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Silver and silver chloride are usually used as electrodes in the ionrophoretic
patches to avoid pH change in the donor compartment. Thus, water electrolysis doesn’t
occur and pH shifts that happen are avoided when inert electrodes are used (Sylvestre
J.P., et al 2006). The rate of the iontophoreticc flux can be controlled via adjusting the
magnitude of the current applied (Oh, et al 1998). Oh et al studied the effect of the
current density on the flux of Zidovudine (AZT) across hairless mouse skin. They found
that the iontophoretic flux of AZT solution increased to about 5-40 fold compared to
passive diffusion depending on the current magnitude they used (Figure 2.2).

Figure 2.2. The effect of current density on the transport of AZT from aqueous
solution of 20 mg mL concentration (Oh. et al 1998).
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Hydrogel compositions can be employed as passive transdermal reservoirs. It can
also be used for transdermal iontophoretic delivery of drugs as a monolithic drug
reservoirs. Agar is a gelling biopolymer that is widely used for bacterial culture media. It
melts at 100 oC and solidifies at 30-400C at concentration of 1 % (w/w). (Nussinovitch,
1997). Agar is composed of a complex mixture of polysaccharides, the neutral polymer
fraction, agarose, and the highly charged anionic polysaccharide called agaropectin.
Agarose could be used as a gel model for transdermal iontophoresis evaluation. Brouneus
et al used it in a general study to improve the iontophoretic delivery of local anaesthetics
of the amide type such as the salts of lidocaine, mepivacaine, and prilocaine. Agar was
also used as a model resembling the eye surface to evaluate the usefulness of an in vitro
ocular iontophoretic device (Eljarrat-Binstock et al 2008). They applied iontophoresis on
agar gels using different current intensities and durations.
The main objective of this chapter is to demonstrate the screening process for
parameters needed to initiate the drug release using the electric current. The parameters
that affect the flux of ibuprofen upon electrical current application through zinc
electrodes using side by side diffusion cells were screened. Agar gel discs were used as a
proof of principle for using electric current as a controlling mechanism for drug delivery.
They were used to test the feasibility of using our iontophoretic experimental set-up on
hydrogels.
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2.2 Materials
Zinc wire (1.0mm diameter, extruded, 99.9%, Sigma Aldrich, USA), Sodium
chloride (Fisher Scientific), citric acid (Sigma Aldrich), zinc sulfate (Fisher), Sodium Dihydrogen phosphate (Sigma Aldrich, ),ibuprofen (Fisher, USA), agar, (Sigma Aldrich,
USA), Millipore 1000 mw cut-off membranes, Ionotophoresis side-by side diffusion
cells with 9mm diameter opening were obtained from PermeGear. The current clamps
with PC control were provided by NuPathe, Inc. The temperature controller was from
Henke.

2.3 Methods
A saturated ibuprofen donor solution of different pH values made with phosphate
citrate buffer in hypertonic (2.7%) NaCl solution was prepared. The receiver solution was
phosphate citrate buffer in hypertonic (2.7%) NaCl of different pH values as indicated. A
Millipore 1000 mw cut-off membrane were used as the membrane between donor and
receiver compartments of the side by side diffusion cells. The glossy side of the
membrane faced the donor compartment. The volume of the donor and receiver solution
was 3.0 mL. Zinc wire was used for both electrodes; anode and cathode. Direct current
was applied through the cathode on the donor side. For reverse current application the
anode was used. Different experimental set-ups were used. For all experiments 5
milliamps was applied. Table 11 shows a summary of the set-up of these experiments.
The effect of application of direct/reverse currents on flux rate was studied. Buffers with
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different pH values were used. The temperature of the apparatus was maintained at 37.0
ºC. 1.5 mL samples were withdrawn at predetermined time intervals.
A 2% (w/v) agar solution with 2.7% NaCl was heated to boiling. When the agar
solution temperature was about 50 oC, 10 % (w/v) ibuprofen was added and stirred with a
magnetic stirrer until uniformLy mixed. Then 2 mL of agar ibuprofen mixture was
withdrawn with 5 mL syringe, and poured in a 1.5 cm diameter mold that was previously
sprayed with vegetable oil. A zinc wire was insulated with an electrical insulator and
coiled at one end. It was inserted in the center of the gel mold. The wire was held still
until the gel was completely solidified. The gel disc was then released. For the dissolution
study, the wire in the gel disc was attached to the negative side of the external power
supply making it the cathode. The positive side of the external power supply was attached
to the dissolution medium making it the anode. The dissolution medium was 250 mL of
7.2 phosphate citrate buffer with 0.9% NaCl. 5 mA was supplied during the experiment.
For the control experiment, dissolution was studied without attaching the gel disc to
electrical current. 1 mL samples were withdrawn every hour for three hours, and fresh
buffer was added after each sampling. The samples were analyzed by HPLC.

2.4 HPLC Analysis
An Agilent 1100 series HPLC with auto sampler and dual wavelength detector was used.
The mobile phase was acetonitrile to water with 0.5% formic acid (60:40 v/v). The flow
rate was 1.2 mL/min and the sample injection volume was 50 μL and the wavelength of
detection was 214 nm. The column used was a 150 by 4.6 mm Eclipse Plus C18 column
(Agilent).
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2.5 Statistical Analysis of Experimental Data
All the experimental results were analyzed using one way analysis of variance
(ANOVA) using Minitab 16. A p-value < 0.05 was considered to be statistically
significant.

Table 2.1
Summary of experimental set-up used in the side by side diffusion cell experiments.
The buffer used was phosphate citrate buffer.

Experiment

Solution used in the donor

pH of the phosphate citrate buffer used
in the receiver

1

pH 3 buffer

3

2

pH 3 buffer

7

3

pH 3 buffer + zinc sulfate

7

4

10 mM pH 3 buffer

7
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2.6 Results and Discussion
The standard electrode potential is the likelihood that a species will be reduced.
The standard electrode potential of zinc is -0.763. When used as a cathode (metal wire),
water gets reduced into hydrogen gas and hydroxyl groups since water has a reduction
potential of -0.8277 (Lide, D.R., 2005). Thus, in the presence of electric current, water
electrolysis takes place at the zinc cathode and pH increases due to the release of
hydrogen gas. On the anode, zinc gets oxidized into zinc oxide and a white precipitate is
produced. However, in the presence of zinc ions in the solution; zinc ions get reduced at
the cathode into zinc metal since it is a stronger oxidizing agent than water.
Ibuprofen is a weak acid that has a pKa of 4.4-5.2 (Rainsford, K.D, 2012). This
means that around pH of 5, 50% of the ibuprofen is ionized (Sparks, D.L., 2003). For
weak acids, as pH increases percentage of ionized species also increases. Hence, in
experiment 1 (Table 2.1) regardless of the pH used in the donor; insignificant amount of
ibuprofen was detected when pH 3 buffer was used in the receiver. This was due to the
low solubility of ibuprofen at this pH. The application of direct current (cathode) in the
donor compartment increased the pH and the solubility of ibuprofen. However, the low
pH of the buffer (pH 3) in the receiver compartment limited the detection of ibuprofen.
When reverse current was applied much higher amount of drug was detected in the
receiver compartment compared to direct current (Figure 2.3). This was due to the slight
increase in pH of the buffer in the receiver compartment between sampling periods. This
increase was subjected to drop every time a freshly pH 3 buffer was added during
sampling (Every 2 hours).
32

In experiment 2, pH 3 phosphate citrate buffer was used in the donor and neutral
pH phosphate citrate buffer was used in the receiver. Significant amounts of ibuprofen
were detected upon application of direct current compared to reverse current (Figure 2.4).
In the case of the direct current application, frequent sampling and resupplying of neutral
buffer every 30 minutes prevented the sharp decrease in the pH of the buffer in the
receiver compartment. This could be due to the reaction of hydroxyl groups with the zinc
at the anode. The cumulative amount of ibuprofen passively diffused was significantly
higher than the cumulative amount detected from the reverse current (Figure 2.4). This
could be due to diffusion of the buffer from the receiver towards the donor compartment.
This led to an increase in the pH in the donor and as a result increased ibuprofen
solubility. These results were confirmed by measuring pH changes in donor and receiver
compartments as shown in table 2.2.
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Figure 2.3. Cumulative amount of ibuprofen released when pH 3 phosphate citrate buffer
was used in the both compartments donor and receiver. Cathode was connected to the
donor side for direct current and anode was connected to the donor side of the reverse
current. The duration of the experiment was six hours.
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Figure 2.4. Cumulative amount of ibuprofen released when pH 3, pH 7 phosphate citrate
buffer was used on donor and receiver compartments, respectively. Cathode was on the
on the donor side for direct current experiment and anode on the donor side for the
reverse current experiment. The duration of the experiment was four hours.
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Table 2.2

pH value of phosphate citrate buffer in donor and receiver compartments at the end of
the experiment (after 4 hours) and for the receiver compartments after 30 minutes. Fresh
pH 7 buffer was added to the receiver every 30 minutes. pH of the phosphate citrate
buffer in the donor was initially 3 and in the receiver was initially 7.

Average pH
Donor, after 4 hours

Receiver, 30 min.

Receiver, after 4 hours

9.74

6.37

6.85

3.15

10.38

10.89

4.13

6.8

6.89

Sample

Direct current

Reverse current

Passive
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When the electric current was switched on, water electrolysis took place at the
zinc cathode. One of the indications of water electrolysis was the formation of hydrogen
gas bubbles. pH increased as a result of the release of hydrogen gas. In experiment 3
(Table 2.1) zinc sulfate was added to a saturated ibuprofen solution made with pH 3
phosphate citrate buffer. This solution was used in the donor compartment. No bubbles
were detected for about 2 hours. Thereafter, bubbles started to form. Release rate was so
low within the first two hours, then it started to increase gradually (Figure 2.5). Zinc ion
is a stronger oxidizing agent than water (Lide DR, 2005). Hence, in the presence of zinc
ions water electrolysis did not take place and no bubbles formation was observed.
Contrary to water electrolysis when no zinc ions were added to the solution there was no
shift in the pH in the donor. Release rate of ibuprofen started to increase once all zinc
ions were reduced and water electrolysis started to take place.
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Figure 2.5. Release profile of ibuprofen when 100 mM pH 3 phosphate citrate buffer
solution was used in the donor with zinc sulfate being added. pH 7 phosphate citrate
buffer was used in the receiver. Cathode was connected to the donor side
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The release profile of ibuprofen when pH 3 phosphate citrate buffer was used in
the donor is shown in figure 2.6. The molarity of the buffer used was 100 mM. The
water electrolysis effect on pH was slow in the first two hours due to the high buffer
capacity. This is clearly seen in the lag time of the release. Once the phosphate citrate
buffer was consumed, buffer lost its capacity to maintain constant pH. As a result, pH
started to increase and hence the solubility of ibuprofen. Thus, after two hours the release
of ibuprofen became more significant. In a try to alleviate the lag-time, a buffer with less
ionic strength was used, 10mM (experiment 4, table 2.1). Figure 2.7 shows that lag time
was reduced to less than 1 hour.
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Figure 2.6. Release profile of ibuprofen in a 100 mM pH 3 phosphate citrate buffer
solution in the donor, to a pH 7 phosphate citrate buffer in the receiver. Cathode was
connected to the donor side
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Figure 2.7. Release profile of ibuprofen when 10 mM pH 3 phosphate citrate buffer
solution was used in the donor, and pH 7 phosphate citrate buffer was used in the
receiver. Cathode was connected to the donor side.
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To prove the concept of using iontophoresis on hydrogels; the same set up of
using zinc wire as electrodes was applied on agar gel. The freshly made agar gel discs
looked white in color due to the presence of undissolved ibuprofen in the gel (Figure 2.8).
Upon applying electric current to the agar disc through the cathode, the white color of the
gel started to fade gradually. The gel became clear after 3 hours. The agar disc used for
control (No electric current being applied) showed a clear color only at the circumference
of the agar disc (Figure 2.8) Hydrogen gas released due to water electrolysis was
observed leaving the agar disc during the experiment (Figure2.9). The pH of the core of
the agar disc, started to rise due to the release of the hydroxyl ions as a result of water
electrolysis that took place at the cathode. Ibuprofen has a high solubility at neutral pH.
Thus the agar gel started to get clear as ibuprofen started to dissolve.
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Figure 2.8. Agar discs after 3 hours of dissolution study. On the right electric current was
applied through the cathode. On the left no electric current was applied.

Figure 2.9. Hydrogen gas being released from the agar disc upon electric current
application.
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The release profile of ibuprofen from agar discs is shown in figure 2.10. This
experiment was not performed in triplicate. Hence, the slopes of the lines could not be
considered different at 95%. However, at 90% the slope of the data for electric current
was significantly greater than passive.

