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CHAPTER 1

INTRODUCTION

1.1 Introduction

Dissolution of solids has been studied for many decades and applied to many industrial fields for
various chemical or physical applications, for example, food and pharmaceutical products.
Dissolution is the process by which a solid substance enters the solvent phase yielding a solution.
[1] In the past few years, the importance of dissolution testing has increased substantially, as seen
by the high level of regulations imposed on the pharmaceutical industry by various health agencies
around the world. Dissolution testing is critical for measuring the performance of a pharmaceutical
formulation. For a solid dosage from, it will be disintegrated into small granules then dissolution

process of the granules can be studied and its outcomes such as solubility can be obtained.

Dissolution testing plays several important roles in the pharmaceutical industry. First, the
dissolution test is a quality control tool that measures the change in stability of the formulation.
Some of the relevant changes that dissolution testing is able to detect include changes caused by
temperature, humidity, and photosensitivity. Second, the dissolution testing is also important for
formulation development. During development of a drug product, the formulators use dissolution
testing to distinguish between different variations of the drug product. The physical characteristics
of particles applied in dissolution studies are normally pointed as its objective properties. The
physical properties of particles are related to its size, shape, surface and structure. In the
pharmaceutical industry, it is important to develop with several variations of the drug product since
these are needed to access the drug’s performance in clinical trials. From the clinical trials, the
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efficacy of the variants is distinguished and obtained. Third, once in vivo (clinical trials) data has
been established for the drug product, a correlation between in vivo (human blood data)/ in vitro
(lab dissolution results) is attempted. [2] [3] Fourth, dissolution testing is used for the development
of the quality control specifications for the manufacturing process, such as compression and
binding agents in tablets and other parameters for other dosage forms. [4] With this, dissolution
plays a very important role for measuring the stability of the investigational product. In the
manufacturing industry, another application of dissolution testing is to assess the batch-to-batch
consistency preferably in solid dosage forms. Finally, the Food and Drug Administration (FDA)
requires dissolution testing in regulatory filings for all oral dosage forms and many other dosage

forms as well.

Dissolution is the process by which a solid dosage form enters in the dissolution media to yield a
solution. It is simply a process by which a solid dosage form dissolves. It is controlled by the
affinity between the molecules comprising the solid substance and the solvent. Moreover, the
dissolution rate plays an important role in the understanding of dissolution chemistry. The
dissolution rate is defined as the amount of drug substance that goes into solution per unit time

under standardized conditions of liquid/solid interface, temperature and solvent composition.

Dissolution testing can be performed using different types of testing apparatus for pharmaceutical
dosage forms. Even though there is increased research interest in this area, the techniques used for
studying dissolution rates remain constant. In fact, there are only a few instruments used to analyze
and understand the dissolution rates of drugs. This chapter discusses the current techniques used
for dissolution testing. Additionally, a detailed literature review into the use of in-situ FT-IR
spectroscopy in general and as a dissolution technique has been made and is discussed in this

chapter. [5]



1.2 Dissolution Models and Theories

In the dissolution research, Higuchi provided fundamental contributions to the development of
dissolution theory. [6] According to Higuchi’s research, there are three basic models used alone or
in combination to describe the dissolution process and mechanisms. These three models are;

diffusion layer, interfacial barrier and Danckwerts.

The diffusion layer model was simply used for a crystal solid to describe the dissolution process
in the pure solvent without any reactive actions. This model was once expressed by Nernst. [7]
According to the diffusion layer model as shown in Figure 1, it is assumed that there is a saturated
layer of solvent Cs around the solid surface and equilibrium conditions occur on the surface. Then
the dissolution process is driven by the diffusion movement of molecules in the diffusion layer, 6
cm in thickness. Therefore the dissolution process can be expressed such that the first step of solid
forming an interface in the solvent is very rapid. This leads to the formation of a saturated stagnant
layer around the surface. Then slow diffusion occurs from the surface into the bulk solution
through the diffusion layer. The rate of dissolution is entirely based on the diffusion of the solid

molecule from the diffusion layer to bulk liquid.
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The interfacial barrier model assumes that there is a high activation energy to promote the
interfacial transport process. [8] According to this model as shown in Figure 2, a free energy barrier
surmounts before the solid can dissolve. The surface of the solid is continually exposed to the
solvent and equilibrium is assumed at the solute-solvent interface Cs. The solute then diffuses from
free energy barrier and is carried into the solvent under the agitation. This leads to the formation
of a saturated stagnant layer around the surface. Then slow diffusion occurs from the surface into
the bulk solution through the diffusion layer. Therefore there is no layer around the surface and

the surface is continually replaced by the solvent medium.

The Danckwerts model assumes that the macroscopic packets of solvent reach the solute-solvent
interface first by eddy diffusion in some random fashion [9] as explained in Figure 3. At the
interface, the packet is able to absorb solute according to the laws of diffusion and then replaced
by new packets. This process continually occurs and the surface is continually replaced by the new
packets of solvent. Therefore the surface renewal process can be related to the solute transport

process.

