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Abstract

In the small intestine, bicarbonate is the main buffering system to adjust the
pH after the gastric emptying to pH 5.5-6.8. Bicarbonate gathered some attention to
be used as a dissolution media to better mimic the in-vivo environment. However,
evaporation of CO,, interferes with the in vivo observed neutralization process. To
maintain the pH, COy) must constantly added. In a previous study, they predicted
based on the reaction kinetics that ibuprofen dissolution in 5 mM phosphate buffer
will be equivalent to 10 mM bicarbonate buffer. However the dissolution of acidic
drug will alter the pH of the phosphate media. The aim of the study was to investigate
bicarbonate buffer compared to phosphate buffer as dissolution media for ibuprofen
(IBU) and griseofulvin (GRI) with and without the use of bile salts, and to develop
a method to test the similarity between dissolution of IBU 5 mM phosphate buffer
and 10 mM bicarbonate buffer.

The intrinsic dissolution rate (IDR) was used to compare between dissolution
of IBU and GRI in 10mM bicarbonate buffer (BCB) and phosphate buffer (PBS)
with and without bile salts at pH 6.8+0.05. The pH was monitored throughout the
experiments. In case of bicarbonate, CO, ) was applied on the surface to control the
pH rather than infused to avoid foaming. For IBU dissolution in 5 mM PBS a two

compartment system was developed.



The IDR of IBU showed a significant difference between BCB and PBS
without bile salts, which is in agreement with Krieg et al. GRI IDR showed a
significant difference between PBS with bile salts and BCB with bile salts, where
BCB was 83% higher than PBS. This indicates a difference in micelle shape in BCB
compared to PBS which resulted in an enhanced solubilization. The similarity of the
biphasic dissolution of IBU in PBS and BCB was rejected. Our study indicates the
need of a better surrogate buffer to BCB, especially when large volumes are needed.
The study also demonstrated the importance of testing bicarbonate buffer as

dissolution media for class II drugs.
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Chapter One

Introduction



1. Introduction
1.1. In Vitro/In Vivo Correlation

The US Food and Drug Administration (USFDA) defines an in vitro/in vivo
correlation (IVIVC) as being a mathematical tool for describing the relation between
in vitro data (e.g., dissolution) and its in vivo response. The ability to predict the
pharmacokinetics of a drug means fewer in vivo studies are needed, which leads to
lower development costs, time savings, and avoiding unnecessary biostudies. For
these reasons, and with an increase in confidence in in vitro methods, the USFDA
reported that the percentage of IVIVCs between 1982 and 1992 was only 15%, with
this number increasing significantly to 75% in 1994.!
To do so, multiple physicochemical, physiological, and biopharmaceutical factors

should be taken into account.

1.1.1. Physicochemical Factors

Physicochemical properties of drugs play an important role in the
determination of an IVIVC, as almost all orally-delivered drugs need to dissolve in
order to be absorbed in the GI tract; however, dissolution depends on several factors,
such as solubility, pH, particle size, and salt formation. One of the best-known

attempts to model dissolution is the Noyes—Whitney equation:

dm _ DS,(Cs—Cp)

= - Eq. 1.1



where dm/dt is the amount of dissolved substance in time ¢, D is the diffusion
coefficient of the substance in the diffusion layer, S, is the surface area of the
substance, C; is solubility, where Cj is the substance concentration in the bulk
medium, and / represent the diffusion layer thickness. When sink conditions are

assumed, C, will be equal to zero, giving:

dm DS,Cq

As seen from Eq. 1.2, the drug dissolution rate is dependent on its solubility.

The Noyes—Whitney equation cannot be applied in a clinical setting, however,
as the equation does not take certain factors, such as the effects of pH and transit
time, into account.? In an attempt to find a clinically applicable model, the maximum
absorbable dose was developed by Johnson and Swindell:

MAD = SKa X SITT x SIWV Eq. 1.3
where MAD is the maximum absorbable dose, S is the solubility, K, is the intestinal
absorption rate constant, SI7T is the small intestine transit time, and SIWV is the
small intestine water volume. Solubility is usually measured at pH 6.5, with SIWV
being 250 mL, and SITT assumed to be 3 hr. This approach has many limitations,
however, and is only used for initial assessments.?

For a more comprehensive approach, all the physicochemical properties
should be considered. Particle size is another significant factor; a reduction in

particle size increases the effective surface area, leading to an increase in solubility.



The ionization factor of the drug (k,), or its logarithmic value (pka), is also a critical
factor. It is known that the ionized form is more soluble than the non-ionized form.
To account for the ionization, the pH gradient throughout the GI tract should be
considered. The complexity of these factors makes it difficult to build an accurate

dissolution model.*

1.1.2. Physiological Factors

Physiological conditions can affect a drug on many levels; for instance,
dissolution, and the absorption rate and extent. In some cases, a drug needs to be
ionized in order to dissolve it, which is affected by the pH of the dissolution medium.
The pH profile of the GI tract ranges from pH 1-2 in the stomach to pH 7-8 in the
colon, and pH 6-8 in the small intestine. Therefore, pH changes can not only affect
dissolution, they can also change the permeability of a drug. Besides pH, secreted
surfactants, mainly bile salts, can also affect solubility; the rate of bile secretion
ranges from 0.2 mL/min to 4 mLL/min in the digestion state. Another factor
affecting a drug in the GI tract is transit time, which can affect the rate and extent of
absorption of the drug. For a successful IVIVC, these factors need to be taken into

account.”’



1.2. Bicarbonate Buffer

In the small intestine, bicarbonate (pk,=6.5) is the main buffer that adjusts the
pH (to 5.5-6.5) after gastric emptying has occurred. It is secreted from the pancreas
and lumen epithelial cells at concentrations ranging from 9-20 mM. Bicarbonate
(HCOy) reacts with an acidic proton (H") to give carbonic acid (H,COs), which
under goes dehydration to give water (H,O) and aqueous carbon dioxide (CO5), and
this reaction is reversible (Rec. 1.1).8

COxq + H,0 = H,CO; = H'+ HCO;5~ Rec. 1.1

In attempt to simulate the gastrointestinal (GI) buffering system, in terms of
buffer species and capacity, bicarbonate has attracted some attention for use as a
dissolution medium. A better correlation with the in vivo environment 1s obtained,
but maintaining the pH is a major drawback, due to the escape of COy(y). To maintain
the pH level, CO,) must be supplied to stabilize the dissolved CO; fraction, which
leads to an adjustment in H,COs; and HCOj5™ concentrations, according to the
Henderson—Hasselbalch equation.®!” Fadda et al. reported three successful methods
for maintaining constant CO; levels, by: 1) continuous sparging of CO, into the
system; 2) applying a mineral oil layer on the surface; or 3) sealing the vessel

completely.?



In their study, McNamara et al. used bicarbonate buffers (BCBs) at pH 5.0 and
6.8 for the intrinsic dissolution of indomethacin and dipyridamole, as examples of
low-solubility acidic and basic drugs. They used 5%, 10%, and 20% CO; to adjust
the pH with 1 N sodium hydroxide (NaOH) at room temperature, and assumed that
equilibrium was achieved after 30—40 min. After transfer of the medium to the
dissolution vessel, the medium was sparged with CO; to compensate for any loss
during the transfer, and the pH was adjusted with IN NaOH. CO, was supplied to
the dissolution medium throughout the experiment. They recommended the use of
CO; to establish the BCB used as a dissolution medium, while the CO; supply during
the experiment mimicked a continuous in vivo supply of bicarbonate;” however, due
to the thermal stability, estimation of equilibrium time and, most importantly, bubble
formation, this method showed poor reproducibility.!%!!