Ibuprofen cumulative amount, mcg

35000
30000
25000
20000
y = 8315.7x + 5523.1
R² = 0.9878

15000

Electric current

10000
y = 3811.7x + 7905.5
R² = 0.9591

5000

Passive

0
0

1

2

3

4

Time, hr

Figure 2.10. Release profile of ibuprofen from agar gel discs with and without electric
current application.
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2.7 Conclusion
The side-by-side diffusion cell experiments showed the advantage of using zinc
electrode. It can manipulate the pH of the surrounding medium of the model drug. With
the help of water electrolysis, the drug diffusion could be controlled. pH solubility
dependent drugs could be formulated in a medium at a pH where it is not soluble. The pH
could be adjusted on demand by application of the electric current to increase the
solubility of the drug. Likewise, the same principle could be applied on certain
biopolymers. A biopolymer that has low solubility at low pH and high solubility at high
pH could be used as a drug delivery vehicle. The biopolymer dissolves as a result of pH
change upon application of the electric current the change. The drug incorporated in the
biopolymer will then be released. This is extremely significant since the electric current
work will be done on the matrix regardless of the solubility of the drug used.
The agar experiment showed the change in solubility of ibuprofen via application
of electric current due to water electrolysis. This was visually observed. According to the
website of FDA inactive ingredients for approved drugs, the maximum amount of agar
allowed in an oral tablet is only 0.203MG. Thus, agar could not be used for further
experiments. Sodium alginate is a better candidate to be used as a drug delivery vehicle.
It is a weak acid biopolymer and has a pH sensitive solubility. Moreover, according to the
FDA web site for inactive ingredients, a maximum potency of 350 MG could be used in
orally sustained release tablets.
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CHAPTER THREE
PRELIMINARY CALCIUM ALGINATE TABLET MANUFACTURING
3.1 Introduction
Alginate is a biocompatible, non-immunogenic biomaterial. Biomaterials are inert
materials that don’t interact with biological systems in the host. Alginate has been used in
numerous applications in biomedical science and engineering (Rehm, B.H.A, 2009). It is
widely used for the preparation of beads due to its ease of gelation (Lee, et al 2012).
Alginate beads are prepared when drops of alginate solution react instantly with a crosslinking solution such as calcium chloride solution (Rehm, B.H.A, 2009). The crosslinking process takes place when the divalent ions of the cross-linking solution react with
the carboxylic groups of the guluronic regions of the alginate to produce an egg box
model (Bajpai, S.K, and Sharma, S., 2004).
As shown in chapter two, alginate makes a good candidate for developing
iontophoretic tablet template due to its pH dependent solubility (Rehm, B.H.A, 2009).
However, the calcium alginate beads are not suitable for developing the iontophoretic
tablet because of their small size. In fact, passively used, the small size of the beads has
some disadvantages. Small beads suffer low drug encapsulation and high drug release.
The beads preparation process is difficult to control. Also, the viscosity threshold of the
alginate solution used to make the beads is very low.
In this chapter, a new method to make a large alginate dosage form in the size of a
conventional tablet will be demonstrated. Since this dosage form is a novel one, it will be
investigated without the application of an electric current. The ideal conditions to
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produce the tablet will be demonstrated. The parameters necessary for determining the
drug release and affecting the production process will be discussed in detail. Finally, the
development of a fail-safe tablet that releases less than 20% of the drug in 24 hours will
be discussed.

3.2 Materials
The materials used for calcium alginate tablet formulations included: lactose
(monohydrate N.F, Drug and Chemical CO., INC, USA), glycerol (Fisher, USA), stearic
acid( N.F, Spectrum, USA), alginic acid sodium salt (Sigma Aldrich, United Kingdom),
sucrose (≥99.9%, Fisher, USA), calcium chloride (Fluka, Germany), potassium
phosphate monobasic (Sigma Aldrich, USA), methyl red sodium salt (Sigma Aldrich)
and ibuprofen (Spectrum, USA) as a model drug.
For dissolution studies, dissolution bath (Vankel VK 7010 dissolution apparatus,
Cary, NC), temperature control (Vankel 17-2200, Cary, NC), and USP standard 40 mesh
basket (Fisher) was used. HPLC grade acetonitrile from Fisher was used in preparation of
mobile phase.

3.3 Tablet Fabrication Approach
A four-step, novel approach which produces a dosage form in the size of a
conventional tablet was used. This addresses the limitations related to the small size and
variability of the beads and their preparation process. The procedure utilizes a mesh
basket covered with filter paper that allows the passage of liquid from outside (Figure
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3.1). The basket determines the size and shape of the gel. The openings of the mesh
allows for an immediate and simultaneous contact of the cross-linking solution with the
outer surface of the gel from all sides.
The procedure is as follows:
1. The basket is wetted by dipping it in the cross-linking solution for a second.
2. Using a syringe, the basket is filled with a premeasured amount of sodium alginate
gel formulation.
3. The basket is soaked again in the cross-linking solution for a certain amount of time.
4. Finally, the cross-linked tablets are then removed from the baskets and the extra
solution is removed.
5. The tablets are oven dried for 48 hours.
This method completely coats the gel in cross-linking solution. This ensures the
specific shape and size of the tablet. This method offers optimal control of the content,
size, and shape of the tablet.
The ability to make a larger tablet allows for a longer drug release profile than
what could be obtained using small alginate beads. The release profile and the lag-time
can be controlled by cross-linking time, the cross-linking solution concentration and the
use of additives. The described method above allows for a more controlled method for
producing sodium alginate solid oral dosage forms.
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Figure 3.1. Basket device used to mold the tablets of the sodium alginate gel.
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3.4 Tablet Fabrication
To make the gel tablets, 2 mL of the formulated solution was withdrawn using a
syringe. A basket with a 1.5 cm diameter was soaked momentarily in a calcium chloride
solution (5, 2.5, 2 or 1 molar as required). The basket was removed from the calcium
chloride solution and filled with formulated alginate solution previously withdrawn by
the syringe. The basket was soaked again in the calcium chloride solution for different
periods of time as required. The cross-linked tablets were removed from the basket. The
tablets were then washed with deionized water for 10 seconds to remove the extra
calcium chloride solution on the surface of the tablets. For some batches extra CaCl2
solution was removed by wiping with a tissue paper. Finally, the gel tablets were oven
dried at 50 oC. Table 3.1 shows the amounts of the ingredients used for different
formulations.
A drying study was designed for the tablets with different formulations. The
weight of three tablets was monitored and recorded during the drying process until no
decrease in the weight was observed. The oven temperature was 50 oC. The time needed
for drying was 18 to 48 hours.
A swelling study was also performed for tablets made with formulation 3 to
monitor their swelling behavior in 0.1 N acidic medium for two hours. Apparatus I
(basket) was used. During the two hours period, tablets were taken from the dissolution
bath every 15 minutes, wiped off extra solution and weight was recorded.
The swelling percent was determined by calculating the water uptake using the
following equation:
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% weight change = [(Ws – Wi)/ Wi] x100.
Where Ws is the weight of bead at each time and Wi is the initial weight of bead before
swelling (dry bead). (Pasparakis G and Bouropoulos N, 2010).
The 5 molar calcium chloride solution was mixed with 0.5 % (w/v) methyl red. A
tablet made with formulation 3 was cross-linked in this solution for 90 seconds. After 2
hours this tablet was cut in half and a photo of the cross section was taken.
The dissolution of tablets in different media was tested to determine the erosion
mechanism of the tablets. The tablets made with formulation 4 and cross-linked in 1
molar CaCl2 solution for 3 minutes. The media used were pH 7.2 deionized water, 10 mM
EDTA at pH 7.2, 10 mM EDTA with calcium chloride addition at pH 7.2, 50 mM pH 7.2
phosphate buffer. The tablets were pretreated in 0.1 N HCl for two hours before
transferring them to the dissolution media.
Tablets made with formulation 3 were cross-linked in 5 molar CaCl2 solution for 30
seconds and washed in deionized water for 10 seconds. These tablets were treated in
deionized water for two hours and then transferred to a pH 7.2 phosphate buffer
dissolution media for 24 hours.
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Table 3.1
Ingredients used for the preliminary formulations.
Ingredients
Formula
Sodium alginate Stearic acid Lactose Sucrose Glycerol

Deionized
water

1

1g

0

0

0

0

20 mL

2

1.6g

1g

0

0

0

20 mL

3

1.6g

1g

1.6

0.8g

8g

30 mL

4

1.6g

1g

1.6

3g

8g

30 mL

5

1.6g

3.6g

1.6g

3g

8g

30 mL

1g Ibuprofen was added for all the formulas.
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3.5 Dissolution Studies
USP Apparatus I was used. The rotation speed was 50 RPM and the temperature
was 37.0 ±0.5 Co. The dissolution media used was 900 mL of 0.1 N hydrochloric acid or
900 mL of deionized water as indicated for two hours. After 2 hours the tablets were
transferred to 900 mL of different dissolution media as indicated. A 1 mL sample was
withdrawn at each sampling time. The samples were analyzed by HPLC.

3.6 HPLC Analysis
An Agilent 1100 series HPLC with auto sampler and dual wavelength detector
was used. The mobile phase was acetonitrile to water with 0.5% formic acid (60:40 v/v).
The flow rate was 1.2 mL/min and the sample injection volume was 50 μL and the
wavelength of detection was 214 nm. The column used was a 150 by 4.6 mm Eclipse
Plus C18 column (Agilent).

3.7 Results and Discussion
Different formulation trials were designed to prepare the solution required for
calcium alginate tablet manufacturing. Table 1 shows a summary for the ingredients used
for every formulation. Some of the formulations were not able to produce an acceptable
tablet shape due to the massive shrinkage of the gel during the drying process. Some
formulations produced an acceptable shape with some collapse in the center. This caused
a slight divot in the tablet. Those formulations with an acceptable shape were chosen for
subsequent examination and dissolution studies.
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Formulation 1 was the first trial used to produce calcium alginate tablets. These
tablets did not hold regular, spherical shape after drying. Hence, formulations 2, 3 and 4
were required. Tablets made with formulation 2 suffered a massive collapse in the
center. Formulations 3, 4 and 6 produced tablets with an acceptable shape with little
indentation at the center, while formulation 5 produced perfect disc shape tablets. Thus,
formulations 3, 4, 5 and 6 were chosen for subsequent studies and experiments.
Phosphate buffer was used to maintain the pH of the dissolution medium during
the dissolution study. In the gastrointestinal tract fluids phosphate is not the primary
constituent buffer (Sheng JJ. et al, 2009). In the body bicarbonate is actively secreted by
the pancreas and the duodenal epithelium to neutralize the gastric fluids coming from the
stomach (Takeuchi K, et al 2011). However, bicarbonate rarely used as a buffer in the in
vitro dissolution studies since continuous CO2 gas sparging is required to maintain a
constant pH and HCO3− concentration in the dissolution medium. Hence, almost all
pharmaceutical dissolution studies apply phosphate or acetate buffers (Takeuchi K, et al
2011).
The dissolution profiles of the tablets were determined. Initially, the USP
apparatus II (Paddle) was used for some of the experiments (Figure 3.2). However, it
was found that some tablets tended to float and/or hit the paddle (Figure 3.3). This
resulted in a high variability in the dissolution profile. Additional dissolution
experiments of the same formulations utilizing USP Apparatus I had low variability.
This suggests that if the tablet hit the paddle during an Apparatus II experiment, this
causes an increase in erosion. The randomness of these occurrences lead to the
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variability. Hence, for the rest of the experiments the dissolution apparatus used was
dissolution apparatus I with a rotating basket (Figure 3.4).

Figure 3.2. Apparatus II used in dissolution study (Riley CM, 2014)
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A

B

Figure 3.3. Tablet being floating (A) and hitting the paddle (B).
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Figure 3.4. Apparatus I used in dissolution study (Riley, C.M., 2014).
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Generally, at low pH values (< 4) shrinkage is favored in alginate beads since the
carboxylate groups of alginate are protonized and hence there is electrostatic repulsion
among these groups lessens (Pasparakis, G. and Bouropoulos, N., 2010). Table 3.2 shows
the average swelling percentage of three tablets made with formulation 3 in the acid
stage. Tablets were cross-linked in 5 molar CaCl2 solution for 30 seconds. The weight of
each tablet was measured every 15 minutes for two hours. After 2 hours, the tablets
showed about 17% swelling. Figure 3.5 shows that the weight of the tablets kept
increasing over the first hour of acid treatment and then started to decrease after that. This
might be due to diffusion of the glycerol and the other soluble excipients, sucrose and
lactose, from the tablet over time causing the weight to decrease.
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Table 3.2
Swelling behavior of tablets made with formulation 3 and crosslinked in 5 molar calcium chloride solution for 30 seconds.
Time (min.)