These three models explain the mechanism of the drug dissolution testing, where solid drug reacts
with the fluid of dissolution medium. This reaction takes place at the solid-liquid interface.
Therefore dissolution kinetics are dependent on three things-the flow rate of the dissolution
medium towards the solid-liquid interface, the reaction rate at the interface and the diffusion of the
dissolved drug molecules from the interface towards a bulk solution. The most commonly used

model is diffusion layer model.
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1.3 Mathematical Models of Dissolution

The in vitro dissolution has been recognized as an important testing in the drug development. There
are several mathematical and kinetic models for dissolution testing are greatly developed and
explained. These models describe drug dissolution from immediate and sustained release dosage
forms. There are several models represents the drug dissolution profile, which is a function of
time-related to the amount of drug released from the pharmaceutical dosage form. [10] This section

covers a brief information about each model with the final derived equation.

There are many fundamental mathematical models based on the Noyes-Whitney equation and on
Nernst-Brunner film theory on dissolution kinetics which can be expressed as statistical methods.
These include the exploratory data analysis method, repeated measures design and multivariate
approach. Model dependent methods including the zero-order model, first-order model, Higuchi
model, Hixson-Crowell model, Baker-Lonsdale model, Korsmeyer-Peppas model and Weibull
model have been developed. Model independent methods including difference factor and
similarity factor also have been used.

The first equation for dissolution kinetics was described by Noyes and Whitney in 1897 with the
equation. [11]

M o ks(e,—c W
E_ (s_ t)

Where M is the is the dissolved mass, t is the dissolution time, S is the surface area of particles,
Cs is the equilibrium solubility at the temperature, C: is the concentration in solution at the time

and k is the dissolution rate constant.



This Noyes-Whitney law was developed from observing the dissolution of two different materials
dissolving in water. With this equation, the dissolution could be assumed to be driven by the
difference between the concentrations at the particle surface, which can be regarded as the
equilibrium solubility with the concentration in the bulk. Therefore the dissolution process was
controlled by the mass transfer from the surface of the particle to bulk.

Then, the dissolution mathematical model was greatly developed by Brunner and Nernst. In their
studies, a relationship between diffusion coefficient and the concentration in bulk was explained.
The equation to describe this theory is expressed by Nernst and Brunner as

DS @
"~ vh

k
Where D is the diffusion coefficient, h is the diffusion layer thickness, v is the volume of solution,
S is the surface area of particles and k is constant. With this model, Nernst and Brunner stated that
the dissolution process could be proposed in two steps. They assumed that the fluid in the diffusion
layer was stagnant. Furthermore, this theory also assumed that the dissolution process at the
surface of the particle is much faster than the mass transfer process and a linear concentration

gradient happens in the particle surface layer. However, this ideal condition assumption may never

occur because the surface area of the particle changes permanently with the dissolution process.

Exploratory data analysis

This method is used to understand and compare the dissolution data with a controlled dissolution
process. [12] The comparison can be achieved with dissolution data in graphical and numerical
methods. The dissolution data can be plotted for every formulation with one or two error bars at
each dissolution time point. Therefore the dissolution data can be summarized numerically and the
differences between every dissolution data profile can be compared at each dissolution time point.
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Multivariate approach

The multivariate analysis of variance (MANOVA) is a statistical method, based on the repeated
measurements designs where the percent dissolved material is depended with the repeated factor
of time. With the repeated measurements, the factors are measured repeatedly with more than two
levels. [13] The data were collected with repeated measurements over time on the same
experimental instrument. These are compound symmetry assumptions and the assumptions of
spherocity, it refers to the condition where the variances of the differences between all possible
pairs of within subject conditions are equal. Because of these assumptions, MANOVA approach

to repeated measures has gained popularity in recent years.

Zero-order model

The zero-order model assumes that dissolution is independent of the concentration in bulk, and is
only changing with dissolution time. In this way, the application of this model is limited with the
only consideration of dissolution proportional to time. This model states that dissolution from

particle will not disaggregate and the process is slow. [14] This model is expressed as
Qt == QO + kot (3)
where Qq is the amount of particles that has dissolved at time t, Qo is the initial amount of particle

and Ko is the zero-order dissolution constant.

First-order model

This method is usually used to describe the absorption or elimination of solid particles. [15]
However, the mechanism of dissolution process with this model is difficult to be conceptualized

from a theoretical context, as after saturation point with the first-order dissolution rate shifts to
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zero order. Because of this scenario, it is also called mixed-order kinetics. The first order Kinetics
can be represented as follows, where dC is the change in concentration, dt is the change in time, C
is the concentration and ks is the first-order dissolution rate constant.
dC (4)
—— =k C
dt f

Higuchi model

This model was firstly expressed by Higuchi to describe drug release from a matrix system. The
assumption of this model can be described that the initial concentration should be higher than
solubility, and the diffusion occurs only in one dimension, the drug particles are much smaller than

diffusion layer thickness. [16] The model can be expressed as

Q = AD(2C, — CCst ©)
where Q is amount of dissolved particles in area A at time t, Co is the initial concentration, Cs is
the solubility of particles and D is the diffusion coefficient of particle molecules. The common

application of this equation is the simplified equation where ku is the Higuchi dissolution rate

constant.
Q ES kHtl/Z (6)
The application of the Higuchi model is for the drug release from the dispersed matrices to particles

of general shape using the pseudo-steady-state approximation of Higuchi. [17]

Hixson-Crowell model

This mathematical model was first expressed by Hixson and Crowell as the particle regular area is

proportional to the cube root of the volume. [18] The equation can be described as
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W01/3 _ Wt1/3 = kyt @)
where Wo is the initial concentration of drug in pharmaceutical dosage from, W is the remaining
concentration of drug in pharmaceutical dosage from at time t and kn is the Hixson-Crowell
dissolution rate constant. This model assumes that the surface of the tablet is allowed to change
with time and its geometrical shape diminished proportionally with time. Hixson and Crowell
expressed that the dissolution rate was controlled by the particles dissolution rate rather than the
diffusion speed through the diffusion layer.