In an effort to avoid bubble formation and reduce costs, Boni ef al. modified the
method of preparation of the bicarbonate medium. They used a constant
concentration of NaOH, sparged with CO, at a flow rate of 400 mL/min, until pH
6.5 was achieved, in approximately 20 min at 374+0.5°C. Constant CO, was supplied
above the medium to avoid bubble formation. They concluded that the use of

bicarbonate as a dissolution medium is impractical due to its instability, poor

reproducibility, and time consumption. Also, the used of biorelevant media (e.g.,



Fasted State Simulated Intestinal Fluid — FaSSIF) was difficult due to the significant
foam formation and time frame (approximately 3 hr).!°

Liu et al. used a modified Hanks’ buffer to test the ability of a physiological
BCB to discriminate between different enteric coating polymers. They prepared the
buffer by purging CO,) into Hanks’ buffer to obtain a pH of 6.8. The CO, was
supplied 2 cm under the dissolution medium surface at a low flow rate in order to
maintain the desired pH and to avoid bubble formation. The modified Hanks’ buffer
was reproducible and discriminative between the different polymers, whereas the
phosphate buffer (PBS) failed.!!

Sheng et al.'? compared the intrinsic dissolution rate (IDR) of Biopharmaceutical
Classification System (BCS) class II drugs using bicarbonate and phosphate buffers.
The BCB was prepared by purging CO, into 15 mM sodium chloride. They found
that the PBS IDR was at least 30% higher than the bicarbonate IDR, indicating that
more studies are needed to assess the correlation of bicarbonate and US
Pharmacopeia (USP) PBS. Krieg et al.!® proposed a lower strength PBS (4-8 mM)

be used as surrogate for the BCB in Ibuprofen (IBU) dissolution.

1.3. Biphasic Dissolution
Conventional dissolution is a standard procedure that tests the quality of drug
products; however, dissolution profiles do not represent actual in vivo data,

especially for low-solubility molecules. A new method that correlates better with in



vivo dissolution is needed. One concept missing from conventional dissolution is an
organic sink.'*

In 1961, Wurster and Polli showed the effects of adding norite as an adsorbent
in the dissolution of benzoic acid. The experiment exhibited a linear dissolution
profile for benzoic acid.'” Doluisio and Swintosky then developed a rocking
apparatus, where an inverted V-shaped glass was used. One tube was filled with the
drug dissolved in a low-pH buffer, whilst the other tube was filled with a free buffer,
and cyclohexane was used as a barrier between the two buffer systems. They
recommended the use of this system to obtain a constant dissolution of the drug,
whereby the constant removal of the drug from one buffer gave an advantage over
the saturated dissolution medium.'® An in vivo absorption correlation was not
established, however, until Levy ef al. showed that the dissolution of salicylic acid
could be correlated with in vivo pharmacokinetics, although this relationship was
established with relatively water-soluble drugs.!” In 1967, Niebergall ef al. reported
the first use of a biphasic dissolution system, with octanol and a buffer in one vessel;
when they tested whole tablets, the aqueous steady state was lower than the
saturation concentration.'® This reports focused attention on the idea of removing
the drug from the aqueous phase to simulate an in vivo environment.

Later, the concept of a sink condition was introduced, in which the dissolution

medium contained only 20% of the maximum solubility of the drug.'”? A lot of



effort was made to maintain a sink condition, especially in the case of low-solubility
drugs. Introducing a surfactant into the dissolution medium demonstrated the ability
to maintain a sink condition; however, the presence of a high molar concentration of
surfactant could interfere with the dissolution process.?!** Another way to maintain
a sink condition, is the use of co-solvents, wherein a miscible organic solvent is used
with the dissolution medium. This method does not reflect any in vivo environment,
however, and also the organic solvent interferes with the dissolution of the drug in
the buffer.?3?* A flow-through cell (USP apparatus IV) could be used to maintain a
sink condition when an open loop system is used, but this method comes at a high
cost, as a large volume of dissolution medium is required in order to dissolve low-
solubility drugs.>> %’

One of the most successful approaches for simulating sink conditions is the
use of immiscible organic solvents with the dissolution medium. In many studies,
biphasic dissolution has been used because of its simplicity, capability, and ability
to simulate in vivo conditions. The biphasic system avoids the use of abnormal
solutes, such as surfactants, or the use of meaningless solvents, and is, at the same
time, a practical method. The organic layer acts as a reservoir for low-solubility
drugs, which it can constantly partition. Also, octanol acts similarly to a lipid

membrane, as it has a long alkyl, hydrophobic, and polar hydroxyl group; however,

the speed and design of the experiment need to be well thought out in order to avoid



any mixing of the two phases, where the octanol could form an emulsion, as the drug
could be partitioned into the octanol emulsion, rather than dissolving in the buffer,

then partitioning into the octanol.?333

1.4. Biopharmaceutical Classification System

The BCS divides drugs into four groups (as it shown in Table 1.1) based on
their solubility, dissolution, and permeability.** A drug is considered to be highly
soluble when the highest drug strength is soluble in 250 mL at 37°C, pH of 1-6.8 as
per United States Food and Drug Administration (USFDA), 1-8 as per European
Medicines Agency (EMA), or 1.2-6.8 according to World Health Organization
(WHO)..*>37 The number of pH used, depends on the drug’s pKa. Shake flask
method is usually used, where the drug is incubated with the solvent in a covered
flask for 48 h to 2 weeks, then the drug concentration in the solvent is analyzed to
determined its maximum solubility. Other methods can be used if appropriate
justification is given.

A drug is considered to be highly orally permeable when 85% or more of an
administrated dose is absorbed, compared to its intravenous reference dose. Usually,
this 1s determined by pharmacokinetic studies, suitable animal models, or in vitro
methods, such as Coca-2 cells. The USFDA considers a drug to have been rapidly

dissolved when >85% of the product is dissolved within 15 min in 900 mL or less
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dissolution medium, using USP apparatus [ at 100 rpm (or 50 rpm using apparatus

I1), and rapidly dissolved when >85% of the product is dissolved within 30 min.