Weight (g)

% Swelling

0

0.81066667

0

15

0.89266667

10.20576132

30

0.96566667

19.218107

45

0.99766667

23.16872428

60

1.00933333

24.6090535

75

1.01466667

25.26748971

90

1.00866667

24.52674897

105

1.00156667

23.65020576

120

1.00213333

23.72016461

135

0.96733333

19.42386831

160

0.9499

17.27160494
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Figure 3.5. Weight changes of tablets made with formulation 3 and cross-linked in 5
molar calcium chloride solution for 30 seconds. Tablets were treated in 0.1N HCl.

58

No degradation of the tablets was observed in the acidic media. The results show
that less than 5% of the drug was released in 0.1 N HCl media after two hours. This was
observed for all formulations. However, the release of the model drug was much more
significant in pH 6.8 or 7.2 phosphate buffer media. The dissolution profile in this media
was zero-order. The mechanism of drug release is the erosion of the alginate when
calcium ions were detached from the alginate and reacted with the phosphate to produce
calcium phosphate. (Wui, T., 2011).

3.7.1 Erosion Mechanism
The dissolution of tablets in several different media is shown in figure 3.6. These
tablets were made with formulation 4 and cross-linked in 1 molar CaCl2 solution for 3
minutes. There was no significant release of the drug in pH 7.2- deionized water; which
is similar to the same behavior in acidic media. Complete drug release profile as observed
in pH 7.2 phosphate buffer was observed in the 10mM EDTA dissolution medium. No
erosion or release was observed when EDTA solution was treated with calcium chloride
(Figure 3.6). These findings suggest that the dissolution of the drug from the Ca Alginate
dosage form was dependent on two things. First, the pH of the media had to be neutral or
high. Second, the media had to have the ability to complex with the calcium in solution.
This was demonstrated when the dissolution of ibuprofen in deionized water at pH 7.2
produced no drug release. The drug release at pH 7.2 in media with either EDTA or
phosphate buffer was complete in 6 hours. Drug release in 0.1 N HCl was less than 5%.
These dissolution results correlated with the observation that the tablet shows no erosion
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in 0.1 N HCl or in pH 7.2 deionized water. The tablets did show erosion in pH 7.2 media
with either EDTA or phosphate buffer.
Kim, W.T., et al found that alginate beads exposed to 0.1 M NaCl solution of pH
7.4 were more stable than in simulated intestinal fluid (SIF) (contains phosphate buffer)
at the same pH of 7.4. They found that these beads after 6-h incubation at 37 C swelled
without degradation. They indicated that this might be because the leakage of crosslinking calcium ions is less in the NaCl solution than in SIF due to the absence of
calcium-chelating phosphate. (Kim, W.T., et al 2008).
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Figure 3.6. Release profile of ibuprofen in pH 7.2 deionized water, 10mM EDTA, and
10mM EDTA+30mM CaCl2. Tablets were initially treated in 0.1 N HCl for 2 hours.
Tablets were made with formulation 4 and cross-linked in 1 molar CaCl2 solution for 3
minutes.
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Surface erosion is one of the mechanisms for erosion in cross-linked networks.
Surface-degrading networks maintain their cross-linking density and structural integrity
throughout the degradation process because degradation is limited to the surface of the
material. (Wong, J.Y., et al 2007). The surface-eroding polymers are advantageous for
drug delivery applications because they are characterized for their zero order release.
Surface-eroding matrix becomes smaller but maintains its original geometric shape as a
function of degradation time until the structure is completely eroded (Figure 3.7)
(Dumitriu, S., et al 2013).

Figure 3.7. Schematic illustration of surface erosion of polymers (Dumitriu, S., et al
2013).
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3.7.2 Release Mechanism
Formulation 3 was chosen to investigate the effect of cross-linking time and
concentration of calcium chloride solution on the release profile of the tablets. The
factors chosen were 5 molar vs. 2.5 molar CaCl2 solution concentration, and 30 seconds
vs. 60 seconds cross-linking time. Residence time for these experiments in the acid stage
(0.1 N HCl) was 15 minutes and pH 6.8 phosphate buffer was used in the buffer stage.
Release profiles for tablets made according to these factors are shown in figures 3.8, 3.9,
3.10, 3.11 and 3.12. For all of the tablets the release profile fit a zero-order kinetic profile
better than a square-root-of-time kinetic profile.
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Figure 3.8. Release profile of ibuprofen in pH 6.8 phosphate buffer for tablets made with
formulation 3 and cross-linked in 2.5 molar calcium chloride solution for 60 seconds.
Tablets were treated in 0.1 N HCl prior to the buffer stage.
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Figure 3.9. Release profiles of ibuprofen in pH 6.8 phosphate buffer for tablets made with
formulation 3 and cross-linked in 2.5 molar calcium chloride solution for 90 seconds.
Tablets were treated in 0.1 N HCl prior to the buffer stage.
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Figure 3.10. Release profiles of ibuprofen in pH 6.8 phosphate buffer for tablets made
with formulation 3 and cross-linked in 5 molar calcium chloride solution for 90 seconds.
Tablets were treated in 0.1 N HCl prior to the buffer stage.
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Figure 3.11: Release profiles of ibuprofen in pH 6.8 phosphate buffer for tablets made
with formulation 3 and cross-linked in 5 molar calcium chloride solution for 30 seconds.
Tablets were treated in 0.1 N HCl prior to the buffer stage.
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Figure 3.12. Release profiles of ibuprofen in pH 6.8 phosphate buffer for tablets
made with formulation 3 and cross-linked in 5 molar calcium chloride solution for
60 seconds. Tablets were treated in 0.1 N HCl prior to the buffer stage.
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Table 3.3 shows that T80 (the time for 80% drug release) is proportional to the
cross-linking time and the concentration of calcium chloride. The release rate was
inversely proportional to these same two measures. As seen in table 3, release profiles of
tablets cross-linked in 5 molar solution for 60 seconds have half the release rate and twice
the T80 of tablets cross-linked in the same molarity for 30 seconds. Also, the release
profiles of tablets cross-linked for 30 seconds in 5 molar CaCl2 solution showed half the
release rate and twice the T80 of tablets cross-linked for the same time in 2.5 molar.
Increasing the cross-linking time to 90 seconds did not result in a significant effect on the
T80 nor release rate. This indicated that an outer shell of cross-linked alginate was formed
which did not allow for additional cross-linking. This was verified observationally when
cross section of a cut tablet showed the presence of a soft gel core and hard outer shell
(Figure 3.13)
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Figure 3.13. The outer shell and the soft core of the tablet made with formulation 3. The
tablet was cross-linked in 5 molar calcium chloride solution for 90 seconds. The solution
was mixed with 0.5% w/v methyl red. After 2 hours the tablet was cut in half.
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This observation was confirmed when tablets were cross-linked for 120 seconds
in 5 molar CaCl2 solution. These tablets had minimal erosion over 24 hours in buffer.
There was also no significant drug release.
Observationally, small changes in cross-linking time had a large impact on the T80
and drug release rate. This was considered non-optimal for producing reliable drug
release (Table 3.3). The drug release had to be less sensitive to cross-linking time.

Table 3.3
Comparison between T80 and release rates of tablets made with formulation 3
and cross-linked in different calcium chloride solution concentrations (5 molar
and 2.5 molar) for 60 and 90 seconds.

Tablet

Molarity

Cross-linking time

T80 (h)

Release Rate

1

5

30

3.7

0.2437

2

5

60

6.92

0.1291

3

2.5

60

3.64

0.2369

4

5

90

8.61

0.0983

5

2.5

90

4.51

0.1935
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To achieve less sensitivity to cross-linking time it was hypothesized:
1. The outer shell had to be reduced.
2. Using lower concentrations of calcium chloride would produce tablets with a
more uniform cross-linking.
3. This would result in less sensitivity of drug release on crosslinking time.
Tablets were made with formulation 3 and cross-linked in 1 molar calcium chloride
solution for different times. Residence time in the acid stage was increased to 2 hours and
dissolution media was 7.2 phosphate buffer for the buffer stage. Figure 3.14 shows the
release profile for these tablets when cross-linked for 4 minutes. Release profile followed
zero order kinetics. T80 of these tablets was 4 hours. This T80 is similar to the T80 of
tablets cross-linked in 5 molar for 30 seconds. This result suggest that cross-linking in
lower molarity was a successful approach to space apart the cross-linking times and make
drug release less sensitive on cross-linking time.
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Figure 3.14. Release profile of ibuprofen in the phosphate buffer stage for tablets made
with formulation 3 and cross-linked in 1 molar calcium chloride solution for 4 minutes.
Tablets were treated in 0.1 N HCl prior to the buffer stage.
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No hard shell formation was observed even when cross-linking time was
increased to 12 minutes (Figure 3.15) However, it was found that release rate of the drug
was not uniform. In the first three hours the release rate was slower than the last six
hours. This behavior could be an indication of the formation of the outer shell because of
the long cross-linking time of 12 minutes even though 1 molar calcium chloride solution
was used.
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Figure 3.15. Release profile of ibuprofen in pH 7.2 phosphate buffer for tablets made
with formulation 3 and cross-linked in 1 molar calcium chloride solution for 12 minutes.
Tablets were treated in 0.1 N HCl prior to the buffer stage.
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To examine if the lag time would be more noticeable as cross-linking time
increased, tablets were cross-linked for 24 minutes. Figure 3.16 shows that lag time
became higher as cross-linking time increased. This was an indication that the outer shell
will eventually form as the cross-linking time increases, no matter how low the molarity
of the cross-linking solution is.
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Figure 3.16. Release profile of ibuprofen in pH 7.2 phosphate buffer for tablets made
with formulation 3 and cross-linked in 1 molar calcium chloride solution for12 and 24
minutes. Tablets were treated in 0.1 N HCl prior to the buffer stage.
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It was hypothesized that non-uniform cross-linking could be the main reason for
the formation of the outer shell. In order to test this hypothesis, tablets made with
formulation 3 were pretreated in deionized water for two hours and then transferred to the
buffer stage for 24 hours. T80 of tablets made with this formulation and pretreated in 0.1
N HCl was about 3 hours. Interestingly, T80 of these tablets when pretreated in deionized
water increased to 13 hours. The different pH’s of the solutions; deionized water and 0.1
N HCl, could explain the diverse behavior of theses tablets. At low pH, the carboxylic
groups of alginic acid are in its unionized state. Any uncross-linked calcium ions would
diffuse out of the tablets to the dissolution medium. Alternatively, at pH > 6 (deionized
water); more carboxylic groups were in the charged state. The matrix ability to swell
became higher. As a result, the free calcium ions started to cross-link the ionized
carboxylic groups. The two hours residence in water resulted in a new matrix with higher
cross-linking ratio. Thus, much higher T80 was produced compared to a matrix treated in
acid (Figure 3.17).
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Figure 3.17. Release profile of Ibuprofen in pH 7.2 phosphate buffer for tablets made
with formulation 3 and pretreated in deionized water for 2 hours or 0.1 N HCl and then
transferred to the buffer stage for 24 hours. Tablets were cross-linked in 5M CaCl2 for 30
seconds and washed in deionized water for 10 seconds.
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When external gelation is used to produce alginate matrices; localized gelling
areas are produced due to the fast cross-linking process between alginate and calcium
ions. As a result, the uniformity and quality of calcium alginate matrices are affected (AlRemawi, M., 2012). Internal gelation addresses this problem through slow release of
calcium ions from insoluble calcium salt in an acidified medium. However, because of
the difficulty to apply this technique on large scale, its industrial use is limited
(Schoubben, A., et al 2010).
In a study done by Remawi for producing alginate films, it was found that the
addition of different percentages of sucrose during the cross-linking process improved the
external gelation technique. The produced films had a better homogeneity, transparency,
consolidation and visual appearance compared to films made without sucrose. Figure
3.18 shows the appearance of some of these films made with different percentages of
sucrose. According to Remawi’s study, the insertion of intermolecular sucrose prior to
cross-linking could partially decrease the degree of irregular polymer cross-linking and it
could hamper the rapid cross-linking rates which occurred during the external gelation
process (Al-Remawi, M., 2012).
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Figure 3.18. Calcium alginate films prepared in the presence of different concentration of
sucrose 0, 1, 2, 3, and 5% (a, b, c, d, and e, respectively). (Al-Remawi, M., 2012)
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In order to reduce the lag-time associated with formulation 3 when high crosslinking times were used; 3 g of sucrose were added to the gel. In addition, to decrease
residence time during the cross-linking process, tablets were not washed in deionized
water after the cross-linking step. Thus, calcium ions left on the surface of the tablets had
the ability to diffuse towards the core of the tablet during the drying process. Figure 3.19,
shows that 3 minutes soaking in the cross-linking solution for tablets made with more
sucrose (formulation 4) had less-lag time compared to the tablets made with formulation
3 where less sucrose was added.
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Figure 3.19. Release profile of ibuprofen in the phosphate buffer stage for tablets made
with formulation 4 where 3g sucrose were added and cross-linked in 1 molar calcium
chloride solution for 3 minutes. Tablets were treated in 0.1 N HCl prior to the buffer
stage.
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Moreover, 6 minutes residence time in the cross-linking solution without using
the washing step produced a release rate similar to the release rate of tablets cross-linked
for 12 minutes in the same solution and washed for 10 seconds (Figure 3.20).
.

