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ABSTRACT

For a drug to excerpt pharmacological action after oral intake, it first needs to be released
from the formulation, get into solution (dissolve), be absorbed, and reach the systemic
circulation. Since only solubilized drugs can be absorbed, and thushexapdutic effect, the
understanding of the dissolution and drug release processes of a drug product is of primary
importance. Such understanding allows a robust formulation development with am idiral
performance.

In order to meet set standards therformance assessment of oral drug products, such as
dissolution testing, often applies conditions that are not reflective @f theoenvironment. The
use of norphysiologically relevant dissolution method during the drug product development
phasecan be misleading and give poor mechanistic understanding oh thigo dissolution
process. Hence, we hypothesized that applying physiologically relevant conditions to the
dissolution test would result in more accuratevivo predictability for a robustnd precise
development process.

Since the buffering system in the intestinal lumen operates at low molarity values, phosphate
buffer at low buffer capacity was used as a first approach tm ativo relevant parameter.
Furthermore, a biphasic system was used, thahésJow buffer capacity medium was paired
with an organic layer @octanol) to mimic the concurrent drug absorption that happens with the
in vivo dissolution Both poorly and highly sable drugs in immediate release formulations
(ibuprofen and metronidazole, respectively) were tested in thigostet assess the dissolution in
the aqueous medium and the partitioning to the organic phase.

Additionally, enteric coated formulations werested in bicarbonate buffer at the vivo

reported molarities values to assess the impact of buffer species on drug diss®lsion.



evaluated parameters were the buffer system (bicarbonate Wsifidosphate buffer), buffer
capacity and medium pHn all approaches, dissolution was also carried out in compendial
buffer for comparison purposes.

Our results demonstrate that the U®Pommended dissolution method greatly lacked
discriminatory power, whereas low buffer capacity media discriminated betwaeuafacturing
methods. The use of an absorptive phase in the biphasic dissolution test assisted in controlling
the medium pH due to the drug removal from the aqueous medium. Hence, the applied non
compendial methods were more discriminative to drug fomtran differences and
manufacturing methods than conventional dissolution conditions. In this study, it was
demonstrated how biphasic dissolution and a low buffer capacity can be used to assess drug
product performance differences. This can be a valugipeoach during the early stages of drug
product development for investigating drug release with improved physiological relevance.

Similarly, all the enteric coated formulations displayed a fast release in phosphate buffer and
complied with the compendigderformance specifications. On the other hand, they all had a
much slower drug release in bicarbonate buffer and failed the USP acceptance criteria. Also, the
nature of the drug (acibkbase) impacted the dissolution behavior in bicarbonate buffer. This
study indicates that compendial dissolution test for enteric coated tablets lacks physiological
relevance and it needs to be reevaluated. Thuis, @mo relevant performance method for EC
products is needed.

Overall the finding of this thesis comprehsively demonstrates that meaningful
differences in performance andccordance to clinical reports were only obtained when
physiological relevantonditions were appliedHence our results indicate that the central

hypothesis was answered positively
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SECTION ONE: INTRODUCTION AND OVERVIEW

CHAPTER ONE
Introduction



For a drug to excerpt pharmacological action after being taken by mouth, it first needs to
be released from the formulation, get into solution (dissolve), be absorbed, and reach systemic
circulation. The processes of disintegration, drug release and utissolmay occur
simultaneously.

Since only solubilized drugs can be absorbesid thus have therapeutic effediet
understandingdf the dssolutionand drug releasprocesse®f a drug producis of primary
importarce to the pharmaceutical industr$guchunderstanding will allow a robust formulation
development with an ideal vivo performance.

Dissolution is the process by which a solid phase (e.g., a tablet or powder) goes into a
solution phase, such as watalthough simple in concept, the rate a$sblution can be affected
by a variety of factors which include, but are not limited to, the type of media in which the drug
is dissolving, temperature, pH, viscosity, agitation rate, and dosage form coatergs, a
dissolution method should be cardjuiesigned to avoid confounding factors. The processes of
disintegration, drug release and dissolution are described below.

1.1Disintegration

Disintegration is a physical process related to the mechanical breakdown of a tablet into
smaller particles/granules, representing the breakage of-padicle interactions generated
during tablet compactionr granulation(1), given that the tablesinot a contiguous polymeric
device After theimmersion liquid wets the particle surface and penetthtesighthe pores,
disintegration takes place two steps: first, disintegration into sn@ligranules, and second,
disaggregation or granule disintagoninto fine particles The first step is importanb increase
surface areaThe increase in surface area compared to the intact @bbpianulateyields a

higher dissolution rate. In the second step, an even faster drug dissolution rate is attieeved



the increased surface area in contact with the medium. If no disintegration would occur, only the
Active Pharmaceutical IngredienARl) near the surface of the compamt granulatewould
dissolve.A more in depth description of disintegration igem in Chapter 3.

In the case of immediatelease dosage forms, such as typical tablets or capsules, the
materials are generally selected and utilized to allow the disintegration and deaggregation
processes to proceed rapidly. Therefore, the dissoltaienof the solid drug is often the limiting
or ratecontrolling step in the absorption of drugs with low solubility. However, if disintegration
is slower than dissolution e.g. hydrophilic matrix tablets, then disintegration/surface erosion is
the rate liniting process.

1.2Drug release

Drug release is the process by which a drug leaves a drug product and is described with
reference to the rate at which drug is available from a particular dosage form. It can be classified
as immediate release or modifiedease, which includes both delayed and extemdkzhse.

Drug release refers not only to oral drug products, but also to other dosage forms, such as
transdermal and drugevice combinations.

Drug dissolution and release patterns commonly fall into tvomums: zere and first
order release. Typically in the pharmaceutical sciences;adey release is achieved from
nondisintegrating dosage forms such as topical or transdermal delivery systems, implantable
depot systems, or oral controlleelease delivgr systems. Sustaingélease systems often
attempt to mimic zerorder release by providing drug in a slow fiostler manner, that is,

concentration dependent.



1.3 Dissolution

Drug dissolution is the process by which drug molecules are liberated fsofid ghase
and enter into a solution phase. In general, only drugs in solution can be absorbed, distributed,
metabolized, excreted, and even to exert pharmacologic action. Thus, dissolution is an important
process in the pharmaceutical sciences and ®lynosed in the context of oral drug products.
Differences in dissolution performance can cause products not to pass quality control tests and/
or bioequivalenceests.Therefore, dissolutiotesting is an important performance test.

The quantitative angsis of dissolution rate was firstly introduced by Noyes and Whitney
in the late 19 century (2). The NoyesWhitney equation related
therateof dissolutionof solidsto both the properties of the solid and the dissolutieadium.

1.3.1Noyes$ Whitney Equation

In dissolution or mass transfer theory, it is assumed that an aqueous diffusion layer or
stagnant liquid film of thickness h exists at the surface of a solid undergoing dissolution, as
observed inFigure 1.1 This thickness, hrepresents stationary layer of solvent in which the
solute molecules exist in concentrations from Cs to C. Beyond the static diffusion layer, at a
distance of x greater than h, mixing occurs in the solution, and the drug is found at a uniform

concentration, C, tlmughout the bulk phase.
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Drug )}———

X=h

Figure 1.1. Dissolution of a drug particle, showing the stagnant diffusion layer between the
dosage form surface and the bulk solution (shdjdid interface).

At the solid surfadediffusion layer interface, x = 0, the drug in the solid is in equilibrium
with drug in the diffusion layerThe gradien{or change in concentratipwith distance across
the diffusion layer, is constant, as shown by the straight demdsloping line. The static
diffusion layer thickness can be altered by the force of agitation at the surface of the dissolving
drug particle.

The Noyes and Whitney equation can be written as
— —0i O (Equation1-1)

or

— —0i © (Equation1-2)

where M is the mass of solute dissolved in timedM/dt is the mass rate of dissolution
(mass/time) D is the diffusion coefficient of the solute in solutidhjs the surface area of the
exposed alid, h is the thickness of the diffusion layets is the solubility of the solid (i.e.,
concentration of a saturated solution of the compound at the surface of the solid and at the
temperature of the experiment), a@ds the concentration of solute ihet bulk solution and at

timet. The quantitydC/dt is the dissolution rate, andis the volume of solution.



1.3.2Sink Conditions

The saturation solubility of a drug is a key factor in the Nbyéstney (2) equation. The
driving force for dissolution is the concentration gradient across the boundary layer. Therefore,
the driving force depends on the thickness of the boundary layaharmncentration of drug
that is already dissolved. When the concentration of dissolved @rug,less than 10% of the
saturation concentratiorCs, the system is said to operate
common rule for sink conditions is thide dissolution medie ableto dissolve at least 3 times
the amount of drugresent in thelosage form.

1.4 Dissolution Methods and Apparatus

A dissolution test is performed to assess

compliance with the dsolution requirement®r dosage forms. Thenited States Pharmacopeia
(USP) general chapter <711> Dissolutiof8) lists four dissolution appanaes nanely:
Apparatus 1 (Basket), Apparatus 2 (Paddle), Apparatus 3 (Reciprocating Cylinder) and
Apparatus 4 (Flowl hrough Cell).

These methods for evaluating dissolution first appeared in the 13th editionld$Bia
early 1970. The most commonly used pieoéglissolution equipment are the basket and the

paddl e apparatus. They are characterized as

standardi zed. They are also ficlosed systemso

medium(4,5). The basket method is generally preferred for capsules, whereas tablet dissolution
is normally performed using the paddle methbgbically used media include (a) water, (b) 0.1
N HCI, (c) buffer solutions, (d) water or buffers with surfactants, and (ectowent alcoholic

aqueous solutions

f



The USP Apparatus 3, a reciprocating cylinder, dips a transparent cydomtaming the
dosage form at a rate determined by the opef&)joiThe tubes have a mesh base to allow the
medium to drain into a sampling reservoir the tube moves up and down, thus creating
convective forces for dissolution. The cylinders can also be transferred to different media at
specified times, automatically. It is suitable for sustaifveditrolledrelease dosage forms as it
allows exposure gbroducts to mechanical and physiochemical conditions which may influence
the release of the products throughoutghstrointestinal@l) tract.

The USP Apparatus @) is a flowthrough cell containing the dosage form that is fed
with dissolution medium from a reservoir. Directing the fluid through a porous glass plate or a
bed of beads produces a dispersed flow of medium. Turbulent or laminar flow eahibeed
by changing the bottom barrier. As with Apparatus 3, the medium can be changed to provide a
pH gradient, surfactants, and other medium components. Limitations of volume and pH change
associated with traditional rotating paddle and basket appgmainpted the development of the
flow-t hr ough <cel | apparatus. Because it can be r
dissolution test can be easily adapted to the solubility of the drug and release rate of the product.
This system can be usedrfvarious dosage forms such as modified/extemdisdhse tablets,
medi cal devices, APl 6s or granules, supposito

1.5Intrinsic dissolution

All the aforementioned methods are used to assess the perforimlaacénal drug
product. Intrinsic dissolutiotesting however, is used to characterize dissolution properties of a
pure drug substance, not in a dosage fq@h Determining the rate afissolutionis important
because it may allow the prediction of potential bioavailability probldims. method is

described in the USP General Chapter <108trinsic Dissolution - Dissolutiontesting



procedures for rotating disknd stationary disk7). A non-disintegrating compact of material is
prepared. The compact and surrounding die assembly are placed in a sissigionmedum

and subjected to the desired hydrodynamics near the compact surface. The amount of dissolved
drug as a function of time is measured. Tuenulative amount ofirug dissolved is plotted
against timeandlinear regression analysis is performed on datatpamthe initial linear region

of the dissolution curve. The slope corresponds to the dissolution rate {na$hes dissolution

rate is normalized for surface area to obtain the intrinsic dissolutior{IEX®} (units of mass
cm'2sY). This can be uskto determine if a drug substance is highly or poorly solUBIR.
values above 0.0017 mg/s/€imdicate a highly soluble drughis method is independeot the
particle size or shape and therefore ideal in early drug development when the crystal form
polymorphor particle size distribution requirements are yetknown. There are two types of
apparatus specified in the USP for intrinsic dissolution testing, namely: rotating disk and
stationary disk.

1.6 Non-Quality Control dissolution methods

In addtion to USP listed devices, there are a large number of specially designed devices
used in research applications. These methods were developed to attempt to replicate the
environment that the dosage form encounters during its transit through the Gartdaict
address the deficiencies of the traditional methods. The assessmend of lag 6 s produ
performance under physiologically relevant conditions can give better insight of the dynamic
aspects oin vivo dissolution. Some examples of physiologically @dd devices are the
Artificial StomachDuodenum (ASD) model, theastro Intestinal SimulatqiGlS), the TNO

intestinal model Systenthe vibrating tube sensoand bphasic dissolutiortesting (8,9). An



overview of physiologically elevant dissolution media, such as bicarbonate based systems, is
covered in Chapter 2.

1.7 Biopharmaceutics

Biopharmaceuticexamines the relationshipf the physiochemical properties of the
API, dosage formandroute of administratiolon the rateandextent of systemic drug absorption
(10). After a solid dosage form such as a tablet is administered by mouth to a atierdtin
most caseéirst disintegrate. Then drug dissoluti@a a timedependent procesakes over and
represents the final step of drug release, which is ultimately required before a drug can be
absorbed or exert a pharmacologic efféseveral kingt processes act simultaneously to
determine the amount of drug ultimately absorbed. These include the rates of drug release,
dissolution, transit through the intestine, and the permeability of the drug in the small intestine
There are twomechanisticcages which haveto be differentiatedwhen considering the
bioavailability of adrug A drugds bioavailability can be d
drug dissolution is slow compared with drug absorption, the dose may not be totally absorbed
beforeit has passed through the intestine, especially if the drug is absorbed preferentially in
certain |l ocati ons (Afabsorption windowso) of
dissolution can also result in lower drug blood levéisthe same timeif dissolution controls
the absorption procesthen -in vivo correlation [VIVC) can be establishednd dissolution
might be able to predicbioavailability (BA). In the case that absorption is slower than
dissolution, dissolution might not be predictive fBA since the gut permeability is the

absorption controlling factor



1.7.1The Biopharmaceutics Drug Classification System (BCS)

The BCS system was introduced by Amidon and colleagues in {8856 This
classification systemis based onthe two key physicochemical parameters for oral
bioavailability: Solubility and PermeabilityThe BCS Classes are defined as: ClassHigh
solubility-high permeability drugs; Class HILow solubility-high permeability drugs, Class HI
High solubility-low permeability drugs, and Class NL.ow solubility-low permeability drugs

High solubility was defined as the highest dose strength soluble in 250 mL of an aqueous
medium with a pH rangefdli 7.5 at 37 1°C (SUPAC)(12). These pH ranges are slightly
di fferent in different guidance documents. Hi
absorption in humans is determined to be greater or equal to 90% of an administered dose based
on a mass balance determination or in comparison to an inraven r ef er ence dose
reduced to 85% BAn 2017. TheFood and Drug AdministratiorFDA) acceptsn vitro data to
establish permeability while most of the other regulatory agencies require human data only.

Only what is dissolved can get absorbed and reach its target organ, tissue or receptor
triggering a pharmacological responS§éncedrug dissolution andagtrointestinal permeability
are fundamental parameters in controlling the rate and extent of drug absahigisgstem thus
allows not only the correlation of the vitro drug product dissolution and vivo bioavailability
but also allowso set stadards for then vitro drug dissolution method which will correlate with
thein vivoprocess.

1.7.2BCS Subclasses

In 2014, Tsumeand colleaguegl3) proposed an extension of the BCS classes to include
subclasses of acid (a), base (b) and neutral (c) drugs, especialljagses Il and IV. Since

Classes | and Il are high solubility drugs, although existent, such subclassification was not

10



emphasised exceptfor border line solubility cases. This BCS stlbssification is an important
basis to develom vivo predictive disolution methods.

In terms of solubility and dissolution, BCS Classes lla and IVa dr{gs yplues around
4 to 5) are insoluble at low pH values (e.g. fasted stomach) but soluble at higher pH values (e.g.
intestinal pH). With the increase in solubility mtestinal pH values, the dissolution rate of
acidic drugs is also likely to be increased upon entering the intestines. In such cases, dissolution
would likely be faster than gastric emptying rate depending on dose and intrinsic solubility.
Hence, BCS k drugs, for example, would behave as a Class | drug in the small intestine, where
the absorption rate would likely reflect gastric emptying time. Due to their high permeability and
high solubility and dissolution rate in the small and large intestingea@maent, BCS Class lla
(weak acids) may be completely absorbed, given a sufficient residence time throughout the
whole intestines. Conversely, weak bases under BCS Class Ilb exhibit high solubility and
dissolution rates at acidic pH (stomach) and low sbtylat higher pH values (intestines). This
may lead to precipitation upon entering the intestines, a process that depends on many factors,
such as formulation anthe Gl physiological environment at the time of dosinmniediate
release (R) oral dosagdorms containing basic drugs (Ka 3 6) may have sufficient time for
dissolution in the stomach thus exhibiting good absorption in the proximal intestinal region. For
BCS lIb drugs, the absorption rate would likely be impacted by the gastric emptyintheate
intestinal permeability and the precipitation time. In the case of BCS Class lic drugs, the
solubility would not be affected by the vivo pH change, but on tha vivoenvironment such as
surfactants and lipids.

In terms of absorption, BCS lla dysi will present an initial lag in absorption because of

the limited dissolution in the stomach. This lag time and variability are dependent on the dosing
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time relative to the gastric motility phase. The succeeding absorption rate will be mainly
dependent o the gastric emptying and dissolution rate. For BCS Ilb drugs, the initial absorption
rate will be dependent on the dissolution in the stomach as well as gastric emptying. Generally,
since dissolution is expected to be rapid in the stomach, the absonptienduodenum will be
mostly dependent on gastric emptying. After the initial rapid phase, the absorption rate tends to
decrease due to subsequent precipitation, solubilization, dissolution and absorption along the
intestines. BCS Class llc drugs gerigraresents a slow and prolonged absorption throughout
the GI tract. Factors that will influence the absorption rate areintha@vo solubilization,
dissolution and motility (transit). Similar generalizations can be made for BCS Class IV drugs
but accouring for the low intestinal permeability, which may play a larger role.

1.7.3Dose, Dissolution and Absorption Number

Based on the APl O&6s physicochemical propert
the BCS defined 3 distinct dimensionlessmbers, namely: Dissolution number (Dn), Dose
number (Do) and Absorption number (A{l4). The parameters used to calculate each number
are given inEquations (1-3 to 15). These numbers are useful for decision making process in
drug development. If two potential drug candidates have differences in their Dn, Do or An, the
one with the better chances to get bioavailable might be chosen, however other tattas s
stability, polymorphism, toxicology, and pharmacological potency have to be balanced to the
BCS characteristics.

The dissolution numbas the ratio between the small intestine transit timg)(and the
dissolution time (the longest time at pH415 or 6.8) (biss). A Dn < 1.0 indicates that the whole
dose may not be dissolved during transit through the small intestine. Hence, Dn values higher

than 1.0 are desired for complete dissolution in the Gl tract.
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o — =Y ——  (Equation1-3)

The dissolution time is calculated based on the solubiGty, @iffusivity (D), density (), and
the initial particle radiusrf of a given compound.

The dose number is calculated as the ratio of dose concentration to drug solubility. Do >
1.0 indicates that the dose will not completely dissolve in the accompanying volume of water.

This indicates that the drug presents solubility issues.
0¢ ——- (Equationl-4)

The drug concentration is calculated as the dose (D) divided by the accompanying volume of
water (Mvatey) (usually 250 ml at the pH of lowest solubility between 1 and 8

The absorption numbés calculated as the rati@twveen the small intestine transit timesfTand

the estimated small intestine absorption timg§)]. An A, < 1.0 indicates that all of the drug

may not be absorbed during transit through the small intestine. Hence, An values higher than 1.0
are desiredor complete absorption in the Gl tra¢he time required for complete absorption

(Tass) is defined as the ratio of permeabiliBeg) and the gut radiussj.
oeg — Y — (Equation 15)

1.7.4Regulatory aspects Biowaiver

The BCS can been seen as the mechanistic foundation of modern drug development (e.g.
Quality by DesigniQbD)a ppr oaches) and Thegysténwas mengoneg foi d a n c €
the first time in an FDA document in 199%2). The Scale Up and Post Approval Changes
(SUPAC) guidance allowed to waive bioequivalence studies for formulation changes within
specific ranges, ifin vitro similarity for the before and after the change products can be

documented via dissolution testdis is called a Biowaiver.
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In 1997 the FDA published another guidandd5) allowing dissolution testing as
surrogate for biequivalence testing for extendeglease formulation if an IVIVC could be
established Since dissolution controls the absorption of such prodactgraph plotting the
fraction dose dissolved véraction dose absorbed should result in a linear relatipn3the
Biowaiver for these products are not limited to any BCS clBss guidance was followed by
the 2000 BCS based biowaiver guidance which allowed biowaivers for all BCS class | APIs. The
FDA 2017 guideline changed the BA from 90% to 85% and allow@d Bl drugs.

An early BCS classification and the knowledge of the Do, Dn and An can be very
valuable in drug development. For example, if different drug candidates derived form a lead
molecule have differences in their properties, the biopharmaceuticdlg t t er 0 candi datt
chosen. On the other hand, biowaivers can be used in drug development to show that
formulations are similar and avoid costly clinical studsésl reduce the regulatory burden
Furthermore, generic drug approval can now be grdrdedd on biowaivers.

1.8 Thesis overview

1.8.1Rationale and previous studies

The mechanistic understanding of the vivo drug product performance and API
characteristics is of primary importance for a robust drug development process. This
understandings gained through the study of the physicochemical properties of the API (as
outlined in the topic 1.7), as well as the study of the drug product in terms of disintegration,
dissolution and drug release.

During the development proceshiferent dissolubn methods might be needed, which have
different focugs such asn vivo predictive dissolution methods and methodsdality control

(QC) purposes.The information obtained in thghysiologically basedanethods can be used to
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establish appropriate discrimination of the QC method to be applied in late development stage
toward critical quality attributes and process parametdti&nce, incorporating physiological
features to thén vitro test is an excellent approach to understiwedn vivo behavior of a drug/

drug product hence gaining clinical insight for a QbD development.

Previous work in the literature has reported the lower buffer capacity of the intestinal fluids
which results in a slowem vivo drug dissolution rate ecopared to compendial buffers.
Additionally, the matter of absorption is not taken into consideration in a $hglee
dissolution system. The approach of dissolution testing with low buffer capacity has been
reported in the literature, as well as the aksan organic layer on the dissolution vegsemimic
absorption However, to the best of our knowledge, the use of low buffer capacity together with
an absorptive phase has not been investigated. Additionally, the application of this system to
highly sou bl e dr ugs h as n éSimiladye ieia wet knpwn dhatehd intestirtal.
lumen is buffered by bicarbonate. This has important implications for enteric coated
formulations. Previous studies have reported the further delay on the onset ofldasg ie
bicarbonate buffer, however, no approach beertaken to address this matiara mechanist
way.

This thesis has been divided into three main sectiomsring aspects of physiologically
relevant testingeach section is built upon the kn@dbe gained in the previous okéstly, the
matter of buffer capacity was investigated with immediate release formulations, as well as the
use of an additional sink (organic phas#jth the lessons learned frotime theoretical and
experimental assessmgemore complex delivery systertadelayed releasayere investigated
addressing both the matter of buffer capacity and buffer sp@itesbonate bufferdn the drug

product performance.
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1.8.2Hypothesis

Applying physiologically relevant conditionso the dissolution testesuls in more

accuratan vivo predictabilityfor a robust and precise development process.

1.8.30bjectives

Overall objective:
To assess the impact and implications of buffer capacity, buffer species and alternative
dissolution methods on drug dissolution of different dosage forms.

Specific objectives:

1) To investigate the influence of buffer capacity on a model poorly andiytegluble drugs

2) To investigate the influence of haviag organic layer on the dissolution systgmmimic the

in vivodrug absorptiopnon the drug product performance.

3) To assess the discriminatory poveerd applicabilityof biphasic dissolutio testing compared

to standard conditions.

4) To mechanistically delineate the performance of enteric coated products in physiologically
relevant bicarbonate buffer.

5) To investigatelte impact of formulation composition terms ofdrug-excipientsinteractions.
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2.1 Introduction

Dissolution testing constitutes one of the most widely usedtro performance tests
during the drug product development and routine quality control testing. It monitors the rate and
extent ofin vitro drug release (batch release test), and it is also often used to ensure consistent
vivo performancg16,17) The description of standard dissolution apparatus by the United States
Pharmacopeia (USP) inthe T8 t oget her with guidanceds by t
Admini stration (FDA) in the | ate 9006s propel]l
drug development (17,18) Alongside that, he introduction of the Biopharmaceutics
Classification System (BC)11), in 1995, provided a simple but robust way to mechanistically
describe the biopharmaceutical behavior of a drug. Under this system, drugs are classified based
on their solubility and permeability. These parameters can be used to predict the fraction dose
absorbed and consequently its chances to become bioavéllalie)

At the time when USP apparatus 1 and 2 we
published, most of the molecules under development presented good aqueousys(Ba@it
classes 1 and 3) and conventional dosage forms were employed (capsule and tables). Hence,
establishingin vitro dissolution conditions with presumed vivo relevance was reasonably
simple (17,20) However, the development scenario has changed to molecular entities that are
more potent accompanied withaler aqueous solubility (BCS classes 2 and 4). While these drug
substances have enhanced many therapies by acting on new molecular targets, they also present
significant formulation and process development challen@d3, especially regardinghe
biopredictive power of the previous traditiomalvitro performance methods. Hence, there was a

need for advancement in the field of dissolution testing (e.g. development of biorelevant and
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physiologically relevant dissolution methodologies) to aslréhe shortfalls of traditional
methods.

Accordingly, the use of dissolution testing has gained much space outside of the routinely
endproduct release application to a comprehensive analysis that can be implemented at the
various stages of the produdelicycle(17,19) Changes in the regulatory landscape, such as the
introduction of quality by design (QbD) concept, have also contributed to the progression of
dissolution methodology, linking quality tests to product performance in patients and ultimately
therapeutic outaoes. Hence, there was a shift into developing dissolution media and apparatus
that would mimic the human gastrointestinal (Gl) tract to further understandn thve/o
dissolution mechanisms. The innovation in this field has also evolved to the integration
vitro dissolution data applying different methods and analytical techniques with modeling and
simulation, correlating it tan vivo data(22i 25). This approach is a robust waygelect the best
formulation with the desireth vivo performance.

The purpose of a particular dissolution test varies at the different stages of development
(17). As first introduced by Azarmi et al. there might be a need for more than one dissolution test
for the same produ¢26). For example, a quality control (QC) dissolution test is usually used to
identify possible variations during product manufacturing and/or changes in product storage that
could have an i mpact on netha ngedsdodhe sniplé s orgeeto f o r m
be used in a typical routine QC environment, such as conventional USP apparatus 1 or 2 and
simple buffer media. At the same time, this method has to demoratratgoropriate level of
discriminatory power to confirmproduct consistency. On the other hand, a biorelevant/
physiologically relevant dissolution method applies conditions that mimic the different

physiological environments. These usually consist ofecampendial media and apparatus, such
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as bicarbonatbasel buffers, biphasic dissolution to assess the impact of concurrent drug
absorption and multiple compartmental apparat(@és29). This methodology is mostly used to
guide formulation selection and optimization. It typically starts during edalelopment and
may continue through clinical testing and beyond. Lastly, a clinically relevant dissolution
method is any particular method in which a link betwaenitro dissolution data withn vivo
pharmacokinetic (PK) data can be established, cggamin vitro - in vivo correlation or
relationship (IVIVC or IVIVR) which is important for lifecycle management.

Thein vivo drug dissolution depends on tbdeug physicochemical properties as well as
on the Gl fluid environment. The current understandhghe human GI physiology allowed
biorelevant dissolution media (BDM) to evolve, facilitatitige in vitro prediction ofin vivo
dissolution performancg4,30 33). The many proposed BDM include various propertiethef
human Gl tract, such as pH, buffer species, buffer concentration, osmolality, viscosity, surface
tension, concentration and type of bile salts, lipolysis products, as well as physiological state,
such as fasted and fed staf84i 37). Evidently conventional dissolution media, such as simple
USP buffers, fall short in mimicking the properties and composition of Gl fluids, b &ame
time are referenced in the majority of USP monograf#ik). In the realm ofin vivo
predictability, compendial methods are most meaningful for the solubility and dissolution
assessment of BCS class | drugs.