Korsmeyer-Peppas model

This model was expressed by Korsmeyer, in 1983 as a simple relationship to describe the drug

dissolution from a polymeric system. [19]

M, n (8)

Where M/ M is the ratio of dissolved drug at time t, k is the dissolution rate constant and n is the

exponent. It is noticed that the value of n is used to define different dissolution types for

cylindrically shaped matrices.

The review of the kinetic modeling on the drug release show that these models have been
established to describe the relationship between drug dissolution and geometry on the drug release
patterns mathematically. The drug transport inside pharmaceutical systems involve multiple steps
provoked by different physical and chemical phenomenon making it difficult to formulate a
mathematical model describing it in the correct way. The release models with the major application
and the commonly used to study drug release phenomenon are the Higuchi model, zero order

model, first order model and Korsmeyer-Peppas model.
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1.4 USP Dissolution Information

In the history of dissolution the results reveled in late 1800’s to the mid-1900’s, the first official
dissolution testing method appeared in United States of Pharmacopeia XVI11 in 1970. The United
States Pharmacopeia or USP is a non-government, official public standards—setting authority for
prescription and over-the-counter medicines and other healthcare products manufactured or sold
in the United States. [20] The USP also sets widely recognized standards for food ingredients and
dietary supplements. The USP sets standards for the quality, purity, strength, and consistency of
these products which are critical to the public health. Increased interest in dissolution regulations

continued to grow well into the 1970’s.

In 1978 the Food and Drug Administration (FDA) published the document entitled, “Guidelines
for Dissolution Testing.” [21] The intention behind this publication was to harmonize and
streamline the systems and processes of different laboratories. This was due to the fact that
dissolution results were observed to have high variability. There are minor changes in the
equipment parameters which causes higher variability. The FDA realized that more controls on
the tolerances of the dissolution equipment were needed so that results would be more

reproducible. Additionally, the FDA along with USP introduced the idea of calibrator tablets.

In 1978 the USP launched three calibrator tablets; prednisone, salicylic Acid and nitrofurantoin.
These calibrator tablets were used during the calibration of the instrument to validate the
dissolution testing system. The calibrator tablets have known specification limits and the

calibrations of the instruments have to be within those limits. To have an appreciation of the
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complexity of the dissolution system and equipment parameters, an overview of the technology

will be given in the next section.

In 1995, the USP assigned unique numbers to the different dissolution apparatus that were
available to the scientific community. All dissolution testing apparatus are listed in Table 1. There
are seven different types of dissolution equipment that are available to the dissolution chemist. The
most widely used dissolution apparatus in the pharmaceutical industry are apparatus I, Il and 1V.

The use of apparatus 1V has been developed more importance in recent years.

Apparatus 1 and 2 are most widely used in the pharmaceutical industry. As shown in Table 1,
Apparatus 1 uses baskets while Apparatus 2 uses paddles. Figure 4, shown below, is a schematic
and brief illustration of these two apparatuses and more precise dissolution testing vessels. The
apparatuses are comprised of a covered vessel which is cylindrical with hemispherical bottom with
capacity of minimal 1 liter, a metallic drive shaft which rotates smoothly that could affect the
results, a motor to spin the shaft, a cylindrical basket (Apparatus 1) or a paddle (Apparatus 2)

which are explained in detail in figure 5 and 6 respectively and dissolution medium.

The dissolution testing apparatus comprised a water bath or heated jacket capable of maintaining
the temperature of the vessels at 37°C £ 0.5°C. The dissolution testing apparatus is connected to
the auto sampler and if not then need to collect aliquots manually at the particular time point.
Although the figure below appears simple in design, there are strict regulations for the
specifications of each component of the apparatus and tolerances for each component are specified

by USP General Chapter Dissolution <711>. [22]
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Table 1: List of dissolution apparatus as per USP [20]

APPARATUS

NAME

DRUG PRODUCT

Apparatus 1

Rotating basket

Tablets, Capsules

Apparatus 2 Paddle Tablets, capsules, modified drug products
Apparatus 3 Reciprocating cylinder | Extended-release drug products, Beads
Apparatus 4 Flow through cell Drug products containing low-water-soluble drug

Transdermal drug products, Ointments, Gels,
Apparatus 5 Paddle over-disk

Emulsion

Transdermal drug products, Ointments, Gels,
Apparatus 6 Rotating Cylinder

Emulsion

Extended-release drug products, Transdermal
Apparatus 7 Reciprocating holder

Patches, Ointments, Gels, Emulsion
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Figure 5 shows the stirring basket elements of dissolution apparatus 1. The apparatus has a basket
on the bottom of the shaft with 37 £3 mm, made of stainless steel. At the bottom of the basket a
mesh with 25 +3 mm diameter. The figure shows the dimensions of the each part of the shaft and
basket and the position of the each stirring elements. These are the USP requirements for the
instrumentation of the dissolution apparatus 1. A dosage unit is placed in a dry basket at the
beginning of the test. The distance between the bottom of vessel and bottom of the flask is 25 £ 2

mm is required.