1.2
1

% Release

0.8

y = 0.1264x - 0.0582
R² = 0.9935

6 min. No wash

y = 0.1265x - 0.2106
R² = 0.9908

12 min. With wash

0.6
0.4
0.2
0
0

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16

Time hr

Figure 3.20. Release profile of ibuprofen in the phosphate buffer stage for tablets made
with 0.8 and 3 g of sucrose. Tablets were treated in 0.1 N HCl prior to the buffer stage.
Tablets were made with formulation 3 (made with 0.8g sucrose), cross-linked in 1 M
CaCl2 for 12 minutes and washed for 10 second (Red), and release profile of tablets made
with formulation 4 (3g sucrose), cross-linked in 1 M CaCl2 for 6 minutes without
washing in deionized- water(Blue).
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Higher amounts of stearic acid was added to formulation 3. In formulation 5, 3.6g
stearic acid was added. Higher amount of stearic acid eliminated the lag time. Release
profile of tablets made with formulation 5 and cross-linked in 1 molar calcium chloride
solution for 3 minutes is shown in figure 3.21. This approach also eliminated the
indentation at the center of the tablets (Figure 3.22). Tablets made with 1 g stearic acid
had an obvious indentation at the center after drying (figure 3.23). The addition of more
stearic acid could help in creating channels in the gel. This might have led to a more
uniform cross-linking to calcium chloride ions. In addition, stearic acid could have filled
the void of the alginate network upon drying, and gave the tablet shape a better integrity.
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Figure 3.21. Release profile of ibuprofen in the phosphate buffer stage for tablets e made
with 3.6g stearic acid and 3g sucrose and cross-linked for 6 minutes in 2 molar CaCl2
solution using formulation 5. Tablets were treated in 0.1 N HCl prior to the buffer stage.
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Figure 3.22. Shape of tablet made with 3.6g stearic acid, 3g sucrose and cross-linked
in 1 molar CaCl2 solution for 6 minutes.

Figure 3.23. Shape of tablet made with 1 g stearic acid, 3g sucrose and cross-linked in 1
molar CaCl2 solution for 6 minutes.
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3.8 Conclusion
A novel method was used to produce alginate dosage form in the size of a
conventional tablet. Low gel viscosity is one of the main limitations for production of
alginate beads via dropping method. The novel method allows for using much higher gel
viscosity to produce uniform shaped tablets. Release profiles of the tablets could be
controlled via manipulating cross-linking time or the molarity of the cross-linking
solution.
Addition of high amount of sucrose resulted in a uniform cross-linking of calcium
ions to the gel. This approach led to elimination of the lag time. Addition of stearic acid
also helped in elimination of lag time. Tablets made with low amounts of stearic acid had
an indentation after drying. Addition of high amounts of stearic acid produced better
shaped tablets without any indentation.
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CHAPTER FOUR
DESIGN OF EXPERIMENT FOR THE CALCIUM ALGINATE TABLET

4.1 Introduction
In an experiment, to get a better understanding of the relationships of variables
and responses, one or more process variables (or factors) are deliberately changed in
order to observe the effect the changes have on one or more response variables. Design of
experiments (DOE) is an efficient procedure for understanding systems and processes to
draw a valid and objective conclusion about the data collected (Goos, P., and Jones, B.,
2011). DOE can be used to create a model for predicting a release profile without wasting
time, money, and other resources. This also provides several satisfactory prediction
equations.
It was discovered that among the factors that have a profound effect on the drug
release profile of ibuprofen from calcium alginate gel tablets were cross-linking time,
concentration of calcium chloride solution, and stearic acid amount. A DOE was
designed to evaluate the effect of those factors on the release rate, T80, and lag-time.

4.2 Materials
The materials used for calcium alginate tablet formulations included: lactose
(monohydrate N.F, Drug and Chemical CO., INC, USA), glycerol (Fisher, USA), stearic
acid( N.F, Spectrum, USA), alginic acid sodium salt (Sigma Aldrich, United Kingdom),
sucrose (≥99.9%, Fisher, USA), calcium chloride (Fluka, Germany), potassium
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phosphate monobasic (Sigma Aldrich, USA) and ibuprofen (Spectrum, USA) as a model
drug. For dissolution studies, dissolution bath (Vankel VK 7010 dissolution apparatus,
Cary, NC), temperature control (Vankel 17-2200, Cary, NC), and USP standard 40 mesh
basket (Fisher) were used. HPLC grade acetonitrile from Fischer scientific was used in
preparation of mobile phase.

4.3 Methods
A two-level, three-factor statistical design of experiments (DOE) was performed
to model the drug release parameters. Two levels of high (+) and low (-) of different
parameters were chosen. These parameters were:
1- Calcium chloride concentration of 1 molar as a low level and 2 molar as a high
level.
2- Cross linking time as a 3 minutes and 6 minutes as a low and a high level
respectively.
3- Stearic acid amount of 0 g and 1 g of low level and 3.6 g of high level.
The following table, table 4.1, shows the high (+) and low (-) level chosen for the factors
that had been used for each experiment.
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Table 4.1
Factors chosen for the Design of experiment of the calcium alginate tablets.
Calcium Chloride Conc. Cross Linking Time

Experiment

Stearic Acid Amount

+

2 Molar

+

6 minutes

+

3.6 grams

-

1 Molar

-

3 minutes

-

1 gram

1

+

+

+

2

+

+

-

3

+

-

+

4

-

-

+

5

-

+

-

6

-

-

+

7

-

-

-

8

-

+

+
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These levels were chosen because the preliminary experiments showed that using
a greater range of levels would make the models too sensitive to be predictive. Also, a
smaller range of levels would make the changes in the release profile too slight for
accurate prediction.
An example of a parameter being too sensitive is the result of the experiment
when 5 M Calcium chloride was used. This molarity was too high that very short crosslinking time resulted in high T80. For example, when 30 seconds cross-linking time was
used; T80 for the tablets was 3.7 hours. Increasing the cross-linking time to 60 seconds
resulted in 87 % increase in the T80; 6.92 hours (Figure 4.1).
An example of using a smaller range of levels is the stearic acid amount. Tablets
made with 1 g stearic acid and cross-liked in 1 molar CaCl2 for 4 minutes; produced a T80
of 4.3 hours. Tablets made with 1.8 g stearic acid produced a T80 of 4 hours with a
difference of only 7% (Figure 4.2). Alternatively, tablets made with higher amount 3.6 g
and 1 g stearic acid and cross linked with 1 molar CaCl2 for 6 minutes produced T80 of
4.9 and 6.75 hours, respectively. The difference in T80 between tablets made 3.6 g and 1g
stearic acid was 37 % (Figure 4.3).
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Figure 4.1. Release profiles of ibuprofen in pH 7.2 phosphate buffer for tablets made with
1g stearic acid and cross-linked in 5 molar CaCl2 for 30 and 60 seconds. Tablets were
made with the following ingredients: 0.8 g sucrose, 1.6g lactose, 1.6g alginic acid, 8g
glycerol, 1g ibuprofen and 30 mL of water. Tablets were treated in 0.1 N HCl prior to the
buffer stage.
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Figure 4.2. Release profiles of ibuprofen in pH 7.2 phosphate buffer for tablets made with
1g and 1.8g stearic acid and were cross-linked in 1 molar calcium chloride solution for 4
minutes. Tablets were made with the following ingredients: 0.8g sucrose, 1.6g lactose, 1.
g alginic acid, 8g glycerol, 1g ibuprofen and 30 mL of water. Tablets were treated in 0.1
N HCl prior to the buffer stage.
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Figure 4.3. Release profiles of ibuprofen in pH 7.2 phosphate buffer for tablets made with
1g and 3.6g stearic acid and were cross-linked in 1 molar calcium chloride solution for 6
minutes. Tablets were made with the following ingredients: 0.8g sucrose, 1.6g lactose,
1.6g alginic acid, 8g glycerol, 1g ibuprofen and 30 mL of water. Tablets were treated in
0.1 N HCl prior to the buffer stage.
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Tablets used in the experiments for the DOE were formulated according to the
high and low levels shown in table-3. The rest of the ingredients of the formulations for
all the tablets included: 3g sucrose, 1.6g lactose, 1.6 g alginic acid, 8g glycerol and 30
mL of water. The procedure for making the tablet was as follows: 2 mL of the formulated
solution were withdrawn using a syringe. A basket with a 1 cm diameter was soaked
briefly in a calcium chloride solution, 1 or 2 molar as required. The basket was then
removed from the calcium solution and filled with formulated solution previously
withdrawn by the syringe. The basket was soaked again in the calcium chloride solution
for different periods of time as required; 3 or 6 minutes. Cross-linked tablets were
removed from the basket. Extra CaCl2 solution was removed by wiping with a tissue
paper. Finally, the gel tablets were oven dried for 18 to 48 hours at 50 oC. Figure 4.4
shows the shape of some of these tablets before and after drying.
For all the experiments, 900 mL of 0.1 N HCl solution media were used for the
acid stage where tablets were kept for 2 hours. Thereafter, tablets were transferred to the
buffer stage using 900 mL of pH 7.2 phosphate buffer for 24 hours. USP Apparatus I was
used with a temperature of 37 °C and a speed of 50 RPM.
A recovery study was performed when the drug release was not complete by 24hours. For this study a tablet was crushed and placed in 900 mL of 100 mM potassium
phosphate buffer at pH 7.2. This solution was stirred for 24 hours using a magnetic
stirrer.
The statistic modeling was performed using JMP Pro 10.0.2 using a standard least
squares fit. Only parameters which were statistically significant at p<0.05 were used.
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4.4 HPLC Analysis
An Agilent 1100 series HPLC with auto sampler and dual wavelength detector
was used. The mobile phase was acetonitrile to water with 0.5% formic acid (60:40 v/v).
The flow rate was 1.2 mL/min and the sample injection volume was 50 μL and the
wavelength of detection was 214 nm. The column used was a 150 by 4.6 mm Eclipse
Plus C18 column (Agilent).
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Figure 4.4. Shapes of different formulated tablets before (1) and after (2) drying made
with, 0 g stearic acid (A), 1 g stearic acid (B), 3.6 g stearic acid (C). All tablets were
cross-linked for 6 minutes in 1 molar calcium chloride solution.
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4.5 Results and Discussion
In early tablet formulation experiments, it was discovered that the tablets had a
better shape when stearic acid was added to the formulation. Tablets without stearic acid
had an indentation on the top of the tablet (Figure 4.5-A). This did not occur when 3.6 g
of stearic acid was used in the tablet as shown in figure 4.5-B.

Figure 4.5. Shape of tablet with indentation on the top when 1 g of stearic
acid was used (A), and with no indentation when 3.6 g Stearic acid was
used (B).
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Results for each experiment are summarized in table 5. These results included the
zero-order release rate (R0), the time needed to release 80% of the drug (T80) and lag time
(Tl).

Table 4.2
Results of experiments done for the (DOE).
CaCl2 Conc.