1.5.Intrinsic Dissolution Rate

The IDR is a method developed by Wood, wherein the pure substance
dissolution rate is measured using a constant surface area. There are two types of
IDR apparatus that have been adapted by different regulatory agencies, one being
the rotating dissolution disk, and the other the static dissolution disk; the latter is
only mentioned in the USP.3%3*° The IDR apparatus consists of a steel punch and die
with a diameter of 0.2—1.5 cm. The test material is compressed in the die, then the
die is transferred to a dissolution vessel and attached to a stirrer.?’ There have been
attempts to modify the apparatus; for instance, a miniaturized rotating disk has been
developed in which a lesser amount of test material is needed. This is important for
early screening in drug development.*** The IDR is determined by plotting the

linear relationship between drug dissolved and time:

dm 1

IDR = ££2 Eq. 1.4
dt A

,where the unit of the IDR is mg/min/cm?, dm is the change in drug dissolved (mg),
dt is the change in time (min), and 4 is the surface area of the die (cm?).
Yu et al. studied the feasibility of the IDR to be used to classify drugs and the

effects of various experimental variables. The IDR was recommended to be used in
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BCS rather than solubility, as the IDR is a rate phenomenon, which correlates closer
with in vivo, as opposed to maximum phenomena. Also, the IDR has proven to be
robust, as compression pressure, die position, and dissolution volume does not affect
the IDR. Yu et al. proposed 0.1 mg/mL.cm? to be the cut-off limit for classifying
drugs as highly soluble, with a 2000 psi compression pressure, 900 mL dissolution
medium, and 100 rpm, with the die being 0.5 inch from the bottom of the vessel. The
relationship between the IDR and solubility need to be investigated further. A drug
is considered to be highly soluble when the maximum dose is soluble in 250 mL
aqueous medium, but the maximum dose does not factor in the IDR.*

Table 1.1: Drug examples and their BCS classes.

Class Solubility Permeability Example
Class I High High Verapamil
Class 11 Low High Ibuprofen
Class 111 High Low Atenolol
Class IV Low Low Ciprofloxacin

1.6.Rationale and Significance
The selection of the dissolution medium is one of the most important factors to

be considered when establishing an [IVIVC. The type of medium chosen and strength
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affect the dissolution behavior of the drug. The reaction kinetics of BCB can result
in different dissolution behaviors of low-solubility drugs. Furthermore, the reaction
kinetics will affect the aggregation of bile salts, as the bile salts aggregation process
is affected by ion concentration and type. Also, adding CO, on the surface of the
dissolution medium will help to maintain a constant pH without bubble formation
and disruption to the hydrodynamics in the dissolution vessel.

This is particularly important in the case of class II drugs, where the dissolution
is the rate limiting step. Dissolution differences observed between BCB and PBS

could enhance the in vivo understanding of the dissolution of low soluble drugs.

1.7. Study Question
Is there a difference in the dissolution behavior of acidic and neutral BCS class

IT drugs in bicarbonate vs. phosphate buffer?

1.8.Aims of the Study
e To compare a BCB to a PBS as dissolution media for IBU and GRI, with
and without the use of bile salts.

e To develop a suitable method for adding CO; to the media without affecting

the hydrodynamics to maintain the pH of the test medium.
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e To develop a biphasic dissolution system to test the similarity of IBU
dissolution profile in a 5 mM PBS and in a 10 mM BCB without altering the

pH of the media.
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Chapter Two

Methodology

15



2. Methodology
2.1. Intrinsic Dissolution Rate
2.1.1. Materials Used

Ibuprofen (IBU) was purchased from Medisca (QC, Canada), griseofulvin
(GRI) from ICN biomedicals (Ohio, USA), lecithin from Alfa Aesar (Massachusetts,
USA), sodium taurocholate from Calbiochem (Massachusetts, USA), potassium
dihydrogen phosphate from Fisher Scientific (New Jersey, USA), sodium
bicarbonate and sodium hydroxide from Caledon Laboratories (Ontario, Canada),

and o-phosphoric acid and octanol from Fisher Chemical (New Jersey, USA)

2.1.2. Experimental Setup

An 8 mm disk was compressed into a tablet die at 2,000 psi for IBU and 4,000
psi for GRI, for 1 min, using a Carver hydraulic press (Wisconsin, USA). Then, the
surface of the disk was gently cleaned using a Kimwipe to remove any loose
particles.

For IBU, 50 mL of 0.001 M hydrochloric acid (HCI) was placed into a jacketed
vessel and warmed to 37°C. The buffer was injected at 2.5 mL/min over 20 min,
with the disk speed at 100 rpm, as shown in Figure 2.1. Samples of 2 mL were taken
at 5, 10, 15, and 20 min, then filtered through a 0.2 um pore-size

polytetrafluoroethylene (PTEF) syringe filter (Fisher Scientific, China).
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For GRI, 50 mL of 0.001 M HCI was placed into a jacketed vessel and warmed
to 37°C. The buffer was injected at 0.208 mL/min over 120 min at 200 rpm. Samples
of 2 mL were taken at 30, 60, 90, and 120 min, then filtered through a 0.2 pm pore-

size PTEF syringe filter (Fisher Scientific, China).

2.1.3. Buffer Preparation

The initial buffer concentrations were measured to be 10 mM, after dilution with
the HCI in the media at the end of the experiment. The pH was monitored by an
Orion 520A pH meter (Orion Research Inc., Massachusetts, USA).

For IBU, 1.68 g of sodium bicarbonate was dissolved in 1000 mL deionized
water, then the pH was adjusted to 6.8 by sparging CO,, onto the surface of the
buffer. The buffer concentration was verified before and after the experiment by
using a Thermo Scientific Orion Carbon Dioxide Electrode (Thermo Fisher
Scientific, Massachusetts, USA) connected to an Accumet AB250 pH/mV/ion meter
(Fisher Scientific, Massachusetts, USA). Amounts of 2.72 g and 6.8 g of potassium
dihydrogen phosphate, in 1000 mL of deionized water, were used for 10 mM and 25
mM phosphate buffers, then the pH was adjusted with NaOH to pH 6.8. Sodium
taurocholate (6 mM) and lecithin (0.4 mM) were added to the buffer to simulate bile

salts, when needed. Samples of 2 mL were taken at 5, 10, 15, and 20 min.
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For the GRI dissolution, 2.52 g of sodium bicarbonate was dissolved in 1000
mL deionized water, then the pH was adjusted to 6.8 by sparging CO,, onto the
surface of the buffer, the concentration was verified using the electrode described
above. Where 4.08 g of potassium dihydrogen phosphate in 1000 mL of deionized
water was used for the 10 mM phosphate buffer, the pH was adjusted to pH 6.8 using
NaOH. Sodium taurocholate (9 mM) and lecithin (0.6 mM) were added to the buffer

to simulate bile salts, when needed.

2.1.4. High-Pressure Liquid Chromatography

High-pressure liquid chromatography (HPLC) was used to analyze the
dissolution of IBU and GRI. An LC-600 Shimadzu pump was used (Shimadzu,
Japan), connected to an 851-AS Jasco autosampler (Tokyo, Japan) and a UV-957
Jasco UV detector (Tokyo, Japan). A LiChrospher 100 reverse phase-18 (Merck,
Darmstadt, Germany), with a 5 um particle size, was used for both drugs. The data
were processed using Clarity v. 7.0 (DataApex Ltd., Czech Republic).

For IBU, a modified HPLC method from Jahan et al. was used, C18 column
with a 0.7 mL/min flow rate, an injection volume of 10 pg, and UV detection at 222
nm, and a run time of 15 min. The mobile phase was prepared by dissolving 1.75 g
of dibasic potassium hydrogen phosphate in 1000 mLL of water added to acetonitrile

at 1:1, then the pH was adjusted to 6.0 = 0.05 with concentrated ortho-phosphoric
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acid or sodium hydroxide. The mobile phase was then filtered and degassed. All the
chemicals were HPLC grade. The retention time was 8 min.*

For GRI, a modified HPLC method, from Trotta et al., was used, C18 column
with a 0.6 mL/min flow rate and 40 pug injection volume. The sample was detected
at 245 nm with a run time of 10 min. The mobile phase was prepared by mixing
methanol to water at 7:3. Then, the mobile phase was filtered and degassed.*¢ All the

chemicals were HPLC grade. The peak retention time was 5 min.