Figure 6 shows the stirring for schematic diagrams of dissolution apparatus 2. This apparatus is
similar to the apparatus 1, as the only difference is a paddle used instead of a basket. This apparatus
is the most widely used to develop a dissolution method in the pharmaceutical industry. The
specifications of the shaft and the paddle are mentioned in detail in the figure. The distance
between the bottom of paddle and bottom of the flask is 25 £ 2 mm is required. The total length of

the paddle is required to be 74-75 mm with a thickness of 4 £ 1 mm.

The specifications of other USP apparatus are specified in general chapter Drug Release<724>.
[23] The general chapter <1092> the dissolution of Procedure: Development and Validation were
published in 2001. The authors proposed that the chapter contains detailed information not only
on the development of dissolution tests to supplement the information that was in <1088> but also
on the validation procedures particular to dissolution testing. [24] As a result of these regulations
of the past fifty years, the number of USP monographs has exponentially increased. In 1970 there
were only twelve monographs. [25] In 2011 there were 740 dissolution USP monographs and in

the recently updated version of USP has 4900 USP monographs.
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Another most widely used dissolution apparatus in the pharmaceutical industry is USP Apparatus
4, Flow-through cell. It was first appeared in 1957 and developed by FDA. [26] The method was
adapted by USP, European Pharmacopeia, and Japanese Pharmacopeia, and the flow through cell
became an official apparatus as USP apparatus-4. The system consists of a reservoir containing
dissolution medium, a pump that forces the medium upwards through the vertically positioned
flow-cell and a water bath to control the temperature in the cell. Different types of cells are
available for testing different dosage forms. Usually, bottom cone of the cell is filled with small
glass beads (about 1 mm diameter) and the dosage unit is placed on top of the beads. Peristaltic or

pulsating pistons are used in the pumps.

Dissolution testing using apparatus 4 continues to grow in popularity. Many pharmaceutical
companies in the United States and throughout the world are currently developing new methods
utilizing apparatus 4 and become more widespread. In the dissolution method development
different variations such as the size of the cell, flow rate, filter size and media with pH change can
be varied with difficulty in apparatus 1 and 2. This technique is useful for the low solubility and
rapidly degrading drugs. [27] Two different types of configurations can be used: an open loop or
closed loop where dissolution media is circulating through drug sample. In the open loop method,
the dissolution media flows through a cell containing the drug sample and goes into the waste after

sampling as it flows in one direction only. [28]

Figure 7 shows all parts of the dissolution apparatus 4. The dissolution medium is placed in a
covered flask from where the medium passes to the cell with the help of a pump. The flow is in
the upward direction, so a pump is required. The cell contains the dosage unit, through which
dissolution media flows and passes through the filtration unit which is placed on the top of the cell

and finally collected in a waste flask or circulates again for a closed system.
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2nd Order Polynomial Regression for Serial Dilutions of Acetaminophen Reference Standards in
pH 5.8 Phosphate Buffer: LWiis Absorbance at 296nm and IR Peak at 1245 cm-1: 5% to 120%
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Figure 20: Non-linear graph for different levels of acetaminophen reference standards
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Figure 24: Dissolution data of acetaminophen (Arthritis pain)
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2.4 Non-Linear behavior of Acetaminophen

In acetaminophen research, it has been observed from the calibration data that acetaminophen has
a non-linear behavior. The calibration study was done by UV-vis spectroscopy and in-situ FT-IR
from concentration ranges from 0.005 mg/mL to 0.66 mg/mL. At the lower concentration the
calibration showed a linear graph in Figure 21, but at higher concentrations, it is non-linear as
shown in Figure 20. On searching for literature explaining this behavior specifically for
acetaminophen, it was found that acetaminophen has a tendency to form dimer with respect to pH
of the solution. [57] [58] The polymorphism study of acetaminophen showed that the interplay of
molecular flexibility and hydrogen bonding manifested in the monoclinic and orthorhombic
polymorphs of acetaminophen and with the X-ray crystallographic study has confirmed. [59] [60]
There is evidence about the formation of acetaminophen hemi adducts due to the formation of
chains for acetaminophen molecule linked via OH...O=C interaction or NH....O=C interaction.

[61]

In this research, the acetaminophen was in solution form, where it was dissolved in phosphate
buffer pH 5.8. There is no evidence which claiming the formation of a dimer in these conditions.
Because of the importance of acetaminophen as medicine, there is a need to better understand this
unusual behavior of acetaminophen. Based on the observed results, the hypothesis was proposed
that the non-linear behavior is because of the dimerization showed in reaction 1 or aggregation of

the acetaminophen molecules showed in reaction 2.
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The main focus is to study the non-linear behavior of acetaminophen by different instrumental
techniques and by studying colligative properties to calculate the number of moles of

acetaminophen in the buffer solution.