1
1
1
2
2
2
1
1
1
2
2
2
1
1
1
2
2
2
1
1
1
2
2
2

Time

S

Tl( min)

R0

T80(h)

3
3
3
3
3
3
3
3
3
3
3
3
6
6
6
6
6
6
6
6
6
6
6
6

1
1
1
1
1
1
3.6
3.6
3.6
3.6
3.6
3.6
1
1
1
1
1
1
3.6
3.6
3.6
3.6
3.6
3.6

20.3
22.4
25.8
75.7
55.32
65.29
0.57
1.49
7.6
11.97
10.88
7.8
39.6
37.8
30.7
190.2
196.6
204.2
14.66
16.5
11.01
61.3
57.3
64.67

0.2187
0.2178
0.2011
0.1639
0.1528
0.1631
0.29
0.221
0.2294
0.1734
0.1488
0.105
0.1318
0.1258
0.1322
0.1274
0.1236
0.1178
0.1702
0.1723
0.1803
0.0951
0.1033
0.1104

4
4.04
4.41
6.14
6.16
6
3.66
3.64
3.62
4.81
5.56
4.82
6.73
6.99
6.56
9.45
9.75
10.19
4.95
4.83
4.62
9.36
8.76
8.32
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The results of the regression of the DOE data show that the Lag-Time (Tl), the
release rate (R0), and the Time for 80 % Release (T80) could be modeled. The above data
was modeled using least squares analysis using JMP version 10.0.
In the case of the zero order release rate the model had an adjusted R2 of 0.96 and the
residuals show no trend.
The model is:
R0 = 0.003 S - 0.0191 T - 0.0474 C + 0.0055 (T-4.5) (C-1.5) - 0.0135(C-1.5) (S2.3) – 0.0074 (T-4.5) (C-1.5) (S-2.3) + 0.3
Where C is the concentration of calcium chloride, T is the cross-linking time and S is the
stearic acid concentration. The R0 is in absolute percent per minute.
In the model of T80 the zero order release rate is more concise. The adjusted R2 is
0.98 and there is no trend in the residuals. The model is:
T80 = 0.9347 T + 2.6 C – 0.43 S + 6.12 (T- 4.5) (C-1.5) – 0.089 (T-4.5) (S-2.3) +
0.192 (T-4.5) (C-1.5) (S-2.3) -0.981
Where C is the concentration of calcium chloride, T is the cross-linking time and S is the
stearic acid concentration. The T80 is in Hours. In this model the cross-linking time and
the calcium chloride concentration are much more pronounced. The stearic acid
concentration is more optimal at high concentration because the Lag-time causes error in
the rate equation.
The lag-time (Tl) model has the best correlation. The adjusted R2 is 0.99 and the
residuals show no trend.
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The Model is:
Tl= 64.4 C – 22.37 S + 17.2 T – 28.75 (C-1.5) (S-2.3) + 26.4 (C-1.5) (T-4.5) –
5.32 (S-2.3) (T-4.5) -10.04(C - 1.5) (S-2.3) (T-4.5) - 71.32
Where C is the concentration of calcium chloride, T is the cross-linking time and S is the
stearic acid concentration. The lag time is in minutes. This model allows us to design
the drug release so that 80% release can be achieved in as little as 4 hours or as long as 12
hours. An experiment to test the model was performed where 1gram stearic acid was
used. The cross-linking time chosen was 8 minutes in 2 molar CaCl2 solution. The release
profile of this experiment is shown in figure 4.6. Table 6 shows the comparison between
the actual T80, Tl, and R0 of this experiment and the ones predicted by the model. Actual
value was within the prediction interval for T80 and R0, but was 10 minutes off the lower
prediction interval for the lag time.
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Figure 4.6. Release profile of ibuprofen from tablets made with 1g
stearic acid, and cross-linked in 2 molar calcium chloride solution for 8
minutes using the DOE calculations.
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15

Table 4.3
Results of actual and predicted T80, Tl, and R0

Response

Predicted

Prediction Interval

Actual

13.3 to 12.1 hours

12.8 hours

T80

12.5 hours

R0

0.0961

0.1052 to 0.752

0.0952

Tl

284.5 min

274.5 to 294.5 min.

264.5 min.
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According to the model, high lag-time could be achieved by adding low amounts
of stearic acid. A formulation made with no stearic acid addition was made to test if the
lag-time would be even more significant. The formulation had the following ingredients:
3g sucrose, 1.6g lactose, 1.6 g alginic acid, 8g glycerol and 30 mL of water. Tablets were
cross-linked in 1 and 2 molar calcium chloride solution for 6 minutes. Release profile of
these tablets are shown in figure 4.7 and 4.8. It was expected that the lag-time of theses
tablets would become higher compared to the lag-time of tablets made with 1g stearic
acid. However, it was found that the drug release followed zero order kinetics without
significant lag-time. For tablets cross-linked in 2 molar CaCl2, the T80 was 16 hours. The
role of the addition of stearic acid to the formulations is not as well understood. It is clear
that low stearic acid concentrations produced a significant lag-time. Higher
concentrations of stearic acid or deletion of stearic acid eliminated the lag-time (Figure
4.9). This is because the stearic acid at low concentrations seems to inhibit dissolution
media from entering the tablet. At high concentrations the stearic acid appears to create
channels, which allow the dissolution media to enter the tablet. This means that low
amounts of stearic acid should be avoided in cases where delayed release is not needed.
There are drugs which require a lag time so low amounts of stearic acid are preferable.

99

1.2
1.1
1
y = 0.0745x - 0.0521
R² = 0.9968

0.9

% Release

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

Time hr

Figure 4.7. Release profile of calcium alginate tablets in the buffer stage of tablets made
with 0 g stearic acid and cross-linked for 6 minutes in 1 molar CaCl2. Tablets were
pretreated in 0.1 N HCl for two hours prior to treatment in the pH 7.2 phosphate buffer.
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Figure 4.8. Release profile of calcium alginate tablets in the buffer stage of tablets made
with 0 g stearic acid and cross-linked for 6 minutes in 2 molar CaCl2. Tablets were
pretreated in 0.1 N HCl for two hours prior to treatment in the pH 7.2 phosphate buffer.
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Figure 4.9. The parabolic effect of stearic acid concentration on the lag-time.
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The main criteria for the fail-safe tablet production is to achieve minimum drug
release if electric current isn’t applied. The previous model and the findings about the
effects of the addition of steric acid and sucrose revealed the parameters necessary to
produce such tablet. These parameters are: addition of low amounts of stearic acid and
sucrose to the formulation and cross-linking the gel in a high molarity cross-linking
solution for a long time. These findings helped in production of tablets with less than 10
percent release after 24 hours. This is considered a “fail-safe” tablet. Less than 10
percent of the drug was released in 20 hours dissolution for tablets cross-linked for 20
minutes in 2M CaCl2 solution made with 1 g stearic acid and 0.8 g of sucrose as shown in
figure 4.10.
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Figure 4.10. Release profile of calcium alginate tablets in the buffer stage of
tablets made with 1g stearic acid, 0.8g sucrose, and cross-linked in 2 molar
CaCl2 solution for 20 min. Tablets were pretreated in 0.1 N HCl for two hours
prior to treatment in the pH 7.2 phosphate buffer.
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4.6 Conclusion
After several screening experiments, it was discovered that there are important
factors that significantly affect the release profile of the calcium alginate gel tablets.
These factors are: concentration of the cross-linking solution, cross-linking time and
stearic acid addition. The design of experiment helped in showing how these factors
interacted with each other and how they affected response variables of certain
formulations. The response variables included lag-time, release rate and T80. Prediction
equations were developed by the DOE model which helps in producing certain lag-time,
T80 and release rate. This can save time, money and other resources. The effect of the
addition of stearic acid on the lag-time was parabolic. Low stearic acid concentrations
produced significant lag-time. Higher concentrations of stearic acid or deletion of stearic
acid eliminated the lag-time.
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CHAPTER FIVE
TABLET FORMULATION AND FABRICATION FOR DIFFERENT DRUGS

5.1 Introduction
Osmotic delivery systems utilize osmotic pressure for controlled delivery of
active agents. In these systems the release of drug(s) from osmotic systems follows zeroorder kinetics. This is mainly governed by various formulation factors such as solubility,
osmotic pressure of the core components, size of the delivery orifice, and nature of the
rate-controlling membrane (Kunal, et al 2013). For some of these systems the solubility
of the drug is considered one of the most important parameters affecting drug release
kinetics. Osmotic drug delivery systems can only deliver drugs with sufficient solubility
so that the entire dose dissolves in the capsule (about 1 mL) (Waterman, K.C., et al
2011). According to Kunal et al., drugs with a density of unity and the solubility of ≤
0.05 g/cm3 would be released with ≥ 95% zero-order kinetics. Highly water-soluble drugs
would demonstrate a high release rate that would be zero-order for only a small
percentage of the initial drug load. Hence, candidate drugs for osmotic delivery have
water solubility in the range of 50–300 mg/mL (Kunal, et al 2013). This issue has been
addressed by osmotic capsules by Waterman K.C. and his colleagues (Waterman K.C, et
al 2011). They developed an osmotic capsule that is independent of drug solubility or
drug loading. They developed a capsule shell over the active tablet layer which has a hole
drilled through it. This hole allows a stream of material to be extruded from the core once
water imbibes through the semipermeable membrane and creates an API mixed
106

suspension. This suspension is sufficiently viscous to suspend the API. However, it flows
under the shear created by the combination of osmosis and pressure from the swelling
layer to allow extrusion out of the hole in the coating.
Although osmotic capsules deliver drugs independent of drug solubility or drug
load they suffer from several limitations. The rate of the drug release is controlled
through the thickness of the capsule shell. This dictates the water diffusion rate into the
capsule core to create the resultant osmotic pressure (Waterman K.C., et al. 2011). Thus,
complete drug release in less than 6 hours is not feasible. The capsule thickness range is
limited due to the mechanical constraints of placing two capsule together. Also, the
manufacturing process needs high quality control management for:
A. Tablet manufacturing; since all ingredients are in powder form.
B. Capsule orifice diameter.
C. Thickness of the capsule shell.
D. Thickness uniformity.
In this chapter, different formulations were developed. One of the goals was to
achieve less than 20% drug release in the acidic stage. This is important for protection of
the stomach from the adverse effects of irritant drugs. This also helps in maintaining
more than 80% of the drug to be released in the intestines. The other goal was to produce
a uniform release rate in the neutral buffer stage regardless of the drug used. This is
important to create a dosage form that releases the drug in a uniform manner regardless
of properties of the drug. A new successful formulation that achieved both goals will be
discussed in details. The tablet made with this formulation was intended to release the
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drug in the small intestines. Conditions needed to initiate consistent erosion for this tablet
will be also discussed.

5.2 Materials
Lactose (monohydrate N.F, Drug and Chemical CO., INC, USA), glycerol (Fisher, USA),
stearic acid (N.F, Spectrum, USA), alginic acid sodium salt (Sigma Aldrich, United Kingdom),
sucrose (≥99.9%, Fisher, USA), calcium chloride (Fluka, Germany), potassium phosphate
monobasic (Sigma Aldrich, USA), sodium stearate (Spectrum, USA), ethocel (DOW, USA),

HPMC K4K (DOW, USA.), corn starch (Spectrum, USA), ibuprofen (Spectrum, USA),
benzoic acid crystal, USP (AMEND, USA), guaifenesin (Spectrum, USA), and caffeine (MP,
USA) as model drugs, HPLC grade acetonitrile from Fischer scientific was used in preparation of
the mobile phase.

5.3 HPLC Analysis
An Agilent 1100 series HPLC with auto sampler and dual wavelength detector
was used. The mobile phase was acetonitrile to water with 0.5% formic acid (60:50 v/v).
Table 5.1 shows the analysis conditions used for each model drug used.
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Table 5.1
Analysis condition used for each model drug used in the study.

Model drug
Ibuprofen

Flow rate mL/min. Wave length

Injection volume (µg)

1.2

214

50

Benzoic acid

1

220

5

Guaifenesin

1

276

20

Caffeine

1

275

20
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5.4 Methods
Different formulations were developed. Table 5.2 shows a summary of the
ingredients used in each of these formulations and the parameters needed for the
fabricating each one of these formulations. The ingredients of all the formulations were
mixed with deionized water at room temperature. The basket method described in
chapter two was used to fabricate the tablets. 2 or 1.5 mL of the gel was dispensed into
the basket as indicated. All the tablets were air dried at room temperature for 36 hours.
For formulation D, 3g of stearic acid was mixed with 1g of guaifenisin and melted
at 50 oC using a water bath. The melted mixture was cooled down and then crushed and
sieved in a # 50 mesh. The sieved mixture was mixed with the other ingredients of the
formula and finally fabricated into a tablet using the basket method.
For formulation L, 1 g of ibuprofen, benzoic acid, guaifenesin, or caffeine were
used as model drugs. Ethocel was sieved in #50 mesh and mixed with the other
ingredients as indicated. The gel was very thick. A different procedure was used to
formulate the gel and fabricate the tablets.
The procedure was as follows:
A. Alginate, sodium stearate and model drug were mixed together and then added
to water while stirring with a magnetic stirrer at room temperature. When the
gel was too thick for the magnetic stirrer the gel was mixed by hand using a
stirring-spatula.
B. Once all alginate was dissolved and all ingredients were uniformLy mixed,
stearic acid was added while mixing.
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C. Ethocel was added and blended until a consistent gel was formed.
D. Gel was placed in a sonicating-bath to release gas bubbles.
E. To make tablets, the gel was first withdrawn into a 5 mL syringe and then
transferred into a 3mL syringe to ensure release of any entrapped bubbles in the
gel.
F. 1.5 mL of gel was filled in the basket device and soaked in 0.5M CaCl2 for 3
minutes, washed with deionized water, and dried at room temperature for 36
hours.
The effects of the ionic strength of the buffer and its pH on the dissolution of
tablets made with formulation I were studied. Potassium buffer solutions of 100, 25, and
10 mM were prepared. Also, 60 mM phosphate citrate buffers with pH 3, 4 and 5 were
prepared. Benzoic acid tablets were used for these studies.
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Table 5.2
Ingredients used for each formula and other parameters including: Cross- linking
Time, CaCl2 Molarity, and washing in DI water.