A moreaccust e predi cti on mfvivoperfemadce is gxpegetedotitieu ct 6 s
closer thein vitro conditions are to thén vivo environment. However, depending on the
information one is seeking or on the physicochemical properties of the API (e.g. BCS class |),
simulating all aspects of the Gl tract may or may not be necessary to evaluate the drug product

performance. Based on this, Markopoulos et(38) have suggested levels of simulation of

20



luminal composition, as follows: Levél (pH); Level | (pH and buffer capacity); Level Il (pH,
buffer capacity, bile components, dietary lipids, lipid digestion products and osmolarity) and
Level Il (pH, buffer capacity, bile components, dietary lipids, lipid digestion products,
osmolarity, poteins, enzymes and viscosity effects).

The purpose of this review is to summarize and update the many physiologically adapted
media and buffers proposed over the years focusing on the upper Gl tract, since it is often where
most drug absorption occurEmphasis will be given on the application of bicarbosetsed
media, since this is the major buffering species in the human intestinal lumen.

2.2 Fhysiologically relevant media

2.2.1Gastric Environment

The composition, pH, and surface tension iarportant aspects to be considered when
simulating the gastric fluid. The composition of the stomach fluid is not merely hydrochloric
acid; it also contains saliva, digestive enzymes (pepsin and gastric lipase), food and refluxed
fluids from the duodenun(39). The pH of gastric fluids can vary greatly depending on the
physiological state (fed vs fasted), heakated conditions (such as achlorhydria) and
pharmacological treatments (such as-aotd agents). The reported pH range of gastric fluids is
1.5/ 1.9 under fasted condition@,40,41)and 3.0i 7.0 under fecconditions (the rate in which
the pH changes is strongly related to the type and size of the @2pllhe reported surface
tension in gastric flds ranges from 30 to 46 mN/(40,43,44) This could be an indicative of
the presence of surfaeetive agents, such as lecithin and lysoleci(i).

One of the earliest proposed media to simulatestbmach in the fasted state was the
artificial gastric fluid (AGF), described by Ruby at al. in 19%&lfle2.1) (46). The compendil

simulated gastric fluid (SGF) and its version without pepsin (SGFsp) described in the USP
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presents a different composition than AGF, but a similar pH (pH(Z)2as shown imable2.1.

Many aspects of the gastric juice are addressed in these media, but qualities such as pH, surface

tension and pepsin concentration could be more reflective af theovalues.

Table 2.1. Compositionof proposed media to simulate the gastric fluid

AGF SGF SGFsp SGFSLS SGFTritonX FaSSGF

Acetic ac 500 - = - - _
Lactic ac 420 - - - - .
= - - 20

Lecithin - -
Pepsin (g) 1.25 3.2 0.1
Sodium chloride - 34.22 34.22 34.22 34.22 34.22
(mM)

Sodium citrate (mM)  2.34 - - - -
Sodium lauryl - - - 8.57 - -
sulphate (mM)

Sodium malate 2.81 - - - -
(mM)
Sodium taurocholate - - - - - 80
(e M)
Triton X 100 (mM) - - - 1.55 -
Hydrochloric acid gs gs gs gs gs gs
pH 1.2 1.2 1.2 1.2 1.2 1.6

In order to mimic then vivo conditions as closely as possible, Vertozi et al. designed a
fasted state simulating gastric fluid (FaSSGF) including compounds found in the intragastric
environment, such as pepsin and sodium taurocholatleld2.1) (33). However, even though
the use of physiologically relevant surfactants is desirable to mimintki&o conditions as
closely as possible, these media can kstalote, difficult to prepare, and costly. Hence, synthetic
surfactants, such as sodium lauryl sulphate (SLS) and Triton X 100 are often used as an
alternative. These surfactants are added into compendial simulated gastric fluid without pepsin to
form SGFsis and SGHhriton, respectively Table2.1). This can be an interesting approach, but on
the other hand it is important to be aware that different types of surfactants can impact the

productds performance, | eadi ng (83@l7)erroneous
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Another important aspect to consider is the difference of fasted vs. fed physiological
states. Macheras et g48), proposed the use of milk as a medium that can simulate gastric
components in the fed state because it contains similar ratios of fat, protein and carbohydrates
present in the western digt8,49) However, there are some drawbacks with the use of milk,
such as batehto-batch variability in the milk composition (contributing to variable dissolution
data), the tendency of lipophilic compounds to hiodipidic components of the milk, and the
source of milk (goat vs. cow#9).

Another approach was proposed by Jantratid et al. in @98The authors proposed a
Asnapshot o approach t compositpn af the gadtric 8uid adsaxiatede s i |
with digestion and gastric emptying procé24). Table 2.2 describes the composition of early,
middle, and late fed state gastric environment (FeSSGF). The early stage media corresponds to
the first 75 min after meal ingestion, the middle stage toI8b min, and the late stage medium
to 165 min on.

Table 22. Composition of the snapshot media to simulate the gastric fluid under fed condition

FeSSGF FeSSGF FeSSGF
Early Middle Late
Sodium chloride (mM) 148 237.02 122.6
Acetic acid (mM) - 17.12 -
Sodium acetate (mM) - 29.75 -
Ortho-phosphoric acid (mM) - - 5.5
Sodium dihydrogen phosphate (mM) - - 32
Milk/buffer 1:0 1:1 1:3
Hydrochloric acid/sodium hydroxide gs pH 6.4 gspH5 gs pH 3
pH 6.4 5 3

2.2.2Small Intestinal Environment
2.2.2.1Biorelevant dissolution media
The bicarbonate ions secreted into the intestinal lumen neutralize the gastric fluid that is

emptied in the intestines. The reported pH range under fasted conditions in the duodenum is 5.8
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T 6.5, 5.31 8.1in the jejunum and 6.8 8.0 in the ileum. Bile salts are also secreted into the
intestines and the formation of micelles results in a much lower surface tension compared to the
gastric fluids. The surface tension of the intestinal fluids is even lowkardad conditions due

to the higher concentration of bi(&0). Based on this, biorelevant media, e.g. USP simulated
intestinal fluids, were developed to simulate the pH and include components present in the
human Gl tract, such as bile salts and lecithin. Osmolality, pH and surface tension were adjusted
to physiologcal values. According to the FDA, simulated intestinal fluid with pancreatin {USP
SIF) and without enzyme (SlBlank) reflect the physiologic conditions of the small intestine
better than other simpler buffer syste{®8,51,52)

Another example of biorelevant media is the fasted and fed simulated intestinal fluid
(FaSSIF and FeSSIF) proposed by Dressmaltbb8 and its many adaptatio@d®). The human
intestinal lumen is buffer by bicarbonate, however, due to pragmatical reasons, other buffers are
typically used to mimic the physiological pH of intestinal flu{d®). E.g., FeSSIF uses acetate
buffer to adjust the pH to 5.0. Moreover, the premabile salt in the human bile is cholic acid,
but sodium taurocholate (conjugate of cholic acid with taurine) was chosen to be the most
representative bile sah vitro. Biorelevant media contain bile salts and phospholipids and when
simulating the fedtate also monoglycerides and free fatty acids. The composition of FaSSIF and
FeSSIF are given ifable2.3.

The revised version of FaSSIF and FeSSIF (FaS2IFnd FeSSIV2, respectively)
was developed in order to address some of the shortcomingsioitidiley proposed media. For
example,Persson et al(53) reported that cyclosporine, danazol, griseofulvin élddipine
presented between 20 5times higher solubility values in fed Human Intestinal Fluid (HIF)

compared to FeSSIF. This could be due to the lack of neutral lipids in the FeSSIF composition.
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Additionally, the purity of bile salts can also haveimpact on the solubility of poorly soluble
drugs. Wei and Lobenber@4) reported the solubility of glyburide in biorelexamedia with
crude bile salts to be overf@ld higher than when pure bile salts were used in FaSSIF.
Additionally, the reportedn vivo bile salt concentration is lower than the concentration used
previously(24,43)
Psachoulias et a55) proposed a methodology to predict the concentration and potential
precipitation of lipophilic weak bases using an upgraded version of Fa&5IEFaSSIF
V2plus). The proposedin vitro methodology was composed of a gastric and duodenal
compartment along with a reservoir. In the duodenal compartment F&38l&s was used. The
composition of FaSSHvY2plus is very similar to FaSSI¥2, but in addition to all FaSSiv2
component s, the fApluso version also contains
cholesterol (0.2 mM). The authors concluded that for some weak basesssketoconazole,
FaSSIFV2pl us is a superior fluid for investigat:i
Later, Fuchs et a(32) further proposed an updated version of the fasted state biorelevant
media based on the up to date physiological composition of fa$iiedat that time. The
proposed media was named FaS8B: The surface tension was consilbras a surrogate
parameter in establishing the mediumds correc
containing five different bile salts (taurocholate, glycocholate, tauroursodeoxycholate,
taurochenodeoxycholate and glycochenodeoxycholate), edisaw replacing lecithin with its
hydrolysis products (lysolecithin and sodium oleate). Additionally, a mixture of glycocholate and
taurocholate, with or without 0.2 mM cholesterol, were investigated. The authors assessed the
solubility of ten model compods and observed that the amount and the type of phospholipids

and bile salt significantly impacted the solubility and surface tension in the various prototypes.
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Additionally, the authors reported that blank buffers tended to underestimate the phyaiologic
solubility of the investigated APIs whereas the SDS solutions overestimated solubility. Finally,
the proposed FaSSN3 composition was the one containing glycocholate and taurocholate with
0.2 mM cholesterq(32).

Cristofoletti and Dressma(b6,57) used a FaSSIV3 with reduced phosphate buffer
concentration (5.enM). The rationale behind this approach was to use a buffer system that
would match the pH at the particleds surfac:
buffer. For this purpose, ibuprofen was used as the model drug. The authors reported that the
proposed 5.0mM phosphate buffer FaS8B-was able to predic¢h vivo differences in peak and
extent of exposure between test and referéngarofen formulation§57).

When analysing the fed state, as shownTable 2.3, the main differences between
FeSSIF and FeSSI¥2 are the concentrations of bile salts and leci{aB); the replacement of
phosphate for maleate buffer resulting in lowemolality and buffer capacity values; and the
addition of glyceryl monooleate and sodium oleate to reflect the presence of lipolysis products.
Similarly to SGF, Jantratid and Dressman also developed snapshot media to simulate the
intestinal fluids in thefed state Table 2.3). The authors proposed the inclusion of lipolysis
products and changes in parameters such as bile salts concentration, osmolality, buffer capacity,
and fluid pH according to the early, medium and late stages after food {Athke

The use of biorelevant media has been shtavbe very useful in assessing thevivo
solubility of compounds. Soderlind et al. studied the solubility of 24 molecules in FaSSIF,
FaSSIFV2 and HIF. FaSSHV2 solubilities correlated better with solubilities in HIF for neutral
compounds, while foradic and basic compounds the solubility in FaSSIF and FaB83Wwere

similar (58). A similar trend was observed by Fagerberg ef58l). The authors reported that the
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estimation of thein vivo solubility of poorly soluble compounds was more accurate in
biorelevant media. This was patrticularly true for bases and heuti@cules, which display
higher solubility in FeSSIF compared to FaSSIF. The opposite was observed for acidic drugs
(59). Biorelevant media have also been widely usediorecast thén vivoperformance drugs
(60) (and references cited thereby), achieving good IVIVC in some ¢&4é63), but not
always(64). Other biorelevant media have also been proposed to simulate fluids in the fasted
statesmall intestine, such as the Simulated Endogenous Intestinal Fluid (SEIF), described by
Kossena tal. (65) (Table 2.3). Since the focus of this review is on the upper gastrointestinal
tract, colonic fluids are not included in the table.

The use of bicarbonate based biorelevant media has been proposed in the literature
(66,67) Litou and colleagues assessed a level Il biorelevant media based on bicdbifeate
to simulate the contents of upper small ititesunder conditions of reduced acid secretion in the
stomach. The authors reported that bicarbonates were not important in estimating drug
precipitation and that level Il biorelevant media underestimated the concentration of the given
compounds in intestal human aspirates. However, more data is needed to confirm this finding
as the usefulness of bicarbonate in biorelevant dissolution testing may be compound specific
(67). For example, two year later, Jede et(@bB) also investigated the supersaturation and
precipitation kinetics of weak bases using a transfer model with bior¢lbiGambonate buffer.

The authors compared FaSGIE, e With the standard FaSS|E,,n.eand observed that

bicarbonatebased FaSSIF had a better predictive power compared to phebpkate They
concluded that the proposed model is a promising agprto increase the predictive poweirof

vitro tests thus contributing to a more biorelevant drug/ drug product develof@6gnt
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Even though biorelevant media have been extensively used, its preparation can be time

consuming, costly and it may present a sisbelf life for utility. Furthermore, the buffery

species in the human intestinal lumen is bicarbonate, whereas FaSSIF uses phosphate, FeSSIF

acetate, FaSSIF2 and FeSSIFV2 maleate. Simplerand more physiologically relevant

dissolution media is therefore desired.

Table 23. Composition of proposed media to simulate the small intestine fluids in the fasted and

fed state
UsP FaSSIF FeSSIF FaSSIF FeSSIF FeSSIF FeSSIF FeSSIF SEIF
SIF V2 V2 Early Middle Late
NaOH NaOH NaOH NaOH NaOH NaOH NaOH NaOH NaN3
(gspH) (gs pH) (gs pH) (34.8 (81.65 (52.5 (65.3 (72 mM) (6mM)
mM) mM) mM) mM)
KH2P KCI KCI NaCl NaCl NaCl NaCl NaCl NaCl
04 (103.29 (203.89m (68.62 (125.5 (145.2 (125.8 (51 mM) (98 mM)
(6.8 9) mM) M) mM) mM) mM) mM)
Pancrea Bile salt Bile salt Bile salt Bile salt Bile salt Bile salt Bile salt Bile salts*
tin (Sodium  (Sodium (Sodium (Sodium (Sodium (Sodium (Sodium (4mM)
(10.0 g) taurocholat taurochol taurochol taurochol taurochol taurochol taurochol
e) ate) ate) ate) ate) ate) ate)
(3 mM) A5mM) BmM) (@A0mM) (A0mM) (7.5mM) (4.5mM)
Deioniz Phospholip Phosphol Phosphol Phosphol Phosphol Phosphol Phosphol  Phospholipid
ed id ipid ipid ipid ipid ipid ipid (Lyso-
water  (lecithin)  (lecithin) (lecithin) (lecithin) (lecithin) (lecithin) (lecithin) phosphatidylch
gs 1L (0.75 mM) (3.75 (0.2mM) (2 mM) (3 mM) 2mM) (0.5 mM) oline)
mM) (ImM)
pH 6.8 Potassium Acetic Maleic Maleic Maleic Maleic Maleic Cholesterol
dihydrogen acid acid acid acid acid acid (0.25mM)
orthophosp (144.05 (19.12 (55.02 (28.6 (44 mM) (55.09
hate (28.66 mM) mM) mM) mM) mM)
mM)
Deionized Deionize Deionize Glyceryl Glyceryl Glyceryl Glyceryl Sodium
waterqgs dwater dwater monoolea monoolea monoolea monoolea dihydrogen
1L gs 1L gs 1L te te te te phosphate
GmM)  (6.5mM) (5 mM) (2 mM) (18mM)
pH 6.5 pH 5.0 pH 6.5 Sodium  Sodium  Sodium  Sodium Sodium
oleate oleate oleate oleate hydrogen
(0.8 mM) (40mM) (30 mM) (0.8 mM) phosphate
(12mM)
Deionize Deionize Deionize Deionize
d water dwater dwater dwater
gs 1L gs 1L gs 1L gs 1L
pH 5.8 pH 6.5 pH 5.8 pH 5.4 pH 6.5

*sodium salts of the following conjugates; glycocholate (1mM), glycodeoxycholate (0. giybt)chenodeoxycholate (1mM),
taurocholate (0.5mM}aurodeoxycholate (0.3mM), taurochenodeoxycholate (0.5mM).
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2.2.2.2Bicarbonate buffer i Physiologically relevant dissolution media

At present, the most widely applied dissolution media are phosphaé&sl buffers
(28,68) However, the concentration of phosphates@intestinal luminal fluids is insignificant.
This makes phosphat&sed dissolution media poorly representative ofrthevo environment,
failing to reflectin vivo characteristics such as ionic strength, buffer capacity, fluid volume and
viscosity (28). The pH along the gastrointestinal tract is maintained by bicarbonate ions, which
arepresent in the pancreatic, hepatic and intestinal secr€68rn&) Hence, the development of
sutablein vitro dissolution media based on bicarbonate buiBeB) has gained much attention
because it closely mimics the environment of the intestinal fluids and can thus intprave-
in vivo correlations compared to phosphate bufté.

In vivo, the pH is held stable by the constant supple of bicarb@oataining secretions
in the intestines. On the other hand, the application of BCB &s\atro dissolution medium is
challenging due to the evaporation of £gffrom the aqueous phasausing the pH to rise. This
can lead to changes in the buffer strength and poor reproducibility of the dissolution test. Hence,

the first step in establishing a stable BCB is to maintain G@nd CQ, at equilibrium

(Equation2-1).

CO2 (g
I}

H20() + CQz (agf H2COs3 (ag)f H¥(ag)+ HCOs (ag) (Equation2-1)

One of the ways to stabilise the bicarbonate buffer pH is to purge the medium with CO
gas, thus supplying G4 which compensates its loss from the aqueous medAutomated
systems have been developed to adjust the pH by sparging gas according to the pH shift and

were reviewed by Amaral Silva et §28) (and references cited thereby). However, bubbling
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gases into the dissolution medium can be problematic due to the hydrodynamic disturbances in
the dissolution vessel. This can affect the dissolution rate dilcettugs leading to failure in
meeting compendial requirements. Another concern is the possible foaming when surfactant
containing media are used.

Preventing the escape of e@stead of purging the medium has been proposed as an
alternative to controlhe medium pH. Approaches such as sealing the dissolution vessel or using
a liquid paraffin layer on top of the dissolution medium have been des¢iithed?) and were
effective in stabilising the media pH. Nevertheless, since these were closed systems, a dynamic
pH regulation was not possible. To circumvent this, Scott and colleg@Qg$fiave recently
studied the use of a novel bicarborbéesed dissolign system thasupplies N (pH increasing)
and CQ (pH decreasing) gases above the dissolution medium without purging into the solution
(Figure2.1). The system is composed of an enclosure device with two inlets that suypghy N
CO,. The gases are digiuted through a ringhaped diffuser and released through outlets
pointing towards the surface of the dissolution medium. The authors reported that this method
regulated thgoH of the bicarbonate buffer without substantial disruption to the surface of the

media and that no foaming was observed when surfactant containing medium was used.
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Q0; inlet | N, inlet
/////{///AE% Lid with distributing ring
Gas outlet — I l '

Figure 2.1. Representation of the enclosure and gas delivery system proposed by Scott et al.
(Picture adapted fror{v0))

The approach taken by Scott et(@D) is similar to the one reported by Boni et(@8)in
which the CQg) was supplied above the medium to mamthe pH throughout the dissolution
test. However, the setup proposed by Boni et al. was not effective because the dissolution vessel
only had a conventional lid on (opsny st em) whi ch di dnot prevent
gas. Hence, the enclosuretimad is a superior design in the sense that it prevents gas escape thus
improving the efficiency of gas supply. The authors concluded that this novel system is a step
towards the application of the physiological bicarbonate buffers as a dissolution ha¢areéets
compendial requirements.

Sakamoto et al(73) proposed a simple and facile method that allows the use of
bicarbonate buffer for dissolution testingiqure 2.2). The authors developed floating lid
system that prevents the escape ot €@n the bicarbonate buffer solution. The lid is made of a
5mm thick foamed styrol that covers the surface of the medium almost completely but not in a
tight-sealing configuration. The buffer is added to the dissolution vessel and the lid is placed on

top of it. The medium pH was adjusted by adding HCI via a small hole. The authors investigated
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the suitability of this method for a 607.5 pH range and 2 50mM bicarbonate buffer
concentration. In all cases, the pH change was less than 0.1 pH unit after 26 thevHoating

lid method was used whereas without the lid, the pH increased by more than one pH unit within
3.5 h. The authors concluded that the floating lid method would be useful for formulation
development while covering the physiological intestiaadél colonic conditions in terms of pH

and buffer concentration.

Sampling |
port

Hoating lid

Figure 2.2. Representation of the floating lid device proposed by Sakamoto et al.
(Picture adapted frorv 3))

|l tés interesting to note that the pH of
HCI/NaOH or by sparging gases or by a combination of 6&@ti73,74) In the case of spamy,
when CQ gas is supplied and diffuses into the medium, theydgQnteracts with water
generating carbonic acid, which in turn dissociates releasing hydrogen ion culminating in the pH
decrease (equilibrium shown in Equati®i is shifted to the right Reversely, the sparging of a
pH increasing gas (e.g.2Mr He) has an indirect effect in increasing the mediun{{8;76) As
the pH increasing gas is supplied, the partial pressure pfSG@duced, decreasing the dissolved

COp(ag) In the medium, thus increasing the pH (equilibrium shown in Equ&tibns shifted to
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the left). Scott et al.70) observed that the GBupply was much more efficient in decreasing the
medium pH than Win increasing the pH. This is most likely digethe indirect effect of Nthus
taking longer for the pH change to be observed.

Although BCB is physiologically relevant, because of the pragmatical hurdles, its
application has been limited and some authors have doomed it as a medium with restricted
sutability for dissolution testing77). Matching the effective buffering pKa of bicarbonate at the
solid-liquid surface (diffusion layer) of a dissolving solid with a surrogate buffer system is a way
to simplify the dissolutionconditions while maintaining physiologic relevance in terms of
buffering capacity at the diffusion layéf8,79)

When the whole system is at equilibrium, the pKa of the Bg&em (Equatio-1) is
6.04, which is the situation in the bulk solution in a dissolution vé€28ef9) However, in the
diffusion layer around dissolving solutes the interconverblig®;, + COpaq¥ H2COsq) does
not equilibrate very rapidly compared to the fast diffusional proce3$esefore, bicarbonate
buffer behaves as having an effective piKdhe diffusion layer that is different from that in

bulk. This value is lower than 6.04 (bulk), but higher than the intrinsic pKa of B 800,q)

H+(aq) + HCO 3ag). AS a result, theability of BCB in buffering the diffusion layer against
incoming ionizable solute is weakened and ith&ivo dissolution rate is slower than in highly
concentrated compendial buffers.

Based on thisinvestigators have proposed the reduction in the ntplard non
bicarbonate based surrogate buffers as a possible approach to increase its biopredictability, thus
matching the typically slowean vivo dissolution(27,78,79) For example, Tsume et al. showed
that ibuprofen tablets had slowiarvitro dissolution in phosphate 10 mM compared to 50 mM at

a starting pH of 6.@80). This can be expl ai n-abedligsotidho oney 6
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model, i.e. more diluted buffers have a reduced buffer capacity which is translated into a lower
ability in countering the acidifying effect of the dissolving ibuprofen at the diffusion layer pH

(81). In highly concentrated buffer systems, such as compendial buffers, an abundance of the
bufferds conjugate bas article. Flase in &us, lesds toraoppompt s t h
neutralization in the diffusion layer, that is, the buffer species readily consumesgtermed

on the dissolving drug surface. Hence, the pH in the diffusion layer is similar to the bulk,
resulting in a highedissolution ratg27,56,82,83) Conversely, when the buffer system is less
concentrated (as vivo) the neutralization is thus slower.

Different models have been proposed to predietditug flux thus enabling calculation of
the surrogate buffer molarity to determine a good match to physiological bicarbonate in terms of
drug dissolution. This includes, but is not limited to the equilibrium model (which assumes that
H,CO; and CO, are at equilibrium), the carbonic acid ionization (CAI) model (hypothetical
situation where neither hydration or dehydration is assumed)ifrtheersible reaction (IRR)
transport model and the reversible raaquilibrium (RNE) model.

Krieg et. al.(84) proposed thdRR transport model to develop more physiologically
relevant buffer systems for didgtion testing. This model assumes the dehydration process
(HoCO3g)A H20( + CO,(5q) as an irreversible chemical reaction because it is approximately
500 times faster than the hydration rate. This approximate model yielded improved predictions
for the intrinsic dissolution rates of Ibuprofen, Ketoprofen and Indomethacin in bicarbonate
buffers. However, this assumption was shown byGalisous et al. to not be as accur@e).

The authors then proposed the RNE model, whads not make any equilibrium assumptions. It
not only includes both the hydration and getation rates 20 + COyuq ¥ H2COs(5q) but

also accounts for the fluxes of all species involved in the mass transfer process.
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The authors reported that the RNE model predicted the flux values obtained in the
intrinsic dissolution experiments morecacately compared to the other models. It is of crucial
importance to understand the kinetics of bicarbonate at the diffusion layer of a dissolving
particle. For example, in the equilibrium model, BCB would have a pKa close to the bulk pH,
resulting in eféctive buffering at the surface of the dissolving drugs (overestimation). In the CAI
model, the assumption that hydration and dehydration reactions do not happethatame
buffer pKg is much lower than the bulk pH, resulting in a very poor abilithuéfer the surface
of the dissolving drugwhich is anunderestimation. Similarly, the IRR transport model would
also underestimate the drug flux, but not to the extent as of the CAI model because it includes an
irreversible dehydration reaction. The RNbael represents an intermediate situation in which
the reactions occur but do not reach equilibrium. In this case, as previously mentioned, this
situation results in BCB not behaving as having a pKa exceeding 6 in terms of promoting the
dissolution of ionzable solids. The RNE model has been shown to successfully estimate the pH
on the surface of a solid particle in BCB, then the Mooney model can be used to estimate the
phosphate concentration that would give the same surface psl (p#185) Thus, a proper
surrogate buffer molarity can be used that would give good matches to physiological bicarbonate
in terms of drug dissolution. This shows that in some cases it is feasible to develop surrogate
buffers for bicarbonate.

Furthermore, Salehet. al.(86) incorporated to the RNE model other properties such as
medium hydrodynamics effect and drugtfude size distribution. The authors described it as a
hierarchical mass transfer (HMT) model that considers drug properties (intrinsic solubility, acid/
base character, pKa, particle size, and particle polydispersity) as well as Gl fluid properties and

fluid hydrodynamics (bulk pH, buffer species concentration, fluid shear rate, and convection).
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The findings reported b&lvarez et al(87) further reinforces that the current compendial
buffers concentrations seem to be togh to correlate with thim vivo carbonate concentration.

The authors investigated tive vitro dissolution of ibuprofen tablets in different pharmacopeial
media at both 50 rpm and 75 rpm rotation speed. The media investigated by the group included
130mM hydrochloric acid pH 1.2; 540mM acetate buffer pH 4.5; and 70mM phosphate buffer
pH 6.8. In all media, the dissolution profiles showed similarity at both rotation speeds. However,
the in vivo bioequivalence studies revealed that only one out of the test formulations was
bioequivalent to the reference. Hence, theseitro tests were not able to detatifferences
regarding the rate of absorption. Based on this finding, the authors concluded that there remains
a need to develop dissolution condisothat can predict bioequivalence outcomes and that the
application of biowaivers to BCS class lla drugs would not be feasible because the dissolution
tests did not detect differences in absorption rate.

In contrast, Hofmann et. &79) studied the dissolution of Ibuprofen in physiologically
relevant bicarbonate buffer and reported that ithevitro dissolution profiles in bicarbonate
compared reasonably well with tirevivo intestinal dissolution ofhe tested suspensions. They
concluded that this demonstrates the possible potential toward extending biowaivers to BCS
class lla compounds.

Amaral Silva et. al(27) applied a 5mM phosphate buffer as the surrogate buffer for
ibuprofen based on the IRR model described by Krieg ethal.authors also observed a slower
dissolution rate of Ibuprofen IR tablets in low buffer capacity (5mM) compared to compendial
buffer (90mM) and that compendial buffer lacked discriminatory po{@&;79,87) The authors
pointed out that the rapiah vitro dissolution rate cannot be translated to the obseivedvo

dissolution rate of ibuproferin contrast from the methodology used Glvarezat al.(87), in
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which different absorption rates could not be detected , Amaral Silva and colleagues utilized the
low-capacity surrogatbuffer in a biphasic dissolution system. This system is composed of an
organic layer on top of the aqueous medium thus mimicking the concurrérb processes of

drug dissolution and absorption. The addition of the organic phase works as a sink to the aqueous
layer, assisting the medium pH maintenance by the removal of the dissolved drug from the
agueous medium. Hence, the pH changes that are expdodeda low buffer capacity medium

is used are reduced. This is a valuable approach to investigate the drug product performance with
improved physiological relevan¢27).