Investigation of the dimerization of acetaminophen has been performed by different techniques,
Infrared spectroscopy (IR), Nuclear Magnetic Resonance spectroscopy (NMR) and colligative

properties in that by vapor pressure osmometry and freezing point depression.

Investigation of dimerization of acetaminophen is possible by IR spectroscopy. It can identify
interactions that occur as a result of hydrogen bonding which leads to dimeric and oligomeric
structures shown in Reaction 1 and Reaction 2. The carbonyl group present is around 1600-1700

cm® wave numbers. There is literature, which describes the use of IR spectroscopy to detect
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dimerization of carboxylic acid structures. This suggests that this technique can be used to study
acetaminophen in nonpolar solvents. [62] [63] [64] Literature gave evidence that, because of
formation of dimer, which creates a new hydrogen bond and shows a new broad peak for the dimer
in the region of 3300 cm™-3700cm™. [65] IR Spectroscopy has been used to identify the phosphoric

acid dimerization a well-known example of dimerization. [66] [67]

Another common example for the study of the nonlinear behavior is benzoic acid which is shown
in reaction 3.

Reaction 3

Benzoic Acid Benzoic Acid Dimer

The investigation of the benzoic acid dimer was done by IR spectroscopy. They observed a
broadening and shift of the carbonyl stretching frequency. [68] Literature studies provide evidence
about the benzoic acid dimer study. [69] [70] [71] Literature study of dimerization shows the IR

spectroscopy study will be useful for investigation and confirmation.

The non-linear behavior of acetaminophen which is because of the aggregation or dimerization of
molecules can be investigated by NMR. That gives the information about the chemical shift of
hydrogen and carbon peak which moves to downfield. [72] The proton transfer in the benzoic acid
dimer was measured by the NMR. [73] The literature showed that the study of dimerization and

the oligomerization can be analyzed by NMR, even quantitative analysis can be done by NMR.
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[74] [75] [76] Literature suggested another way to determine the dimer formation of

acetaminophen in phosphate buffer by NMR analysis.

The presence of one or more solutes alters the ability of the solvent molecules to interact, reducing
their freedom of movement, thus the ability to move from liquid to solid is altered. These changes,
which collectively are referred to as colligative properties, are dependent on the total number of
particles present in the solution. [77] One of the colligative property, osmotic pressure a direct
measurement of the molar concentration of total solutes in an aqueous solution. Osmotic pressure
is defined as the force which would be required to resist movement of solvent across a membrane
which is permeable to the solvent but not to the solute molecules. A solute particle can be a
molecule or an ion or an aggregated species such as dimer that can exist discretely in solution.
Since osmotic pressure is directly related to the total molar concentration of solute, there is a direct

and linear relationship between osmotic pressure. [78] [79]

Another excellent way to determine the molecular weight of dissolved acetaminophen is by
measuring the vapor pressure of the solution. By osmometry, one can measure the vapor pressure
of the acetaminophen solution and can calculate the molecular weight and then moles of the

solution.

Thus, if acetaminophen dimerizes or oligomerizes, the measured molar mass will be larger than
the molar mass of the monomer of 151.16 g/mol. However, it is expected that the measured molar
mass will be a weighted average of monomer, dimer and oligomer species that will be present.

Thus M = x (monomer) + y (dimer) + z (trimer) + zz (tetramer +.... Robert performed some
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forensic laboratory experiments to calculate the weights of drugs and diluents by osmometry,
which gave the motivation of performing the experiments to calculate the moles of acetaminophen.

[80]

A solution freezes at a lower temperature than does the pure solvent. This phenomenon is called
freezing point depression. The freezing point depression of a solution is a colligative property of
the solution which is dependent upon the number of dissolved particles in the solution. The higher
the solute concentration, the greater the freezing point depression of the solution. [81] The freezing
point values are determined from the cooling curves obtained by recording the temperature as a
function of time. [82] Another application of this method is mainly in the food industry to study
the thermodynamic properties of frozen food and fruits. [83] [84] Freezing point depression is used
to determine the molecular mass of polyols which avoids the interference by water, by using

acetophenone as a solvent having freezing point depression 20°C. [85]

After reviewing all this literature performed the different experiments on IR, NMR and for
colligative properties such as vapor pressure osmometer and Freezing point depression as well.
The results from these experiments could not support the hypothesis that at higher concentrations
acetaminophen molecules form dimer. There is a lack of any evidence to explain or confirm the

dimerization of acetaminophen as per the proposed hypothesis.
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2.5 Conclusion
The in-situ infrared spectroscopy is a viable alternative for measuring dissolution profiles of
pharmaceutical tablets. The in-situ FT-IR system was found to be impressive and validated by
comparing dissolution profile using UV/Vis and HPLC. The method was calibrated with
acetaminophen standard solutions ranging from 0.05 mg/mL to 0.66 mg/mL, with r>=0.998. The

percent dissolution of acetaminophen was found in the range of 95-97 % by all three techniques.

The in-situ FT-IR has great advantage of minimizing the manual efforts required for manual
sampling of dissolution. On the contrary, UV/Vis and HPLC methods require laborious manual
sampling. With the current configuration of the in-situ FT-IR instrument, this analysis is limited
by the sensitivity and wavelength range of the in-situ fiber optic probe. However, since this chapter

successfully demonstrates the versatility of this novel application of in-situ FT-IR spectroscopy.