Formula

Ingredients

Cross-

CaCl2

Washing

Gel

linking

Molarity

in DI

Amount

Time
A

2 g starch, 3g stearic acid,

water

3 minutes

1 molar

No

2 mL

3 minutes

0.5 molar

Yes

2 mL

3 minutes

0.5 molar

Yes

2 mL

3 minutes

0.5 molar

Yes

1.5mL

3 minutes

0.5 molar

Yes

1.5mL

1.6 g sodium alginate, 30
mL water.
B

2 g starch, 3g stearic acid,
1.6 g sodium alginate, 30
mL water.

C

1g microcrystalline
cellulose, 3g stearic acid,
1.6 g sodium, 30 mL
water.
6g ethocel, 3g stearic acid,

D

0.5 g sodium stearate,1.6g
sodium alginate, 30 mL
water.
8g starch, 0.5 sodium

E

stearate, 3g stearic acid,
1.6 g sodium alginate, 8g
ethocel, 30 mL water.
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3g starch, 3.2g sodium
F

alginate, 2g stearic acid,

3 minutes

0.5 molar

Yes

1.5mL

3 minutes

0.5 molar

Yes

1.5mL

3 minutes

0.5 molar

Yes

1.5mL

3 minutes

0.5 molar

Yes

1.5mL

3 minutes

0.5 molar

Yes

1.5mL

3 minutes

0.5 molar

Yes

1.5mL

0.5g sodium stearate, 30
mL water.
6g ethocel, 2 g sodium
G

alginate, 0.5g sodium
stearate, 3g stearic acid,
30 mL water.
6g ethocel, 3g stearic acid,
0.5g sodium stearate, 1.6g

H

sodium alginate, 30 mL
water.
2 g sodium alginate, 3g

I

starch, 0.5g sodium
stearate, 3g stearic acid,
30 mL water.
1g K4K HPMC, 1.6 g

J

sodium alginate, 3g stearic
acid, 0.5g sodium stearate,
6g ethocel 30 mL water.
6g ethocel, 3 g sodium

K

alginate, 0.5g sodium
stearate, 3g stearic acid,
30 mL water.
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6g ethocel, 3.5g sodium
L

alginate, 3g stearic acid,

3 minutes

0.5 molar

Yes

1.5mL

0.5g sodium stearate, 33
mL water.

5.5 Results and Discussion
It was found that the previous formulations used for the model were not
successful in retaining smaller molecular weight weak acids such as benzoic acid.
Results showed that more than 30% of benzoic acid was lost during the cross-linking
process alone. Also, more than 30% of the drug load was released during the residence
time of the tablet in the acid stage. Apparently, using glycerol as well as lactose and
sucrose in the previous formulations, lead to the release of benzoic acid in a faster
manner compared to ibuprofen. This is most likely caused by the increased solubility of
benzoic acid in an acid environment compared to ibuprofen. Hence, a different
formulation was needed. The first formulation was formulation A in table 8. This
formulation didn’t have sucrose, lactose or glycerol. An insignificant amount of benzoic
acid was released during the cross-linking process. Only about 14% was released after
two hours residence time in the acid stage. The T80 was about 15 hours and the drug
release followed zero-order kinetics (Figure 5.1).
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Figure 5.1. Release profile of benzoic acid tablets made with: 2 g starch, 3g stearic
acid, 1.6 g sodium alginate, 30 mL water, and cross-linked in 1 molar CaCl2
solution for 3 minutes. Tablets were pretreated in 0.1 N HCl for two hours prior to
treatment in the pH 7.2 phosphate buffer.
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Formulation B was made as a comparator. The drug release of this benzoic acid
formulation was compared to an identical formulation of ibuprofen. Tablets of ibuprofen
and benzoic acid were cross-linked in 0.5 molar CaCl2 solution for 3 minutes. Release
profiles of both drugs followed square root of time kinetics as shown in figure 5.2. T80 of
ibuprofen was 4.8 hours while for benzoic acid it was 6.76 hours.
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Figure 5.2. Release profiles of benzoic acid (BA) and ibuprofen (IBU) in the buffer
stage of tablets made with formulation B: 2 g starch, 3g stearic acid, 1.6 g sodium
alginate, 30 mL water, and cross-linked in 0.5 molar CaCl2 solution for 3 minutes.
Tablets were pretreated in 0.1 N HCl for two hours prior to treatment in the pH 7.2
phosphate buffer.
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Microcrystalline cellulose was used besides the other ingredients listed in table 8
for formulation C. This formulation was designed to provide a more uniform drug release
profile of both benzoic acid and ibuprofen. It was found that release profiles for
Ibuprofen and benzoic acid were very close and followed square root of time kinetics
(Figure 5.3). T80’s were 6.71 and 6.4 hours for ibuprofen and benzoic acid respectively.
However, it was found that about 18% of benzoic acid was released in the acid stage after
two hours.
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Figure 5.3. Release profiles of benzoic acid (BA) and ibuprofen (IBU) in the buffer
stage of tablets made with formulation C: 1g microcrystalline cellulose, 3g stearic
acid, 1.6 g sodium, 30 mL water and cross-linked in 0.5 molar CaCl2 solution for 3
minutes. Tablets were pretreated in 0.1 N HCl for two hours prior to treatment in
the pH 7.2 phosphate buffer.
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Formulation C contained guaifenesin. Guaifenesin is a highly soluble drug (Mani
N, et al 2003). This formulation was not successful in retaining guaifenesin during the
cross-linking process nor in the acid treatment stage. Hence, different formulations were
developed. Criteria for these formulation to be successful was to release less than 25% of
guaifenesin in the acid stage. Table 5.3 shows the percentage of guaifenesin released in
the acid stage after two hours for each formulation; D to K.

Table 5.3
% release of guaifenesin in the acid stage for different formulations.

Formula

Ingredients

Guaifenesin % release in the
acid stage

6g ethocel, 3g stearic acid, 0.5
D

g sodium stearate,1.6g sodium

28

alginate, 30 mL water.
8g starch, 0.5 sodium stearate,
E

3g stearic acid, 1.6 g sodium

30

alginate, 8g ethocel, 30 mL
water.
3g starch, 3.2g sodium
F

alginate, 2g stearic acid, 0.5g
sodium stearate, 30 mL water.
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28

6g ethocel, 2 g sodium
G

alginate, 0.5g sodium stearate,

27

3g stearic acid, 30 mL water.
6g ethocel, 3g stearic acid,
H

0.5g sodium stearate, 1.6g

27

sodium alginate, 30 mL water.
6g ethocel, 3 g sodium
I

alginate, 0.5g sodium stearate,

43.5

3g stearic acid, 30 mL water.
1g K4K HPMC, 1.6 g sodium
J

alginate, 3g stearic acid, 0.5g

29

sodium stearate, 6g ethocel 30
mL water.
6g ethocel, 3 g sodium
K

alginate, 0.5g sodium stearate,

21.2

3g stearic acid, 30 mL water
.
6g ethocel, 3.5g sodium
L

alginate, 3g stearic acid, 0.5g
sodium stearate, 33 mL water.
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17

Formula L was the only formulation among the previous formulations that had the
ability to release less than 20% of guaifenesin in the acid stage. Hence, this formula was
used to test different kind of model drugs to test how similar the release profiles are.
These drugs were: ibuprofen, caffeine, and benzoic acid.
Figure 5.4 shows the release profiles and T80s of all the model drugs. Formula L
could be totally erosion based formula since it produced a uniform release rate for all the
drugs used. The release kinetics were zero-order which supports an erosion-based system.
Regardless of the properties of the model drugs; such as solubility or molecular weight,
release profiles were very similar. In addition, less than 20% of the drugs were released
in the acid stage after two hours.
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Figure 5.4. Release profiles of all the drugs in the buffer stage made with formulation L.
Tablets were made with: 6g ethocel, 3.5g sodium alginate, 3g stearic acid, 0.5g sodium
stearate, 33 mL water, where; BA: Benzoic acid, CAF: Caffeine, GF: Guaifenesin, IBU:
Ibuprofen. Tablets were pretreated in 0.1 N HCl for two hours prior to treatment in the
pH 7.2 phosphate buffer.
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Table 5.4 shows the percentage of amount released of these drugs after two hours
in the acid stage.

:
Table 5.4
percent release of different drugs in the acid stage when formulation L: 6g ethocel,
3.5g sodium alginate, 3g stearic acid, 0.5g sodium stearate, 33 mL water; was used.
% released in acid stage

Drug

Ibuprofen

< 1%

Benzoic acid

7%

Guaifenesin

17%

Caffeine

18%
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5.6 Dissolution Media Specification for Formulation I

5.6.1 Ionic Strength of the Buffer
Release profiles of benzoic acid from tablets made with formulation I were
investigated in different buffer capacities. The tablets were pretreated in the acid stage for
two hours before transferring them to the buffer stage. Figure 5.5 shows the release
profile of benzoic acid when 100, 50, 25 and 10 mM potassium phosphate buffer were
used in the dissolution media at pH 7.2. It was found that lower buffer capacity resulted
in a slower erosion rate and hence a slower drug release. Alternatively higher buffer
capacity had minimum effect on the release rate. These results show that the dilution
effect of the buffer reduces inter-ionic distance which may reduce interaction between
calcium ions and phosphate species (Pillay et al 1998). Hence, high buffer concentration
should be maintained.
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Figure 5.5. Effect of buffer capacity on the release of benzoic acid in the buffer stage.
Tablets were made with formulation L: 6g ethocel, 3.5g sodium alginate, 3g stearic acid,
0.5g sodium stearate, 33 mL water. Tablets were pretreated in 0.1 N HCl for two hours
prior to treatment in the pH 7.2 phosphate buffer.
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5.6.2 pH of the Media
Figure 5.6 shows the effect of pH of the phosphate citrate buffer on the release
profile of benzoic acid. The pH of the solution is a critical parameter controlling the
solubility of alginic acid. Carboxyl groups of both mannuronic acid (pKa = 3.38) and
guluronic acid (pKa = 3.65) can be protonated by addition of inorganic acids (Rehm
B.H.A, 2009). Hence, no erosion was detected at pH 3 and pH 4 (Drug was released via
diffusion). At pH 5 tablets started to erode but at a slower rate compared to pH 7.2.
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Figure 5.6. Effect of pH on the release profile of benzoic acid in the buffer stage.
Tablets were made with formulation L: 6g ethocel, 3.5g sodium alginate, 3g stearic acid,
0.5g sodium stearate, 33 mL water. Tablets were pretreated in 0.1 N HCl for two hours
prior to treatment in the different buffer solutions.
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In chapter 3, the effect of the pH of the solution to pretreat alginate gel tablets for
two hours was investigated. Pretreatment of the tablets in deionized water resulted in a
higher T80 compared to tablets pretreated 0.1 N HCl.
The previous results suggest that for a uniform and consistent erosion of calcium
alginate tablets, it is recommended that these tablets should be coated to reduce the effect
of pH changes in the stomach. Also, tablets should be given before meals to assure high
buffer capacity and neutral pH in the intestines (Mudie D.M., et al 2010).
Another feature of tablets made with formulation 5 is the ability to imprint on
them as shown in figure 5.7.

Figure 5.7. Tablet made with formulation (L) with an imprint at the center.
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5.7 Conclusion
Alginate solution composition has a large effect on the encapsulation efficiency
and the release profile of the model drug. Addition of hydrophilic ingredients such as
glycerol, sucrose and lactose resulted in low encapsulation of low molecular size and
highly soluble drugs. Ethocel, a highly hydrophobic excipient, was used. It resulted in
low drug loss during the cross-linking process and in the acid stage residence time. High
thickness of the gel due to the addition of high amount of alginate also helped in
decreasing the drug loss in the cross-linking solution. Uniform release rate was achieved
with the addition of appropriate amounts of alginate, ethocel, and stearic acid. Regardless
of the properties of the drug used in the formula, release rate was the same.
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CHAPTER SIX
ELECTROLYTIC TABLET

6.1 Introduction
Applying current to a hydrogel as a mechanism to control drug release was
studied in 1991(Kwon I.C., et al). They proposed a solid matrix made with
poly(ethyloxaline) and poly methacrylic acid (PMAA) as an implant. This matrix
dissolves at pH 5.4 and precipitates at a lower pH. However, the procedure they used was
complicated which limited its practical application.
In 1992, Yuk et al developed a composite of calcium alginate/polyacrylic acid to
use as an electric current-sensitive drug delivery system. They observed a pulsatile drug
release upon application of electric current. However, the way they prepared the calcium
alginate composite suffered several limitations and made it difficult for practical
application.
As was shown in chapter two, alginate seems to be a good candidate for
iontophoretic controlled drug release due to its pH dependent solubility. In this chapter,
results for application of electric current on fail-safe alginate gel tablets will be discussed
in detail. The application of this new dosage form will be also discussed.