2.1.5. Micelle Size
The average diameter and size distribution of the bile salts micelles in the
phosphate and BCBs were estimated by a dynamic light-scattering technique, using

a Malvern Zetasizer™ 3000 (Malvern Instruments Ltd., UK).

Buffer

L} HoL

\ J

Figure 2.1: IDR experimental design while monitoring pH. The experimental
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conditions (disk speed, flow rate, time) were adjusted to produce measurable

concentrations and a linear relationship for each drug.

2.2.Biphasic Dissolution
2.2.1. Analytical Method

UV spectroscopy was used to measure the IBU in the buffer and octanol. A scan
of IBU UV absorption was performed to determine the maximum wavelength

absorption (Amax) in the buffer and in the octanol phase.

2.2.2. Franz Cell Biphasic Dissolution
A 150 mL amount of 5 mM PBS was preheated in a jacketed vessel equipped
with a three-paddle mixer, mixing at 100 rpm. The Franz cell donor chamber was
closed, with two small tubes — one an inlet from the main vessel and the other an
outlet back to the main vessel — and a hydrophilic membrane separating the donor
and receptor chambers.
The Franz cell sampling port was closed to avoid a pressure difference (Figure
2.2). A tablet containing 600 mg IBU, 600 mg calcium sulfate, and 600 mg
magnesium phosphate was tested in the main vessel for 60 min. Then, a 5 mL sample
was taken from the main vessel and replaced with fresh medium, and a 0.5 mL

sample was taken from Franz cell without replacement.
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2.2.3. Laminar Flow Biphasic Dissolution

Two jacketed vessels were preheated to 37°C+0.5°C. In one vessel (A),
containing 150 mL of the buffer, a three-blade paddle was stirring at 100 rpm. The
second vessel (B) was filled with 100 mL of the buffer and 50 mL of octanol, and
two peristaltic pumps (Gilson Medical Electronics, France and Masterflex, Cole-
Parmer, Chicago, USA) were used to circulate the buffer between Vessel A and
Vessel B and back. A mixer was developed in-house, designed to produce close to
laminar flow. This had four rounded rods attached to a cylindrical disk (Figure 2.3)

and the stirrer speed was 75 rpm.

2.2.3.1. Ibuprofen Partitioning

A 50 mg sample of IBU was dissolved in 250 mL of 5 mM PBS. The solution
was sonicated in an ultrasonic bath until a clear solution was obtained. Then the
experimental setup described above (method in 2.2.3) was used, with the pump
speed set at 5 mL/min. Then, a 1 mL sample was taken without replacement at 5, 10,

15, 20, 30, 45, 60, 75, 90, 120, 150, and 180 min.
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2.2.3.2. Ibuprofen Biphasic Dissolution

The buffer (either 5 mM PBS or 10 mM bicarbonate) was preheated to
37°C+0.5°C, then 30 mg of IBU was placed in Vessel A, for 90 min at 10 mL/min.
A 5 mL buffer sample was taken with medium replacement, and a 1 mL octanol
sample without replacement. CO,(,) was supplied above Vessel A when BCB was
used, while the pH was monitored to emulate the 5 mM PBS pH. The BCB

concentration was verified using a Thermo Scientific Orion Carbon Dioxide

Electrode.
h 4 - Buffer
I —
Donor chambber
Octanc
il ¢
Receptor chamber

Figure 2.2: Illustration of biphasic dissolution using of Franz cells. Octanol phase

(yellow) in Franz cells, buffer (blue) in main vessel, with IBU (white), being stirred
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at 100 rpm, with the media circulated at 5 mL/min. A hydrophilic membrane filter

(red) was used

0.5mM PBS

Filler
I

Vessel B Vessel A

Figure 2.3: Illustration of the biphasic dissolution setup with the use of a stirrer.
Octanol phase yellow, buffer blue in Vessel B. The medium was pumped at 10

mL/min between Vessels A and B.

2.3.Statistical Analysis

The data is presented as mean =+ standard deviation (SD). An unpaired student’s
two-tailed t-test (SPSS, Statistics Grad Pack) was used to test for statistical
significance (p), the difference being consider statistically significant when p<0.05
at 0=0.05. DDSolver was used for the multivariate model independent procedure

(MMIP), and a similarity factor (f,) was used to compare dissolution profiles.*’~°
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Chapter Three

Result
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3. Result:
3.1. High Pressure Liquid Chromatography Assay:

Plotting AUC against concentration showed a linear relation for IBU and GRI.
IBU and GRI are stable in the media and mobile phase used in preparing the stander
curve, as shown by other studies, therefore, less than 6 data points were used to make
the stander curve. Both HPLC methods for IBU and GRI were adapted with minor
changes from published studies, so an in-house validation was not nessesary.’! The
calibration curves are shown in Figure 3.1 and Figure 3.2.

1800
1600

y = 26.759x - 8.4683
1400 RZ=1

1200

AUC

400

200

0 10 20 30 40 50 60

Concentration pg/mL

Figure 3.1: Standard curve for IBU. The error bars represent the mean + upper and

lower limits (n=2).
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600

500
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300

200

100

0 0.5 1 15 2 2.5 3 3.5

Concentration ug/mL

Figure 3.2: Standard curve for GRI. The error bars represent the upper and lower

limits (n=2).

3.2.1buprofen Intrinsic Dissolution Rate
The experiments were performed in order to study the effect of buffer strength,

buffer composition, and surfactant on low-solubility acidic drugs.

3.2.1. Using S0 mM Phosphate Buffer

Figure 3.3 shows the concentration over time relationship, which is linear, with
a coefficient of determination (R?) of 0.9895.%2 The concentration was 0.21 for the
first time point, and almost 10 times that at the end of the experiment, where the

slope was 0.114, giving an IDR of 0.228 mg/min.cm? + 0.018, as shown in Figure
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3.4. The pH started at 2.9 at the first time point, increased to 6.6 at 3 min, and then

maintained stability until the end of the experiment (Figure 3.5).

3.2.2. Using 10 mM Phosphate Buffer

A linear relationship between time and concentration was found, with R*=0.9835
(Figure 3.3). The concentration maintained a steady increase over the 20 min of the
test, with a slope of 0.0452. Using Eq. 1.1, IBU produced an IDR of 0.090
mg/min.cm? + 0.003 (Figure 3.4). The difference from the 50 mM PBS was
significant, with p<0.001 (Table 3.1). The medium pH started at pH 2.8, reaching

over pH 6.0 after 4 min; the pH remained constant at pH 6.6 after 9 min (Figure 3.5).

3.2.3. Using 10 mM Bicarbonate Buffer

The IBU intrinsic dissolution in the BCB showed a similar linear characteristic,
with R?=0.9953, the slope being 0.034 (Figure 3.3). The IDR (Figure 3.4) was 0.068
mg/min.cm? £ 0.003. The difference between the BCB and the 10 and 50 mM PBS
was significant, with p=0.001 and p<0.001, respectively (Table 3.1). The pH started
at pH 2.8, increasing to >6.0 after 6 min. Then, a steady pH of 6.6 was achieved after

13 min (Figure 3.5).
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3.2.4. Using 50 mM Phosphate Buffer with Bile Salts

The 50 mM phosphate buffer with bile salts (PBBS) gave a linear curve (Figure
3.6), with R?>=0.9869 and a slope 0 0.1179. The IDR was 0.213 mg/min.cm? + 0.004
(Figure 3.4), and there was no significant difference this between 50mM PBS

(p=0.272). PBBS produced a similar pH profile to 50 mM PBS (Figure 3.7).