Unsatisfactory results were observed for the hypothesis of the dimerization of acetaminophen. As
part of this study, multiple experiments were designed and performed on the respective instruments
(IR, NMR and using colligative properties such as vapor pressure osmometer and freezing point
depression) for the dimerization study of acetaminophen. But still, there is a lack of evidence to

support the proposed dimerization hypothesis.
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CHAPTER -3

DISSOLUTION AND HYDROLYSIS STUDY OF ASPIRIN

3.1 Introduction

This section focuses on monitoring the dissolution and hydrolysis of over the counter tablet
acetylsalicylic acid (aspirin) under acidic conditions by In-situ FT-IR spectroscopy using
attenuated total reflectance infrared probe (ReactIR). The acetylsalicylic acid undergoes hydrolysis

to form salicylic acid and acetic acid. [86] The equation of aspirin hydrolysis is written as

mentioned below.
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The majority of the methods for monitoring dissolution utilize UV/Vis spectroscopy. For example,
aliquots are manually withdrawn and analyzed by UV/Vis spectroscopy or HPLC with ultraviolet
detection. However, the sampling process is disruptive to the dissolution profile since the removal
of aliquots from the vessel disturbs the solution. In addition, there are instruments that allow real-
time analysis using in-situ UV/Vis probes. For example, fiber optic dissolution testing is used in
the pharmaceutical industry to monitor drug product release. Fiber optic dissolution is also used

for formulation development. [87] Formulators are using these in-situ UV/Vis systems to profile
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and develop drugs faster, instead of conventional techniques where dissolutions are conducted
manually and analyzed offline. The advantage of the fiber optic system is that it allows real-time
data analysis. But the major disadvantage of UV/Vis system is a small range of the analysis that is
200-400 nm, in the case of aspirin and salicylic acid study both peaks overlap of the main maxima

and limits the analysis which needs additional determination for methods. [88]

There is an interest to develop new methods that do not require manual sampling. The use of in-
situ FT-IR for analyzing aqueous samples is limited by the relatively high concentration of analyte
required for detection. [89] Hence this research investigated the use of in-situ FT-IR spectroscopy
as a potential technique for monitoring and understanding dissolution. The research showed that
dissolution using in-situ FT-IR spectroscopy for the single component as well as multi-component
formulations is useful for monitoring the release profile of each active pharmaceutical ingredient
(API). [90] Thus, there is also an interest in the development of hydrolysis of a prodrug aspirin

while performing dissolution and study kinetics of that process.

3.2 Experimental Section

3.2.1 Chemicals and materials

Acetylsalicylic acid (aspirin) reference material (batch no. 016K0131) was purchased from Sigma-
Aldrich (St. Louis, MO). Salicylic acid reference material (batch no. 04708HE) was purchased
from Sigma-Aldrich (St. Louis, MO). Acetylsalicylic acid 325 mg tablets (Genuine Bayer batch
no. 219050N) were purchased from a local pharmacy. Methanol, acetone and acetonitrile (HPLC
grades) were purchased from Pharmaco-Aaper (Brookfield, CT). Sodium chloride crystals (batch
no. J39602) was purchased from Mallinckrodt Chemicals (England, UK). Hydrochloric acid (batch

no. H44032) was purchased from J.T. Baker (Central Valley, PA). Sodium acetate crystals (batch
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no.05816HD, potassium phosphate monobasic (batch no. 103K0060) and sodium hydroxide
(batch no. 06414BH) were purchased from Sigma-Aldrich Chemicals (St. Louis, MO). Glacial
acetic acid (batch no. 971666) was purchased from Fisher Chemicals (Waltham, MA). All
solutions were prepared using water treated by a Milli-Q plus Millipore purification system

(Milford, MA). All purified water aliquots have a resistivity of not less than 18 MOhm-cm™,
3.2.2 Instrumentation

All chemicals were weighed on a Mettler Toledo balance (Washington Crossing, PA) PB303
Delta-Range® and AG204 Delta-Range®. The pH of the buffer was measured on a VWR
SympHony (Radnor, PA) SB70P pH meter. Dissolutions were carried out on the Easy Max™ 102
by Mettler Toledo. HPLC analysis was performed on a Hewlett-Packard 1050 HPLC, with Chem
Station software. In-situ FT-IR analysis was carried on a Mettler Toledo iC 10 ReactIR, with iCIR

versions 3.0 and 4.0 software.
3.2.3 Simulated gastric fluid

Simulated gastric fluid was prepared with hydrochloric acid and sodium chloride as per USP buffer
procedure. [91] 2 g of sodium chloride was dissolved in 100 mL of deionized water, in that 7 mL
HCI was added and then volume made up to 1000 mL by adding deionized water, and then

measured pH of that solution and was adjusted to 1.2.
3.2.4 Sodium acetate buffer

Sodium acetate buffer was prepared with glacial acetic acid and sodium acetate anhydrous as per
the USP buffer procedures. [92] 2.99 g of sodium acetate was dissolved in 100 mL of deionized
water, in that 1.66 mL glacial acetic acid was added and then volume made up t01000 mL by
adding deionized water and then measured pH of that solution and was adjusted to 4.5.
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3.2.5 Potassium phosphate buffer

Potassium phosphate buffer (0.2 M) was prepared with monobasic potassium phosphate and
sodium hydroxide as per the USP buffer procedures. [93] First potassium phosphate solution was
prepared by weighing 27.22 g of monobasic potassium phosphate and dissolved in 100 mL of
deionized water and diluted with up to 1000 mL. Next sodium hydroxide solution was prepared
by weighing 8 g of sodium hydroxide dissolved in water and made volume up to 100 mL. For
phosphate buffer added 50 mL of monobasic potassium phosphate solution in a 200 mL volumetric
flask then added 22.4 mL of sodium hydroxide solution and then added water to make a volume.