Based on this, we herein suggest the use of a biphasic system wébuibeus layer
composed of BCB. Adding paraffin on top of the buffer has been previously prof@dged
prevent the C@escape, however drugs do not partition to the liquid paraffin layer. We believe
that the use of BCB coupled with an organic layer (octanol) would not only prevent the escape of
COy 1 thustaking away the need to sparge the mediubut it wouldalso allow assessment of
the drug partitioning (Aabsorptiono). Thi s
approach and we suggest that futiargitro studies along this line be conducted.

Oversimplification of the dissolution conditions, as for example using a surrogate buffer
instead of BCB, may not be relevant or proper for certain formulations. This is the case for
enteric coatedEC) drug products. Formulations coated with pH respanpiviymers have been
shown to have poan vivo performancg88) (and references cited thereby). One of the reasons
for this is the lack of biopredictability of the buffers used fior vitro performance testing,
preventing suitable vitro product evaluationf89). The great discrepancy in the penfance of
EC products in physiologically relevant BCB vs. phosphate buffer is well recognized in the

literature, as highlighted by Amaral Silva et @8). This performance problem persists until
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today, and recent reports by Scott et al. and Sakamoto et al. have corroborated these previous
findings.

Scott and colleagues investigated the release of enteric coated prednisolone micro
particles, pellets and table(g0). They observed that in phosphate buffer the drug release was
immediate after the 2 h acid exposure for the all the tested dosage forms with no significant
difference among the dissolution profiles. On the other hanBCB there was a long lag time
for the onset of drug release. An interesting observation highlighted by the authors was a shorter
lag time for the microparticle formulation compared to pellets and tablets which could be
explained by the larger surfaceea available for polymer dissolution. Similarly, Sakamoto et al.
reported a 3@ninute disintegration time and similar release profiles for enteric coafesiAs
tablets in a phosphatesed buffer, whereas in BCB the disintegration time was ab@th4
with large variatior{(73).

With this in view, the ideal dissolution media for EC formulations would be a
bicarbonatebased one. As highlighted before, the routine use of BCB is technically difficult and
even unfeasible for disintegration testing and dissolution apparatuses such as rexypnofel
(89). Therefore, similarly to small drug molecules, developing avaatile surrogate buffer for
EC products is of great interest. However, enteric polymeasmgbpolyacids with ionizable
carboxylic groups, are much more complex than small molecules as its dissolution includes
different phases as follow#4,88,9093). In an environment with low pH values (such as the
stomach) the carboxyl groups are not ionized, therefore the polymer is insoluble resisting
disintegration and dissolution which prevents drug release. When the EC dosage form is exposed
to the intestinal fluids (higher pH and buffered by bicarbonate) and thileguh (surface pH) of

the polymer is above its pKa (dissolution pH threshold), its ionization is pror(@8g¢dDue to
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electrosatic repulsion, the polymer relaxes, swells, and undergoes chain disentanglement
allowing further ionization of other polymer chains which diffuse away to the bulk solution
(90,92) This consists of the dissolution phases ofrpponsive polymers ultimately leading to

the disintegration ahdissolution of the dosage form.

Recently, Blechar et a{89) proposed a mechanistic approach to enable the development
of surrogate buffers for EC products with Bttbench work. As described before, the effective
pKa of BCB in the diffusion layer (pkgf) is different from other buffers such plsosphate and
mal eate (pKads of @nd®&liffeeem tom3he 8ulk wheee eyesrthingiisvae | y )
equilibrium. For small molecules under regular hydrodynamic conditions theefpKaf
bicarbonate lies between 4 and89,93) However, the complex behavior of enteric polymers
makes it difficult for a direct calculation.

Besides the diffusion | ayer, a Vviscoel ast|
(Figure2.3) , as opposed to only a diffusion | ayer
an increased diffusional resistance which reduces the diffusion rate of the buffer species.
Consequently, the time available for the interconversion betwé&erai@l HCOs is increased
al |l owiOuygt Corlly ¥ HXCO3aq0 t 0 approach equilibrium.
bicarbonate in the gel layer is increased compared to thespKtne diffusion layer. Finally,
both the pKak(diffusion layer) and highe pKa i n the gel | ayer wi |
surface pH.Therefore, the gel layer increases the effective interfacial buffering pKa of

bicarbonate.
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Bulk Solution

Glassy polymer phase

Figure 2.3. Representation of the soliduid interface of adissolving enteric polymer. N:
Neutral (Unionized carboxylic acidCOOH); - : Negative charge (lonized carboxylic acid:
COO). From the gel layer to the bulk solution the pH increases and the viséatyted from
(89).

The authors performed dissolution experiments in maleate (pKa 5.8), citrate (pKa 5.7),
succinate (pKa 5.2), and acetate (pKa 4.6) buffers to find a buffer species that would promote
similar dissolubn as bicarbonate. The time taken for 5% releasg for comparison was used
because it is most representative of the coat dissolution as opposed to the whole dissolution
profile. The observetrend of dissolution based ofytwas thatsuccinate matched bicarbonate
buffer well for relatively fast dissolving formulations while citrate would be a good estimate for
relatively slow dissolving ones. These media could be used as good starting points. Based on

these findings, the authorspropod a fAdeci si on tr ee dufferfFigueest abl i

2.4).
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Bicarbonate
vs. uccinate
Siccinate < Siccinate = SQiccinate >
Bicarbonate Bicarbonate Bicarbonate
Buffer with IM' Buffer with
higher pka lower pKa
(citrate) (acetate)
= > = <
Bicarbonate Bicarbonate Bicarbonate Bicarbonate
| | | |
| Use citrate | Test mixture | Use acetate | Test mixture
of citrate and of acetate
succinate and succinate

Figure 2.4. Decision tree for establishing a surrogate buffer for EC prodifadspted from
(89))

A physiologically relevant approach is of primary importance not only to prediéhthe
vivo performance of a formulation under development, but also to assess the similarity of
reference and test formulations in a bioequivalence (BE) study. Our group assessed clinical data
of a failed BE study for EC pantoprazole tablets (submitt&te formulations used in the
dissolution study were from the same batch as those used in the BE Btdlyformulations
complied with the USP specifications and had a somewhat similar performance in phosphate
buffer, but when testenh vivo they did were not bioequivalent. Hence, solely satisfyingirthe
vitro standard for drug dissolution does not gugga similarin vivo behavior. On the other
hand, when these formulations were tested in BCB, a great discrepancy was observed, where the
test formulation had a much more delayed onset of dissolution than the reference. The use of
nonphysiologically releant dissolution method during the drug product development phase can
be misleading, causing poor selection of prototype formulations. Therefore, it was further
evidenced that using BCB can-dsk the development of generic EC formulations, increasing

thelikelihood for a successful BE.
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2.3 Conclusion

The evolution of media and buffers to be used in dissolution testing to achieve physiological
relevance was herein presented. There are many important factors to be considered when
developing a biorelevant solution method such agH, buffer species, buffer concentration,
osmolality, viscosity, surface tension, concentration and type of bile salts, lipolysis products, as
well as physiological state, such as fasted and fed stRtessiologically relevant ntleods
usually donot apply compendi al conditions anc
phase, rather than in a QC environment for batch release, for example. One of the major
disconnects between the vivo environment andn vitro conditions isthe buffer species and
concentration. While the human intestinal lumen is buffered by bicarbonate at low molarities,
highly concentrated phosphate buffers is often used in dissolution testing, which can give
misleading results during the drug product depment. This is especially true for enteric coated
formulations. Hence, using BCB would be the most ideal in terms of physiological relevance. On
the other hand, one has to keep in mind that a biorelevant test will not necessarily be a clinically
relevantdissolution test, but the chances are higher to capture critical quality attributes. The
pragmatical hurdles of using BCB makes it desirous to develop a surrogate method with simpler
buffer systems. This can be achieved on a-bgssase study by compagrthe drug flux in BCB

and other buffer solutions (which are often more diluted systems compared to compendial
buffers). Precise mechanistic understanding ofitheivo andin vitro dissolution processes is
imperative to set physiological relevance to dissolution methodology. Using such conditions

can derisk the drug product development which increases the likelihood to select formulations

with improvedin vivo performance.

42



SECTION ONE: INTRODUCTION AND OVERVIEW

CHAPTER THREE

Thesignificance of disintegration testing in pharmaceutical development

A version of this chapter is published in:

Dissolution Technol. 2018;(August):38. dx.doi.org/10.14227/DT250318P30
Reprinted from reference (1).
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3.1 Introduction

Disintegration is a physical process related to the mechanical breakdown of a tablet into
smaller particles/granules, representing the breakage ofpatgcle interactions generated
during tablet compaction of granulated particlesh#f acive pharmaceutical ingredient (API)
and excipient$94). Generally speaking, after the liquid wets the tablet surface and penetrates the
pores, disintegration takes place in two stéjpst, tablet disintegration into small granulesd
second,disaggregatin or granule disintegratiof®5). The first step is important for the rate of
initial drug release from the tabléelling of a disintegranthowever, slows this process down.

If no disintegration would occur, only the API near the surface of the compact would dissolve.
The increase in surface area compared to the intact tablet yields a higher dissolution rate. In the
secondstep an even faster drug dissolution rate is achieved due to the increased surface area in

contact with the medium, as represented in the scheme shown in E.iy(96).

S
e - SURFACEAREA +r
I
m = B8
. . . a . - | | -
a
Intact .... ..-l--
NS | DISINTEGRATION > [} Qg™ | DEAGGREGATION > w ta"ua"
[ | (] N I |
[ " g .
Low dissolution rate Moderate dissolution rate Faster dissolution rate

Z =
N

DRUG IN SOLUTION

|

ABSORPTION

Figure 3.1. Immediate release tablet disintegration procédapted from(96).
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Disintegrants can be added to the formulation to promote the dosage form (DF)
disintegrationrwhen in contact with a flui@7). Such excipients soften the DF mataldowing
disintegration by different mechanism@@7i99). The different mechanisms of tablet

disintegration are summarized in TaBl&.

Table 3.1. Disintegration Mechanisms

Mechanism Description References

The liquid enters the DF compact through the pore: (94,97 100)
capillary action. Subsequently tleterparticle bonds
generated during tablet compression, such
intermolecular forces, solid bridgesnda mechanical
interlocking that hold the solid particles togathto
maintain the structural integrity of the DF &
disrupted. Thus, wicking (liquid penetration) is one
the main steps in the disintegration of a DF.
How much the liquid penetrates in the DF is clos
Wicking (capillary related to the micrpore structure (pore sizef the
action) compact and also the hydrophilicity of excipiel
added in the compact, not just the disintegrants.
The balance between capillary force and viscous fo
also plays a role in disintegration. Viscous forces ac
the opposite way of capillary foree As the liquid
goes into the DF, the viscous forces incre:
decreasing the total penetration rate. Neverthe
simultaneously to this, a breakage of the matrix
occur, increasing the penetration rate.

One of the most accepted mechanisms (94,9799,101)
disintegration.

Particles swell omnidirectionally, pushing othe
components apart and resulting in matrix break
One of the most common methods for promoting ta
disintegration is the addition of a disintegrant. H
much a disintegrant swells is directly related to

Swelling chemical stucture and degree of crosslinking.

Another factor that plays a role on the disintegr
performance is the compact porosity. On one hi
high porosity with large empty spaces can diminish
force of disintegrant swelling on the surroundi
matrix, deceasing its efficiency. While on the oth
hand, low porosity and high compression force
hinder liquid penetration into the matrix, resulting ir
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Strain recovery

Interruption of particle-
particle bonds

Expansiondue to
heating entrapped air

longer disintegration time.

Substances that form gels when swelling are
effective disintegrants becsel the viscosity of the ge
slows down the liquid penetration and increases
disintegration time. Therefore, swelling gums, suct
agar, karaya, and tragacanth, are not very effe(
disintegrants.

Described as the reversible viscoelastic proces:
deformation. During tableting, the disintegrant partic
are deformed. When in contact with water,

disintegrant tends to go back to its previous struct
recovering its original shape. The disintegrat
medium can also favor the polymer chains of
disintegrant to adopt the most energetically favore
position.

The movements andolume expansion enerated by
the shape recovery process can cause the cor
matrix to break up.

This mechanism is less studied than swelling

wicking.

During tablet manufacture, bonding can occur by s
bridges, mechanical interlocky, or intermoleculal
forces. It is proposed that the interruption of th
binding bonds is one of the disintegration mechanis
An example of that is microcrystalline cellulose. WtF
the tablet is in contact with the disintegration mediur
disintegates when the intermolecular forces betw:
the cellulose fibers are disrupted by the imbed
water.

Microcrystalline cellulose particles contribute to
capillarity, i.e., liquid is drawn into the DF causing
adhered particle® be separated.

There is a lot of controversy regarding this mechani:
Some authors report that exothermic interactions
materials with water generate heat, which can c:
localized stress, resulting in expansion of the
entrapped in the compact, thus resulting

disintegration of the matrix.

Other authors say that éhheat generated by th
process of wetting is too small to cause the entraj
air to expand. If that was the case, then bugakf the
compact would occur during manufacturing, wk
compacting or ejecting the tablet.
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Effervescent tablets are made in such a way that v 97)
in contact with water they release CO2, resulting

Releaseof gaseous rapid disintegration.

materials This is triggered by a reaction between an acid and
carbonate or bicarbonate.
Enzymes which break down tablet components cal (97)
Enzymatic action added to the product.

DF, dosage form.

In immediate release (IR) systems, drug release from the DF begingheitiquid
wetting the solid and subsequent disintegration; thus, this step is of primary importance and a
prerequidie for dissolution followed by absorption and bioavailability of the ). Although
it cannot measure the amount of drug released, disintegratiton IR tablets the first process
before dissolution can occur. The disintegration test basically consists of placing a DF in an
immersion medium under defined experimental conditions and measuring the time taken for the
DF to disintegrat€106). The time in which the tablet or capsule should disintegrate is defined in
the applicable monograph. The United States Pharmacopoeia (USP) defines complete
di sintegration as t he of the tind, texcepti fragments iofcimsolublen y  r €
coating or capsule shell, remaining on the screen of the test apparatus or adhering to the lower
surface of t he di sk, i f used, i(®. Nevertheldsd, ma s s
complete disintegration does not necessarily imply complete API disso{tifi@p

Disintegration testing goes back as far as 1907 when it was first mentioned in the Swiss
Pharmacopoeia describing the test in wdted8). It was then incorporated in the British
Pharmacopoeia (BP) in 1948 which described the test using test(l@®®s | n t he 19506
USP described the test using the bas&ek assembly apparatushich is still usedtoday to

perform disintegration tests of BRdministered orally110) In addition to the disintegration
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test, a rupture test is used as a performance test eshsftcapsulesofr dietary supplements, as
directed in USP General Chapter <2040>fiDisintegration and Dissolution of Dietary
Supplements first publishedn USP 30 NF 25in 2017(111).

The di mensi ons and me as ur e neats tused forfthe t he
disintegration test were changed quite a few times in the USP in order to harmonize with the
European Pharmacopoeia and Japanese Pharmacdfféla The appatus consists of a
basketrack assembly, a loorm beaker (1000 mL), a thermostatic arrangement for heating the
fluid, and a device for raising and lowering the basket in the immersion fluid at a constant
defined frequency rate. The baskatk assembly oves vertically along its axis with no
appreciable horizontal motion or movement of the axis from the veflita)

There are two typeesf basketrack assembliesvhich are denominated as apparatus A
and apparatus B. The European Pharmacop&ésd general chaptek701> and Japanese
Pharmacopoeia describe apparatus A while only the European Pharmacopoeia and Dietary
Supplements chapter2040> of the USP describe apparatus(BL2,113) According to USP
chapter <2040>, apparatus A should be used for tablets or capsules that are not greater than 18
mm long. For larger tablets or capsules, apparatus B should be used.

As menioned above, disintegration tegj is describedin two chapters in the USP,
general chapter <701> and <2040> for dietary supplements. There are some differences between
the two chapters. For example, for hard gelatin capsules, chapter <701> uses whter as
immersion medium, whereas chapter <2040> uses acetate buffer pH 4.5. For soft gelatin
capsules, chapter <701> recommends this DF to be tested like uncoatedvihidethapter
<2040> uses a rupture test. In order to explore these differences ard pattameters,

Almukainzi et al. systematically investigated how the basket assembly (apparatus A and B) and
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other parameters impact the disintegration of different commercially available dietary
supplement product§l14). After this thorough study, many of the products tested had the

di sintegration time I mpacted by the different
current harmoniz# ICH specifications for the disintegration test are insufficient to make the
disintegration test into reliable test for dietary supplentgiits4).

3.2 Apparatus specifications and procedure$ USP <701>and <2040>

The XL low-form beaker should have 138 to 160 mm in height and an inside diameter of 97 to
115 mm for the immersion fluid. The immersion fluid temperature should be between 35 °C and
39 °C,and theimmersion frequency should be between 29 and 32 cycles per minute through a
distance of not less than 53 mm and not more than 57 mm. The voluheefhfid in the vessel

is such that at the highest point of the upward stroke of the wire mesh remains at least 15 mm
below the surface of the fluid and descends to not less than 25 mm from the bottom of the vessel
on the downward stroke. At no time shoulie top of the basketck assembly become
submerged. The time required for the upward stroke is equal to the time required for the
downward stroke, and the change in stroke direction is a smooth transition, rather than an abrupt
reversal of motionThe gecifications for each apparatus regarding the bask&tassembly and

disks are summarized in Tal8& and illustrated in Figurg.2 (112,113)
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Table 32. USP Specifications for Bask&ack Assembly and Disk for Apparatus A and B

Apparatus A Apparatus B
Basketrack assembly
Tubes (n) 6 3
Tube length (meat SD) (mm) 77525 77525
Inside diameter range (mm) 20.7 23 32.034.6
Wall thickness range (mm) 1.02.8 2.03.0
Plates (n) 2 2
Plate diameter range (mm) 88i 92 97 +2
Plate thickness range (mm) 5i 8.5 7.510.5
Plate holes (n) 6 3
Hole diameter range (mm) 221 26 33134
Wire weave gap range (mm) 1.8 2.2 Not specified
Wire diameter range 0.570.66 mm 0.025 in.
Disks
Thickness (mean + SD) (mm) 9.5+0.15 15.3+0.15
Diameter (mean + SD) (mm) 20.7 £0.15 31.4+0.13
Specific gravity range 1.181.20 1.181.20
Holes (n) 5 7
Hole diameter (mean + SD) 2+0.1 3.15+0.1

The disintegration test might be performed differently for each D$pasified in USP
chapter <701%112). For example, when testing uncoated tablets in apparatoisedlosage unit
should be placed in eachlf the six tubes of the basket and, if prescribed, add a disk. The
immersion fluid can be water or other specified mediwith temperature maintained at 3722
°C. Each monograph specifies the time the test should run for and that all tablets should have
disintegrated completely at the end of the time limit. Interestingly, the disintegration test for
uncoated tablets in general chaptl8P <2040> specifies a 3fin time limit, showing that the
specifications ink701> and <2040=are not identicéll13). The specifications are described in
each chapter for ot her [Délayed releasaitablets, dugccalgablats, n ¢ o
sublingual tablets, hardind softgelatin capsulesdetails are listed in Tablg.3. There are not
only differences between the twdSP chapters as to how to conduct disintegration for the
different DF, but there are also differences between the pharmacopeias of the different regions.

These differences were summarizeddyGousous and Langgu{ti07). The problem with these
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differences in the disintegration testing conditions is that it can lead to different test results. A

study using entericoated soft gelatin capsules showed that the conditions specified UEhe

andEuropean Pharmacopoeia led to different test re§LAtS)

Generally, when 1 or 2 tablets fail to disintegrate completely, the test should be repeated

on 12 additionbtablets. The requirement is metaif leastl6 of the total of 18 tablets tested are

disintegrateq112)

Table 33. Disintegration Test Specified for Each Dosage Form According to USP Chapters

<701> and <2040>

Dosage Form

USP General Chapter <701>

USP Dietary Supplements
Chapter <2040>

Uncoated Tablets

Plain Coated Tablets

DelayedRelease (enteric
coated) Tablets

Immersion fluid: water or thi
specified medium; if prescribe:
add a disk. Use the time
specified in the individua
monograph.

Same asincoated tablets usin
the time specified in th
individual monograph.

Immersion fluid: Start witk
simulated gastric fluid. After :
h, no evidence of disintegratio
cracking, or softening. Contint
using simulated intestinal flui
for the time specified in th
monograph.

For tablets with exmmal sugar
coating: immerse in water
room temperature for 5 min.
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Immersion fluid: water or th
specified medium for 30 min. |
prescribed, add a disk.

Immersion fluid: water or the
specified medium for 30 min. |
prescribed, add a disk. For table

with external sugar coating
immerse in water at roor
temperature for 5 min.

Omit the wuse of a disk
Immersion fluid: Start with

simulated gastric fluid. After 1
no evidence of disintegratiol
cracking, or softening. Continu
using simulated intestinal flui
for the time specified in thi
monograph.

For tablets with external sug:
coating: immerse in water at roo
temperature for 5 min.



Immersion fluid: Start witk
simulated gastric fluid, omithe
use of disks. After 1 h, n
Not specified evidence of disintegration ¢
rupture. Continue using simulate
intestinal fluid with disks for nc
more than 60 min.
Same as uncoated tablets for

DelayedRelease (enteric
coated) Soft Shell Capsules

Same as uncoated tablets us

the time specified in th
individual P monoaranh Immersion fluid: pH 4.5 acetat
Hard Shell Capsules graph p \ter.

Attach a removable wire clot
to the surface of the upper ple
of the basketack assembly.

Attach a removable wire cloth t
the surface of the upper plate
the basketack assembly.
Rupture test for soft she
capsules: performed in dissolutic
Apparatus 2 (paddle) operated
50 rpm with 500 mL ofwater as
the immersion medium for 1
min.

Soft Shell Capsules Same as hard gelatin capsules

Buccal Tablets Same as uncoated tablets for . Not specified

Same as uncoated tablets us
Sublingual Tablets the time specified in th Not specified
individual monograph.

3.3 Disintegration as aQuality Control test

According to decision Tree #7 in the International Council for Harmonization (ICH)
Tripartite Guideline Q6A, the use of disintegrationitegtnstead of dissolution is allowed when
the following criteria are metL16).

1. Immediaterelease dosage form (i.e. no modified release);

2. The drug product contains a drug tigahighly soluble throughout the physiological

range (dose/solubility volume < 250 mL from pH 1.2 to 6.8);
3. Rapidly dissolving products (dissolutior88% in 15 minutes at pH 1.2, 44nhd 6.8);

and
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4. Establishment of a relationship between disintegrationdasblution or when
disintegration is shown to be more discriminating than dissolution.

The FDA draft guideline on dissolution testing also allows replacement of dissolution by
disintegration testing for BCS class | and Ill drug products using the sategon of rapid
dissolution specification (& 80% in 15 minutes). When this criterion is mite product
should completely disintegrate within 5 min in OMIHCI (via USP apparatug)17)

USP chapter <2>0ral drug productd Product quality teststates thadlisintegration testg

is used only as a quality control test and not as a product performance test following the ICH
guidance criteria for table(418). Furthermorej t st at es that Aonly when
correlated with dissolution of a dosage form can a disintegration test be used as a product
performance testo, al so f 8incé disimiegragjon testsearelle€sH g u i
complicated and less time consuming than dissolution tests, its use is desirable in dyuality
design (QbD) approach. Due to its simplicity, concentrating more efforts and research on
disintegration testing could rdsuin time and resource saving faguality control (QC)
departments in pharmaceuti cal I (0¥ )uNevertheless, t hr o
when using disintegratiomas aquality controltest it must be reproducible within the set
specificationg106).

3.4 Disintegration in the real world

3.4.1 Early-stagedevelopment

Commonly, at early stages of drug development, there are restrmtesho
pharmacokinetic data from the IR formulation under development. Not much data exist about the
solubility in different media(19). For that reason, dissolution testifgy quality controlis

unfeasible at this stage. Scientists from Pfizer name this first stage in the development process as
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the Aexploratory develhopsmesnttadg es tiasgf-etoon driged & ho T @
decide fnas to whether t h elevetopnmemd (189% Asestatedsby s ui t a
Klute, at this point in early drug developmetth e A AP | characteristics s
disintegration are mordted to ensure batch quality for Pfizer immediate release solid oral
dosage forms, therefore dissolution is no longer the default method of choice to ensure product
perfor@®ncedod

As shown in Figur@.1, in order to have the API in solution for absavptithe tablet has
to first disintegrate into primary particlesnd then API particles can dissolve. Thus, the critical
quality attributes for drug solubilization are the tablet disintegration rate and API dissolution
rate. For Pfizer, if rapid disintegmg tablet formulation is used and the API particle size is
small enough to completely dissolve, the disintegratest is a suitable surrogate for tablet
performanceandis adequate for early stage developm@it9) QC dissolution dsting at this

stage is negated. Instead, the key QC test to certify tablet performance is disintegration testing,

which is included fAas the keyspegfication@as paraofce t e
clinical applications submitted in supportoflear c | i ni c al st ul®)éngheusi ng
cases wher of-c b heepbtpér ob § positive, t he drug (

developmentwhere a QC dissolution test is more appropraate isused as a tool to predict the
formulation bioperforrance (119).

3.4.2 Relationship between disintegration and dissolution

Drugs that have high solubility (BCS classes | and Ill) and high dissolution number
dissolve within the gastrointestinal tract and may not have dissolution as the rate limitjrag step
long as the DF disintegrates and releases the API partidé$ For BCS class | and llI, it is

expected that the drugds highest dasslleanddV ssol v
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drugs might not dissolve within the small intestinal passage., it@raulation approaches are

often used to increase API dissolution. In all cases, dissolution will happen after disintegration,

i.e., after liberation of the APfrom the DF(106,107) Hence, wheracing the scenario where

the API dissolution is not dependent on the formulation but is dependent on the drug particle

properties, particle size or surface area disintegration might be the appropriate parameter to
predict API dissolutior{120)

The experiment set up, such as media composition and pH, may also play a role in the
disintegration test result. Stamatakisal. investigated the influence of the medium pH on the
disintegration time of commercially available phosphate binder formuta{id®l). Tablet
formulations of calcium carbonate, calcium acetated aluminum hydroxide and capsule
formulations of aluminum hydroxide were analyzed using three different media: simulated
gastric fuid (pH 1.5), distilled water (pH 5.1), and simulated intestinal fluid (pH 7.5). The USP
standard disintegration apparatus at the time (USMR3L8) was used. Their results showed
that nine out of the 15 products tested were sensitive to changes,ighpl#ing differences in
di sintegration time. They c¢ o0niVitodisirdegratibnaeinr @At he
the majority of phosphate binders testedo. Th
can vary depending on the immersioadium pH.

In a study done in 1971 by Alam and Parrott, the disintegration time of
hydrochlorothiazide tablets (granulated with acacia, polyvinylpyrrolidone, or starch as biding
agents) was measured in four different media: distilled water, GHCN simdated intestinal
fluid, and borate buffer at pH XQ22) The average disintegration time for the tablets granulated

with all three binders was faster than the USP disintegration time, according to the available USP
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at the time. Besides that, each formulation had significant differemcése disintegration time
throughout the media tested.

Furthermore, Zuoet al. demonstrated how the media composition can affect the
disintegration time(123). In their study, they used different beverages (alcoholic beverages,
regular cola (Pepsi) and orange juice (Minute Maid)) as media and compared it to the
pharmacopeial imersion medium water, which is the USP reference medium in <701> and for
dietary supplements formulated as tabl@is2,113) Four commercial tablet products, calcium
citrate, EsteiC, Boswellia serrataextract, and cinnamon extract wesigalyzed in the cited
media. Orange juice and high alcohol content in particular extended the disintegration times. For
orange juice, the extension was attributed to the increased viscosity of the orange juice but could
also be an effect of the low pH. Hoigh alcoholic beverages the hydration of disintegrants could
be i mpacted, which in turn impacts DF disint
exception of 5% alcohol, all beverages had a significant effect on the disintegration time of
calcium dtrate and Este€. Only cola, orange juice, and 40% alcohol significantly influenced
the disintegration time of the cinnamon extract. Therefore, the tested beverages should not be
used to replace water when ingesting therapeutic prad(t®3) Taking these results into
consideration, experimental conditions must beefully chosen because they impact the test
results(123,124)

Regarding the rupture test aperformance test for sefhell capsules established in USP
30i NF 25 (2007) under thedneral Chapter <204QBachour et alevaluated the use of this test
as a quality control tool for longerm stability samples using different enzym{@g5). The
rupture test for sofshell capsules can fail for samples that were exposed to stability conditions,

an aging problem that has already been reported by the nutraceutical industry. This may be due
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to gelatin crgslinking, as stated in the USP General Chapter <7%dwch statesi Ge |l at i n, [
the presence of certain compounds and/or in certain storage conditions, including but not
restricted to high humidity and temperature, may present-tndssg. A pellicle may form on

the external and/or internal surface of the gelatin capsule shell or on the dosage form that
prevents the drug from bei (3 Witrthisaraview, 8actcburr i n g
performed a rupture test and comparedbasged, oral multivitamin soefthell capsules with

stability samples of the same product. The immersion medium was water and -@ozyaieing

media (pepsin, pancréat papain, and bromelain) as used for rupture and dissolution testing of
gelatinbased capsules. The stability sample capsules failed to pass the requirements in all tested
media, while the commercial capsules passed. Nevertheless, the study alsotrdparts @At he
crosslinked capsules ruptured readily when emptied out of the vessel, thus the capsules would

i kely rupture i n t hleked (12bnkEhisihdicatds that theobsemvedi f cr
Af ai l to ruptur eo -unogdnditions where the papsale is exposetl koe i n
motility forces. Therefore,in vitro, the rupture test can detect gelatinsslinking in longterm

stability samples but near modified test methods are needed to assess the performance of aged
softshell gelatin capsules when using the rupture test.