6.2 Materials
Zinc wire (1.0mm diameter, extruded, 99.9%, Sigma Aldrich, USA), sodium
chloride (Fisher Scientific), citric acid (Sigma Aldrich), zinc sulfate (Fisher), sodium di128

hydrogen phosphate (Sigma Aldrich),ibuprofen ( Millipore 1000 mw cut-off membranes,
Ionotophoresis side-by side diffusion cells with 9mm diameter opening were obtained
from PermeGear. The current clamps with PC control were provided by NuPathe, Inc.
The temperature controller was from Henke.

6.3 Methods
The fail-safe tablet was used as the matrix for the electrolytic tablet. The
ingredients for the formulation of this tablet included: 0.8g sucrose, 1.6g lactose, 1.6 g
alginic acid, 8g glycerol, 1g ibuprofen and 30 mL of water. The water was heated on a 45
o

C water bath. All the other ingredients except for the glycerol were mixed and added to

the warm water gradually while stirring. Stirring continued until all the ingredients were
homogenously mixed. Glycerol was added and mixed until solution is uniformLy mixed.
Solution was degassed in a sonicator to release gas bubbles. 2 mL of the solution was
withdrawn with a 5 mL syringe and dispensed in the basket devise. An isolated zinc wire
with a coil at one end was embedded inside this gel formulation before cross-linking took
place. The dispensed gel was cross-linked in 2 molar calcium chloride solution for 20
minutes. Tablet was then removed from the basket and extra solution was removed by
wiping. Finally, gel tablets were oven dried for 18 hours at 50 oC. Figure 6.1 shows the
electric fail safe tablet after drying.
Figure 6.2 shows the experimental set-up used for placing the tablet in the
dissolution bath. Apparatus II was used for the dissolution study at 50 RPM and 37 oC
temperature. The dissolution media used was 900 mL of 0.1 N hydrochloric acid for 2
129

hours without current application. Each tablet was then transferred to a dissolution media
of 900 mL of standard 50 mM pH 7.2 potassium phosphate buffer with 0.9% NaCl. An
electric current was applied to the tablet for 24 hours. Tablets in the buffer stage were
clamped at 5 or 2.5 mAmps as indicated. Some tablets were tested using a battery (AAA
Alkyline). This clamped the voltage at 1.5 volts. Some tablets were tested in pH 5.5
saline without a buffer. A 1 mL sample was withdrawn at each time.

Figure 6.1. Electrolytic tablet with isolated zinc wire.
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Figure 6.2. Experimental set-up showing electrodes where the cathode is placed in the
tablet and the anode is placed in dissolution medium.
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6.4 HPLC Analysis
An Agilent 1100 series HPLC with auto sampler and dual wavelength detector
was used. The mobile phase was acetonitrile to water with 0.5% formic acid (60:40 v/v).
The flow rate was 1.2 mL/min and the sample injection volume was 50 μL and the
wavelength of detection was 214 nm. The column used was a 150 by 4.6 mm Eclipse
Plus C18 column (Agilent).

6.5 Results
Apparatus II (Figure 3.2) wasn’t suitable for running dissolution studies. The
paddle tended to hit the zinc wire and ruin the tablet. Apparatus I, the basket, wasn’t also
suitable due to difficulties of applying the electric current to the tablet while rotating. For
more practical application of the electric current to the tablet; a modified dissolution setup was used (Figure 6.2). The tablet location was above the paddle.
Figures 6.3 shows the release profile of ibuprofen in saline (0.9% NaCl) pH 7.2
phosphate buffer when no current was applied. This experiment was done as a control.
Less than 15% of the drug was released over 18 hours. This tablet is considered a failsafe tablet since complete release is triggered upon current application.
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Figure 6.3. Release profile of ibuprofen from fail-safe tablets in pH 7.2 phosphate buffer
where no current was supplied. The tablets where pretreated in 0.1 N HCl for two hours.
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When 5 mAmp was applied, 80% of the drug was released in 5.9 hours (Figure 6.4).
Release profile followed zero order kinetics. In order to investigate the effect of the
current on the release of ibuprofen, 2.5 mAmp was also tested. It was found that 80% of
the drug was released in 10.89 hours (Figure 6.4).
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Figure 6.4 Release profile of ibuprofen from fail-safe tablets in pH 7.2 phosphate buffer
where 5 and 2.5 mAmps were applied. The zinc cathode was inserted in the tablets. The
tablets where pretreated in 0.1 N HCl for two hours.
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For further investigation of the release mechanisms; electrodes were switched. In
this case the anode was connected to the tablet while the cathode was connected to the
medium solution. Results showed that less than 1% drug release was detected over 24
hours (Figure 6.5).
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Figure 6.5. Release profile of ibuprofen from fail-safe tablets in pH 7.2 phosphate buffer
when the zinc anode was inserted in the tablets. The tablets where pretreated in 0.1 N
HCl for two hours.
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Since the power supply used in the previous experiments only clamps the current,
a 1.5 volts AAA battery was used as a power source. This simulates the type of powersupply which would be used in this type of system. The drug release results were similar
to the results of the 2.5 mAmps experiment (Figure 6.6).
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Figure 6.6. Release profile of ibuprofen from fail-safe tablets in pH 7.2 phosphate
buffer where 1.5 volts AAA Alkaline battery was used as a power source. The zinc
cathode was inserted in the tablets. The tablets where pretreated in 0.1 N HCl for two
hours.
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The behavior of this tablet was tested in extreme conditions. These conditions
were pH 5.5 saline water without any buffer addition to the media. The current applied
was 2.5 mAmp. These experiments could determine the validity of using this tablet as a
dosage form independent of medium pH, buffer capacity, and microflora concentration.
This would be a dosage form that is solely dependent on the electric current application.
Results showed that the release rate in pH 5.5 saline was the same as the release rate in
pH 7.2 phosphate buffer when 2.5 mAmp current was applied (Figure 6.7).
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Figure 6.7. Release profile of ibuprofen from fail-safe tablets in pH 5.5 saline water. The
zinc cathode was inserted in the tablets. The tablets where pretreated in 0.1 N HCl for
two hours.
137

6.6 Discussion

Kwon I.C., et al prepared a solid matrix made with poly(ethyloxaline) and poly
methacrylic acid (PMAA). This matrix had the ability to dissolve at pH 5.4 and
precipitate at a lower pH. They suspended regular zinc insulin in 10 mL of the mixed
polymer solution at pH 5.5. The complex was formed by decreasing the pH of the
suspension below pH 5 with 0.1 M HCl solution. It was then compressed into disks and
dried for three days. Before the study these disks were pre-swollen in 0.9% saline
solution for three days. They found that the amount of insulin released during the 3 days
equilibrium period in saline was less than 4% of the initial insulin load. In the release
study insulin was released in a stepwise manner. By applying electric current to the
matrix, they were able to raise the pH of the matrix and dissolve it. Because water
electrolysis produced hydroxyl ions at the cathode, the local pH near the cathode
increased. As a result, hydrogen bonding between the two polymers was disrupted
causing disintegration of the polymer complex into two water soluble polymers. They did
this in a pulsed manner by switching the electric current on and off. The procedure they
followed to make the matrix and apply the electric current into it was complicated.
Although their concept could be applied on an implantable therapeutic system, they
found that it was long way from practical application.
Yuk S.H., et al developed a composite of calcium alginate/polyacrylic acid
(CPC). They developed this composite to be used as an electric current-sensitive drug
delivery system. They mixed 2 wt. % sodium alginate aqueous solution and 25 wt.%
polyacrylic acid aqueous solution with hydrocortisone. To make the gel matrix, they
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poured calcium chloride solution on the surface of the alginate solution and left it for an
hour. The gel matrix was formed from the surface. They immersed the matrix in water for
3 hours to remove unreacted calcium chloride and then cut it into pieces. Finally, they
inserted electrodes directly into the polymer matrix and applied electric current to initiate
drug release. Although they observed a pulsatile drug release upon application of electric
current, their method of preparation suffered several limitations. First, gel preparation
process was complicated and time consuming. Second, they inserted the electrodes after
cutting the alginate gel into pieces. Finally, the final gel was not dry (was kept wet).
Another available oral dosage form where drug release is controlled via current
application is the iPill by Philips (Figure 6.8) (Shimzu, J., et al 2008). The manufacturing
process of this capsule is complicated and expensive. Moreover, the body of the capsule
is not biodegradable (McKeough, T., 2009).
In order to overcome the limitations related to usage of hydrogels and electric
capsules for oral sustained drug delivery through current application; the novel basket
method was used. The novel basket method allows for making calcium alginate tablets in
a controlled manner. Less time is needed for cross-linking. Also, the new method allows
for an in situ insertion of the electrode in the tablet at the time of tablet fabrication. Most
importantly, this method offers an end product, tablet, without the need for further cutting
of the gel. Finally, the tablet is dry. This is important for electronics’ maintenance
(battery and sensor) outside the tablet on the long term run.
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Biodegradable batteries that could dissolve inside the body are already available
(Peplow, M., 2014). Ingestible sensors that are FDA approved are also available in the
size of a sand grain (Proteus digital health, 2012).

Figure 6.8. Schematic of the iPill capsule by Philips (Shimzu, J., et al 2008).
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The pH of the solution is a critical parameter controlling the solubility of the
alginate (Rehm, B.H.A, 2009). Alginate is composed of mannuronic and guluronic
monomers (Lee, K.W., et al 2011). The mannuronic acid and guluronic acid have pKa
values of 3.38 and 3.65, respectively. The carboxylic groups of these acids can be
protonated by addition of inorganic acids. Therefore, if the pH of the solution is lowered
below the pKa of the constituting acids, the soluble sodium salt is converted to insoluble
alginic acid. (Rehm, B.H.A, 2009).
The mechanism by which the electric current releases the drug is not quite
understood. At neutral pH the carboxylic acid groups of the alginate monomers become
partly transferred into ionized carboxylate group (COO-). Thus, more electrostatic
repulsion is established among polymer chains facilitating swelling (Ying, X., et al 2013).
More relaxed and swelled polymer chain is more susceptible to erosion process by the
buffer. Previously, we demonstrated that when zinc wire is used for both electrodes, pH
tends to increase at the cathode due to water electrolysis where hydrogen gas is released.
It seems that the rise in pH inside the tablet converted the carboxylic groups of the alginic
acid into its ionized state. This allowed for relatively fast relaxation and allowed the
matrix to erode fast.
In addition, the cathode might have two effects on the tablet. First; the flux of
sodium ions towards the cathode could create a high osmotic pressure gradient between
the tablet and the media around it. This might increase the flux of water into the tablet,
accelerate swelling, and as a result increased drug release. Second; release of ibuprofen
could be driven by the electric current itself due to repulsion by the cathode. The release
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of the hydrogen gas could be another factor to enhance the release rate by creating a hole
in the tablet that allows for more solution to get inside the tablet.
The release rate of the drug from the electrolytic tablet could be controlled via
application of electric current. Also, different release profiles could be achieved by
applying different electric currents (Figure 6.4).
When the anode was connected to the electrolytic tablet less than 1% drug release
was detected over 24 hours. These findings support the hypothesis that mechanisms
related to cathode connection to the tablet; increase in pH, hydrogen gas release, osmotic
pressure gradient and repulsion by the negative electrode, might be responsible for the
release of the drug (Figure 6.5).
Figure 6.7 showed that the release rate of the drug in pH 5.5 saline was the same
as the release rate in pH 7.2 phosphate buffer when 2.5 mAmp current was applied. These
results suggest that the release of this tablet is independent of pH or the buffer capacity of
the media. Hence, this electrolytic tablet might be useful for targeted colonic drug
delivery. For colonic drug delivery, drug release in the small intestine is avoided. There
are several approaches to specifically deliver drugs to the colon. These include prodrugs
and synthetic or natural polymer-based delivery systems. These systems are microbially
activated by the enzymes secreted by colonic microflora (Sinha, V.R, et al 2002). Since
the activity of the microbial enzymes is susceptible to diet, drug intake and environmental
factors, the reliability of using these systems is questionable. Moreover, the performance
of these systems might vary when introduced to diseased GIT conditions. In abnormal
conditions, the GIT normal bacterial flora becomes disturbed (Sinha V.R., et al 2002).
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The electrolytic tablet doesn’t show this variability. It releases the drug in a uniform
manner whether pH is 5.5 or 7- which is the range of pH in the colon (Wilson, M., 2005)
- and regardless of buffer capacity. In addition, drug can be released at different rates by
adjusting amperage.