Finally measured the pH of this solution and was adjusted to 6.8.

3.2.6 Aspirin solution for calibration

Aspirin stock solution was prepared by dissolving 500 mg of aspirin in 100 mL of simulated gastric
fluid (pH 1.2), sodium acetate buffer (pH 4.5) and phosphate buffer (pH 6.8). To prepare a
calibration curve, nine dilutions were made by using this stock solution by adding 1.00, 2.00, 3.00,
4.00, 5.00, 6.00, 7.00, 8.00 and 9.00 mL to 10.00 mL volumetric flasks respectively and diluting
to volume with respective buffer solution. The concentration of aspirin in each flask was 0.500,
1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00 and 4.50 mg/mL as well as 3.62, 7.24, 10.9, 14.5, 18.1, 21.7,
25.3, 28.9 and 32.6 mM respectively. Aspirin starts hydrolyzing as it goes into solution, to avoid
or to slow down that process; solutions were placed into an ice bath immediately after the
preparation. As soon as solutions were ready, they were scanned by in-situ FT-IR for the

calibration study at room temperature.
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3.2.7 Salicylic acid solution for calibration

A stock solution of salicylic acid was made by dissolving 500 mg of salicylic acid in 100.00 mL
of simulated gastric fluid (pH 1.2), sodium acetate buffer (pH 4.5) and phosphate buffer (pH 6.8).
To prepare a calibration curve, nine dilutions were made by using this stock solution by adding
1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00, 8.00 and 9.00 mL to 10.00 mL volumetric flasks
respectively and diluting to volume with respective buffer solution. The concentration of salicylic
acid in each flask was 0.500, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00 and 4.50 mg/mL as well as

2.78,5.55,8.33,11.1, 13.9, 16.7, 19.4, 22.2 and 25.0 mM respectively.

3.2.8 Hydrolysis of aspirin to salicylic acid in test tubes

Prior to the hydrolysis experiments, a qualitative measurement was investigated for determining
the presence of salicylic acid in solution. Acetylsalicylic acid hydrolyzes to salicylic acid in the of
acidic medium. Ferric chloride test was found to be a good qualitative test for phenols. Ferric
chloride in solution gives colors with a number of organic derivatives. The common ones are
phenols, enols, oximes, hydroxamic acids, and some carboxylic acids. It will, however, react with
salicylic acid, which is used to synthesize aspirin, forming an iron-phenol complex. [94] [95] Thus,
adding an aqueous ferric chloride solution to an aspirin solution is a good way to see if there is any
salicylic acid present. The ferric chloride color test is shown below. A small experiment was
performed in that used three vials containing simulated gastric fluid (vial C) as control, aspirin

solution (vial A) and salicylic acid solution (vial S).
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3.2.9 Standard solutions

The standard solutions were prepared by weighing 325 mg of aspirin and 325 mg salicylic acid
and dissolved in 100 mL of simulated gastric fluid, sodium acetate buffer and potassium phosphate

respectively and obtained concentration 3.25 mg/mL.
3.2.10Dissolution and hydrolysis of aspirin

Bayer Aspirin tablets 325 mg of aspirin (Label Claim) were measured in pH 1.2 simulated gastric
fluid solutions for 1.5 hr., pH 4.5 sodium acetate buffer for 24 hr and potassium phosphate buffer
for 24 hr. Dissolutions were conducted using vessel volumes of 100 mL at 37.0 [C. All dissolutions
were conducted using USP Apparatus Type Il (paddles) with an agitation speed of 100 rpm as per

the USP procedure and collected samples for HPLC as well.

3.2.111In-situ FT-IR Analysis

3.2.11.1 Aspirin analysis

A distinct peak for aspirin without interference was observed. Calibration of aspirin with standard
diluted solutions as discussed in experimental section. For the calibration of aspirin experiments,
data treatment was carried out using the following methodology: The data was first subjected to
baseline correction. The absorption band at 1205 cm™ (corresponding to the C-O stretch) was
selected for acetylsalicylic acid. The study was done by using three different body pHs such as
simulated gastric fluid (pH 1.2), sodium acetate buffer (pH 4.5) and phosphate buffer (pH 6.8)

which depicts stomach, duodenum and small intestine pHs respectively.

65



3.2.11.2 Salicylic acid analysis

A distinct peak for salicylic acid without interference was observed which is shown in Figure 17,
then performed calibration of salicylic acid with standard diluted solutions as discussed in
experimental section. For the calibration of salicylic acid experiments, data treatment was carried
out using the following methodology: The data was first subjected to baseline correction. The
absorption band at 1488 cm™* (corresponding to the C-C stretch in the aromatic ring) was selected
for salicylic acid. Although a unique absorption at 1161 cm™ (corresponding to the C-O stretch)
was observed for salicylic acid, 1488 cm™ was chosen for further analysis because of its higher
intensity. The study was done by using three different body pHs such as, simulated gastric fluid
(pH 1.2), sodium acetate buffer (pH 4.5) and phosphate buffer (pH 6.8) which depicts stomach,

duodenum and small intestine pHs respectively.