The requirements of ICH/FDA and USP to substitute dissolution testing with
disintegration testing require the establishment of a relationship between disintegration and
dissolution. This may not be an easy task to accomplish, given that the dissolution rate of IR
solid formulations is not necessarily determined by disintegrat®shawn by Radwaet al
(126). Nevertheless, Nickersast al.was able to obtain a relationship between disintegration and
dissolution fora rapidly dissolving immediateslease tablet with a highly soluble drug (BCS

classl), thus justifying the use of disintegration in lieu of dissolutioninggtL27). In their work,

58



given the stated characteristics, drug release from the DF was shown to be limited by
disintegration. The authors reported a linear relationship between disintegration and dissolution
results for that particular drug product, concluding tiigsintegration would be an appropriate
drug product quality control method to evaluate drug release from that DF.

Gupta et al., however, compared 12 different IR tablet formulations of Verapamil
hydrochloride and no direct relationship was obtained letvtlee disintegration and dissolution
across all formulationg128). This was attributed to the interactions between different
formulation components, which showed that the diggmiuprocess depends not only on the
disintegrating agent but also on formulation components. In this study, only one out of the 12
formulations met the ICH QG6A criterighereforebeing the only formulation suitable to ufee
the disintegration test iresd of dissolution as the QC t€$28). Thus, it becomes clear that the
determination of a relationship between disintegration and dissolution test is not an easy task
and a sysimatic study is needed before using disintegratiomngeas part of the drug product
specificatiors.

Uebbing et alwent further and demonstrated that if disintegration occurs &rstif
dissolution is controlled by the drug particle properties basedP| characteristics and not on
formulation factors,then disintegration can be used as a performance test for rapidly
disintegrating tablets beyond the current FDA crite(i20). Their mechanistic study
differentiated between API controlled dissolution behavior and DF impacted/controlled
dissolution. They concluded that if the roulation interferes with dissolution, then the
dissolution test should be usedthe QC test. Similar to this study, Han and Galldescribed
the use of disintegration instead of dissolution testing for lifjlietl gelatin capsule$129)

Although it was an encapsulated poorly soluble drug, they argued that if the product was to be

59



administered ira spoon instead of a capsule, no dissolution test woultéduered. This case
study also shows how a disintegration test can be used beyond ICH criteria as a surrogate for

dissolution testing.

3.5 Conclusion

Further work is still needed testablish the scientific framework for using disintegration
testing as a performance test for different DFs. Disintegration is an important quality control test
today. In the future, disintegratidasting could become a release test for formulations ARtk
controlled dissolution. Hence, in cases like this, disintegration isrtieal quality attribute of
the DF and determines the onset of dissolutemg dissolution is only determined by API
properties

With a proper understanding and demonstradiojustification of the mechanistic details
of drug dissolution from the DF, dissolution testing might be replaced by disintegration testing
for certain DFs as a performance test. Disintegration testing can save time and cost for QC
departments in the plhmaceutical industry due to its simplicity.

In order to harmonize the disintegration test throughout the different pharmacopeias,
many specification changes have been made in the USP. These changes still need to be
thoroughly investigated as to how muthespecially the current beaker specificatibnthey
might impact the disintegration time of dosage forifsmake this matteclearer more research
is needed to make disintegration test results less variable. This will imgreveechanistic
understanishg of the disintegration process and might lead tanavivo predictive disintegration

test.
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SECTION TWO: PHYSIOLOGICALLY RELEVANT IN VITRO TESTING:

BUFFER CAPACITY AND BIPHASIC DISSOLUTION TESTING

CHAPTER FOUR

BiphasicDissolution as an Exploratory Method during Early Drug Product
Development

A version of this chapter is published in:

Pharmaceutics. 2020;12(5):42ihi:10.3390/pharmaceutics12050420
Reprinted from reference (27).

61



4.1 Introduction

Il n the modern drug devel opment process, a
performance is dissolution testing. The test was developed in the late 1950s/early 1960s and
accepted by the United States Pharmacopeia (USP) conventionGi(1B®). Ever sincejn
vitro dissolution testing has been used as a quality control (QC) test for solid oral dosage
forms and it plays a critical role in enhanced product understar{dBt) The different
compendial dissolution equipment includes the basket (USP apparatus 1), the paddle (USP
apparatus 2), the reciprocating cger (USP apparatus 3), and the fldwough cell (USP
apparatus 4). The latter two are used for extemd@dse products, whereas apparatus 2 is
the most widely applied methdd30) However, compendial equipment and methods use
conditions that may | imit both the methodos
aspects ofin vivo dissolution. Thus, the quality control aspects of the dissolution
methodologies are mostly meaningful in a commercial environment of finished drug product
release. Nevertheless, during the drug product development prategso predictive
methods are eeded for the creation of products of predictable quéliBl). In this realm,

di ssolution testing is a major tool used to

When testing poorly soluble drugs, conditions ihisl the medium is not saturated
should be maintained to ensure the method robustness. These are later used to test the
finished product to comply with regulatory guidari@é82,133) Different strategies are often
adopted to olasiin such conditions throughout the dissolution test, such as the addition of
solubility modifiers (e.g., surfactants) and the use of large volumes of dissolution medium
among other strategigd34) that result in conditions with little physiologic resemblance.

Within this context, the matter of buffer strength standq8bit
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In vivo studies demonstrate that the buffer capacity of gastrointestinal fluids is much
lower than that of compendial buffe(35,36) Not only that, but the buffer species also
differ; bicarbonate is the predominant buffer species in the human small in(@&jn€&his
finding was linked to slower drug dissolution railewivo, which has important implications
for the oral drug delivery of both acidic and basic drugs, and it should be considered in the
in vitro dissolution studies during the drug product development pr¢86¥sAlthough the
intestines are buffered by bicarbonate, when possible the use of simpler buffer systems, such
as phosphate, is preferred for pragmatic reasons. According to Krieg et. al., the phosphate
buffer ncentration range needed to match ibuprofen dissolution in physiologically relevant
bicarbonate buffers isi® mM (83).

Furthermorewhile the drug dissolves in the intestinal fluids, it is also absorbed through
the gut wall. Biphasic dissolution is one of the possible approaches to assess the concurrent
in vivo drug absorption process. It is composed of a-vase system in which the
simultaneous evaluation of drug dissolution and partitioning into an organic phase is studied,
and it can be used as a roompendial exploratory dissolution method. This approach was
first described in the early 60s and its use has gained much attentiecent year$133
143).

The information obtained from the physiologically based dissolution test is used to
identify what aspects of the drug substance, formulation composition, and process are most
important to achieve the desiratget release profile. In this way, variables that are likely to
impact the drug dissolution can be identified early on in the development, allowing the

ranking of formulation prototypes under physiololjke conditions.
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As suggested by Azarmi et al.,dvdifferent dissolution methods might be needed, one
for formulation predictive dissolution and the other for QC purposes, which is the current
practice in pharmaceutical compan{@$,131) The information obtained from early stage
dissolution methods (exploratory and physiologically based) can be then used to establish
appropriate discrimination of the QC method to be applied in the late development stage to
critical dosage form attributesd other parameters (Figutd).

In this exploratory study, the hypothesis was -fold in order to evaluate both the
influence of manufacturing methods and the excipient composition on the dissolution
behavior of the tablets. Regarding the manufactupraxess, we hypothesized that direct
compression vs. wet granulation would result in different dissolution behavior, whereas
excipients would create with the model drug a microclimate, also resulting in different
profiles. Therefore, we screened the déf@ tablets using compendial and physiologically
based methods to identify which performance test method had the highest discriminatory
power. Considering that the majority of molecules in the discovery pipeline are poorly
watersoluble (144) and the knowledge gained with poorly soluble drug in previous work

(35), ibuprofen (BCS lla) was used asnodel drug.
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post approval changes) !

Quality control dissolution
method development

Figure 4.1. Simplified approach for dissolution method development for immediate release
(IR) formulations containing acidic and basic drugs (BG®/).FaSSIF: Fasted State
Simulated Intestinal Fluid;FeSSIF: Fed State Simulated Intestinal Fluid; BCS:
Biopharmaceutics Classification System.

4.2 Materials

The ibuprofen (USP grade) was purchased from Medisca (QC, Canada); the
microcrystalline cellulose (Avic&l PH-102 NF) was purchased from FMC Biopolymer
(Philadelphia, PA, USA); the dicalcium phosphate dihydrate and calcium sulfate NF were
purchased from PCCA Canada (London, ON, Canada). The dextrose NF was purchased
from Mallinckrodt chemical (USA); the crostaellose sodium NF was from JRS Pharma
(Rosenberg, Germany); the magnesium stearate was purchased from H.L. Blachford Ltd.
(Mississauga, ON, Canada); and Starch 1500 was from Colorcon (Indianapolis, IN, USA).

The Zoctanol 99% pure was purchased from Acfaganics (New Jersey, USA). The
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buffer solutions were prepared with purified water (Elgastat Maxima UF and an Elgastat

Option 3B water purifier by ELGA Laboratories Ltd. (Mississauga, ON, Canada)).

4.3 Methods

4.3.1 Ibuprofen Immediate Release Formulatios

The formulations used in this study differed in their excipient composition and
manufacturing process (Tablel). The selection of excipient was based on their chemical
characteristics in terms of basicity and acidity. Granulating BCS lla drugs (such as
ibuprofen) with acidic excipients could create a microclimate with a lower pH, reducing the
drug dissolution. On the other hand, basic excipients could create a higher microclimate pH,
increasing the dissolution, whereas neutral excipients would not intip@aanicroclimate
pH. Dextrose was chosen as the acidic excipient, ¢@a8@ CaHP® as basic excipients,
andmicrocrystalline cellulose as neutral.

In order to analyze the manufacturing method, the tablets were prepared by direct
compression and wet grdation. The direct compressed tablets (D) were prepared by
mixing all the ingredients (except for the lubricant) for 6 min using a mortar and pestle until
a homogenous mixture was obtained. The lubricant (magnesium stearate) was added last and
mixed in for another minute to avoid the coating of the active pharmaceutical ingredient
(API).

The tablets obtained by wet granulation (G) were prepared by mixing all the ingredients
in the same manner as D. Ethanol 70% was used as the granulation solution and the we
powder mixture was granulated through a N60 sieve. The granules were dried for one hour

in a 37 °C oven and sieved again through a N60 sieve. The lubricant (magnesium stearate)
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was then added into the mixture (extragranular) and blended for anothee.ndithihe

tablets were pressed with a Carver Laboratory Press by Fred S Carver Inc. Hydraulic

Equipment (Manomonee Falls, WI, USA) for 30 s at 1 metric ton.

Table 4.1. Excipient composition of IR ibuprofen tablgisepared irhouse. Formulations were
named according to the diluent mixture used

MCC D MCC G CaHPO; CaHPO:q Dex D DexGl DexG2 CaS CaSQO
D G 04D G
Avicel Avicel Avicel Avicel Avicel Avicel Avicel Avic Auvicel
PH102 PH102 PH102 PH102 PH102 PH102 PH102 el PH102
(800 mg) (800 mg) (400 mg) (400 mg) (400 (400 mg) (460 PH10 (400
mg) mg) 2 mg)
(400
mg)
Ibuprofen Ibuprofen Ibuprofen Ibuprofen Ibuprofen lbuprofe Ibuprofe Ibupr Ibupro
(400 mg) (400mg) (400mg) (400mg) (400mg) n(400 n (400 ofen fen
mgQ) mg) (400 (400
CS(3%) CS(5%) CS(B%) CSB%W CS(3%) CSB%W CSBW CS CS
(3%) (5%)
Mg Mg Mg Mg Mg Mg Mg Mg Mg
Stearate  Stearate  Stearate Stearate Stearate Stearate Stearate Stear Stearat
(1%) (1%) (1%) (1%) (1%) (1%) (1%) ate e (1%)
(1%)
CaHPQ CaHPQ Dextrose Dextrose Dextrose CaS CaSQ
(400 mg) (400 mg) (400 (400 mg) (400 O4 (400
mg) mg) (400 mg)
mg)
Starch Starch Starch Starch
1500 (210 1500 (210 1500 (210 1500
mg) mg) mg) (210
mg)
Expected microclimate effect
v Z 227 vy

MCC: microcrystalline cellulose

phosphate dihydrateCaSQ: calcium sulfate; D: direct compression; G:
granulation; CS: croscarmellose sodiug;aqdy ¥. increased dissolutionZ@ndZ ¥
deceased dissolutior){no effect.
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4 3.2 Dissolution Tests

All the dissolution tests were performed ftinplicate using a USP apparatus Il
(ERWEKA, GmbH) with a 75 rpm rotation speed at 37 °C. All buffer media were filtered by

vacuum and degassed in an ultrasonic bath.

Compendial Dissolution Method

The USPrecommended method for ibuprofen immediate release (IR) tablets is 900
mL of phosphate buffer with a pH of 7.2 (50 mM) with not less than 80% of the labeled

amount dissolved in 60 mifT).

Non-Compendial Dissolution Methods Physiologically Based Exploratory Methods

Monophasic Dissolution with a Low Buffer Capacity Medium

The literature reports that a phosphate buffer with a pH of 6.5 at concentratiorgrbetw
418 mM matches the ibuprofen dissolution in physiologically relevant bicarbonate buffer
(83). Hence, 5 mM of phosphate buffer it pH of 6.5 (900 mL) was used as a -hon
compendial and physiologically relevant dissolution medium for comparison reasons.

Samples (5 mL) were collected at specific time points (5, 10, 15, 20, 30, 45, 60 min)
with media replacement after each samplingetinthe amount of dissolved drug was
determined by a UMspectrophotometer at 221 nm. Since a low buffer capacity medium was

being used, the pH was monitored throughout the dissolution test.
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Biphasic Dissolution with Low Buffer Capacity Medium

Biphasic dssolution tests were performed in a 5 mM phosphate buffer with a pH of 6.5
with 100 mL of roctanol on top. The aqueous layer mimicked the intestinal fluids and the
organic layer mimicked the absorption compartment. A paddle (kindly donated by
Sotax AG) was mounted on the regular compendial paddle to obtain sufficient
hydrodynamics in both phases.

The aqueous layer volume was also taken into consideration in order to increase the
physiologic relevance. Considering the reported intestinal fluid volime @ 7 mL (77 +/ 1
mL) (145), a lower volume of 200 mL was used in an attempt to beperoximate that of
the intestinal fluids. For comparison reasons, the dissolution experiments were also
conducted at 900 mL.

Samples from the aqueous phase (5 mL) and the organic phase (1 mL) were collected at
specific time points (5, 10, 15, 20, 30, 48, min). The amount of the drug was determined

by a U\:spectrophotometer at 221 nm for the aqueous phase and 272 nm for the organic

phase. The pH of the aqueous phase was monitored throughout the dissolution test.

4.3.3 Statistical Analysis

The difference between the mean dissolution values at early exposure was measured
through the 90% confidence interval (CI) of difference method using the ExcelnAdd
DDSolver (146,147) In order to compare the manufiaing methods, the % release at 15
min in the 5mM phosphate buffer was compared between the G and D formulations of the
same composition. Furthermore, in order to compare the differences in the excipient

composition, we analyzed both the early exposumni(§ between the G formulations and
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at 15 min between the D formulations. The 5 min selection was based on the fact that, even
though the granular disintegration/deaggregation was still happening, the microclimate
effect was most meaningful and expectedbé strongest at this time point. The 15 min time
point was selected to be able to analyze the early exposure, but was later than disintegration

time.

4 4 Results
4.4.1 Compendial Dissolution Tests

All the profiles were similar in the compendial buffes, a85% dissolved in 15 min
(Figure4.2). This method presented a low discriminatory power in differentiating between

manufacturing methods as well as excipient compositions.

100 |
80 F
g
£ 60 |
=
3
240 r —e—CaHPO4 D USP CaHPO4 G USP
CaSO4DUSP  —e—CaSO4 G USP
20 | —e—Dex D USP —e—Dex G1 USP
.= ——DexG2USP  —e—MCC D USP
| MCC G USP
O (_; 1 L 1 1 1 J
0 10 20 30 40 50 60
Time (min)

Figure 4.2. Dissolution profiles of alformulations in 900 mL of compendial buffer (50 mM
phosphate buffer pH 7.2). Error bars represent the standard devihtiprofen was the active
ingredient in all formulations.
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4.4.2 Non-Compendial Dissolution Testd Physiologically Based Exploratory Mehods

4.4.2.1 Monophasic Dissolution With Low Buffer Capacity Medium

Overall, the dissolution rate of ibuprofen was much slower in the low buffer capacity
medium compared to in the USP buffer (this observation is discussed in more detail in
Section 4). Theelease pattern among the direct compressed formulations was very similar,
which points out to a dissolution controlled by the API properties rather than a formulation
driven dissolution (Figurd.3E). Interestingly enough, the G formulations presentddteh
rate and extent of release compared to the D formulations (FHda#é D), which might
have been due to a reduction in the drug particle size as a consequence of the granulating
process itself. The higher level of disintegrant (crosscarmellose spdiuthe granulated
formulations could also have contributed to the higher release. However, it is worth noticing
that a higher level of disintegrant would primarily impact the dissolution rate (especially at
early time points) rather than the extent. Alditional factor was that the soluble fraction of
Starch1500 could have enhanced the wettability of the ibuprofen particles.

The manufacturing methods were evaluated by granulating ibuprofen, with excipients
that could modulate the drug dissolution in terof a microclimate pH (Tabld.1). A
pronounced effect was observed at early exposurg0(din), particularly for the DexG2
formulation, which presented a lower release compared to the other formulations (Figure
4.3F).

As expected, given that ibuprofes @ weak acid dissolving in a low buffer capacity

medium, a drop in pH was observed.
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Figure 4.3. Dissolution profiles in the 5 mM phosphate buffer (900 mL). (A) MCC formulations,
(B) CaHPO4 formulations, (C) CaSO4 formulation®) Dextrose formulations, (E) D
formulations, (F) G formulations. Error bars represent the standard deviatipnofen was the

active ingredient in all formulations.
4.4.2.2 Biphasic Dissolution Test with Low Buffer Capacity Medium

Biphasic Dissolution with 200 mL of Aqueous Phase

With a low aqueous volume, a high interfacial area to volume ratio was obtained and, as

a consequence, a rapid drug partitioning into the organic phase was observed.
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Manufacturing method and formulation compositidifferences were captured in the
partition profiles of the drug to the organic phase (Figl4é andB). A lower partitioning
for dextrose containing G formulations was observed at early exposutd (Bin). An
overall lower partitioning for CaHPf&xontaning formulations (both D and G) was

observed (Figurd.4A andB).
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Figure 4.4. Organic phase partition profiles in a biphasic dissolution with 200 mL of aqueous
media for G formulations (A) and D formulations (B) and with 900 eh aqueous media (C).
Oct: Octanol. Error bars represent the standard devidbaprofen was the active ingredient in

all formulations.
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Biphasic Dissolution with 900 mL of Aqueous Phase

Similarly to the monophasic dissolutiathe G formulations presented a higher rate and
extent of release compared to the D formulations (FiguseAi D). However, the higher
release was not accompanied by an increased partitioning into the organic phase. Actually,
the partitioning profiles of # organic phase were similar for all formulations (different
excipients and manufacturing processes) (Figu#). Thus, in this setup, the organic
phase didnot seem suitable for formul ati on
phase added aink to the system through the removal of the dissolved drug from the

agueous phase, reducing the pH shift observed in the monophasic dissolution
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Figure 45. Aqueous phase dissolution profiles in a biphasic dissolution widhmti0of aqueous
media (BP aq). (A) MCC formulation, (B) CaHPO4 formulation, (C) CaS0O4 formulation, (D)
Dextrose formulation, (E) D formulations, (F) G formulatioBstor bars represent the standard
deviation.Ibuprofen was the active ingredient in allfarlations.

4.4.2.3 Dissolution Medium pH Recovery

The use of an organic layer on top of the agueous layer assisted in the medium pH

maintenance by the removal the dissolved drug from the aqueous medium. In the case of an
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acid, such as ibuprofen, the protivansfers to the organic phase with the drug. Hence, the

pH changes that are expected when a low buffer capacity medium is used were reduced

(Figure4.6).
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Figure 4.6. pH measurements for dissolution tests in a low buffer ¢gpamedium. Dashed line:
monophasic setup. Solid black line: biphasic setup with an aqueous layer at 900 mL. Solid blue

line: biphasic setup with an aqueous layer at 200 mL.
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4.4.3 Statistical Analysis

The higher percentage released for the granulatelétsabompared to the direct
compressed ones (Figue8Ai D) was statistically relevant, as the similarity between G and

D using the 90% CI was rejected for all the formulations in the 5 mM phosphate buffer.

The consistent lower release for formulations containing calcium phosphate was
statistically relevant, as shown in Tall@, pointing to a possible ARIxcipient interaction.
The suspected microclimate effect for formulations containing dextrose wasatistically

significant (Tablet.2).

Table 4 2. Statistical evaluation for the 90% confidence interval between different formulation
compositions

D formulations

Dextrose MCC CaSOy
Org 200 Ag 900 Org 200 Aqg 900 Org 200 Ag 900
Dextrose  NA NA Fail Pass Pass Pass
MCC Fail Pass NA NA Fail Pass
CaHPQ Fail Fail Fail Fail Fail Fail
G formulations
CaHPO4 MCC CaS(Oy
Org 200 Ag 900 Org 200 Aqg 900 Org 200 Ag 900
Dex G1 Pass Fail Pass Fail Pass Fail
Dex G2 Fail - Fail - Fail -
MCC Pass Pass NA NA Fail Pass
CaHPQ NA NA Pass Pass Pass Pass

Org 200: organic phase at 200 mL of aqueous phase; Aq 900: aqueous phase of biphasic test
at 900 mL.

4 5 Discussion

A discriminating dissolution test is a method that can detect variations in the
manufacturing process as well critical APl or dosage from attributes that may have an

impact on thein vivo performance of the final drug product. Physiologically based
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exploraory dissolution methods used in early product development often follow a generic
approach(17). Thus, inthe absence of a link to vivodrug product performance, the degree

of discriminating power is often unknown. In such cases, risk assessments and prior
knowledge, as well as modeling and simulation, may be helpful to guide the necessary
adjustments to mr ease the methodds sensitivity towar
manufacturing method, and/or formulation composi{ibr,131)

In contrast, the pharmacopoeial experimental conditions applied in a QC setting aim at
the whole amount of drug being released from the dosage form. For such purposes, a high
buffer concemation (50 mM) and capacity are used. Such conditions prevent pH shifts
caused by the API dissolution that could hinder or increase the dissolution, resulting in a
biased data interpretation caused by the dissolution method rather than due to poor drug
product performance. In the compendial conditions used in this study, a similar release was
obtained for the different ibuprofen formul at
manner (Figurel.2). Nevertheless, it showed a poor discriminatory pow@tentifying the
possible effect of critical API attributes and manufacturing methods on drug dissolution.

Accordingly, Cristofoletti and Dressman have demonstrated that in the case of ionizable
compounds, the pH at the sdliiduid interface is as a keyapameter in predicting the
dissolution rate. The authors showed thatithétro dissolution of ibuprofen (weak acid) in
phosphate buffer is a function of the pH in the diffusion layer, which is, in turn, affected by
the properties of both the drug ane timedium(56). The reported pH at the surface of the
dissolving drug (ibuprofen) in a physiologically relevant bicarbonate buffer can be achieved

by reducing the phosphate buffer concentratiorbtmM. Hence, using the appropriate
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buffer concentration forin vitro experiments would likely increase the physiological
relevance of this important biopharmaceutics performance test m@&ibiod

A rapid in vitro dissolution rate cannot be translated to ithevivo dissolution rate of
ibuprofen. Anin vivo study, in which the gastrointestinal (Gl) drug dissolution and systemic
absorption of ibuprofen was evaluated, demonstrated that the alhstill be found in the
Gl tract fluids even after 7 h of aspiration, pointing out that BCS Il drugs may undergo a
slower dissolution in the Gl tract due to their low water solub(&,134,135) This slow
dissolution rate was linked to the very low buffer capacity of luminal fluids.

This observation reflects what is going on in the drug particle diffusion layer. In highly
concentrated buffer systems, the drug particle is surroundeddyann dance of the b
conjugate base species. This leads to a ready neutralization in the diffusion layer around the
particle, that is, the Hions formed on the dissolving drug surface are readily consumed by a
buffer species. This causes the pH ia thffusion layer to be similar to the bulk solution
pH, yielding a higher dissolutiofb6,81) However, in a less concentrated buffer (as in the
human GI tract) the neutralization is slower, which is an important physiological aspect that
should be taken into account in the drug developrpemtess. Selecting the right buffer
system is, therefore, of primary importan@5), since thein vitro buffer system largely
affects the surface pH of the drug particle, which in turn affects its disso(8dot48)

As previously highlighted, it has been reported thathosphate buffer pH of 6.5 at 5
mM matches ibuprofen dissolution in physiologically relevant bicarbonate {88&rThe
observedslower dissolution in 5 mM phosphate buffer (900 mL) compared to a USP
strength buffer (50 mM) (Figur&.2 vs. Figured.3) is in line with the aforementioneal vivo

findings (35). Thus, using a low buffer capacity is an alternative approach to bring
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physiologically relevant compemts into the early stage exploratory dissolution tests.
Clinically relevant specifications were not required at the time that ibuprofen was introduced
to the market (late 60s/early 70s) and the developed dissolution method was a suitable test at
the time.

On the other hand, as ibuprofen dissolves, the medium pH tends to decrease due to the
acidic characteristics of the API (Figuté®). The pH drop observed in a low buffer capacity
medium is unlikely to occur in the intestinal lumen due to neutralizatechamisms in the
gut as well as the concurrent drug absorp{iot®). Attempts to maintain the pH by titrating
the medium with NaOH have been mg@é), however it can be experimentally difficult
and impractical. In cases of dissolution methods based on other buffers systems, such as
bicarbonate buffer, the medium pH can be regulated by sparging the n{@8&jum

Combining the low buffer capacity medium with an absorptive phase adds another
aspect of thén vivo gastrointestinal environment, that is, drug absorption as it dissolves in
the intraluminal fluids (and in the case of an acid, such as ibuprofen, the proton transfers to
the organic phase with the drug). Thus, the organic phase serves as an &ddikidoathe
pH recovery (Figurd.6).