3.2.5. Using 10 mM Phosphate Buffer with Bile Salts

The 10 mM PBBS showed linear relationship between time and concentration,
with R?=0.9909. The slope of the curve was 0.0464 (Figure 3.6) and the IDR 0.093
mg/min.cm? + 0.007 (Figure 3.4). There was no significant difference between 10
mM PBBS and 10 mM PBS (p=0.541), however there was a difference when
compared to 50 mM PBBS (p<0.001; Table 3.1). The pH of the medium over time
(Figure 3.7) showed a huge increase between 3 and 6 min, after which the pH

remained steady until the end of the experiment, reaching pH 6.6.

3.2.6. Using 10 mM Bicarbonate Buffer with Bile Salts

The BBBS gave a linear relation, with R?=0.993 and a slope of 0.0369 (Figure
3.6), giving 0.074 mg/min.cm? = 0.003 (Figure 3.4). There was a significant
deference between 10 mM BBBS, 10 mM PBBS, and 50 mM PBBS, with p=0.01

and p<0.001, respectively, but no significant difference compared to BCB
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(p=0.082), as shown in Table 3.1. The BBBS pH profile showed a similar pattern to

that of BCB (Figure 3.7).

Cumulative Amount Dissolved mg

24

1.6

1.2

0.8

0.4

50 mM PBS
y =0.114x - 0.4205
R? =0.9895

6 8 10
Time min
® 10 mM PBS

y =0.0452x - 0.1691
R? = 0.9835

]
1
.
1
....... »
.............. g
12 " - . )
10 mM BCB
y = 0.034x - 0.0697
R2 =0.9953

Figure 3.3: The effects of buffer strength and composition on the cumulative amount

of dissolved of IBU (mg) at a speed of 100 rpm, and at 37°C, the disk was

compressed at a force of 1,000 psi. The linear trend estimation is shown as a dotted

line. The error bars represent the mean = SD (n=3).
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Figure 3.4: The effects of buffer strength, composition, and surfactant on the IBU
IDR in mg/min.cm?. The IDR was calculated by dividing the slope by the disk area

(0.5 cm?). The error bars represent the mean + SD (n=3).
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Figure 3.5: The effect of buffer strength and composition on pH in the presence of

IBU. The error bars represent the mean + SD (n=3).
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Figure 3.6: The effect of buffer strength, composition, and surfactant on the
cumulative amount of IBU dissolved (mg). at a speed of 100 rpm, and 37°C, where
the disk was compressed with a force of 1000 psi. The linear trend estimation is

shown as a dotted line. The error bars represent the mean + SD (n=3).
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Figure 3.7: The effect of buffer strength, composition, and surfactant on pH. The

error bar represent the mean + SD (n=3).
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50 mM PBS
10 mM BCB
10 mM PBS
50 mM PBBS
10 mM PBBS
10mM BBBS
50 mM PBS
10 mM PBS

10 mM BCB

Table 3.1: P values for the IBU IDR in different media, using the two-tailed t test;

10 mM PBS
50 mM PBS
10mM BCB
10 mM PBBS
10 mM BBBS
50 mM PBBS
50 mM PBBS
10 mM PBBS

10 mM BBBS

*indicates a significant difference.
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0.001*
<0.001*
0.01*
<0.001*
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0.541
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3.3.Griseofulvin IDR
Experiments were performed in order to study the effects of buffer composition

and surfactants on a low-solubility neutral drug.

3.3.1. Using 10 mM Phosphate Buffer

The GRI intrinsic dissolution in PBS was R?=0.995, indicating a linear relation
between concentration and time (Figure 3.8), and a 0.0004 slope. The PBS gave an
IDR of 0.867 pg/min.cm? + 0.115 (Figure 3.9). The pH showed a slow increase in

the first 20 min, to approach pH 6.0, and reached pH 6.5 after 1 hr (Figure 3.10).

3.3.2. Using 10 mM Bicarbonate Buffer

The BCB produced similar curves to the PBS for the first two data points, but
showed a minor increase in concentration for the last two data points (Figure 3.8).
The R?=0.995, and the slope was 0.0005, resulting in a slightly higher IDR (1.066
pg/min.cm? £ 0.115) than for the PBS (Figure 3.9). The difference between the GRI
IDR of the PBS and BCB was not significant (p=0.101; Table 3.2). The pH reached
pH 5.0 in the first 10 min, then continued to increase until it reached pH 6.5 after 30

min, and stayed around that pH until the end of the experiment (Figure 3.10).
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3.3.3. Using 10 mM Phosphate Buffer with Bile Salts

The PBBS medium produced a linear curve throughout the experiment (Figure
3.11), with R?>=0.987, and a slope of 0.0006, giving an IDR of 1.2 ug/min.cm?
(Figure 3.9). The difference between the PBBS and PBS was significant, with
p=0.007 (Table 3.2). The pH of the PBBS showed a similar pattern to that of the
PBS pH profile (Figure 3.12). The average micelle diameter size was 160 nm + 30.5

(Figure 3.11).

3.3.4. Using 10 mM Bicarbonate Buffer with Bile Salts

GRI produced a linear relation, with R?>=1 (Figure 3.11), while the slope was
0.0011. The IDR was 2.2 ug/min.cm? + 0.0022 (Figure 3.9), which is significantly
higher compared to the PBBS and BCB, with p<0.001 in both cases (Table 3.2). The
pH curve of the BBBS (Figure 3.12) increased dramatically in the first 5 min,
reaching pH 5.0, and continued to increase, reaching pH 6.5 after 1 hr. The average

micelle diameter size was 274.4 nm + 5.9.
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Figure 3.8: The effects of buffer composition and surfactant on cumulative GRI
dissolved (ng). at a speed of 200 rpm, and 37°C, the disk was compressed at a force
of 4000 psi, The linear trend estimation is shown as a dotted line. The error bars

represent the mean = SD (n=3).
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Figure 3.9: The effects of buffer composition and surfactant on the GRI IDR in
pg/min.cm?. The IDR was calculated by dividing the slope by the disk area (0.5

cm?). The error bars represent the mean + SD (n=3).
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Figure 3.13: Average diameter (nm) of bile salts micelles in 10 mM BCB and 10

mM PBS. The error bars represent the upper and lower limits (n=2).

PBS BCB 0.101

PBBS BBBS <0.001*
PBS PBBS 0.007*
BCB BBBS <0.001*

Table 3.2: P values for the GRI IDR in different media, using the two-tailed t test.

*Indicates a significant difference.
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3.4. Two-Compartment Biphasic Dissolution Results
The aim of these experiments was to develop a biphasic dissolution system that
allowed for effective COy ) addition without interfering with the hydrodynamics in

the dissolution vessel.