3.2.11.3 Dissolution and hydrolysis of aspirin tablet

The dissolution testing was carried out as discussed in the experiment section. The in-situ FT-IR
fiber optic probe collected baseline spectra (blank medium) for the first 30 minutes. A single 325
mg Bayer aspirin tablet was dropped into the vessel containing 100 mL of buffer solution
(simulated gastric fluid pH 1.2, sodium acetate buffer pH 4.5 and potassium phosphate buffer pH
6.8) and the dissolution profiles were collected using in-situ FT-IR spectroscopy. Standard spectra
of pure aspirin and salicylic acid were collected prior to running the dissolutions. These standards
were used to identify the unique peaks of interests for these active drugs. For the aspirin tablet

analysis, the same steps as discussed in calibration analysis were followed.
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For this experiment, data processing is critical to obtain well-resolved spectra. For all in-situ FT-
IR experiments, 256 scans were collected and co-added for each spectral point and each data point
took about two minutes to complete. The peak of interest was identified (1205 cm™) and the area
was calculated using a two-point baseline correction. A trend analysis was performed using the
ICIR software on this peak. This provided a plot of absorbance vs. time. This plot was subjected
to smoothing using a 25 point smoothing parameter. After smoothing, and while still in the trend
analysis, the baseline correct routine was performed. Then, the data were exported to Excel.
Further data processing in Excel involved the subtraction of solvent spectra background. A 30 min
set of spectra at the beginning of the experiment were obtained before aspirin pill was added. These
spectra were subtracted from the spectra taken after the pill was dropped to give the final set of
data. Within the final set of data, the area of the 1205 cm™ peak was calculated at each time point.
Then the plot of area vs. time was performed to give rate information. In addition, using a
calibration curve, peak areas were converted to concentration to provide concentration vs. time

plots.

3.2.12 HPLC analysis

The dissolution aliquots (1.0 mL) were collected after a certain time interval and filtered using
syringe filter (0.45 pm) transferred to an ice bath to prevent further hydrolysis. The column was
used is Phenomenex C18 5 pm Luna column (4.6 x 150 mm), with mobile phase 60/40/1
(methanol/water/trifluoroacetic acid) with 13 min run time. The flow rate was set to 0.5 mL/min,

isocratic mode, with an injection volume 10 pL and absorbance was measured at 300 nm.
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3.3 Results and Discussion

3.3.1 Calibration of aspirin

Based on the IR spectra obtained, aspirin has unique IR bands at 1205 cm™. Linear regression for
aspirin was calculated by using the area under curve (AUC) calculations of the IR absorption band
at 1205 cm™*. The analysis was performed as discussed in the experimental section and by plotting
the concentration vs Intensity of AUC of the peak, it was determined that aspirin had a linear

correlation.

Figure 25 shows the calibration data of aspirin with different concentrations of standard aspirin
solution. The concentrations range from 3 mM to 33 mM with r?= 0.9922 of AUC of aspirin IR

peak vs. concentration in simulated gastric fluid (pH 1.2).

Figure 26 shows the calibration data of aspirin with different concentrations of standard aspirin
solution. The concentrations range from 3 mM to 33 mM with r?= 0.9979 of AUC of aspirin IR

peak vs. concentration in sodium acetate buffer (pH 4.5).

Figure 27 shows the calibration data of aspirin with different concentrations of standard aspirin
solution. The concentrations range from 3 mM to 33 mM with r?= 0.9926 of AUC of aspirin IR

peak vs. concentration in potassium phosphate buffer (pH 6.8).
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3.3.2 Calibration of salicylic acid

Based on the IR spectra obtained, salicylic acid has an IR frequency of interest at 1488 cm™ (for
simulated gastric fluid study) and 1388 cm™ (for duodenum and intestine study). Linear regression
for salicylic acid was calculated by using the area under curve calculations of the IR absorption
band at 1388 and 1488 cm™. The analysis was performed as discussed in the experimental section
and by plotting the concentration vs intensity of AUC of the peak, it was determined that salicylic

acid had a linear correlation.

Figure 28 shows the calibration data of salicylic acid with different concentrations of standards
with concentrations range from 3 mM to 33 mM with r?= 0.9908 of AUC of aspirin IR peak vs.

concentration in simulated gastric fluid pH (1.2).

Figure 29 shows the calibration data of salicylic acid with different concentrations of standards
concentrations from 3 mM to 33 mM with r?= 0.9961 of AUC of aspirin IR peak vs. concentration

in sodium acetate buffer (pH 4.5).

Figure 30 shows the calibration data of salicylic acid with different concentrations of standards
concentrations from 3 mM to 33 mM with r?= 0.9954 of AUC of aspirin IR peak vs. concentration

in potassium phosphate buffer (pH 6.8).
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Figure 25: Calibration graph of aspirin in simulated gastric fluid (pH 1.2)
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