Ibuprofen dissolution in 5 mM phosphate buffer was characterized through the D
formulations, since they presented an ABhtrolled dissolution (Figure&3E and4.5E), as
described by Uebbinl20). Considering that ibuprofen is a class Il drug, a reduction in
particle size may increase thaigrdissolution, which could be the reason for the statistically
relevant higher release observed in the G formulations (Figu8é&$ D and4.5Ai D). The
overall slower dissolution rate in 5 mM buffer enabled the characterization of a critical API

attributethat affectsn vitro dissolution.
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The manufacturing method can also impact the dosage form performance. During a wet
granulation process, the API and excipients come in close contact in such a way that the
excipients can influence the API dissolution. After the tablet disintegrates, tlge dr
dissolution depends also on the granules disintegration/deaggre(datib@) As a result, a
microclimate can be created around thengtate particle, which was seen in the dextrose
formulations. Since dextrose is acidit51) the pH around the dissolving drug particle
could be lower than the bulk pH, impacting the API dissolution. This effect was observed
primarily at early exposure, when the granules were being deaggregated 4P3bla
lower dissolution was observed during fimst time points in both the 50 mM and 5 mM
phosphate buffer, and the drug partitioning into the organic phase was also affected (Figures
4.2,4.3D, 44D, and4.5D). Early exposure is important and should be further explored in
future studies. This is iaccordance with Valizadeh et. al., who described the impact of the
microclimate on the dissolution of solid dispersions of indomethacin with different
excipients, such as PEG 6000, Myrj 52, Lactose, Sorbitol, Dextrin, and Eudragitl E100
(150)

Overall, formulations containing calcium phosphate presented a statistically relevant
lower release, regardless of the manufacturing process used. In this case, another-excipient
API interaction might have occurred. Even though it behavesatiguipH 7.4), the surface
of CaHPQ is alkaline (151). Since ibuprofen is a weak acid, drug tmdes could have
adsorbed onto the CaHR@articles due to their alkaline surface, resulting in the observed
lower dissolution. It has been reported that various ions and molecules can be adsorbed onto
the CaHP@ surface. Furthermore, ibuprofen adsorptamto calcium phosphate beads for

bone substitutes in targeted drug delivery applications has been des¢tib2x
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Incompatibilities between CaHR@nd other acidic drugs, such as indomethacin and aspirin,
have also been report€tb1,153)

In the exploratory method used in the study, the sensitivity in discriminating dosage
forms was seen in the octanol phaghen applying 200 mL of the aqueous phase, whereas
at 900 mL the differences were more pronounced in the aqueous phase. The low surface area
to volume ratio at 900 mL and the hydrodynamics in the vessel with a paddle dissolution
apparatus resulted in sber drug partitioning (drug removal) compared to at 200 mL
(Figures4.4A-B vs. 44C) (154,155) Consequently, in 900 mL partitioning iket rate
limiting step for the overall process of mass tranbiween the solid, the aqueous and the
octanol phases.

On the other hand, using a lower aqueous phase volume at the same rotational speed
resulted in the aqueous phase experiencing a highealbreagnitude of shear stress. This
might be a contributing factor to the 200 mL tending to be less discriminatory in comparing
G vs. D formulations when compared on the basis of total dissolution (i.e., aqueous +
organic).

Mudie et. al. described the dyuransport phenomenon associated with the biphasic
dissolution method, assuming fistder absorption kineticgd41) Thein vitro partitioning
rate coefficient (kp) represents the drug partitioning rate into the organic phase. The
physiological relevance of this is that finevitro kp approximates thim vivo absorption rate

coefficient (ka), as shown in Equatidsi.

Oy —00 DO —0QQQ (Equationd-1)
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Pl drug interfacial permeation rate across the aqueous and organic diffusion layers; Al:
surfacearea of the aqueousrganic interface; Va: total volume of agqueous medium;

Peff: permeation rate vivo, A/V: area to volume ratio vivo.

When ka and Pl are known (or can be estimated), Al/Va can be adjusted so that kp and
ka become similar oequal when possible. For ibuprofen, the theoretical Pl reported in the
literature is 23.6 x I0*cm/s(141) Hence, the calcated kps for 900 mL (kpo) and 200
mL (Kpzoo) are 2.1 x 10%s 'and 9.35 x 10%S ! respectively. In a recent humanvivo
study, Hofmann and coworkers determined the real intestinal ka for ibuprofen of 2.6 x 10
s {79). Thus, the 900 mL underestimates the ka by a factor of 12.3, whereas the 200 mL
underestimates it only by a factor of 2.8, making it much closer tmthieo scenario. Not
only that, but the pH recovery was much faster and bettgralled in the 200 mL than in
the 900 mL (Figuré.6).

An effective drug development process aligns the best formulation strategies to obtain a
suitable pharmaceutical dosage form with an adequate biopharmaceutical performance
(156). Based on this study, for an ibuprofen IR dosage form, a granulation process would be
chosen over direct comgssion and excipients such as dextrose and CakQld be
avoided.

The discriminatory power of biphasic dissolution is well acknowledged in the literature.
Deng et. al. (2017) observed a high discriminatory power in the organic phase for minor
formulation changes using racecadotril as a BCS Il model ddgp) Three granule
formulations of the lipophilic drug were prepared with equivalent caitipas but using
different manufacturing processes. The compendial tests lacked discrimination, whereas a

remarkable discrimination between the granule formulations was observed in the octanol
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phase of the biphasic dissolution system. The test was pedama USP Il apparatus with

400 mL of phosphate buffer (50mM, pH 6.8) as the aqueous layer and 100 ruciandl

as the upper organic phase. The authors also correlated the organic phase pmofia®to
pharmacokinetics data, which resulted in a gooditro-in vivo correlation (IVIVC), and
they concluded that Athe release profiles
forinvivodr ug abeél85) pti ono

Several studies utilizing the biphasic system have reported its ability to obtain good
IVIVCs and to be more discriminative than compendial methd®<l,135,138,143,157
162). Vanganiet al investigated the formulation changes of several compounds using the
flow through apparatus (USP V) coupled with the USP paddle apparatus in a biphasic
system. An excellent rank order correlation was obtained between thieo release and
thein vivo absorption of the drugdl58) Al Durduniji et al. used a similar dissolution test
method, i.e., USP IV coupled with USP Il in a biphasic dissolution medium for a BCS I
compound Deferasiro}. Similarly, the authors were able to differentiate between the
formulations and establish an IVIV(@63).

Gao and coworkers perted the evaluation of several poorly soluble drugs also using a
biphasic system combining USP apparatus IV (flow cell) with USP apparat{i88i
140,158,59,162) Using the biphasic dissolutigrartition test method, an excellent IVIVC
and IVIVR (in vitroiin vivo relationship) were obtained for a number of poorly soluble
drugs, such as fenofibrate, celecoxib, and ritonavir. The authors also repddedl|éitance
of the QC dissolution test results to pharmacokinetic observations-alimical and clinical

studies of the prototype formulatio(62). This showcases how biphasic dissolution has the
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potential to reflect then vivo environment, linking then vitro performance to clinical

relevance.

4.6 Conclusions

In light of the upto-date mechanistic understanding infvivo dissolution, there is a
current need to rethink how product specifications and performzarcdelinked through
physiologically relevant parameters. This study revisited the rationale of using lower buffer
capacity media to increase the physiologicatvahce ofin vitro testing. This system was
demonstrated to have a superior discriminatory power regarding the manufacturing method
and excipient effects. The use of an absorptive phase added a sink to the low buffer capacity
media, which decreased pH ghifvhile the test was performed.

Hence, biphasic dissolution systems using low buffer capacity dissolution media have
the potential to be used as early stage discriminatory methods to investigate the impact of
excipient effects and the manufacturing metbadhein vitro drug release with improved

physiological relevance.

4.7 Limitations of the Study

The authors recognize that whether the difference between formulations identified by the
biphasic dissolution systems with a low buffering capacity transtatés vivo difference
has yet to be assessed through IVIVC. However, the biphasic dissolution tests were clearly
able to discriminate between the excipient and manufacturing nsetimolér physiologically
relevant conditions which may translate into diéigrin vivo behavior, highlighting the

importance of such method for drug performance verification
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SECTION TWO: PHYSIOLOGICALLY RELEVANT IN VITRO TESTING:

BUFFER CAPACITY AND BIPHASIC DISSOLUTION TESTING

CHAPTER FIVE

A BCS-basediowaiver approach using biphasic dissolution test
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5.1 Introduction

The understanding of the physicochemical properties of drugs through the establishment
of the Biopharmaceutics Classification system (B(19) made a risk based vitro assessment
of bioequivalence for oral drug products possible. Biowaivers based on BCS class can be used to
establish therapeutiequivalence. A biowaiver means that vivo bioavailability and/or
bioequivalence (BA/BE) studies may be waived basedhoritro dissolution testing14,164)
Here dissolution tests are used as a surrogate to determine if two pharmaceutical equivalent
products are interchangeablelodqguivalent instead of conducting expensive and -time
consumingn vivo BE studies. Thus, the BG&&sed biowaiver approach is intended to reduce
vivo BE studies and emphasises the importancenoVitro testing for predictingin vivo
performance.

In 200, the Food and Drug Administration (FDA) in the United States drafted the
gui dance documwWaiver offinoivo Bioawailalslity mnd Bidequivalence Studies
for ImmediateRelease Solid Oral Dosage Forms Based on a Biopharmaceutics Classification
Sy s t(165n 0 The EuropeamMedicines Agency (EMA) and the World Health Organization
(WHO) followed the FDA approach, implementing their own guidance documents in 2002 and
2006, respectively(166,167) These first guidance documents differed from each other, for
example, while the FDA angMA only allowed BCSbased biowaiver for BCS class | drugs, the
WHO guidance also included BCS class Ill and BCS clasq188) However, the BCS class
IIA was removed in the WHO guidance in 2015. Also, the different guidance documents define
Ahi ghly solubled differently by (i.al Bighesgdosei t her
available)or the highest singleherapeutic doséi.e. the administered dose, e.g. 2 tablets of

50mg, hence the therapeutic dose would be 100¢hg). This can cause the same drug product
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to be classified differently in different regions of the worlérmonization was recommended
(29).

Even though they have been upda(@5,169,17Q) in attempt to harmonize these
various guidelines, the ICH published thel CH M9 Guideline on Bi
Classification Systerhased Biowaivers fcansultation in 2018 which has recently reached
step 5 (implementation) of the ICH proce$$71). This guideline is applicable to immediate
release solid oral dosage forms or suspensions containing BCS classes | amgs]li.dr drug
products with highly soluble drug substance(s).

In 2012, Lébenberg et. gll72)conducted a studyp examine thén vitro performance of
three widely used drug products marketed in different countries of mheridas, being them
metronidazole, zidovudine and amoxicillfall classified as BCS class | and WHO list of
essential medicinesYhe generic products in the Americas were compared to the US comparator
pharmaceutical product (CPP) and to each other wrmete if they mein vitro bioequivalence
criteria. The authors hypothesized that the different drug products would meet the criteria due to
their BCS class. However, none of the tested metronidazole productnwére equivalent to
the CPP or to otemanufacturers. Thus, since the vitro studies did not signal that
bioequivalence criteria would be met, further clinical studies would be needed in order to
confirm their interchangeability.

We hypothesized that wheregmsvitro bioequivalence was not achieved in compendial
methodg172), the partitioning profile to the organic phase in the biphasic system mightisignal
vitro equivalence among the drug products and CPP.

The objective of the preat study was to replicate the aforementioned study using

biphasic dissolution testing and metronidazole as the model drug. This is an innovative and more
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physiologically relevanin vitro approach that has bedeveloped to more effectively prediat

vivo performance of drug product®7,133 135,138,141,143,158,159,163Jhe system is
consisted of immiscible aqueous and organic phases in which the drugetisscthe aqueous

layer and partitions into the organic phase, thus maintaining sink conditions. The organic layer
mimics the gastrointestinal (Gl) membrane and the dissolp@tition process between the two
phases resembles tirevivo drug dissolubn and absorption proce&d7). Hence, the approach

taken in this manuscript was to have scientific insight and mechanistic understanding rather than
strict regulatory application.

5.2 Materials

Metronidazole (USP grade) was obtained from Medisca (Quebec, CaGadanercial
Metronidazole tablets wengurchased: Flagyl 250 mg (Pfizer USA Inc, lot # C071094), Flagyl
500 mg (Sanofi Aventis Mexico Inc, lot # 888575), Flagenase 500 mg (Laboratooio®rhi,

S.A. Mexico Inc, lot # 7009), Colpofilin 500 mg (Laboratorio Lazar Argentina Inc) and Metral
500 mg (Laboratorio Pablo Cassara Inc, lot # Afetonitrile HPLCgrade andl-octanol 99%
were purchased from Acros Organics (New Jersey, USA). The ksdfetions were prepared
with purified water (Elgastat Maxima UF and an Elgastat Option 3B water purifier by ELGA
Laboratories Ltd. Mississauga, ON, Canada).

The excipient composition of each drug product as listed in the package insert is as
follows: Flagyl-USP (Cellulose, Fd&C Blue,Hydroxypropyl Cellulose, Hypromellose, PEG,
Stearic Acid, Titanium Dioxide); Colpofilin (Lactose, MCC, DOSSNa, Povidone,
Crosscarmelose Sodium, Talcum, J8tparate); FlagyMex, Flagenase and Colpofilin

(Excipients).
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5.3Methods

5.3.1Analytical Quantitation

The metronidazole content in the tablets was evaluated using liquid chromatograph
Shimadzu LGLOAS (Tokyo, Japan) an&himadzu SPEM10AVP Diode Array Detector
(Tokyo, Japan)V-Vis detection at 254 nm using a LIiChrosgpésO RRS el ect B 5em ( 2
4,0mm) column (Merck Darmstadt, Germany). The mobile phase consisted of acetonitrile and
water (34:66), filtered and degassed. The flow rate used was 1.0 mL/min, the injection volume
was 20 pL and the retention time was 6:881. A standard solution was prepared from an
accurately weighed quantity of the reference chemical substance, using the methanol as diluent
to obtain a solution of 1.00 mg/mL.

5.3.2Disintegration test

The test was performed according to USP generglteha701>(112). Disintegration
time was measured in a disintegration tester (Eureka, Germany) using 900 mL of phosphate

buffer pH 6.8 a7 + 2 °C as medium. Six tablets of each drug product were tested.

5.3.3Dissolution tests

All dissolution tests were performed in triplicate using a USP apparatus Il (ERWEKA,
GmbH), 75 rpm rotation speed at 37 °C. All buffer media were filtered by vacuum and degassed
in an ultrasonic bath.

The commercial metronidazole tablets were tested mpemdial Simulated Intestinal
Fluid (SIF) (50mM phosphate buffer at pH 6.8, 900 mL) without enzyme, as well as in

physiological buffer capacity (5mM phosphate buffer at pH 6.8, 900 mL). The tablets were also
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tested in a biphasic dissolution system in whiteh aqueous layer was composed of 200 mL of 5

mM phosphate buffer (pH 6.8) with 100 mL cbntanol on top. A minpaddle (kindly donated

by Sotax AG) was mounted on the regular compendial paddle to obtain sufficient hydrodynamics

in both phases. The vohe of 200 mL was chosen in an attempt to better approximate that of the

intestinal fluids (77 +/1 15 ¥y while stil/l
For both compendial and biphasic dissolution tests, samples from the agueous phase and

the organighase were collected at specific time points (5, 10, 15, 20, 30, 45, 60 min).

5.3.4Data analysis

The Microsoft ExcéM addin DDSolver was used to compare the dissolution profiles by
& st at i s tifacter. measures theacloseness between twol@sadind, according to the
FDA cr kvalees beaveen B000 indicate similarity between two dissolution profiles.

The API has to be released from the formulation and dissolve in the aqueous medium in
order to partition to the organic phase. Hencantdation disintegration is of crucial importance
for drug release, especially for immediate release tablets. With this in nhi@danhount
portioned into the organic phase of the CPP was correlated to the amount portioned of each one
of the generic produs after disintegration (see TalBe2). The CPP (FlagyUSP) had a 5.32
minutes disintegration time, hence the percent partitioned from 10 minutes on (next data point
after 5.32 minutes) was considered. The same rationale was used for the other gréaiyydis:
Mex: 20 minutes on; Colpofilin: 5 minutes on; Flagenase and Metral: 15 minutes on5Tlable
shows the amount partitioned for each drug product used in the correlation. The correlation was

done by linear regression.
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Table 51. Amount partitioned (Q%) into the organic phase for each drug product after
disintegration time

Time Flagyl- Flagyl-  Colpofilin Flagenase Metral

point USP Mex

(min)
10 0.50 1.07 2.20 4.74 3.33
15 141 1.78 5.54 7.62 5.81
20 2.54 3.56 7.78 11.47 12.10
30 6.07 7.87 9.77 13.30 17.09
45 10.28 18.11 24.19 27.08

5.4Results

5.4.1Assay and disintegration tests

The assay and disintegration results are presentédhle5.2. All tested drug products
fell within theacceptance criteria of 90.004.10.0% of drug conter§fL18) Among all the tested
products, FlagyMexico took thelongest to disintegrate (around 18 minutes), followed by
Metral, Flagenase, FlagidSP and finally Colpofilin.

Table 52. Drug content and disintegration time of different commercially available
metronidazole immediate releasblets

Product Assay Disintegration
% SD Time (min) SD
Flagyl-USP 104.88 7.61 5.32 0.43
Flagyl-M exico 103.98 31.48 18.27 0.58
Flagenase 104.68 7.56 10.16 0.07
Colpofilin 102.02 62.61 0.60 0.22
Metral 98.02 29.89 13.32 0.78

5.4.2Dissolution tests and data analysis

The dissolution results in the monophasic setup (900 mL) are presented in $igure
including both SIF and low buffer capacity phosphate buffer (5mMl).tested products

presented a similar performance in both bufigstems, as seen in Figsd and evidenced by
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t h etes@éresults (FlagyUSP: 49 border line; FlagyMexico: 67; Flagenase: 54, Colpofilin: 82
and Metral: 82)Since metronidazole is a highly soluble drug its dissolution in a medium with

lower buffer @pacity is not expected to differ much from a highly concentrated buffer using a

volume of 900 mL (Figuré.1) (27).

100 ] .

1 P

% Dissolved

0 10 20 30 40 50 60
Time (min)
-« - ALAGYL-USP5mM FLAGYL-MEXICO 5mM FLAGENASE 5mM QOLPOALIN 5mM - « —~METRAL5mM
—— AAGIL-UPSF FLAGYL-MEXICO SIF FLAGENASE SF COLPOALIN 9F —e—METRALSIF

Figure 5.1. Dissolution profiles of metronidazole formulations in SIF (solid lines) and low
buffer capacity phosphate buffer (5mMiashed lines).

Except for Flagenase and FlagyEP, the dissolution rate followed the disintegration
time, i.e., the fastest the disintegration, the higher was the release rate, even though all
formulations were imnuliate release dosage forms. Tabld presents the statistical analysis
results for the comparison between the different metronidazole products. As observed by

Lobenberget. al.(172), none of the tested metronidazole produeerein vitro equivalent to the
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CPP or to other manufacturers iath monophasic dissolution experiments, with one exception

of FlagytUSP (CPP) and Metral in low buffer capaciég<73).

Table 53. In-vitro performance comparison between Metronidazole products

USP SIF @2 test)

Flagyl-USP Il\zﬂlg)%l(; Flagenase Colpofilin
Flagyl-USP NA - - -
verso 2 NA - -
Flagenase 37 16 NA -
Colpofilin 23 10 32 NA
Metral 48 30 32 19
Low buffer capacity (@ test)
Flagyl-USP NA - - -
Voo %8 NA : -
Flagenase 41 20 NA -
Colpofilin 18 09 27 NA
Metral 73 29 41 18

SIF: Simulated Intestinal Fluid; NA: Not applicablerepeated.

The biphasic dissolution test results are presented in Figwré\ similar pattern to the
monophasic dissolution test was observed in the aqueous phase, i.e., Colpofilin having the
highest dissolution rate, followed by Flagenase, FlagyP and Metral in the middle and finally,
FlagyFMexico. Similarly, the partitionprofile followed the dissolution trend in aqueous phase

and Metral was an exception.
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Figure 5.2. Biphasic dissolution profiles of metronidazole formulations in the aqueous (Aq
dashed lines) and organic phases (Gdlid lines).

Figure 5.3 shows the correlation of drug partitioned to the organic phase between the
CPP and the generic drug products after disintegration. Notably, a good correlation was obtained
in all cases R values higher than 0.95), which could be an indicative of similavivo

performanceFurther clinical studies would be needed to confirm their interchangeability.
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Figure 5.3. Correlation between the comparateinarmaceutical product (CPP) and generic
products of the amount partitioned to the organic phase. Only data after full tablet disintegration
were used.

5.5Discussion

Metronidazole is classified as a BCS class | drug (high solubility and high perméability
According to the current regulatory guidances, an API is highly solubleDbggSolubilityratio
is 250 mL or less at the pH range ofi6@(or 7.5)at 37°C. For all definitions ddose (highest
dose strength, highest dose recommended by WHOhanighest single dose administered) the

ratiois below the 250 mL limit. The reported solubility of metronidazole in different agueous
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medium at 37°C is 30.6 mg/mL (pH 1.0); 14.1 mg/mL (pH 3.0); 12.8 mg/mL (pH 5.0); 11.6
mg/mL (pH 7.0).The reported log value for metronidazoleis 0.76rn o ct an @¥3) wat er

When applying the BCS based Waver approach to immediate release dosage forms
containing highly soluble drugs, the vitro dissolution tests are to be conducted in at least three
pharmacopeial buffer systems of pH 1.2 (SGF), pH 4.5 (acetate buffer) and pH 6.8 (SIF). In all
the aforementioned media, Lobenbetgal. (172)reported that none olfi¢ tested metronidazole
products werén vitro equivalent to the CPP.

According to the USP definition, an | R dr
which no deliberate effort has been made to
definition lacks any mechanistic information, as pointed out by Uebleingal. (120) A
mechanistic understanding of the drug release is of primary importance because in cases in
which the drug release is controlled by the API properties, disintegration is the most important
dosage form attribute. Hence, it could be used as a surrogate wiss@ution testing where the
IR formulation (containing a highly soluble drug) presents a fast disintegration, such as
Colpofilin (0.60 minutes). As shown in Tabf¥2 and Figures.1, the disintegration time and
release rate were quite different betwé®n formulations. In this case, even though they were all
identified/labelled as IR products, dissolution seems to be controlled by the formulation rather
than the API itself, except for Colpofili{120).

The similar performance of Colpofilin in both compendial buffer and 5mM phosphate
buffer indicates that buffer capacity does noese t o af f ect t he API 06s
metronidazol e i s freely solubl e i n agueous
performance were also not affected by buffer capacity. These results clearly indicate that

aqueous dissolution is overdiscrimimat
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With this in mind, using a more physiologically relevant dissolution system could be an
additionalin vitro testing before rendering the formulatiansvitro inequivalent based solely on
the compendial methods. In this study we used a biphassoldtion system as a physiological
relevant test, applying 5mM phosphate buffer (low buffer capacity) as the agueous phase and n
octanol as the organic pha&¥). The free drug concentration in the aqueous phase dictates the
amount of drug that ©partitions to the organic
mimicking thein vivo dissolutiorabsorption process in the intestinal lun{@i,35,141) Since
the drug is freely soluble in aqueous medium, the lipid dissolution could be the rate determining
step forin vivo performance

The stomach residence timalwe for half emptying under fasted state reported in the
literature ranges from 11.b 17 minutes(174) The longest disintegration time among the
products was 18 minutes for Flagylexico. This means that, for all products, most likely the
disintegration will take place within the stomach and metronidazole will be released oat of th
formulation and dissolved by the time it gets to the intestines. Hence, in the intestinal lumen,
absorption would be the most important aspect.

In the biphasic test, the organic phase profiles relate tim Wigo absorption. In the same
way that only solubilized drug can be absorledvivo, only dissolved API molecules can
partition to the organic phase. Disintegration and dissolution may etouttaneously with the
release of a drug from the dosage form. The drug particles that are on the surface of the tablet
can be readily dissolved, however disintegr at
drugo that i s i n,adskenintigul®l,evten thoAgh drogrdidsolatign and
further partitioning can take place before complete disintegration of the dosage form

(disintegration times presented in Tabl&), the dissolution rate seems to follow disintegration
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time. Hencej t 6 s mo st meani ngf ul to correlate the
disintegration time (Figur&.3). When taking this mechanistic approach great correlation was
obtained between the CPP and the other formulations, which could be atandicsimilarin

vivo performance. However, in order to assess the therapeutic equivalence among these products,
an in vivo BE study should be conducted to corroborate itheitro similarity in terms of
partitioning profile.

There are many studies repog the application of biphasic dissolution for poorly
soluble drugs in various dosage forms (e.g., capsule, tablet, solution, suspension, etc.) with
higher discriminating capacity, as well as bettewitro in vivo relationships(135) However,
there are not many studies using this model applied to BCS class | drugs, due to the good
solubility of such drugs and the assumption that pharmacopeial methods might be sufficient to
discriminate between biopharmaceutical properties. Hencerethdts of the present study
broaden the application of biphasic dissolution demonstrating that it is a plausible alternative for
highly soluble drugs.

In the case of poorly soluble drugs, the organic phase acts as an additional sink as the
drug is remoed from the aqueous phase, preventing aqueous saturation. Since metronidazole is
a highly soluble drug, the drug removal from the aqueous phase had low to neglectable effects on
the aqueous dissolution. It was then further evidenced that for most prdutdsmulation was
the factor of pivotal importance in controlling the dissolution rate. After disintegration,
metronidazole quickly dissolves, and permeability is then the most crucial aspect. A mechanistic
formulation evaluation and understanding of diesolution controlling factors together with the
understanding of thie vivo events highlights that biphasic systems might be also used for highly

soluble drugs. Our results delineate the potentialvitro equivalence between different
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manufacturers ahCPP, indicating that the compendial methods utilized previously might have
been overdiscriminating and can be further optimized.

5.6 Conclusion

None of the tested metronidazole products demonstiateitro equivalence to the CPP
in the monophasic diskdion methods, i.e. SIF and physiological buffer capacity. Hence, the
monophasic aqueous systems seem to be overdiscriminating. On the other hand, the correlation
of the organic phase of the biphasic system did present a similar partitioning pattdithier a
different drug products and CPP, which could indigateitro equivalence. The application of
biphasic dissolution to highly soluble drug and formulations has beneficial attributes to estimate
thein vitro behavior and performance. Furthervitro studies with other products are needed to
confirm and refine these findings. An vivo BE study is needed to assess the therapeutic

equivalence among these products.
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SECTION THREE: PHYSIOLOGICALLY RELEVANT IN VITRO
TESTING: BICARBONATE BUFFE R

CHAPTER SIX

Simulated, biorelevant, clinically relevant or physiologically relevant dissolution
media: The hidden role of bicarbonate buffer

A version of this chapter is published in:

Eur J Pharm Biopharm. 2019;14P1®. https://doi.org/10.1016/j.ejpb.2019.06.006
Reprinted from reference (28).

101



6.1 Introduction

In-vitro dissolution testing of pharmaceutical formulations haen used as a quality
control test for many years. During the drug development process, it is often used to optimize
formulations according ta desired release profil@8). Additionally, dissolution experiments
can also be used with a prognostic purpose of the dosage form's performance in the
gastrointestinal tract, known asvivo predictive dissolution testin@ 3). Drug dissolution in the
gastrointestinal (Gl) fluids is a mequisite for drug absorption and subsequarairmacokinetic
and pharmacodynamresponse. Ain vitro dissolution test reflects the vivo performance of a
drug product when thm vitro dissolution rate i€orrespondingo thein vivo dissolution rate
This is the basis testablish ain vitro-in vivorelationship/ correlation (IVIVR/ IVIVC)20).

At early drug product developmeint, vivo predictive dissolution testing can be used
guidance @ rational selection of candidate formulations that best fit the desiredvo
dissolution characteristics. Suahapproach cataterserve as a surrogate for clinical studigs
requesting a biowaiver

In order to achievahis, in vitro dissolution tet method of oral productsshould be
reflective of thein vivo situation, establishing conditions that closely reflect the physiological
environment of the gastrointestinal tract (GI[P0). Nevertheless, this is rather difficult to
achieve in practice due to the inherent physiological complexity and variability of the GIT.
Gastrointestinalrainsit time, unsteady hydrodynamics and changing fluidecdsitare a complex
physiologicalsystem to attempt texperimentallymimic (20,43,53,XZ5/ 177) It is important for
the predictivein vitro dissolution test media to closely match the pH, buffer species and

concentration, bile salts/ lipid content, electrolytes and enzymes of the Gl(20ids
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At present, the most widely applied dissolution media are phosphaaésl bufferand, in
some cases, the resulf dissolution tests performed in such mediave demonstrated
reasonable/acceptable IVIV({%9,20,68) This is true for dosage forms in which the choide
dissolution buffer is essential in achieving IVIVBowever, theconcentratiorof phosphates in
human GI luminal fluids is insignificant, which makes the use of such phosphrtEning
media poorly representative of timevivo environment. Thughesemediamightfail to reflectin
vivo characteristicsincluding ionic strength, buffer capacity, fluid volume and viscosity
(41,52,176,178)

The a@strointestinal lumen has long been shown to be buffered by bicarbonate, which
maintains the pH gradient along the QH0,69) Hence, much interest has been drawn to the
development of suitable biorelevaim vitro dissolution media20,42,179182). This review
focuses on the use of bicarbonbtesed buffeiin clinically relevant @solution tests ands a
potentiallybiorelevant medias well askey determinants tm vivo predictive dissolution testing.

6.2 Intestinal lumen environment- What are we trying to reproduce in a dissolution vessel?

6.2.1 Physiology overview of gastraitestinal secretions

There are different anatomical components that make up the gastrointestinal tract with
different functions, such as production of mucus and secretion of digestive enzymes. Complex
glands and organs (salivary glands, pancreas and liass)st with the digestion and
emulsification of food. Secretions coming from the pancreas and the liver are emptied into the
upper part of the small intestine (duodenum) through the pancreatic and hepatic duct. These two
ducts join together immediately floee the duodenum.