6.6 Conclusion
An electrolytic calcium alginate tablet was developed. The matrix for the tablet
was a fail-safe tablet. This tablet releases the drug on demand when the electric current is
switched on. Otherwise, less than 20% of the drug is expected to be released over 24
hours when electric current isn’t applied. In comparison to other oral electric dosage
forms this tablet has several advantages. First, the production process is cheap and easy to
control. Second, the matrix used for the tablet is biodegradable and safe. Third, the
release of the drug is not dependent on the contents of the dissolution media or its pH.
This novel dosage form can be used for targeted drug delivery in the small intestine and
the colon.
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CHAPTER SEVEN
CONCLUSIONS

In conclusion, a new dosage form called a fail-safe tablet has been developed.
This fail-safe tablet provides less than 20% of the drug if the release is initiated passively
via matrix erosion. Complete release of the drug can be controlled when electric current
is applied. At the beginning, side by side diffusion cells were used to screen the
conditions needed to develop such a fail-safe tablet. Experiments showed the advantage
of using zinc wire as an electrode. pH increases due to water electrolysis at the zinc
cathode. The manipulation in pH was harnessed to create a new controlled release dosage
form. A biopolymer that has low solubility at low pH and high solubility at high pH was
used as a drug delivery vehicle.
Initially, agar was chosen as a hydrogel to test the feasibility of applying electric
current to control the drug release. The change in the appearance of the agar obviously
showed the change in solubility of ibuprofen via application of electric current due to
water electrolysis. However, agar couldn’t be used for further experiments due to its
scant amounts that could be used in oral dosage forms. Sodium alginate is a weak acid
biopolymer that has a pH sensitive solubility. It has a maximum potency of 350 MG in
orally sustained release tablet. Therefore, it was chosen as the matrix for the production
of the fail-safe tablet.
One of the unique properties of sodium alginate is; its ability to form an insoluble
gel when it comes in contact with divalent cations. Calcium alginate beads can be
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produced by dropping soluble sodium alginate gel drops into a calcium chloride solution.
These beads have several limitations; such as poor drug encapsulation due to their small
size. The manufacturing process of these beads has also several disadvantages such as
difficulties in scaling-up the process while producing beads with a narrow size
distribution. A maximum concentration of polymer should be used for producing
spherical beads. Highly viscous alginate solution will not pass easily through the needle
during the manufacturing process. Highly viscous alginate dispersion produce a small tail
at one end of the bead.
For the production of the fail-safe tablet it is impossible to manufacture it in the
conventional way in which calcium alginate beads are produced. The design of the failsafe tablet includes the insertion of a zinc electrode. Hence, a novel approach has been
developed to address the problem of the small size of these beads. This novel method not
only facilitates the manufacturing process of the fail-safe tablet but also, addresses the
limitations related to alginate beads as well.
A four-step, novel approach which produces a dosage form in the size of a
conventional tablet has been used. The procedure utilizes a mesh basket covered with
filter paper that allows the passage of liquid from outside. The basket determines the size
and shape of the gel. The openings of the mesh allows for an immediate and simultaneous
contact of the cross-linking solution with the outer surface of the gel from all sides. The
procedure for making the tablets is as follows:
1. The basket is wetted by dipping it in the cross-linking solution for a second.
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2. Using a syringe, the basket is filled with a premeasured amount of sodium
alginate gel formulation.
3. The basket is soaked again in the cross-linking solution for a certain amount of
time.
4. Finally, the cross-linked tablets is then taken out of the baskets and the extra
solution is removed.
Release profiles of these tablets could be controlled via manipulating crosslinking time or the molarity of the cross-linking solution. The ability to make a larger
tablet allows for a longer drug release profile than what could be obtained using small
alginate beads.
Addition of high amount of sucrose to certain alginate formulations resulted in a
uniform cross-linking of calcium ions to the gel. This approach led to elimination of the
lag time in some of the formulations. Addition of stearic acid also helped in elimination
of lag-time and produced better shaped tablets without any indentation. The effect of the
addition of stearic acid on the lag-time is parabolic. Low stearic acid concentrations
produced significant lag-time. Higher concentrations of stearic acid or deletion of stearic
acid eliminated the lag-time.
After several screening experiments, it was discovered that there were important
factors that significantly affected the release profile of the calcium alginate gel tablets.
These factors were: concentration of the cross-linking solution, cross-linking time and
stearic acid addition. The design of experiment (DOE) helps in showing how these
factors interact with each other. It also shows how they affect response variables of
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certain formulations. The response variables include lag-time, release rate and T80.
Prediction equations were developed by the DOE model which helped in producing
certain lag-time, T80 and release rate.
Alginate solution composition has a large effect on the encapsulation efficiency
and the release profile of the model drug. Addition of hydrophilic ingredients such as
glycerol, sucrose and lactose resulted in low encapsulation of low molecular size and
highly soluble drugs. Ethocel, a highly hydrophobic excipient, was used. It resulted in
low drug loss during the cross-linking process and in the acid stage residence time. High
thickness of the gel due to the addition of high amount of alginate also helped in
decreasing the drug loss in the cross-linking solution. Uniform release rate was achieved
with the addition of appropriate amounts of alginate, ethocel, and stearic acid. Regardless
of the properties of the drug used in the formula, release rate was the same.
The procedure used for making the calcium alginate tablets has been used to
manufacture the fail-safe tablet. Zinc electrode is inserted at the center of the gel prior to
cross-linking. The gel is cross-linked long enough so that the drug is released on demand
when the electric current is switched on. Otherwise, less than 20% of the drug is expected
to be released over 24 hours when electric current isn’t applied. The drug release rate
could be controlled simply by adjusting the electric current amperage. In comparison to
other oral electric dosage forms this tablet has several advantages. First, the production
process is cheap and easy to control. Second, the matrix used for the tablet is
biodegradable and safe. Third, the release of the drug is not dependent on the contents of
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the dissolution media or its pH. This novel dosage form can be used for targeted drug
delivery in the small intestine and the colon.
There are several advantages for the novel calcium alginate tablets compared to
the calcium alginate beads. These advantages include:
1. The process produces uniform elegant, disc shaped tablets for controlled release.
2. Much higher viscosity threshold value for alginate solutions can be used.
3. Less drug loss is achieved during cross-linking process and in the gastric fluid.
4. The dosage form can be modelled for alternative drug release.
5. The process can be scaled up to make millions of units per hour.
Moreover, advantages of using calcium alginate gel tablet compared to other oral dosage
forms include:
1. The process of production is simple.
2. Less complicated quality control is needed.
3. Different release profiles can be achieved using same formulation simply by
adjusting cross-linking time.
4. Non-significant drug release in the gastric fluid which offers protection of the
active drug from gastric enzymes.
5. Can be used for colonic delivery if made as a fail-safe tablet.
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6. Drug release from the fail-safe tablets can be controlled via application of electric
current in a consistent manner regardless of the pH of the media or the buffer
strength.
These tablets showed a zero order release profile. It can be easily adjusted
passively; by varying cross-linking time and/or the concentration of the cross-linking
solution or by the use of additives. Also, release profile can be adjusted by electric
current. These results suggest that calcium alginate gel tablets might be potentially useful
in oral drug delivery.
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Figure A.1. Standard curve for guaifenesin using HPLC.
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Figure A.2. Standard curve for benzoic acid using HPLC.
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Figure A.3. Standard curve for ibuprofen using HPLC.
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Figure A.4. Standard curve for caffeine using HPLC.
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60

Figure A5. HPLC chromatogram of Ibuprofen.
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Figure A6. HPLC chromatogram of guaifenesin
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Figure A7. HPLC chromatogram of caffeine
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A8. HPLC chromatogram of benzoic acid
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APPENDIX B

ADDITIONAL RELEASE PROFILES
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Figure B1. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 3g sucrose, 1g ibuprofen, 8g glycerol
and 30 mL water and cross-linked in 1 molar CaCl2 for 6 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B2. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 3g sucrose, 1g ibuprofen, 8g glycerol
and 30 mL water and cross-linked in 2 molar CaCl2 for 3 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B3. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3.6g stearic acid, 1.6g sodium alginate, 1.6g lactose, 3g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross-linked in 1 molar CaCl2 for 3 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B4. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3.6g stearic acid, 1.6g sodium alginate, 1.6g lactose, 3g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 1 molar CaCl2 for 6 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B5. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3.6g stearic acid, 1.6g sodium alginate, 1.6g lactose, 3g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 6 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B6. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1.8g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 1 molar CaCl2 for 4 minutes.Tablets were
pretreated in the acid stage for two hours.
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Figure B7. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3.6g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 2 minutes. Tablets were
pretreated in the acid stage for two hours.

169

1
0.9
y = 0.1753x - 0.096
R² = 0.9908

0.8

% Release

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

1

2

3

4

5

6

Time hr

Figure B8. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3.6g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 5 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B9. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3.6g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 1 molar CaCl2 for 10 minutes. Tablets
were pretreated in the acid stage for two hours.
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Figure B10. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3.6g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 8 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B11. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 2 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B12. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 6 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B13. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 12 minutes. Tablets
were pretreated in the acid stage for two hours.
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Figure B14. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 1 molar CaCl2 for 4 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B15. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1.8g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 1 molar CaCl2 for 6 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B16. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 1g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 2 molar CaCl2 for 6 minutes. Tablets were
pretreated in the acid stage for two hours.
.
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Figure B17. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
1g stearic acid, 1.6g sodium alginate, 1.6g lactose, 0.8g sucrose, 2.5g ibuprofen, 8g
glycerol and 30 mL water and cross- linked in 1 molar CaCl2 for 3 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B18. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
2 g starch, 3g stearic acid, 1.6 g sodium alginate, 30 mL water and cross- linked in 0.5
molar CaCl2 for 3 minutes. Tablets were pretreated in the acid stage for two hours.
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Figure B19. Release profile of benzoic acid in pH 7.2 phosphate buffer of tablets made
with formulation B: 2 g starch, 3g stearic acid, 1.6 g sodium alginate, 30 mL water and
cross- linked in 0.5 molar CaCl2 for 3 minutes. Tablets were pretreated in the acid stage
for two hours.
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Figure B20. Release profile of guaifenesin in pH 7.2 phosphate buffer of tablets made
with formulation F: 3g starch, 3.2g sodium alginate, 2g stearic acid, 0.5g sodium stearate,
30 mL water and cross- linked in 0.5 molar CaCl2 for 3 minutes. Tablets were pretreated
in the acid stage for two hours.
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Figure B21. Release profile of guaifenesin in pH 7.2 phosphate buffer of tablets made
with formulation D: 6g ethocel, 3g stearic acid, 0.5 g sodium stearate, 1.6g sodium
alginate, 30 mL water and cross- linked in 0.5 molar CaCl2 for 3 minutes. Tablets were
pretreated in the acid stage for two hours.
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Figure B22. Release profile of guaifenesin in pH 7.2 phosphate buffer of tablets made
with formulation E: 8g starch, 0.5 sodium stearate, 3g stearic acid, 1.6 g sodium alginate,
8g ethoccel, 30 mL water and cross- linked in 0.5 molar CaCl2 for 3 minutes. Tablets
were pretreated in the acid stage for two hours.
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Figure B23. Release profile of guaifenesin in pH 7.2 phosphate buffer of tablets made
with formulation I: 3g starch, 0.5 sodium stearate, 3g stearic acid, 3g sodium alginate, 30
mL water and cross- linked in 0.5 molar CaCl2 for 3 minutes. Tablets were pretreated in
the acid stage for two hours.
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Figure B24. Release profile of guaifenesin in pH 7.2 phosphate buffer of tablets made
with formulation K: 6g ethocel, 0.5 sodium stearate, 3g stearic acid, 3g sodium alginate,
30 mL water and cross- linked in 0.5 molar CaCl2 for 3 minutes. Tablets were pretreated
in the acid stage for two hours.
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Figure B25. Release profile of ibuprofen in pH 7.2 phosphate buffer of tablets made with:
3g stearic acid, 1.6 g sodium alginate, 1g ibuprofen, 30 mL water and cross-linked in 0.5
molar CaCl2 for 3 minutes. Tablets were pretreated in the acid stage for two hours.
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