3.4.1. IBU UV Scan:
The Amax found to be 221 nm in the buffer, and 260 nm in the octanol. Those
wave lengths were used to analyze the samples. Octanol caused redshift in IBU as a

result of solvatochromism.>?

3.4.2. Franz Cell IBU Biphasic Dissolution System

The Franz cell biphasic dissolution experiment (Figure 3.14) took an hour. The
maximum concentration of IBU was 68.69 mg/mL in 5 mM PBS, and 0.724 mg/mL
in the octanol phase, by the end of the experiment, when the total cumulative
dissolution was 13.03%; however, the stability of the system was a major problem,
as the octanol sample was contaminated with a small volume of the buffer. Also,
with time, the octanol appeared to have escaped from the Franz cell and reached the
main dissolution vessel.

The pH showed an interesting pattern. The medium maintained the pH at >6.35

for the first 10 min, when the concentration of IBU was about 30 mg/mL, as shown
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in Figure 3.15. Then, the pH declined as the IBU concentration increased, until the

end of the experiment, at which point the pH was 5.87.
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Figure 3.14: Cumulative % dissolution of IBU using a mixer, with 200 pg/mL IBU
(250 mL 5 mM PBS), 50 mL octanol (Octa), and the total percentage dissolved
(paddle speed 100 rpm, laminar mixer speed 75 rpm, at 37°C). The error bars

represent the upper and lower limits (n=2).
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Figure 3.15: IBU dissolution medium pH (primary y axis), and concentration of IBU
dissolved mg/mL (secondary axis), using Franz cells. The error bars represent the

mean = SD (n=3).

3.4.3. Ibuprofen Biphasic Dissolution Using Laminar Flow Mixer
3.4.3.1. Partitioning of Ibuprofen

The IBU dissolved in the buffer (Figure 3.16) was 103.9% after 5 min, and the
total dissolved was 118.12%. The total dissolved remained above 100% for 45 min,
then came down below 100% until the end of the experiment.

The buffer IBU dissolved steadily decreased to 11.84% after 180 min, while the
IBU dissolved in octanol increased to 85.7%. The pH was 5.9 at the beginning of the
experiment. With the partitioning of IBU into the octanol phase, the pH increased to

pH 6.47 after 180 min (Figure 3.17).
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Figure 3.16: Cumulative % dissolution of IBU using a mixer; 200 pg/mL IBU (250
mL 5 mM PBS), 50 mL octanol (Octa), and total percent dissolved (paddle speed

100 rpm, laminar mixer speed 75 rpm, at 37°C). The error bars represent the upper

and lower limits (n=2).
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Figure 3.17: IBU buffer dissolution medium pH (primary y axis) and concentration
of IBU mg/mL (secondary axis) over time, using a mixer. The error bars represent

the mean + upper and lower limits (n=2).

3.4.3.2. Ibuprofen Biphasic Dissolution
3.4.3.2.1. Biphasic Dissolution in S mM Phosphate Buffer

Dissolution in the 5 mM PBS phase (Figure 3.18) continued to increase to a
maximum of around 70% (21.5 mg) at 20 min, then the IBU was partitioned into the
octanol phase, which produced a zero order pattern, with the zero order dissolution
constant k¢=0.626 + 0.055, where the octanol flux was 0.132 pg/min.cm? = 0.0009.
At the end, 26.6% of the dissolved IBU was in the buffer, whilst 55.4% was in the
octanol phase. The total amount remained the same at around 92% after 45 min. The

pH of the buffer reached a minimum of 6.4 at 20 min (Figure 3.19), at the same time
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as the highest concentration (Cuax). The pH then continued to increase as the IBU

moved into the octanol phase, ending at pH 6.47.

3.4.3.2.2. Dissolution in 10 mM Bicarbonate Buffer

The BCB dissolution curve (Figure 3.20) showed an increase in the amount of
IBU dissolved up to a maximum of 18.9 mg at 30 min, while it steadily increased in
the octanol phase up to the end of the experiment, with 38% IBU in that. The zero
order dissolution constant was 0.431 + 0.116, while the octanol flux was 0.087
pg/min.cm? £ 0.024. The total amount of IBU in the two phases reached a maximum
at the end of the experiment, with 88.4% dissolved. The pH of the BCB was constant
over the experiment duration, with a lower limit at pH 6.47 at 30 min, and pH 6.5 +

0.03 at the end, as shown in Figure 3.21.

3.4.3.2.3.  Biphasic Dissolution Profile Comparison

The similarity between the 5 mM PBS and 10 mM BCB phases was not
statistically significant for any time points, using the MMIP, as shown in Table 3.3.
There were similarities for the first four time points in the octanol phase, but the last
three time points were not similar. The total IBU dissolved showed a similarity only
at 30 min and 90 min; however, comparing the release pattern using f, showed

similarity at the edge (51%). The t test (Table 3.4) showed similar results to those
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from the MMIP; however, some points showed significant differences (p<0.05),

although the similarity assumption was accepted using the MMIP.
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Figure 3.18: Cumulative % dissolution in 5 mM PBS using a mixer; 250 mL of 5
mM PBS, 50 mL of octanol (Octa), and total percent dissolved (paddle speed 100

rpm, mixer speed 75 rpm, at 37°C). The error bars represent the mean = SD (n=3).

49



7.0 100
90
6.5 —e ® g E
i
6.0 70 -
60 .°
©
$ 55 50 5
40 o
5.0 30 §
(&)
4.5 20 g
10 —

4.0 0

0 10 20 30 40 50 60 70 80 90
Time
—@—pH —&—I|BU dissolived

Figure 3.19: PBS medium pH (primary y axis) and concentration of IBU mg/mL
(secondary axis) over time, using a mixer. The error bars represent the mean +£ SD

(n=3).
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Figure 3.20: IBU biphasic cumulative dissolution percentage in 10 mM BCB using

a mixer; 250 mL of 10 mM BCB, 50 mL octanol (Octa), and total percent dissolved
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(100 rpm, mixer speed 75 rpm, at 37°C). The error bars represent the mean + SD

(n=3).
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Figure 3.21: BCB medium pH (primary y axis) and concentration of IBU mg/mL

(secondary axis) over time, using a mixer. The error bars represent the mean +£ SD

(n=3).
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5
10
20
30
45
60
90 R R A
f> A (51.6) A (51.1) A (51.6)

Table 3.3: MMIP and similarity factor (f,) between the buffers, octanol, and total

R e e e
A~ AR R R A
~ = P> P AR

cumulative percent dissolved using biphasic dissolution with a mixer. A is accepted

similarity, R is rejected similarity.

5 0.817 0.009* 0.007*
10 0.828 0.069 0.092
20 0.454 0.156 0.045%*
30 0.267 0.624 0.008*
45 0.066 0.525 0.080
60 0.049* 0.594 0.020*
90 0.048%* 0.079 0.092

Table 3.4: P values for the biphasic dissolution using a mixer for 5 mM PBS and

10 mM BCB, using a two-tailed t test. *Indicates a significant difference.
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Chapter Four

Discussion and Conclusion
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4. Discussion
4.1. Intrinsic Dissolution Rate

The IDR is usually used to study drug dissolution or the effects of residual
solvents, and pH effects on the solubility of an active pharmaceutical
ingredient.?%41443%55 Our method of adding a buffer to HC1 was performed in order
to simulate the physiological environment between the stomach and small intestine
following gastric emptying, and to study the effects of the neutralization mechanisms
of both buffers.