The pancreatic secretions are composed of various digestive enzymes and a large volume

of sodium bicarbonate solution. The bicarbonate ions are important in neutralizing the acidity of
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the content coming from the stoma¢h32) On the other hand, the hepatic secretions are
primarily composed of bile. When secreted into the duodenum, the bile plays an impmeant

in fat digestion and absorption. Similarly to the pancreatic secretion, a sodium bicarbonate
solution is added to the initial bi{@32) This solution is secreted by epithelial cells in the ducts.
This additional quantity of bicarbonate ions supplement the bicarbonatenidhe pancreatic
secretion for neutralizing the acid that empties into the duodenum from the stomach.

In addition to the hepatic and pancreatic secretion, the intestinal fluids are also composed
of secretions by the epithelial cells of the duodenum. Theseetions are an alkaline mucus to
protect the duodenal wall from the highly acidic gastric juices. This mucus contains a large
excess of bicarbonate ions, which adds to the bicarbonate ions from pancreatic and hepatic
secretion in neutralizing the hydtdoric acid entering the duodenum from the stomach
(69,149,188188).

Consequently, the net result is in the duodenum follows the neutralization equation
(Equation 61):

CQ: (g)
A

HCI+NaHCQY N a+CHOq + COpaqf H2COsaq) Hag) + HCGs (ag) (Equation 6
1)

The carbonic acigromptly dissociates into carbon dioxide (f#@nd water. The C{ran
be absorbed into the systemic circulation and released through the respiratory system. In this
way, a neutral solution of sodium chloride is left in the duodenum and the acid cordents fr
the stomach become neutraliZ849) This results in aoverall effect where the luminal fluids

of the small intestine are predominantly buffered by bicarbdii&ie
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6.3 Buffer species- In vitro considerations

Even though the human small intestinal fluid is buffered primarily by bicatbdouffer,
this buffer has been rarely used in dissolution stufl€8,189) This is mainly due to the
challenges involved with carryingssolutions tests using bicarbonate buffer.

6.3.1 Peculiarities of the bicarbonate buffer

In a bicarbonate buffer system, carbon dioxide /C@as an inherent tendency to leave
the aqueous solution (Equatidil) and, consequently, the medium has tocbatinuously
purged with CQgas at a constant rate. This maintains the concentration gfg@®solution in
an equilibrium with HC@, avoiding a pH increagd 48,189) Additionally, both the escape and
sparging of CQg) in the medium can potentially form bubbles in the medium, which can affect
the dissolution process by building bubbles on the surface of the dosage form or powdes particl
and altering surface tension.

Different models of physiological bicarbonate buffers have been proposed, such as Hanks
and Krebs buffers, varying in composition (Tabl&) (19). Hanks buffer composition is similar
to the proximal small intestine with respect to electrolyte composition. Nevertheless,
modifications to the Hanks balanced salt solution (pH 7.4) is needed to match the physiological
pH of 6.8 andd adj ust its |l ow buffer capacity (1 mi
( 3. 2mmo | (721190§3hisi gan be accomplished by following the Hendéerblasselbalch
equation (Equatio®-2), i.e. adjusting the concentration of the acid@8s) and its conjugate
base (HC®) by purging CQ) into the medium, which shifts the equilibrium (Equati®d)

towards formation of HCOs (aq) thus decreasing the pH of the buffer sys{éi72,76,190,191)
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Table 6.1. Composition of different bicarbonate buffer systems

Buffer component (mM) Hanks buffer Krebs buffer
(19) (190)
KH2POq4 1.18 0.441
Na:HPO4.2H20 - 0.337
NaHCOs 24.97 4.17
NacCl 118.07 136.99
KCI 4.69 5.37
CaCl2 2.52 1.26
MgSO4.7H0 1.18 0.812
lonic Strength 0.161 0.155
Buffer Capacity 3.7 1.0

N0 NLUWOOEQ—

(Equation6-2)

Another example of bicarbonabmsed buffer is the Krebs buffer, which has a different

salt composition and buffer capacity than Hanks buffer (Téldg190) Krebs buffer resembles

the distal small intestine and approximaties ionic composition and buffer capacity of human

small intestinal luminal fluid¢19,71) Nevertheless, the system still has to be stabilized in terms

of maintaining the pH and GQq) Purging CQ() into the medium i®ne way of accomplishing

it. Garbacz et. al. investigated the pH shift caused by IG€3 in different bicarbonate buffer

systems, including Krebs buffer. The authors reported that the evaporateda@®e partly

substituted by sparging the bicarbonatéfér with gas mixtures, such as 5% (vol/vol) £&ahd

N2 (191) When appropriate partial pressure of GO applied, such purging maintains the

bicarbonate equilibrium in the buffer solution, which, in turn, prevents the upward shift in pH.

Another way to maintain the desired pH level is to prevent thegs€apeFadda et. al. (2009)
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applied strategies such as the addition of liquid paraffin layer above the dissolution media and a
completely sealed sep made of a nylon lid that is impermeable to gas. The authors also
investigated the approach of sparging the iomadwith CQyg) and concluded that all the three
approaches were successful.

However, the buffering capacity of the bicarbonate buffer in bulk is higher for a sparged
system compared to a sealed or parafbmered system. This is because in a spargeérmyst
mass transfer of CObetween gas and aqueous phases is allowed. As a result, for weak acid
dissolution, accumulation of dissolved €6 limited, and, for weak base dissolution, net loss of
dissolved CQis limited. Consequently, a sparged system isentapable of resisting changes in
bulk pH resulting from drug dissolution, as was observed by Fadda et al (ZaQ9)Taking
into account that C&s absorbed through intestinal mucosa, it would be recommended to use a
sparged system for cases where significant shifts in bulk pH due to drug dissoletpedted.
However, as explained latén the chapterthis enhanced buffer capacity in bulk does not
typically translate into enhanced buffer capacity in the boundary diffusion layer.

Bicarbonate buffer can also be made by dissolving the appropriate aofoswdium
carbonate and/or sodium bicarbonate in deionized water and sparging it wi(BdL@tion6-1)
or a mixture of compressed air and carbon dioxide while monitoring the pH with a pH meter and
CO, concentration with a suitable electrof,148) The ionic strength of the solution can be
adjusted by adding sodium salts, such as N@@INaSQ: (192)

Furthermore, bicarbonate buffer can also be nradéu by continwusly sparging Cé&)
or a mixture of 100% dry compressed air and 100% @&Oa fixed partial pressure into a

0.9%(w/v) NaCl solution. The pH of the solution can be adjusted by addition of NaD8#)
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The sparging of gas into the medium can vary in many aspects, stighrage in which
the gas is purged, the position of the tube in the vessel and the gas(es) mixture composition
sparged into the syste(@0,71,76,84,148,191,193pifferent sparging rates haween reported
and there is no consensus on what rate should be used for greatest efficiency. Simply purging the
medium to equilibrate to the desired pH before commencing the experiment is not enough, due to
the CQq) decrease (evaporation) the bicarénbuffer is only stable if continuous sparging
occurs. For instance, Boni et. al. (2007) used a sparging rate of 400mL/min until the desired pH
was achieved and during the dissolution experiment the flow rate was adjusted appropriately for
the surface &a, buffer concentration, pH and volume of mgdg).

McNamara et. al. (2003) used a sparging rate of 300ml/min to equilibrate the medium to
the desired pH and rate range of 250 500 mi/min during the dissolution itse{f4). The
authors also investigated different partial pressures ofs(d® the sparging gas set at @, 115,
and 20% CO2 %atm which correspond to 6.4, 12.9, 19.3, and 25.8 mM' H@6pectively.

Thus, higher partial pressures of £§in the sparging gas lead to higher concentrations of
COyaq) @and bicarbonate in the dissolution medium. It was observed that increasing bicarbonate
concentration at pH 6.8 increased the dissolution rate and flux for-adlloMility acidic drug
(indomethacin), whereas for a leswlubility basic drug (dipyridamolajo increase in dissolution

was observed at pH 6.8. Nevertheless, at pH 5 dipyridamole dissolution was significantly
impacted by increasing the concentration ob@ the sparging gas.

Al-Gousous et.al. (2018) evaluated different setups in which tleespdrging the gas in
the medium was either at a 5 cm depth in the medium or moved up so that its opening would
only touch the surface of the liquid(148) The authors reported that buffer capacity

enhancement is not only dependent upon the tube position, but also on sparging rate as well as
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the titration rate. Accdalingly, Boni et. al. (2007) conducted the dissolution experiments
supplying the carbon dioxide above the liquid level to avoid noticeable bubble formation in the
medium caused by inflow and evaporation of (8. Both authors reported that finer bubbles

can be produced by using a gas inlet frit instead of direct sparging.

6.3.1.1 Automated systems

Different automated systems to monitor the pH aggulate bicarbonate buffers have
been proposed in the I|iterature. Gar btafvz et .
to adjust the bicarbonate buffer pH in a dissolution vg4€4). The system is composed of a pH
electrode, a gas diffuser, a digital microcontroller and a valve system, as ildigtr&igure 6.1.

In this setup the pH electrode and the gas diffuser remain at a 35mm depth in the medium during
the dissolution test. Throughout the experiment, the potential of the electrode is measured and
the CQ introduced into the dissolution mediuna the diffuser is regulated accordingly.

The authors concluded that the pHystaf system was able to monitor and adjust the
pH in bicarbonate buffers, thus being a useful tool for routine applications in dissolution tests

based on bicarbonate buffers
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pHysio-stat® CO,

CO, diffuser
pH electrode

Figure 6.1. Schematic illustration of the pHys&iat device.(Adapted from Garbacz et. al.,
2013)

The pHysiestat® system (Garbacz et al., 2013) was further developed to a system
(pHysio-grad®) that enabled dynamadjustment and media pH change by purging GOan
inert gas into the dissolution mediuime). The system composition was similar to the previous
one, but with an additional proportional valve, used for dosingrNCQ,, as illustrated in Figre
6.2. In this setup theH electrode and the gas diffuser remain at a 45mm depth in the medium

during the dissolution test.

pHysio-grad® s IRE®S

Gas diffuser
pH electrode

Figure 6.2. Schematic illustration of the pHysgrad® device(Adapted from Garbacz et. al.,
2014)
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Merchant et al. describeal system (Auto pH SystemE) that
feedback from the dissolution vessel (Fig@8) (75,193) The pH probe is connected to a
source of CQ gas (pH decreasing gas) and helium (pH increasing gas), and the system is
controlled bya control unit. The sparged Helium displaces the dissolvegdv@fizh will then
result on an increased pH by shifting the equilibrium towardsgC@quation6-1). Changes in
the bicarbonate buffer pH will cause the appropriate gas to be supplied intisso&ition

vessel, providing a dynamic pH adjustment during testing.

pH controller

2
e
Electromagnetic
valves

pH electrode

Figure63.Schematic il lustrati on (Adaptedfioen Géyanesoet. pH Sy ¢
al., 2015).

6.3.1.2 Understanding theBi ¢ a r b o neqtilériu@ O

The solubility of CQ in water depends on its partial pressure and metkanperature
with Henryo6s const an t(84pWHemdissolved it wandvl G@evensiblyat 3 7 A
hydrates to form carbonic acid {60z) whichdeprotonates forming bicarbonate ion as follows

in Equation6-3:
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Hydration
COz(aqitH20¢) 2 H.COz(aq)z2 HCOs + HY (Equation6-3)

Dehydration

The intrinsic pKa for HCO; dissociation 1ju ) is ~3.5(194) However, during
potentiometric titration, the equilibrium that is established betwe€Okand CQ results in the

apparent pKar{ U being equal to 6.35 since:

T (Equation6-4)

Where k is the rate constant for the dehydration reaction and the rate constant for

the hydration reaction (Equatio®4). This ) 0 will govern the pH of a bulk
solution of the bicarbonate buffer, since the mixing processes limit the rate of neutralization
processes in bulk, which in turn are slower than the interconversion between daxide and
carbonic acid. Therefore, it would appear in bulk as if carbon dioxide were the conjugate acid
with carbonic acid being merely a shtvied intermediate. However, in the diffusion layer at the
solidi liquid interface of a tablet, the situatioandifferent(85).

In contrast to the extremely rapid proton transfer reactions, the-HJGD;
interconversion is not fasténan diffusional processes (under normal hydrodynamic conditions)
to a degree that would allow it to reach equilibrium in this layer. As a result, the relative
contribution of carbonic acid and carbon dioxide to the buffer flux and so to the bufferioig acti
in the boundary layer will not be reflective of the equilibrium situation present in bulk.
Consequently, in the boundary layer, the buffering action of bicarbonate will not correspond to

that of a pKa 6.35 buffer, and the buffer will act there as [iita were lower than that. In other
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words, the apparent effective pKa governing the buffering action of bicarbonate in the diffusion
layer will not be the potentiometrically determined value of 6.35 but lower. According to a
recently published model thigpparent effective pKa (at 37°C and ionic strength of 0.15 M)

would be equal t¢85).

pKa=o® 11 @€ ) (Equatih)

Where O and O are the diffusion coefficients of carbon dioxide and carbonic acid
respectively and h is the boundary layer thickness (Equéttn

Accordingly, its buffering capacity in the diffusion layer against the dissolving
drug/excipient will be lower, since the effective pKa values is shifted away from the intestinal
pH range of €7.5. This means that while the buffer capacity of bicarbonate is enhanbeli,in
it is weakened in the diffusion layer, which further adds to the complexity of the system. This is
of particular significance for enteric coated dosage forms. For, based on the equation above, in a
30 micronthick diffusion layer, the apparent eftee pKa of bicarbonate would be around 4.6,
which will make it difficult for proximal intestinal bicarbonate molarities to maintain the surface
of a dissolving enteric polymer at pH values exceeding 5.5. Therefore, obtaining prompt release
from enteriecoated dosage forms at bicarbonate molarities present in the proximal small
intestine is difficult as shown by data in literat(r&).

6.3.2 Phosphate buffer

Dissolution testing for quality control (QC) as a perfornsatest is used to ensure-tot
lot consistency and batch compliance to the defined specifications for the drug product
(26,195,196) For thispurpose, compendial dissolution media (simple media), such as phosphate

buffers, are used in most cagé¢95,197) Neverthelessgonsidering the concept of biorelevant
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media, phosphate buffers are not physiologically relevant, since the bufferingrsystéhe

human intestines is bicarbondiased. Even though, many phospHadsed dissolution media

have been proposed to be biorelevant, such as the USP simulated intestinal fluids (SIFs) (Table
6.2), which were developed to simulate the Gl pH bile salts concentration (discussed in the

next section)(20,42,177,170182) According to the FDA, simulated intestinduid with
pancreatin (USFSIF) and without enzyme (SiBlank) better reflect the physiologic conditions

of the small intestine than other buffét®,51)

The different pharmacopoeias recommend different salts to make buffers. In the USP,
SIF-blank and phosphate buffer pH 6.8 are mauéh the potassium salt, whereas the
International Pharmacopoeia (Ph. Int.) recommends the use of sodium(19&it98)
Nevertheless, osmolality, ionic strength, and buffer capacity are similar betwserbtiiters, as
shown by Stippler et a[198) The author considered the media to be interchangeable for the
dissolution test of the tested drugs (ibuprofen, metronidazole, and indomethacirediate
release solid oral dosage form). Substitution of the two catioas @dd K+) is only necessary
in cases where solubility is known to be affected by the cation. This is also true for surfactant
containing media. Ropers et al. reported that surfactant precipitation can occur as a result of
counterion interaction. The usef sodium buffer instead of a potassium buffer seems to avoid
this issue(19,199) The counterion effect on surfactants teadot to do with their micelle
formation in aqueous media. Theunterion®f surfactanpolar head groups have strong
influence on their packing antermodynamidehavior because each particular type of
counterion posseshfferent binding energy to theespective head group, causing structural

changes which affect the surfactant ssl§embly process.
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The disintegration of HPMQHydroxypropyl methylcellulose capsules containing
carrageenan as gelling agent is also affected by the type of cation ubedburfer. Potassium
ions are a gelling promoter for carrageenan, which causes delay in capsule opening along with
increased variability of dissolution. Hence, the presence of potassium cations in the dissolution
media hinders drug release from such odgs(200' 203). This issue can be easily oeeme by
avoiding the use of potassium salt in the test media.

Almukainzi et.al. reported the impact on disintegration time of celltb@sed hard shell
capsules based on the use of sodium and potassium buffers and SIF. Different salts caused
different dsintegration times of capsules, which will likely cause differences in dissolution
behavior(114)

Furthermore, adding enzymes to the dissoluti@dionm can be technically challenging
when testing gelatin capsules. Gelatin can cliogsin the presence of aldehydes, or in high
temperature and humidity conditions. CHisging is characterized by a covalent bonding
between gelatin chains which cresatwater insoluble pellicles/ membranes on the internal or
external surface of the capsule shell during the dissolution test.-iBrkisg can cause slower
drug release from the gelatin capsule or even no release altogether. Several examples of cross

linking are reported in the literatuf&25,204 206).

6.3.2.1 Biorelevant media

As mentioned before, biorelevant media were made to simulate the GI tract pH and
components likely to be found in the human Gl tract, such as bile salts and lecithin. Osmolality,
pH and surface tension are adapted to jphygical valueq207). Food can have an impact on a

d r uig diw dissolution and further absorptioim the fed state the physiological environment
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of the GIT differs in many ways, such as prolonged gastric emptying time, increased stomach
pH, increased bile secretion into the small intestine, and increased hepatic blood flow, which can
affect drug metaddism. In order to obtain meaningfui vitro dissolution results, the media used
should reflect than vivo dissolution environment and account for such factors and changes
(208).

In 1998, Dressman et. al. proposed the first generation of biorelevant media know as
fasted state simulated intestinal fluid and fed state simulated intestinal fluid (FaSSIF and FeSSIF,
respectively) (Tablés.2).The dissolution tests performed using suatdia aimed to be am
vitro method that would serve as a surrogateiriovivo release(29,195) Later on FaSSIF and
FeSSIF were updated and are now described as FAGSHRd FeSSIFV/2 (19,209Table6.2).
FaSSIFV2 contains a reduced amount of lecithit95,210)and FeSSIF/2 contains two
additional digestion components: glyclemyonooleate and sodium oleate.

Biorelevant media has been used both in solubility tests and dissolution expe(i8¢nts
Several studies have reported sudtegsa vitro/in vivo correlations (IVIVC) using biorelevant
media for poorly soluble drugs. Biorelevant media seems to be able to mimin theo
dissolution more effectively compared to other mg@i4,54,211,212)On the other hand, the
purity of the surfactants present in biorelevant media highly impact the solubility and dissolution
of certain drugg213,214) Other factors such as the preparation methods can also impact the
dissolution testing results. Kloefer et al. investigated different media preparation methods and
observed that standard preparation methods resulted in repredwtigsolution profiles.
However, the different methods yielded differences in the micelle sizes which may impact the
dissolution behavior of other drug215. The current composition of biorelevant media falls

deficient in some aspects, such as the fact that only taurocholic acid is present as the only bile
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salt, when, in fact, it represents only 20% of itheivo bile salt content. Moreover, lysolecithin
a naturally occurring phospholipid in the small intestine, is also not included in both FaSSIF and
FeSSIF(52). Hence, da to their analytical properties, price, and variability in composition
biorelevant media are not currently used as routine quality control rfi&)idn additon, such
media may not be accepted by regulatory agencies based on the fact that a full release may not be
achieved, even though it seems to be physiologically relevant. In such cases, addition of
surfactant is needed to meet the requirements, causingm#itbod to be no longer
physiologically relevant.

Bicarbonatecontaining biorelevant media for poorly soluble drugs is also technically
challenging due to the foaming encountered when sparging the medium as a consequence of the
surfactants present.

Table 62. Composition of Simulated Intestinal Fluids
Buffer component USP USP IntPh FaSSIF FaSSIF FeSSIF FeSSIF

PB SIF 3PB V2 V2
KH2POq4 50m 6.8g 349 - - - -
M
NazHPO4 3.53¢ - - - -
NaH2PO4 - 3.438 g - - -
NaOH gsad 15.4m - gs ad 34.8 4049 81.65
pH M pH 6.5 mM mM
6.8
Pancreatin 10 g -
Bile salt - - - 3mM 3mM 15mM 10 mM

(taurocholate)

Phospholipid - - - 0.75 0.2mM 3.75 2 mM
(lecithin) mM mM
Acetic acid - - - - - 8.65¢g -
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NaCl - - - 6.186g 68.62 11.874g 1255

mM mM
Maleic acid (mM) - - - - 19.12 - 55.02
mM mM
Glyceryl - - - - - - 5mM
monooleate (mM)
Sodium oleate - - - - - - 0.8 mM
(mM)
Deionized water gs 1L gslL gsL gsL gsL gsL
Buffer Capacity 29'* 18.4 18.6 ~12 10 ~72 25
( mmol / L/ o
Osmolarity - 113 115 ~270 180+10 ~670 390+10
(mOsmol/kg)
pH 6.8 6.8 6.8 6.5 6.5 5 5.8
6.4 Buffer capacity

Buffer capacity is the efficiency of a buffer system to resist changes ifL9®}) It is
calculated as the amount of acid or base added per unit of buffer volume per unit of pH change
(mol ar concent r(l8).i on/ vol ume/ mpH)

Buf fer capacity (b) i sEquatbued:l | y cal cul at ed

b = o AB/ o pH (Equation6-6)

where AB is the mol/l increment of the amount of acid or base added to produce a pH change of
® pH in (199)e buffer

The more concentrated a buffer is, the higher its buffer capacity. The buffer capacity of
the human intestinal fluid ranges from 2.4 to

such as FaSSIF and USP SIF fail to reproduce such characteristic$t- Fp8%.5) and USP
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SIF (pH 6.8) have strong buffer capacities (Teh®), which is, respectively, 5 and 7.7 times
higher than the buffer capacity of human intestinal fl({##535,80)

Due to such high buffer concentration (USP SIF: 50mM and FaSSIF: 29mM) it is likely
to overestimate the dissolution of BCS Il weak acids, particularly drugs with pKa values less
than 6.5. Thereforen spite of the fact that biorelevant media such as USP SIF buffer and
FaSSIF may reflect the small intestine fluids pH, the buffer composition and concentration also
significantly impacts the dissolution behaviour of BCS Il weakly acidic drugs. Moretheer,
discrepancy between the buffering capacity of bicarbonate in bulk and in the boundary layer (as
explained in sections 3.1 and 3.1.2) also needs to be taken into account. Hence, not only the pH
but, as importantly, the buffer species and concentmtstiould be carefully considered when
making in vivo predictive dissolution media, especially in the case of poorly soluble and
ionizable drugs. Sheng et. al. (2008) evaluated the difference between the phosphate buffers and
the gastrointestinal bicarboratin dissolution of ketoprofen and indomethacin and observed that
even with FaSSIF (lower phosphate buffer concentration of 29 mM) the dissolution of
ketoprofen and indomethacin demonstrated a higher rate than in the bicarbonateintvétas,
dissoluion testing with either USP SIF or FaSSIF was overestimating the true dissolution rates
of both drugsin vivo (20). There are many other reports in the literature about differences in
dissolution rée when varying the buffer capacit¥92,216 218) Ashford et al. compared tlie
vitro release characteristics of tablets coated \Hitlragit S in different buffers varying the
bufferés capacity and composition and obser v
causes a dissolution rate incre§2&9) Hamed et. al. (2016) tested carvedilol (BCS-libeak
base) in phosphate buffer with varying capacities and observed that lowering the buffer capacity

resulted in a decrease in carvedilol solubility and dissolution22@)
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In a high buffer capacity medium there is an abundance of the buffer conjugate base
species in the diffusion layer of a dissolving drug particle. In the case of BCS class lla drugs
(weak a@ds), a prompt neutralization of 'Ht the solidliquid interface occurs, preventing a pH
shift in the microclimate around the dissolving particle. As a result, the pH in the diffusion layer
is similar to the bulk solution pH, which can lead to higheradigen rateq56).

When consideringn vivo predictive dissolution media both species and capacity are
equally important. As already mentioned, the human intestine is chiefly buffered by a
bicabonate buffer system. The preparation of physiologically relevant bicarbonate buffer is
complex, a generally slow process, and there is the potential formation of gas bubbles at the
solidi liquid interface, which can affect the dissolution of drug progacticles. Hence, the use
of a nonbicarbonate based surrogate buffer that produces equivalent buffer effect on drug
dissolution may be preferal(83).

Phosphate is usually the buffer of choice and it is also the buffer proposed by US FDA to
be used foin vivo biowaivers(83,221) Since its pKa of 6.8 falls right within the pH range of the
small intestine, phosphate is a suitable buffer to be considered for physiologically relevant
dissolution tests. Phosphate buffer is present in both USP SIF at pH 6.8, and FaSSIF at pH 6.5
wit h concentrations/ buffer capacities o f 50
respectively (Tablé.2) (30,83)

On the other hand, the average concentrations/bufferitapébicarbonate buffer in the
small intestine are approximatelyZ® mM/2.58 . 5 mM/ pp H a34,22822g)HButof 6. 5
as discussed before, the buffer capacity of bicarbonate buffer at the diffusion layer does not

correspond to that in bulk. As a result, lower buffer capacities would be necessary for the
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surrogate phosphate buffer to be equivaterticarbonate buffer, and an additional external pH
control may be needed to maintain the bulk solutior(§3}

Krieg et al. (201pstudied several different weak acid and weak base drugs and reported
that it is possible to match the dissolution rate of weak acid/base drugs in bicarbonate buffer
systems to phosphate buff@&3). This is a complex interdependence of buffer pH and pKa, drug
pKa and solubility, and diffusion layer thickness. For weak acid drugs, the authors observed that
phosphate buffer concentrat® betweeni125 mM are more physiologically relevant and may
translate the impact of bicarbonate buffer on their dissolution. This means that the dissolution
rate of the drug in phosphate buffer28mM matches the drug dissolution rate in a
physiologicaly relevant bicarbonate buffer. For weak base drugs, very low phosphate buffer
concentrations of <2 mM would be necessary to match bicarbonate buffer. This study concluded
that, in light of their findings, the current phosphate buffer concentrations ushssaiution
testing (50 mM) does not seem to accurately reflect the dissolution media and conditions of the
human intestine fluids that the drug is exposed to.

Sheng et. al. (2009) also evaluated the difference between phosphate buffer and
bicarbonate buiér in the dissolution of ketoprofen and indometha¢#0). The author
recommended the use of phosphate buffers e1513nM and 34 mM for ketoprofen and
indomethacin, respectively, to reflect tire vivo dissolution of both drugs in gastrointestinal
bicarbonates, with special applications to the development of buffer systems for BCS Il weak
acids, which might allow later on the development iof vitro biowaiver dissolution

methodology.
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6.5 Dissoluion tests in phosphate buffeversusbicarbonate buffer

There are many cases in the literature reporting differences in the dissolution profile of
various drugs and dosage forms when tested in phosphate bsffebicarbonate buffer
(20,60,71,72,74,83,190,225,226)

McNamara et. al. investigated the use of stable bicarbonate buffer to characterize the
dissolution of lowsolubility ionizable drugs(74). The authors reported that dsion of
indomethacin in phosphatesed buffers (SIF and FaSSIF) with controlled pH yielded higher
intrinsic dissolution rates than what can be expected at the same physiologic pH (pH 6.8),
overestimating what occums vivoin a bicarbonate buffer sysh. Though SIF and FaSSIF may
mimic the intestinal physiologic pH, the buffer composition and concentrations may not be
physiologic, impacting the dissolution of ionizable compounds.

Karkossa and Klein assessed the drug release from commercial imrneléiase (IR)
and enteriecoated (EC) aspirin tablets in media with different composition and ionic strength
(192). The authors conducted a systematic study in phosphate buffer pH 6.0 and 6.8 at three
different ionic strengths of 75mM, 150mM and 300mM, and in bicarbonate buffer also pH 6.0
and 6.8 at three different ionic strengths of 10mM, 85mM 2B8mM. For the IR tablets,
dissolution was >85% within 15 min in all cases independent of the media composition and pH,
indicating very rapid dissolution. The tested EC tablets presented a highly variable drug release
performance and it was affected by lbbabedia pH and buffer species. In all cases, the release
profile in a bicarbonate buffer system displayed longer lag times compared to phdsseate
buffers. After the coating had dissolved, the drug release was complete (100%) in bicarbonate
buffer andat least >85% in phosphate buffers. In both buffer systems, higher ionic strength

resulted higher release rate. The authors remarked that changes in the drug release behavior were
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not attributed to the tablet core, but to the functional coating of theaBl€ts. Hence, it was
concluded that the dissolution behavior of enteric coating materials strongly depends not only on
the pH but also on the dissolution medium composition (buffer species and ionic strength).

The impact of the buffer system utilized to test EC dosage forms has important
implications. Rudolph et al. tested the releasg-afinosalicylic acid formulations coated with
Eudragit S inphosphatéased biorelevant media to simulate biological suafastin intestinal
fluids (30,190,225) No differences in drug release of Eudragit S coated formulations were
observed, even with amneasing ionic strength. Even though the predictiom afivo dissolution
processes of poorly soluble drugs can be enhanced in such @#@di@0) it does not simulate
the buffer composition of the GIT, failing to representithgivo performance of a given dosage
form. Liu et al. tested the dissolution of prednisolone tablets coated with various enteric
polymers in both pH 6.8 phosphate and modified Hanks bicarbonate bi@jerThe authors
observed rapid and compdle dissolution profiles for the various polymers in pH 6.8 phosphate
buffer. In the bicarbonatkased buffer, drug release was delayed and marked differences
between the various coated tablets were observedinTti¢ro bicarbonate dissolution results
demonstrated a better fit with the vivo observed data. Similarly, Ibekwe et al. 2006 tested the
drug release ofrpdnisolone tablets coated with different Eudragit polymer systems in phosphate
buffer and Hanks buffg227) The authors also observed similar drug release from the polymer
coated tablets in the phosphate conthal media, whereas in the physiological buffer the drug
release differed and was slower for all the coated tablets compared to the compendial buffer.
Chan et al. alsobserved significantly faster drug release rate in phosphate buffer than in Hank's

soluion (bicarbonatdased) for EudragitS100 coated caps(22s).
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Fadda ad Basit investigated the drug release profiles of commercial Eudragit S coated
mesalazine tablets (Asacol MR, Mesren MR and Ipocol) in different media: phosphate and
physiological bicarbonate buffers (Hanks and Krgtt80). Similarly to the above cited studies,
the drug release profiles were substantiadistér in phosphate buffer compared to physiological
bicarbonate buffers. The buffer salts and concentrations in the two physiological buffers resulted
in different dissolution profiles for the tested products.

Therefore, there is the need to adequatelyosh the ionic composition of dissolution
media to match as closely as possible the intestinal fluid compositioa. differences
encountered in the dissolution profiles in phosphate vs. carbonate buffer can have relevant
pharmaceutical implications. Fonstance, there are many reports in the literature of non

responsiveness or even resi stanceo t o aspi
administereq228 231) Studies have shown a decreased bioavailability (BA) of EC aspirin both

in healthy volunteers and in patients and they do not recommend the use of EC aspirin in
conditions requiring rapid onset of acti§g@28,230) Failure of enteric coated formulations is a

long known problem, dating back to 1964, where EC aspablets did not pass the USP
disintegration test, which was used to assess its physiologic availép8Ry This problem has
continued to persist with many cases of inadequate BA of EC products found in the literature:
Wagner et. al. 1973, Maree et. al. 2005, Cox et. al. 2006, Grosser et. al. 2013, Bhatt et. al. 2017
(229,230,23B235). A particularly striking case was the report of slow release aspirin in the
elderly(236). The study measured the plasma salicylate concentrations of a group of 77 elderly
and no salicylate was detected in 26 of 77 patients. At the time, poor compliancensiaered

as one of the possible explanations for the undetected salicylate plasma level. However, the test

was repeated in a subgroup to ensure compliance. In three of the six patients, absence of
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detectable plasma salicylate was confirmed. Hence, thesteong evidence that this is a clinical
drug product performance issue that has not yet been resolved.

The study conducted by Karkossa and Klein revealed that aspirin release from marketed
EC products was strongly affected by the buffer spedig2) The lag times before onset of
drug release in phosphatesed buffers ranged from 1®20 min, whereas in bicarbondiased
buffers with the same pH, lag times of ~60 min were observed. Correlating the observations
made in the above cited studies withvitro dissolution profiles obtained from standard tests
using compendial buffers indites that such #aitro dissolution profiles are not predictive of the
in-vivo release behavior of EC formulations. The poor outcome of thiromexperiments can
be attributed to the buffer species and concentrations used in compendial dissoluti@37ests
239). Hence, while rastance is claimed with EC aspirin formulations, the reduced BA could
rather be linked to the dissolution behavior of the coating materials in the Gl fluid.

In 1988 Bochner et. al. assessed the pharmacokinetics of Aspirin in man when
administered in soluth, modified release tablet (EC) and intravenously. The formulation and
route of administration profoundly influenced several pharmacokinetic parameters of aspirin,
with a 6fold decrease in Cmax, 1.8 fold decrease in AUC antbltRincrease in Tmax fohe
modified release tablet compared to the oral solutg#D). Further on Bochner et. al. (1991)
compared the pharmacokinetics of four commercially available oral aspirin formulations, in
which two of the formulations were rapid release andbther two were EC formulatior{241)

The authors observed marked differences in the plasma concentiragoprofiles between the
rapid release comped to the EC formulations. Interestingly, a comparison between the rapid

release formulations, demonstrated no significant differences in Tmax were found, whereas
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Tmax was significantly prolonged for the EC formulations, and it presented great variability
the plasma concentration vs time profiles.

An additional factor that needs to be taken into account when comparing dissolution in
bicarbonate to that in phosphate is that some drugs the possibility ¢fy G&€heration when
bicarbonate reacts with autdy that has a combination of low pKa and high intrinsic solubility.
This could lead to the solid dosage form experiencing an additional disintegrating force in

bicarbonate that is difficult to simulate using phospl(24e).

6.6 Applicability in the industry

A biorelevant dissolution method is the one that attempts to mimic the different
physiological environments that the drug will encounter throughout its passage in the Gl tract.
The overall goal is guidance during formulation selection and optimizatiorertheless, this
does not necessarily mean that the method will be predictive of clinical outcomes. As the
formulation development advances, a superior dissolution method can be development, which is
able to model thén vivo performance more accurately hiemg a good IVIVC/IVIVR. Hence,
such a dissolution test is clinically relevant; i.e. it links thevitro data with in vivo
pharmacokinetic performance data, creating an IVIVC or IVIMR). When a level A IVIVC
can be achieved then this method is predictive oirtivévo drug release in humans.

Bicarbonate buffer often falls under the biorelevant umhbredatributing to an efficient
design of drug formulation§243). Accordingly, the aforementioned studies demonstrate that
bicarbonate buffer has its place and importance during the drug development process.

Considering the differences and outcomes when using phosphate and bicarbonate buffers the role
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and need of the latter should be revisited in a QC manner in cases initmmiotielsin vivo
performance more accurately, such as EC formula{@4).

6.7 Clinical reports

There are many different EC products from various classes of drugs that require further
experimental scrutiny. A compilation of delayed release (enteric coated) products listed as
Reference Listed Drug (RLD) by the FDA is shown in Tah& According to lhe FDA, an RLD

i s nan approved drug product to which new gen
things, that they are bioequivalent. A drug company seeking approval to market a generic
equivalent must refer to the RLD in Wdbbreviated New Drg Application( ANDA) o .
Biowaivers are not applied to EC products. However, caution has to be taken as to which EC
formulation is to be used in a bioequivalence study. Similar dissolution profiles in phosphate
buffer may not render bioequivalence, as painteit by Gelderen et. al., that compared the
relative BA of four different diclofenac EC produc®45). The authors repat that only one
generic product was fully bioequivalent with the reference product Voltaren. The European
Pharmacopeia test at the time did not detect any differences between the products. Elkoshi et. al.,
evaluated the bioequivalence of two enteoatel formulations of omeprazole, Losec®
(reference) and Omepradex® (te@}6). Surprisingly, the two products differed in both their

rate and extent of absorption after a single dose and following multiple doses. The products
failed the bioequivalenceest for area under the plasma concentrdiime curve (AUC) and
maximum plasma drug concentration (Cmax) after a single and multiple doses. The authors
concluded that the two products may not be considered either therapeutically equivalent or

interchangeble.
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Table 63. Delayed release drug products listed as Reference Listed Drug (RLD) by the FDA

Orange book

Active ingredient

Proprietary name

Dosage form

Applicant Holder

Amoxicillin;
clarithromycin;
omeprazole

Aspirin; omeprazole

Choline fenofibrate
Crofelemer
Cysteamine bitartrate

Dexlansoprazole

Diclofenac sodium;
misoprostol

Didanosine
Dimethyl fumarate

Divalproex sodium
Divalproex sodium

Doxycycline hyclate

Doxylamine succinate;
pyridoxine hydrochloride

Duloxetine hydrochloride

Erythromycin

Esomeprazole magnesiur

Esomeprazole magnesiur

Esomeprazole magnesiur

naproxen

Esomeprazole strontium
Fluoxetine hydrochloride

Lansoprazole

Omeprazole and
clarithromycin and

amoxicillin
Yosprala

Trilipix
Mytesi
Procysbi
Dexilant
Arthrotec
Videx ec
Tecfidera

Depakote
Depakote
Doryx

Diclegis
Cymbalta
Eryc
Nexium
Nexium

Vimovo

Esomeprazole
strontium

Prozac weekly

Prevacid
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Capsule, tablet, capsuls
delayed release

Tablet, delayed release

Capsule, delayed
release

Tablet, delayed release

Capsule, delayed
release
Capsule, delayed
release

Tablet, delayed release

Capsule, delayed rel
pellets

Capsule, delayed
release

Capsule, delayed rel
pellets

Tablet, delayed release

Tablet, delayed release

Tablet, delayed release

Capsule, delayed rel
pellets

Capsule, delayed rel
pellets

Capsule, delayed rel
pellets

For suspension, delaye
release

Tablet, delayed release

Capsule, delayed
release

Capsule, delayed rel
pellets

Capsule, delayed rel
pellets

Gastroentero Logic LLC

Genus Life Sciencesit

Abbvie Inc

Napo Pharmaceuticals
Inc

Horizon Pharma USA
Inc

Takeda Pharmaceutical
USA Inc

Gd Searle LLC
Bristol Myers Squibb Cc
Biogen Idec Inc

Abbvie Inc

Abbvie Inc

Mayne Pharma
International Pty Ltd

Duchesnay Inc

Eli Lilly And Co

Mayne Pharma
International Pty Ltd
Astrazeneca
Pharmaceuticals Lp
Astrazeneca
Pharmaceuticals Lp

Horizon Medicines LC
R2 Pharma LC

Eli Lilly And Co

Takeda Pharmaceutical
USA Inc



Lansoprazole Prevacid
Mesalamine Delzicol
Mesalamine Asacol hd
Mesalamine Lialda
Mycophenolic acid Myfortic

Naproxen Ec-naprosyn

Omeprazole magnesium Prilosec

Pancrelipase
(amylase;lipase;protease)
Pancrelipase
(amylase;lipase;protease)
Pancrelipase
(amylase;lipase;protease)

Creon
Pancreaze

Pertzye

Pancrelip.a.se . Zenpep
(amylase;lipase;protease)

Pantoprazole sodium Protonix
Pantoprazole sodium Protonix
Posaconazole Noxafil
Prednisone Rayos
Rabeprazole sodium Aciphex sprinkle
Rabeprazole sodium Aciphex
Rifamycin Aemcolo
Risedronate sodium Atelvia

Sulfasalazine Azulfidine entabs

Esomeprazole magnesiur Nexium 24hr

Esomeprazole magnesiur Nexium 24hr

Lansoprazole Prevacid 24 hr
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Tablet, orally
disintegrating, delayed
release

Capsule, delayed
release

Tablet, delayed release

Tablet, delayed release
Tablet, delayed release

Tablet, delayed release

For suspension, delaye
release

Capsule, delayed
release

Capsule, delayed
release

Capsule, delayed
release

Capsule, delayed
release

For suspension, delaye
release

Tablet, delayed release

Tablet, delayed release

Tablet, delayed release

Capsule, delayed
release

Tablet, delayed release

Tablet, delayed release

Tablet, delayedelease

Tablet, delayed release

Capsule, delayed
release

Tablet, delayed release

Capsule, delayed rel

Takeda Pharmaceutical
USA Inc

Allergan
Pharmaceuticals
International Ltd
Allergan
Pharmaceuticals
International Ltd

Shire Development Inc
Novartis
Pharmaceuticals Corp

Atnahs Pharma 8Ltd

Covis Pharma Bv
Abbvie Inc

Vivus Inc
Digestive Care Inc

Forest Laboratories Inc

Wyeth Pharmaceuticals
LLC

Wyeth Pharmaceuticals
LLC

Merck Sharp And
Dohme Corp

Horizon Pharma Inc
Cerecor Inc

Eisai Inc

Cosmo Technologies
Ltd

Allergan
Pharmaceuticals
International Ltd
Pharmacia And Upjohn
Co

Astrazeneca Lp

Astrazeneca Lp

Glaxosmithkline



pellets Consumer Healthcare
Dexcel Pharma

Omeprazole Omeprazole Tablet, delayed release Technologies Ltd
Omeprazole Omeprazole gli?rll(taégcr);?llrlé delayed Dexcel Ph‘?‘rma
’ Technologies Ltd
release
Omeprazole magnesium Prilosec otc Tablet, delayed release PEEENETE

Pharmaceuticals Lp

Many other EC products drawbacks have been reported for various drugs. Inadequate BA
due todelayed pharmacokinetics and poor absorption led teinterpretable therapeutic drug
monitoring results, for mycophenolate sodium, an antiproliferative agent used in kidney
transplantatior{245) Edaravone EC pellets, a drug used for acute ischemic stroke, had its BA 9
times lower than gastric retention pellets and almost 5 times lower than a solution preparation
(245). Interestingly, >90% release was obtained initheétro release experiment with phosphate
buffer pH 6.8. For some drugs, such as omeprazole and rasagiline, the delayed release and
immediaterelease famulations presented similar AUC, nevertheless, there were marked
differences in Cmax and Tmax, which may delay the onset of action for such formulations
(247,248) Studies done with drugs such as flurbiprofen and sulfapyridine presentédomwer
BA when administered in an enteric coated formulation and were not within the bioequivalence
range(249,250)

Failure to dissolve the enteric coat may present disturbing outcomes as severe as fecal
impaction. In many cases, aromum chloride formulations caused gastrointestinal obstruction
leading to patient hospitalizatidi251 253). Hence, the product safety in such cases may be a
concern. Also, awareness of toadicgical manifestations related to the use of-ataroidal anti
inflammatory drugs (NSAIDs) haven been raised, once it is possible that modified release

formulations may increase the exposure of active drug to the distal Gl r€gtah255)
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6.8 Conclusion

Herein was presented an oview of promising trends in developing vivo predictive
dissolution media by means of using bicarbotetsed buffer systems. When assessing a dosage
formbs performance, the buffer media must be
conductd in nonbi car bonate buffer Ssystems, such as
However, there have been many drawbacks related to these systems likely due to their
sometimes limitedn vivo predictability.

Bicarbonatebased buffers can be superior in predicting ith@ivo behavior of certain
dosage forms, like enteric coated formulations. This is possible owing to its composition, which
resembles the intestinal fluids in terms of buffer species and bparcity. Nonetheless, the
inherent difficulties associated with bicarbonate buffers make it difficult for routine dissolution
testing. Hence, using simpler buffer systems as surrogate to produce equivalent buffer effects on
drug dissolution remains prefed. Given inherent obstacles and drawbacks, each product has
to be studied on a cabg-case basis.

Understanding the vivo dissolution process may assist in setting clinically releurant
vitro dissolution testing methodologies. There is a major dgppdy in utilizing bicarbonate
based buffers foin vivo predictive dissolution of EC dosage forms and further studies are still

needed to assess its potential in a QC environment.
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SECTION THREE: PHYSIOLOGICALLY RELEVANT IN VITRO TESTING:

BICARBONATE BUFFER

CHAPTER SEVEN

Mechanistic understanding of underperforming enteric coated products:
Opportunities to add clinical relevance to the dissolution test.

A version of this chapter is published in:

J Control Release. 2020;325:334. https://doi.org/10.1016/j.jconrel.2020.06.031
Reprinted from reference (88).
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7.1 Introduction

Enteric coated (EC) products are modified release dosage forms used to deddgeatbe
of drug substances after oral administratiof). As such, they resist disintegration and
dissolution in the gastric media, releasing the drug only ederhing the small intestine where
the pH increases. Enteric coatings are generally used to maintain the stability of the active
pharmaceutical ingredient (API) against the acidic gastric environment; or to protect the gastric
mucosa against irritating fetts of some APIs; or to target the drug release to a specific segment
in the intestine$256)

Enteric coating polymers are pedgids containing ionizable carboxylic groups. The
theory behind how such polymers work is that in the low pH of the stomach the carboxyl groups
are unionized, therefee insoluble, resisting dissolution and preventing drug release. As the
dosage form travels through the gastrointestinal (Gl) tract, it passes through the pylorus, reaching
the duodenum, where the pH increa@et91) When the fluiddés pH i s al
its ionization is promote@56) Due to electrostatic repulsion, the polymer relaxes, undergoes
chain disentanglement, which allows further ionization of polymemshat its interface, and
these chains diffuse away to the bulk solution. This process consists of the dissolution phases of
pH-responsive polymerg90,92,257) Hence, according to this theory, the main factors
influencing the enteric coat opening with fu
medium pH.

Based onthis assumption, enteric polymers are designed with different ratios of
carboxylic acid groups to set a dissolution pH threshold (usually reported by the manufacturer)
enabling the development of dosage forms with targeted drug del{268) However, EC

products are known to have unpredictaibevivo behaviour and severalase reports of
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therapeutic failure and other drawbacks involving such formulations have been reported in the
literature throughout the years, dating back to 1946 and persist until the pgs@nfTable
71).

The effect of the poan vivo performance of EC products can range from patients having
lower Cmax andirea Under the CurveAUC) to complete therapeutic failure with zero plasma
concentration (Tablg.1). Completely undissolved tablets egested in the stool have also been
repated which, in more severe cases, evolved to fecal impaction requiring medical intervention
to resolve dangerous gut bleedif21)

It is worth highlighting a study conducted in 2013 where the authors suspected that
patients would have a phenotype that lead to phaogical resistance to enteric coated aspirin,
which would be explained by genetic cau§234). A total of 400 subjects participated in this

study, however the authors failed to identify a single subybct satisfied the genetic criteria.

On the other hand, they observed that wvariabl

resi stanceo t o-mg ensericrcgated aspiria ue to 49%0) b8thd& to immediate
release aspirin (0%). They bta : AfDel ayed and reduced drug
ingestion of enM234ric coated aspirino

Enteric coated formulations can also pose some challenges fdracioli | e API 6 s,

C

-

omeprazole. e acidic groups present in the enter.]

stability, decreasing its content in the dosage form over time. To overcome this, AstraZeneca
developed a formulation to enhance the stability of the API in the dosage form storiage. It
was composed of a core containing the drug plus alkaline reacting compounds,-sowaler
subcoating (to prevent dissolution of the enteric coating), and the outer enteric coating. This

formulation presented both good storage stability amficeent gastric acid resistance. The
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company held patents both on the API itself and the formulation. Anticipating the expiration of
the API patents, eight generic drug manufacturers filed Abbreviated New Drug Applications
(ANDA) with the Food and Drug éministration (FDA) seeking permission to manufacture and
sell omeprazole. However, their applications infringed the formulation patents held by the
innovator, which resulted in a major patent litigation case of AstraZeneca against the eight
generic compaes.

Table 71. Historic table ofin vivo studies with EC formulations

Year Clinical observation API Reference

1946 Entericcoated ammonium chloride tablets pas: Ammonium (259)
unchanged through the GIT which lead to low chloride
effectiveabsorption.

1950 Tablets failed to disintegrate in the small intest Ammonium (251)
and became deposited in the large bowel, chloride

disturbing the normal fecal flow and causing
fecal impaction.

1963 Patients with myxedema frequently have re Desiccated (260)
lapses that are hazardous to them and puzzlin thyroid
clinicians.

In this study relapses were a result from impail
absorption of desiccated thyroid due to the use
enteric coated tablets.

1964 Enteric coated tablets were physiologically Aspirin (232)
unavailable
1972 Enteric coated tablets had lowate and extent Aspirin (261)

of absorption
1973 Plasma samples of all eight subjects at each Aminosalicylic  (235)
sampling time assayed acid
metabolite following oral administration of the
entericcoated tablet.

1979 Enteric coated formulations presented 6 hours Sulfasalazine  (250)
delay inTmax and 50% lower Cmax

1979 This case illustrates the necessity for awarene Prednisolone (262)
of possible drug malabsorption. The poor clinic
response to prednisolone suggested poor
prednisolone absorption. This study showed
impaired bioavailability following the enteric
coated preparation but moal bioavailability
following the standard oral preparation. The
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1981

1989

1991

1991

1992

1992

1994

1994
2008

2010

enteric coated preparation showed biological
inequivalence to the conventional oral
preparation.

At the time this study was conducted the caust
the malabsorption of the enteric coated
prednisolone was unknown.

NSAID-Induced Toxicity in the large Intese

Patientgesponded poorly to enteramated
ferrous sulfate preparations

Enteric coated formulations presented significe
prolongedTmax and much lower AUC compare
to immediate release takde

The greatest variability in plasma aspirin
concentration vs. time profiles was observed a
administration of enteric coated formulations.

NSAID-Induced Toxicity in the large Intestine

NSAID-Induced Toxicity in thesmall Intestine

NSAID-Induced Toxicity in the large Intestine

Plasma salicylate concentrations were measut
administration of aspirin to a group of 77 elder
patients for 7 days. The great variability on
plasma concentration was not explained by
differences in age, weight or serum creatinine.
No salicylate was detected in 33.8% of the
subjects.

A second studyvas conducted with 6 patients ti
verify noncompliance issues. In 3 of these 6
patients, absence of detectable plasma salicyl:
was confirmed.

Bioinequivalent formulations

This study concluded that the enteric coated
formulations were less effective since their iror
may not be released in the duodenum, where |
is absorbed.

In this study there were significant differences
the bioavailability and pharmacokinetic
parameters of the enteriand film-coated tablet
formulations of flurbiprofen. Thus, the 2
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Naproxen

Iron

Aspirin

Diclofenac and
naproxen

Diclofenac

Diclofenac,
acetylsalicylic
acid and
naproxen
Aspirin

Diclofenac
Iron

Flurbiprofen

(254,263)

(264)

(265)

(266)

(267)

(268)

(236)

(269)
(270)

(249)



formulations could not be considered
bioequivalent.
2013 This study failed to identify a single case of tru Aspirin (234)
drug resistance. However, delayed and reduce
drug absorption was observed in enteric coate
formulations but not with immediate release
aspirin administration.
2017 A high proportion of patients (52.8%) treated Aspirin (230)
with EC aspirin failed to achieve the desired
therapeutic effect due to incomplete absorptior

The majority of the clinical observations presented in T&dleinvolved marketed EC
products, pointing out that there seems to be a hidden performance problem with these products.
This has been a clinically recognized but neglected problem for overar§, ywen though all
the products had passed the performance tests both for registration and market release
(232,235,260Q) Hence there is a gap leten clinical observations and the quality control
testing.

Considering that the human intestine is buffered by bicarbonate buffer (BCB), it is
reasonable to use bicarbonatesed systems for the performance test of drug prod@ét271)
However, the handling of BCB is delicate and requires constant sparging @ G@intain the
medium pH. This is why this buffer is not the first choice in quality control (QC) testing and
phosphate buffer took its place, as seen by the wide use of compendial simulated intestinal fluid
(19,28)

In addition to the traditional quality control ste for tablets, other nenvasive
technologies and techniques can be used for the characterization of pmesibainical
properties of tablets. Examples are nafmared spectroscopy, Raman spectroscopyray
microtomography, nuclear magnetic resorma(fddMR) imaging, terahertz pulsed imaging, laser

induced breakdown spectroscopy, and various acewstit thermabased techniqug®72). In
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the present study, computerizeday microtomography (micr€T) was used as a namvasive
method to accurately measure tablet coat thickness before dissolution testing.

The current pilot study mechanistically intigated the performance of five EC products
available in the Canadian market. The evaluated parameters were the buffer system (bicarbonate
buffer vs. phosphate buffer), buffer capacity and medium pH.

We hypothesized that the performance of EC produtt8CB would be different
compared with compendial phosphate buffer, giving more physiological insight. APl properties
(acid vs. base) would additionally impact the dissolution behavior in BCB.

The objectives of this study were to firstly apply physiolojceelevant conditions to
examine the effect of the aforementioned parameters on the release pattern of commercially
available EC products and compare the results with the current United States Pharmacopeia
(USP) test for EC dosage forms. Secondly, weedito establish a first step towards making the
use of bicarbonatbased systems feasible in a quality control setting.

7.2 Materials

Sodium phosphate monobasic monohydrate and sodium hydroxide were purchased from
Fisher Scientific (New Jersey, USA), sodi bicarbonate was purchased from Caledon (Ontario,
Canada), sulfasalazine, pantoprazole sodium, acetylsalicylic acid and esomeprazole magnesium
were purchased from Sigafddrich Co. (Montana, USA), diclofenac sodium was purchased
from Medisca (Quebec, Cada).

EC products obtained from the market were: Teaatoprazole (T) 40mg (Teva Canada
Limited, LOT: 0691118), PMSulfasalazine EC 500mg (Pharmascience Inc., LOT: 1037737),

APO-Esomeprazole Magnesium DR 40mg (Apotex Inc., LOT: NV2183), Diclofenac reodiu
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(Sandoz Canada Inc., LOT: JN9884), Aspirin EC 81mg (Bayer Inc., LOT: NAAG68A2 and
NAA72T6).

Buffer solutions were prepared with purified water (Elgastat Maxima UF and an Elgastat
Option 3B water purifier by ELGA Laboratories Ltd. (Mississauga, ON, Gghad

7.3 Methods

7.3.1 Micro-CT analysis

Tablet coat properties, such as coat thickness, may affect the drug release from the
dosage form. Hence, all five products were miCb scanned prior to dissolution testing in
order to measure the coat thickness and to assess the coat structure imoconghasubsequent
coat failure.

Tablets were mounted onsgrofoamholder and analyzed using a MieGY imager
(SkyScan 1076; Brukee k y s c a n, Konti ch, Bel gium) at- 9 &m
ray tube set to 45 Kk Vminum Silter used to remave low emerg) . 2 m
photons. Tablets were scanned through 180° with a sampling rotation step of 0.5°. The scans
were reconstructed using a modified Feldkamp faokection algorithm with vendesundled
software with a cross section tmage conversion threshold of 0.0 to 0.046 (NRecon, Bruker
Skyscan, version 1.6.3.3). After reconstruction, tablet CT slices were viewed and measured.
Representative slice subsets of the whole tablet were chosen by selecting an upper and lower
bound slice dr different regions of the tablet. The collected data was analyzed using the CT
Analyzer software (CTan, Bruk&kyscan, version 1.17.7.2 [16 bit]). In the cresstion
i mages, t he sof tware all ows t o assess. the C
Measurements were done in four different regions of each tabletpmt of top and bottom

and both sides).
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7.3.2 Performance tests

All four biopharmaceutics classification system (BCS) classes were considered as well as
physicochemical parameter¥@i acid vs. base), as summarized in Tabhi

Table 72. API properties (BCS class and pKa) and coating polymer of the tested EC products

Drug product BCS pKa API structure Coating Dissolution
class polymer  pH threshold”
Aspirin I 3.41 Methacrylic
(Bayer Inc.) (Acid) . O\E“ acid and 55
273) h ethyl acrylate  (274)
copolymer
Esomeprazole| 1l 14.7 . Methacrylic
magnesium (Base) Q\} J acid and 5.5
(Apotex Inc.) (275) - @U— . ethyl acrylate (274)
o copolymer
Diclofenac I 4.15 .
sodium (Base) i 5 Undisclosed ?*
(Sandoz Inc.) (276) @
Pantoprazole | Il 8.19 Methacrylic
sodium (Base) ! acid and 5.5
(Teva Ltd.) 277) ethyl acrylate (274)
copolymer
Sulfasalazine | IV 3.23 ﬂ
(PMS Inc.) (Acid) @/Q o Acryl resin %
(278) *
*The exact polymer used is not disclosed by the manufacturer.
# Value specified by the manufacturer. It is the pH value in which the polymer starts to dissolve.

All dissolution testawvere performed in &K 7020 system from Varian Indissolution
tester coupled to a VK 8000 autosampler. USP apparatus Il with 75 rpm rotation speed was used

with dissolutionmedia temperature set at 37 °C.
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In order to test the gastric resistance and coat integrity, the pharmacopeial test method for
EC formulations establishes an acid stage prior to the buffer stage. Hence, for all experiments
the EC tablets were exposed td W hydrochloric acid for 2 hours prior to the buffer stage, as
specified by the USP. The drug release was determined bgpg¥ at the end of the 2 hours
using the appropriate wavelength for each drug. The tablets were then transferred to vessels
containng 900 ml of preheated buffer solutions. The buffer stage was performed as described

below.