Undoubtedly, using bicarbonate results in a better IVIVC, but the main
drawbacks are reproducibility and hydrodynamic stability when used with bile
salts.!” For this reason, Jantratid et al.>* and Fuchs et al.>> recommended the use of
maleate as a simulated intestinal buffer, instead of bicarbonate. We aimed to find a
method with good reproducibility, that was appropriate for suppling COx) without
interfering with the hydrodynamics of the media and without creating turbulent flow.
Especially when bile salts were used to avoid bubble formation directly at the surface

of the drug disk, which would decrease surface area.

4.1.1. Ibuprofen Intrinsic Dissolution Rate
The curves from all of the experiments show a linear relation, with R?>~1. This

is essential for being able to measure the slope, then applying Eq. 1.1 to calculate
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the IDR. An upward curvature at the end could indicate that an error, such as
cracking of the compacted disk, had occurred, which would increase the surface
area. When a negative curvature happens, this can indicate that the crystal shape has
converted, e.g., changed from amorphous to crystalline form, or another
polymorphic form.?° In our method design, the change in pH could lead to negative
curvature; however, this did not happened here, as the IBU solubility decreased at
lower pHs. For this reason, and because of the short run time (20 min), IBU showed
a linear IDR 1n all buffers that were used as dissolution media.

Fifty mM PBS is the recommended dissolution medium for IBU in the USP;
however, this medium gave a 335% higher IDR than BCB. This indicates that the
recommended dissolution buffer for IBU in the USP does not reflect the actual
dissolution in vivo. The other significant difference appeared when comparing 10
mM PBS to 50 mM PBS, where the difference was 250% higher. This shows the
effect of buffer strengths, with a higher buffer strength of PBS resulting in greater
dissolution of IBU. As the concentration increases, the buffer capacity also
increases, driving the reactions Recs 4.1 and 4.2 to produce salt formation, since
more substrate is available for ionizing the IBU (more soluble form), although a
similar pH was achieved in both the 10 mM and 50 mM PBS buffers.>®

The BCB showed a 32% lower IDR when compared to 10 mM PBS, although

both have a similar buffer capacity and concentration. This is in agreement with what
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had been published by Krieg et al., who obtained the same results, which they
ascribed to an irreversible reaction in the BCB at the diffusion layer (Rec 4.3), where
it was instantly equilibrated in the case of PBS. They recommended that 4-8 mM
PBS should be equivalent to 10 mM BCB. The pH profiles for 10 mM and 50 mM
PBS were similar, thus eliminating any effect of pH.!*>’

Sodium taurocholate and lecithin were used in FaSSIF to simulate small
intestine fluid, with sodium taurocholate used at 3 mM and lecithin at 0.75 mM. In
a second version (FaSSIF V2), the lecithin was reduced to 0.2 mM at the critical
micelle concentration level to produce smaller micelle sizes; the initial results
indicated a better IVIVC for the FaSSIF V2,580

The results of the 50 mM PBBS showed a higher IDR compared to 10 mM
PBBS, similar to both media without bile salts (229%). This was expected due to the
higher buffering capacity. Also, the BBBS was 25% lower than the 10 mM PBBS,
suggesting the same reason for the difference between the BCB and PBS, as the
reaction kinetics differed between the two buffers. Taking into account the low
concentration of bile salts used, the media with bile salts did not produce any
significant differences when compared to the media without bile salts. This is in
agreement with Sheng et al. who found that the surfactant did not affect the IDR of
low-solubility acidic drugs at high pHs, even when a high concentration was used.

These results indicate that the effects of buffer composition and strength play more
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important roles than the surfactant in the dissolution media for low-solubility acidic

drugs, such as IBU.®!

H3PO4 s H,PO4 pKa1 =1.86 Rec 4.1
H2P04_ — HPO42' pKa2 =6.8 Rec 4.2
CO,+ H,0 « H2C03 s H+ HCO Rec 4.3

4.1.2. Griseofulvin Intrinsic Dissolution Rate

Plotting the cumulative amount over time produced a linear relationship for all
of the experiments, with R>>0.9 over 120 min, indicating a successful method
design. This was challenging, as a long run time and high rpm were needed to obtain
measurable concentrations at the first time point, using the HPLC method described
above; however, the long run time and high rpm could cause erosion of the disk
surface.?’

The IDR of GRI in the BCB was 23% higher than in the PSB, but without a
statistically significant difference. This is expected for neutral drugs, as they do not
form any 1ons throughout the range of pHs; hence, buffering the pH will not interfere
with GRI dissolution.®? The difference in the pH in the first 15 min resulted from the
high speed used for the experiment, where the speed facilitated the escape of CO,
from the media.

Adding bile salts to the PBS resulted in a significant increase (38%) in the IDR,

which could be attributed to a solubilization effect of the surfactant, leading to an
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increase in the partitioning of the GRI to the hydrophobic core in the micelles
formed, producing higher drug solubility.

Adding bile salts to the BCB produced a considerable increase in the GRI IDR
(106%). As seen with the PBS and PBBS, the increase in the GRI IDR in the
presence of bile salts was due to the solubilization ability of the surfactants. Unlike
IBU, GRI was not ionized in the experimental pH range, leading to higher micelle
partitioning than for ionized drugs, thus the surfactants have a much greater effect.

Also, the BBBS had an 83.3% higher IDR than the PBBS. Small et al. suggested
two forms of bile salts micelles — spherical and rod-shaped.®-%* Zhang et al. studied
the effects of salt type on the aggregation of bile salts micelles, finding that the
micelle aggregation behavior changed with a change in salts; the rod-like bile salts
micelles had a better hydrophobic solubilization ability.®> More recently, Hildebrand
et al. showed that small micelle sizes are associated with a spherical shape, with
larger sizes having more complex shapes. Larger micelle sizes in the BBBS
indicated that the bile salts in the BCB had a more complex shape, whereas, in the
PBS, the micelles were spherical, hence a higher IDR was observed with the

BBBS.66-68
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4.2. Biphasic Dissolution

Unlike other systems for low-solubility drugs, biphasic dissolution offers certain
similarities to in vivo conditions. A drug needs to dissolve in an aqueous medium
before it can be absorbed in vivo, and this can cause sink conditions. In biphasic
dissolution, the drug first dissolves in the buffer, then partitions into the octanol
phase, mimicking the sink conditions in vivo.!” Krieg et al. proposed 5 mM PBS as
a surrogate buffer for BCB for IBU, but IBU dissolution will change the pH of the
medium, as IBU will act as an acid. The buffer capacity of 5 mM PBS is weak and
cannot resist this change in pH, and the dissolution of IBU will decrease the pH after
some time. Hence, biphasic dissolution is needed in order to study the dissolution of
IBU without changing the pH; however, sparging CO»() into one compartment of
the biphasic dissolution system will cause a disturbance in the hydrodynamics of the
entire system, as the CO») needs to be supplied inside the buffer, with the octanol

on top of it.!%7

4.2.1. Franz Cell Biphasic Dissolution

The Franz cell model was used, as it can separate the aqueous phase (in the main
vessel) and the octanol phase (in the Franz cell). This enabled us to add CO5(,) above
the surface of the buffer in the main vessel; however, the octanol phase showed a

notably low amount of dissolved IBU. IBU is highly soluble in octanol (>450

59



mg/mL).%*° This happened because of the low surface contact area between the
octanol and buffer phases, as the contact surface area was limited to the small
membrane area, and the flow rate was relatively slow. It takes about 30 min to
circulate the entirety of the buffer in the main vessel. Also, the method was not
stable; later in the experiment, the membrane broke and octanol appeared in the main
vessel. Thus, this method was abandoned, and a two-vessel method with a mixer was
developed.

Another interesting result of the Franz cell was the effect of IBU and the pH change.
The pH of the buffer was 6.5 before the start of the experiment, and the reported
solubility at that pH was 2.7 mg/mL. Then, after the concentration of IBU increased
to 0.29 mg/mL, the pH dropped to 6.28, at which point the maximum solubility
should have been around 1.7 mg/mL. At the end of the experiment, the pH reached
pH 5.9, with 0.45 mg/mL being IBU dissolved; the maximum solubility was 0.7
mg/mL.”° The high concentration dissolved contradicts sink condition requirements,
as 50% of the maximum solubility was reached; however, the relationship between
the pH and the amount of IBU dissolved indicated the amount of IBU able to dissolve

in the buffer without affecting the pH.

4.2.2. Tbuprofen Biphasic Dissolution Using a Mixer
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Different biphasic protocols were developed in an attempt to enhance the
partitioning of the drug by increasing buffer—octanol interface interaction. The
buffer could not be mixed with the octanol, otherwise the drug would dissolve in the
octanol, rather than dissolving in the buffer; partitioning to the octanol would lead
to deceptive dissolution behavior.
4.2.2.1. Partitioning of Ibuprofen

This was performed in order to study the stability and ability of the system to
deliver and mix the buffer effectively with the octanol. The low variability and high
octanol partitioning indicate that the system is suitable to be used as a biphasic
dissolution setup; however, the total IBU concentration in the system was higher
than the limit, possibly due to the slow flow rate (5 mL/min) that means it will take
around 50 min for all buffer to circulate through the system. The fact that the total
went to 100% after 45 min supports this hypothesis. From the pH profile, the
relationship between pH and IBU buffer concentration shows that more than 100
ng/mL of IBU will result in a considerable change in the pH, and this will cause a

decrease in the solubility.

4.2.2.2. Ibuprofen Biphasic Dissolution

4.2.2.2.1. Dissolution in 5 mM Phosphate Buffer
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The early increase in the IBU buffer concentration could be attributed to the
same reason as in the partitioning study, where the buffer needed some time to
circulate to the octanol phase. This is supported by the maximum time point (tmax),
as this decreased to 20 min from 45 min when the flow rate was increased to double
that used in the partitioning experiment described above. The graph of the octanol
partition showed zero-order kinetics, indicating simulation of a successful sink
condition. The pH of the buffer was stable throughout the experiment. The highest
concentration in the buffer at one point was 84 pg/mL, and the lowest pH was 6.4;

this is in agreement with the partitioning study.

4.2.2.2.2. Dissolution in 10 mM Bicarbonate Buffer

The increase at the beginning of the experiment was expected, due to the
above-mentioned reasons, but the steady curve up to 45 min suggests a lower IBU
partitioning to the octanol phase, as shown by the flux of IBU in the BCB. The low
increase in pH at some points is credited to the effect of the mechanical stress applied
by the pumps, as this could facilitate the conversion of CO»q) to the gas phase;
however, this loss was compensated for by applying COy) to the surface of the

buffer, as was verified by the CO; electrode.

4.2.2.2.3. Biphasic Dissolution Profile Comparison
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Krieg et al. recommended the use of 5 mM PBS as a surrogate for BCB, as it
i1s more convenient to use PBS, it being easier to handle. To compare the two
dissolution profiles, the regulatory agencies have recommended certain methods —
e.g., f» and the MMIP. A two-tailed t test was applied in order to gain confidence,
compared to the MMIP, 1343

The buffer showed different IBU dissolution behavior when compared by the
MMIP; here, a greater than 10% difference was considered not to be statistically
significant. On the other hand, in the octanol phase, similarity was accepted for the
first four points, although, after the maximum concentration was reached in the
buffer phase, the similarity was rejected. The similarity in the first points could be
caused by limitations in the system. The total percentage similarity was rejected for
all points, except at the maximum concentration and at the end, when all the drug
had been dissolved. This shows the similarity in the extent of dissolved IBU, not the
behavior of the dissolution. The extent of the dissolved amount was also shown by
similarity in the area under the curve (p=0.279). All of these findings suggest that 5
mM PBS is not a good surrogate buffer for 10 mM BCB, as it showed more than a
10% difference in its upper limits. When the percentage difference increased using

f,, the buffers were similar, as f, was 51% in all cases.*’’!

4.3. Conclusions

63



This work has demonstrated the importance of using a BCB as a dissolution
medium for class II drugs. The higher dissolution of the acidic BCS class II drug
IBU in the PBS, compared to the BCB, while having the same ion concentration and
buffer capacity, shows the effects of the irreversible reaction kinetics observed with
the BCB. This finding is in agreement with Krieg et al. The dissolution of neutral
class II drugs in the BBBS, however, was 83% higher than in the PBBS, although
the same concentrations were used, suggesting the need to use a BBBS for the
dissolution of neutral low-solubility drugs. Furthermore, the sparging of CO, above
the dissolution medium was a suitable method for maintaining the overall medium
pH.

We have shown the differences in the dissolution of IBU in a 10 mM BCB
and a 5 mM phosphate buffer, by using a two-compartment biphasic dissolution
system and a mixer. Analysis of the two dissolution profiles suggests that the 5 mM
PBS is not a good surrogate for the BCB in the case of IBU. Also, the two-
compartment system was a suitable method for use as a biphasic dissolution system.

The use of physiologically-relevant buffers showed different dissolution
behaviors than in the commonly used PBS. This could be of importance for the
assessment of the BCS classes of new drug molecules. Also, using bile salts with a
BCB could be of importance for assessing neutral low-solubility drugs for

biowaivers. Furthermore, the IVIVC of drug dissolution in BCBs could be

64



established, which will decrease the costs of drug development and facilitate drug

approval through the regulatory agencies.

4.4. Limitations

Our study was limited to only one model drug of a low-solubility acidic and one
neutral drug. Also, the only type of bile salt used was taurocholate; other in vivo bile
salts were not examined in this study. Furthermore, we did not mimic the complete
in vivo environment, such as the motility cycle, osmolarity, and enzymic

composition of the intestinal juices.

4.5. Future Directions

The bile salts micelles in the BCB need to be studied in order to determine the
shape of the micelles at the same low concentration. Furthermore, the effects of the
ionic strength of the buffer on the dissolution of low-solubility neutral drugs in the
presence of bile salts need to be studied, as ionic strength can alter the shape of bile
salts micelles.

Also, a surrogate phosphate concentration needs to be found, especially when
large volumes are needed, or when ionizable drugs are investigated. The surrogate
phosphate buffer will need to be tested in the case of enteric-coated tablets, as the

BCB showed different dissolution behaviors when compared to the 50 mM
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phosphate buffer. Finally, an in vivo/in vitro correlation of BCB dissolution, using

the current dissolution techniques, needs to be established.
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