7.3.2.1 Phosphatebased dissolution medium

Dissolution testing was performed according to the <USP 711> two stage procedure in
acid and buffer. The recommendedffer media for enteric coated dosage forms is 50mM
phosphate buffer pH 6.8, except for sulfasalazine tablets, which were tested in 50mM phosphate
buffer pH 7.2, as specified in its monograph. The drug release at specific time points was
determined by UVspectroscopy using the appropriate wavelength for each drug (aspirin: 283nm,

esomeprazole: 304.5nm, pantoprazole: 288nm, sulfasalazine: 359nm and diclofenac: 276nm).

7.3.2.2 Bicarbonatebased dissolution medium

Based on the reported values of BCB molarity and pH values at the human proximal
intestine, the dissolution tests were performed in 5mM bicarbonate buffer [(#4%.5

The hcarbonate buffer was prepared by dissolving the appropriate amount of sodium
bicarbonate in deionized water to obtain a 5mM concentration. The dissolution medium was
poured into the dissolution vessels allowing the temperature to equilibrate before @angmen

the experiments. The pH was adjusted to 6.5 by sparging the medium wigh €@ it was

141



continuously monitored and maintained throughout the dissolution tests by spargiggaSO
needed. The pH was monitoradingan accum&AB250 pHmeter from Fsher Scientific (Fair

Lawn, NJ, USA) The drug relese at specific time points was determined by-&péctroscopy

using the appropriate wavelength for each drug (aspirin: 283nm, esomeprazole: 304.5nm,

pantoprazole: 288nm, sulfasalazine: 359nm and diclof&wbnm).

7.3.2.2.1 Effect of buffer molarity and pH

In order to assess the effect of buffer molarity and pH on the enteric polymer dissolution,
diclofenac sodium tablets were tested in BCB in a molarity range reflective of the one found
along the human Gl tract (i.e. 2.5, 5, 10, 15, 20 and 30(B&RIR22,279286). The media was
not sparged, hence presenting a highék pH.

The dissolution experiments were conducted with freshly prepared buffer, one day and one
week old to investigate if buffer age has any impact on the dissolution, as reported in literature
(1). The buffer pH was measured before and monitored during the dissolution tests. Because

there was no sparging with Gg), the medium pH was not maintained.

7.4 Results
7.4.1 Micro-CT analysis

The coat thikness measured for each tablet is presented in Tabbnd the scans results
for all the products are shown in Figurd. The coat could be easily distinguished due to the
difference in density between the coating material and the tablet core. Theensger region in

Figure7.1B and C represent a coloured film coating that was washed off during the acid stage.
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Table 73. Coat thickness measured prior to dissolution testing using Dataviewer Software
(mean £ SD)

Product Coat thickness €m)
Aspirin * 64.5+ 4.45
Diclofenac 100.1+ 4.45
sodium®
Esomeprazole 62.3+10.3
magnesium*
Pantoprazole 171.4+ 4.45
sodium

Sulfasalazine 111.3+8.9

# Measurements included the film coating
* The coating on the sides of thablet was thicker than the top and bottom, hence the higher SD.

Figure 7.1. Crosssectional micreCT images of marketed EC tablets prior to dissolution testing.
(A) Sulfasalazine (B) Diclofenac (C) Aspirin (D) Esomeprazole (E) Pantopradntered line in
each upper shadow projection indicates the location of each lower reconstructe@miorage
slice (voxel resolution of 9 um isotropic). Differences in ewtenating thickness can readily be
seen, as can density differences in tablet excipient content.
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7.4.2Performance tests

The pharmacopeial tolerance specification for the acid stage is not more than 10% release
after 2 hours exposure to 0.IN HCI. Esonagpte magnesium and sulfasalazine tablets
presented holes (defects) in the coat after the acid stage, however, the criteria of not more than
10% released was still met. The coatings of the other products (aspirin, pantopodanteand
diclofenacsodium) were intact after the acid stage (i.e., no release). Helg#pducts passed
the USP acid stage criteria showing no drug release or less than 10% within the 2h exposure to
0.1M HCI (data not shown).

In phosphate buffer the varisleC products displayed rapid dissolution and were compliant
to the USP tolerance specifications for drug
respective monograph) (Figui®2 and Table7.4). On the contrary, the dissolution results in
bicarbonate buffer failed to meet the current USP criteria for the tested EC products. An
interesting visual observation was the distinct pattern of coat opening between the two media. In
phosphate buffer the coat rapidly dissolved away, leaving the taléetompletely exposed to
the dissolution medium. In BCB, however, the coat firstly presented ruptures through which the
water could penetrate and reach the tablet core. Instead of completely dissolving, we observed
parts of t he c o adtabletgcordignaflvdtingnnghe digsdlubon enédiurh and
other parts remained on the dosage form (especially the bottom side of the tablet that was in
contact with the dissolution vessel). This highlights the slower dissolution rate that EC polymers
presemnin BCB.

The comparative dissolution for each formulation in phosphate buffer 50mM vs. BCB

5mM is presented in Figurgé2. For all formulationsthe onset of drug release was delayed in
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bicarbonate media compared to phosphate buffer, as well asteh@ncaextent of drug release
(Figure7.2 A-E).

Interestingly, there was a remarkable difference between esomeprazole magnesium and
aspirin in BCB (Figuréer.3). Both tablets were coated with the same coating polymer, presented
similar coat thickness, budiffered in their physicochemical properties: basic API vs. acidic API,
respectively (Tableg.2 and7.3). Acidic drugs in the tablet core can have an acidifying effect on
the inner side of the coat which might prolong the coat opening. The oppositehaypgien with
basic drugs, i.e. a basic microenvironment is created under the coat, promoting coat opening and
drug release. This was clearly seen when comparing pantoprazole sodium with aspirin in BCB.
Pantoprazole sodium tablets hadhiécker coatand he same polymer) compared to aspirin
tablets but the release was nevertheless much faster because of its alkalinity.

Likewise, esomeprazolenagnesiumand pantoprazolsodiumtablets were coated with the
same coating polymer (Tablé.2), however the onsetfadrug release for esomeprazole
magnesiumwas faster than pantoprazaediumin BCB (Figure7.3). Both tablets contained
basic API's but differed in their coat thickness (Figafeand Tabler.3). In this case, the coat

thickness seemed to play a rolediig release.
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Figure 7.2. Dissolution profiles of enteric coated formulations in 50mM phosphate buffer

(orange line) and 5mM bicarbonate buffer (blue line); USP dissolution specification (when
available): black dashddthe. Esomeprazole magnesium (A), Pantoprazole sodium (B); Aspirin

(C), Sulfasalazine (D) and Diclofenac sodium (E).
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Figure 7.3. Comparison of dissolution profiles of enteric coated formulations in 50mM
phosphate buffer (A)rad 5mM bicarbonate buffer (B).

Table 74. USP tolerance specification for drug release in the buffer stage and percent released

in PB and BCB
Dru USP tolerance Q (%) at the specified time
9 specification PB BCB
Aspirin NLT 75% in 90 minutes 83.4%
Pantoprazole sodium  NLT 75% in 30 minutes 78.6%
Sulfasalazine NLT 85% in 60 minutes 99.3%
Diclofenac sodium NLT 75% in 45 minutes 90.4%
Esomeprazole N/A N/A N/A

magnesium

Q: % of drug dissolved; PB?hosphate buffer; BCB: Bicarbonate buffer; NLT: Not less than.
Green: Compliant with USP specification. Red: Failed USP specificiién.Not available

The effect of buffer molarity was evaluated in reparged bicarbonate media. For all

molarities testd, the medium pH (pids)

wa s

above

the pokyBver 6s pH

though the plce > pHec, the buffer molarity had greater influence than the bulk pH in

promoting the coat opening, i.e. the higher the BCB molarity, the faster the onset ofleiasg re

(Figure 7.4).

This observation is in accordance with recent findi(i{85) Within the

physiological range of bicarbonate molarity values, the buffer concentration seems to be more
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important than the bulk buffer pH for the opening of the enteric coat, given that pipHecis
established.

The higher the molarity of the BCB buffer was thigher the final pH was. However, the
differences between the lowest and highest pH value was only 0.58 pH units, which is not

surprising based on the inherently amphoteric nature of the bicarbonate species.

Table 75. Non sparged bicarbonate medium pH at time zero (mean + standard deviation)

2.5mM 5mM 10mM 15mM 20mM 30mM

Fresh 7.85+0.026 7.94+0.03 8.16+0.01 8.13+0 8.29+£0.01 8.27 £0.01
1 day old 7.75+0.14 8.04+0.02 8.12+0.02 8.20+0.02 8.28 +0.02 8.33 £0.01
1weekold 7.85+0.021 7.97+0.03 8.27+0.01 8.31 £0.04 8.41 +0.02 8.28 + 0.03
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Figure 7.4. Dissolution of enteric coated diclofenac sodium tablets in various bicarbonate
molarities and effect of sparging the mediufd) Dissolution profiles of enteric coated
diclofenac sodium tablets in bicarbonate buffer 2.80mM range. Blue line: fresh buf,
orange line: a day old; grey line: a week old; t20%: time taken for 20% re(@&<deffect of
sparging the media (5mMicarbonate bufferpn thedissolution of enteric coated diclofenac
sodium tablets.
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7.5 Discussion

In our mechanistievaluation of a limited set enteric coated produtis,buffer system,
buffer capacity and medium pWere studied for acidic and basic drugs belonging to different
BCS classes. Micr€T was used to measure the tablet coat thickness due to -isvasiveand
nondestructive capacityThis technique has been used to examine various properties of solid
dosage forms such as tablet density, pore structures, deformation behavior of polymorphs,
uniformity of API distribution in tablets and coating thicknd287 290). Because of the
contrast between the coating polymer and the tablet core, the coat thickness can be measured.
The advant age of usi ng S u-destructive @rd nnomyasiee i S
tomographic tool that revealke threedimensional structure of various objects at a high spatial
resolution(291)

The coat thickness seemed to matter when comparing esomepmaaghesiumand
pantoprazole sodium tablets, which were coated with the same coating polymer and both are
basic API's. As expected, the thicker coat on thegmaarole sodium tablets took longer to open
than esomeprazolmagnesium(45 min vs. 30 min, respectively). On the other hand, the greater
thickness of the coating of pantoprazole sodium tablets makes it difficult to determine to which
extent the greater birity of esomeprazolmagnesiuntontribute to its faster release.

This was not the case when comparing pantoprazole sodium and aspirin tablets. They
were also coated with the same coating material, but even though pantoprazole sodium tablets
had a much fticker coat, the onset of drug release was much faster than for aspirin tablets (45
min vs. 4 hours). The major difference lies on the physicochemical properties of the APIs, i.e.,

base vs. acid. In this case, the physicochemical properties seem to ouhgeight thickness.
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Both esomeprazole magnesium and aspirin tablets were coated with the same coating
material, presented comparable coat thickness and differed only in the API physicochemical
properties. There was a significant difference in the onsetrag release between the two
formulations: 30 minutes vs. 4 hours, respectively (Figu2é vs7.2C). At the end of a 2 hours
period, esomeprazole magnesium tablets presented some ruptures in the coat layer, which could
expedite the drug release in theffer stage. Due to the openings in the coat, the dissolution
medium can penetrate to the tablet core surface, causing it to expand and physically break the
coat, which is an additional force besides the coat dissolution. In addition to that, the bésicity
the API could also have played a role. As shown in FigiBB, it is very noticeable that the
release of the acidic APIs aspirin is further delayed in BCB. This is most likely due to an
acidifying effect of such API on the inner side of the enterid,cohich can be an additional
hi ndrance to the (1p0 Inycomwastp lmsic APIs suohl as edoroeprazole
magnesium and pantoprazole sodium could increase the coat dissolution process by buffering it
from the insidewhich was evidenced by the faster onset of drug release (FiRBg Basic
APIls can accept protons formed from the carboxyl groups ionization, thus promoting faster coat
opening than acidic APIs.

Liu and coworkers have reported similar observat{@32). The use of an inner coating
(composed of a partially neutralized anionic polymeric material) under the outer enteric coating
(composed of an anionic polymeric material which is less or not at all neutralized thanethe
coating) helped to disintegrate and to release the drug earlier compared to a formulation having
no subcoat. Rapid disintegration upon entry into the small intestine is not the case for
Aconventional EC dosage f or sash@a,subcodt tor peomndtifigo r s

drug release already at the entry of the integ206@2).
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After oral administration, an EGosage form first reaches the stomach, where it resides
between 0.83 hours depending on the prese of food and other physiological and disease
states(293,294) After gastric emptying, it moves on to the small intestines where the drug
release takes place. Based on this,UB& recommendedlissolution tesfor enteric coated
products is a twstage procedur@95). In the first stage, the acid stage (2 hours), HCI 0.1N (pH
~ 1) is used as the disstbn medium, which is followed by the buffer stage in compendial
phosphate buffer p.8 (unless otherwise specified in the individual monogrgph)The first
stage mimics the dosage formds passagewent hr ouc
though the acid stage pH value (around 1) is at the lower range of the fasting gastriayH
conducting the acid stage at the upper range values (ard@nis$ 2ot likely to result in more
release because this value is still below the pH threshold for coat opening (starting from 5.5)
(44).

This procedure is also based on thenpse that an enteric coating is insoluble under
acidic conditions, thus resisting dissolution, but would readily dissolve at more basic conditions
of the intestinal trac296).

Our investigation shows that, in compendial git@ge buffer the drug release is rapid
with little discrimination for the dissolution behaviour between different EC formulations
(Figure 7.3A) (72). However, phosphate buffer lacks physiological relevance in many aspects,
such as buffespecies and molarit§27). The main buffering system in the human intestinal fluid
is bicarbonatdased and th& vivo molarity values are much lower than the 50mM used in
compendial bufferg31,149) The bicarbonate concentration in the human intestine has been
reported to rang from 215 mM in the duodenum;20 mM in the jejunum and 305 mM in the

ileum (52,222,279286). Hence, testing EC dosage forms in BCB can give much more
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physiological insight to understand the pronounced discrepancies between then \aval
performance of EC dosage forms, as observed in the numerous case (fEgble7.1). Many of

thein vivofailures of EC products were related to a lower rate and extent of drug absorption. As
shown in Figurer.2, the coat opening is promptly promoted in phosphate buffer. On the other
hand, the lower rate and extent of gliabsorption observead vivowas reflectedwhen applying
physiologically relevant conditions using BCB with different molarities (Figur2sand7.4).
Hence, there is a disconnect between the irmmt/o performance of EC products.

The clinical irrelevance of phosphate buffer to predictith@ivo performance of EC
dosage forms lies on the fact that phosphate has an equilibrium kinetics completely different
from bicarbonate. Due to its pKa of 6.8 (ungiérysiological ionic strength)20), dihydrogen
phosphate (HPQy) is usually the species of choice in phosphate buffers. In agueous medium
H.PQy dissociates, forming monohydrogen phosphate ion ¢Pénd a proton (Figre 7.5 Eq.

A) (297)

The pKa of the BCB system (Rige 7.5 Eq.B) reported in the literature is arw6.04
(72,84,85) This value is obtained when measuring the pKa with a potentiometric method at
physiological temperature and ionic strength. Because the titration procedure used in the
potentiometric determination of pKa is relatively slow, carbonic acid and carboreiare at
equilibrium. That is the situation in the bulk solution in a dissolution vessel, where the pKa of
BCB is 6.04 (Eq. B in Figur@&.5) (78).

However, as reported by Aousouset. al.,at the solidiquid interface (diffusion layer)
around dissolving solutes (e.g. drug or EC polymer) the situation is more complex. In contrast to
the very rapid ionization reactions, the g@ydration and BKCOs dehydration processes are

much slower, with dehydration being up to08imes faster than hydration (Fig.6 Eq. C)
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(298,2®). The consequence of this is that, even though the hydration/dehydration reaction
(H2COs(aq) # H20q) + CO2aq) Occurs, itdoes not typically reach equilibrium within the effective
diffusion layer. This results in the effective pKakatarbonate in the diffusion layer to be lower
than the bulk value of 6.04 but higher than the intrinsic pKa of 330Q@z(aq) # H"(aq) + HCO
3(aq)- Therefore, the buffering capacity of bicarbonate in the boundary layer is governed by a
pKa value thatid ower than the interfacial pH value n
(92). This means that BCB has a |l imited abil it
surface and cannot@mote prompt dissolution, which presents a major difference between BCB
and phosphate buffer and is clearly seen in the dissolution behavior shown in7Eigure

Evidently, the opening of the enteric coat is very dependent on the medium properties,
howeve factors such as the intrinsic solubilities and pKa's of both the drug and polymer also
play a role(300' 303) Hence, the assumption that an EQrafation rapidly disintegrates in the

intestines, behaving like an immediate release is a misconcépéian
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Phosphate buffer
Bulk and diffusion layer

HyPO, (aq) 2 HYaq) + HPO4 %oy  PKa, = 6.8 Eq. A
Bicarbonate buffer
Bulk
COy
H,0y) + COyaq) 2 HC035q) 2 H (g + HCO3 g pKa: 6.04 Eq. B

Diffusion layer
COy

HZO(” + COz(aq) «— HZCO3(aq) (_—) H+(aq) + HCO3'(aq) pKa << 6.04 Eq C

Figure 75. Phosphate and bicarbonate buffer equilibrium reactions and/@lkias taking place
in the bulk solution and diffusion layer

The unpredictable performance of EC formulations in BCB is well acknowledged in the
literature (28,76,191 193,237,239,244,293,303As a matter of fact, the dissolution rate of
enteric polymers is determined by the pH at the dimjiid interface instead of the bulk pld2).

Becauseof he reaction between the polymerds car bo;
buffer system, the surface pH is expected to be lower than the bulk pH. As the buffer capacity

(i.e. resistance to change in pH) of the medium increases, the gap betedmrktipH and

polymer surface pH decread@s).

According tothe derivation of the van Slyke equation, we see that an increase in the
concentration of the buffer components results in a greater buffer cafZ®#y Hence, more
concentrated buffers tend to have a higher bu
rate with consequent faster onsetdofig release. This can be clearly seen in Figi4é,, a

higher buffer concentration results in a faster onset of drug release. For example, the time taken
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to reach 20% of drug release in BCB 2.5mM was 88 + 6.6 minutes, whereas in 5mM, double the
molarity but comparable pH values (Tabié), the time went down to 60 + 5.1 minutes. Here

we see that the coat opening was more dependent on buffer molarity than on bulk pH. This is in
accordance with AGousous and coworkers who have also observed the morenpnahd

effect of BCB molarity on the release properties of EC formulations over bulk 780
particularly when the bulk pH is above the
interfacial rather than bulH value).

However, working with BCB can be experimentally challenging. Due to the loss of
COyaq) to the gas phase, the medium pH increases, hence it needs to be sparged>with CO
maintain the bulk pH at the desired pH va(@43). Different dissolution method saps have
been proposed in order to overcome this difficulty, all of which are focused-estatgishing
the bulk pH (28). On the other hand, it is acknowledged that the enteric coatingvo
dissolution isprimarily limited by the surface pH and buffer molarity rather than bulk pH.
Hence, sparging the medium to maintain the bulk pH may not be as essential as using an
adequate BCB molarity in the dissolution test. We studied the use edpaoged medium in
order todetermine whether it could be an alternative to sparged medium, which would make the
use of bicarbonatbased medium more feasible.

Since buffer molarity (not pH, if above the threshold pH value) seems to be the limiting
factor for enteric coabpening, we tested EC diclofenac sodium formulations in BCB in & 2.5
30 mM range (biological range of bicarbonate concentration) without sparging the media. When
the bicarbonatdased medium was not sparged withCe bulk pH could not be maintained.

Nonethelesshecause the medium is not sparged, the p€Mwer, which leads to a decreased
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escape of C®compared to the sparged medium. Consequently, the pH fluctuation in the non
sparged medium was much less noticeable.

We assessed the effect of £l0ss by preparing the buffer freshly and storing it for one
day and a week prior to the dissolution tesg(fFe 7.4A). The older the BCB is the higher the
CQO; loss, however the time points for onset and total drug release in freshly prepared buffer vs. 1
day old vs. a week old were similar (FiguredA). As long as the pH was above the
recommended pH threshiblonly buffer molarity was found to be important to meet the USP
criteria (NTL 75% release in 45 minutes). Currently, USP specifies 1 time point collection,
hence the variability observed in between would not be a concern.

In order to assess the influencksparging the media, we fixed the buffer molarity at
5mM and compared the drug release in-sparged buffer (fresh and a day old) versus freshly
prepared media with sparging throughout the dissolution test to maintain the bulk pH at 6.5
(Figure7.4B). The onset of drug release was very similar between the tested media (i.e. after 45
minutes) as well as the time for total release-480minutes). Considering the overall
performance, sparging the medium to maintain the bulk pH did not influence much.

The ef or e, while the principle of Adi ssol ut
greater that t he pol y m@56)admsmy bd irue snod5D mM phmsphatg H  t h
buffer and high molarity BCB, our results show that different BCB molarities significantly
impact the performance of EC prads (as a result of the larger gap between the bulk and
interfacial pH values in BCB systems). These results are in lineinvittvo observations of EC
product s. Considering the results presented h
reportsof in vivo failure of EC products, setting a molarity threshold rather than a bulk pH

threshold might be a better approach in the development of enteric coated dosagg 8prms
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Moreover, the use BCB may be indispdrisain the performance testing of EC formulations
during product development and quality control. Non sparged BCB set at an adequate molarity
may be a first step towards more physiologically relevant dissolution test for many and maybe
even most EC produetFurther investigations need to be performed in this regard.

7.6 Conclusion

In this pilot study we demonstrated that there is a considerable delay in the onset of drug
release from EC formulations in BCB compared to compendial phosphate buffer. The delay in
BCB was additionally impacted by the nature of the API (acid vs baseghvdg@ems to
outweigh the coat thickness. This demonstrates that the coat opening is influenced by the
properties of the immersion medium (composition, pH and molarity) and the internal pH at the
tablet/coat interface.

Enteric coat dissolution is prompt @ompendial buffer, revealing that USP dissolution test
for enteric coated tablets seems to be clinically irrelevant and it needs to be reevaluated. Using
BCB to test EC formulations is, therefore, a more physiologically relevant test condition.

The repored in vivo failures of EC products known in the literature seem to be due to, at
least in part, poor performance in the intestinal fluids, which is buffered by bicarbonate at low
buffer molarity. Testing these products in a fluid that closely resemblemtastinal lumen can
provide crucial insight on how the formulation would behave in the physiological environment
thus bringing clinical relevance to the test since the systemic therapeutic effect can only occur
after the drug has been released, dissglaed absorbedAn in vivo relevant performance test
for EC products needs to be develop8decial consideration should be taken for acidic drugs

once its release could be further delayed.
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SECTION THREE: PHYSIOLOGICALLY RELEVANT IN VITRO TESTING:

BICAR BONATE BUFFER

CHAPTER EIGHT

Physiologically relevant dissolution conditions towards imprawedtro - in vivo
relationshipi A case studyvith enteric coated pantoprazole tablets

A version of this chapter has been accepted to be published in:

International Journal of Pharmaceutic2021. Manuscript numbedPHARM-D-21-01038
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8.1 Introduction

Delayed release formulations have been used for many years both for medication and
nutrition supplements (e.g. irof305) This formulation technology is applied in cases which
there is a need to protect the formulated compound from the acid in the stomaagbrobedt the
gastric mucosa; or to target the drug release to a particular segment in the in{88bheshe
drug releasesi not expected to take place in the stomach, only in the intestines, hence the
Adel ayedo (B06,80MiTheodelayd yelease characteristic of such formulations is
usually obtained through the coating of the tablet core with a pH responsive polymer, which are
referred as enteric coating (EC) polymers. Such polymers are designed to dissolve when the
medium pH is abovdsg dissolution pH threshold, thus allowing drug reld@§5). Examples of
polymers used for enteric coating are cellulosevadéries (e.g. cellulose acetate phthalate,
cellulose acetate trimellitate, hydroxyl propyl methyl cellulose phthalate and hydroxyl propyl
methyl cellulose acetate succinate), polyvinyl acetate phthalate and methacrylic acid copolymers,
which is one of thenost widely used polymers for the intended purpose.

However, concern has been raised regarding delayed release formulations due to many
therapeutic failures reported over the years, including bioequivalence (BE) $8R)ies recent
study from our group(88) and other groupg68,71,75,78,191,192,23%9uggest that this
drawback seems to be related to the poorivo performance of EC formulation$he human
intestinal juice is mainly composed of pancreatic and hepatic secretions. The pancreatic secretion
contains a large volume of sodium bicarbonate solution along with of various digestive enzymes.
Similarly, sodiumbicarbonate is also added to the hepatic secretion (bile). Furthermore, the
epithelial cells of the duodenum secrete an alkaline mucus to protect the duodenal wall from the

acidic content coming from the stomach. This mucus contains bicarbonate ions,adtiécto
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the bicarbonate ions from the pancreatic and hepatic secretions. This results in an overall effect
where the luminal fluids of the small intestine are predominantly buffered by bicarlzdnete
molarity valueg28,149)

In contrast, during the drug product development process, formulations are tested in
highly concentrated pharmacopeial phospiatsed buffers (e.g. 50mM phosphate buffer).
However, the conedration of phosphates ithe human gastrointestinalluminal fluids is
insignificant, which makes the use of phospkaietaining media poorly representative of the
human intestineddence, there is a disconnect betweenithevo environment that the pdoict
is exposed to and the vitro test setting regarding buffer species (carbonate vs. phosphate) and
buffer molarity (88). Using buffer systems that are not reflective of ihevivo environment
during the pharmaceutical development phase can be misleading andoocauselection of
prototype formulations for a BE study.

Another important aspect to consider is the physicochenpicgierties of the active
pharmaceutical ingredient (API). Acidic APIs can create a low pH microenvironment on the
inner side of the coat, which can be a further hindrance to the coat dissqBR®&prSince
bicarbonate buffer (BCB) does not promote prompt dissolution of the enteric coating, such
acidifying effect is pronounced in physiological environments.

In vitro - in vivo correltion/ relationship (IVIVC/R) constitute an important tool for
formulation development, mainly for modifigdlease systems, aiming to optimize prototypes,
reduce the number of BE studies during the development, supportinggpost/al changes and
settingdissolution limits(308,309) In this context, IVIVC/R works as a powerful mathematical
model linking anin vitro property of a dosage form to a relevamtvivo response, making

possible a rational development basedirowitro biopredictive conditiong29). Despite of its
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powerful application in the development of formulations, an IVIVC/R with significant
predictability power is more difficult to obtain for highly variable drug and drug products
(29,310) especially when these formulations are administered with meals. In suchnceises

- in vivorelationships can be valuable.

In this study we reassessed two pantoprazole EC formudatiom a failed BE study
under fed conditions. These were chosen as model formulations because they were coated with
methacrylic acid ethyl acrylate copolymegwidely used as coating materials) and pantoprazole
is a basic API, hence an API acidifyingesit on the inner side of the coat can be ruled Tu.
providedin vivo data presented anxteemelydelayed opening of the formulations together with
a great variability. We hypothesized that the release profile in physiologically relevant BCB
would detet possible performance differences between test and reference formulations enabling
more accurate IVIVR results and predictability. Thus, the objective of this study was to establish
a relationship between the vitro performance of test and referencenfiofations (both in BCB
and pharmacopeial phosphate buffer) withitheivo BE study results using the IVIVC module
present on GastroPIRis

8.2 Materials

Sodium phosphate monobasic monohydrate and sodium hydroxide were purchased from
Fisher Scientific (Newlersey, USA), sodium bicarbonate was purchased from Caledon (Ontario,
Canada), pantoprazole sodium was purchased from Sidanah Co. (Montana, USA)The EC
pantoprazole formulations were kindly donated by a pharmaceutical industryfoBothlations
were coated with the same polymenethacrylic acid- ethyl acrylate copolymer)Buffer
solutions were prepared with purified water (Elgastat Maxima UF and an Elgastat Option 3B

water purifier by ELGA Laboratories Ltd. (Mississauga, ON, Cahada
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The excipient compositions of the formulations as available in the drug leaflet are
described below.

Reference: sodium carbonate, mannitol, povidone, calcium stearate, hypromellose, titanium
dioxide, iron oxide (yellow), propylene glycol, methacrylicichethyl acrylate copolymer,
sodium laureth sulfate, polysorbate 80 and triethyl citrate.

Test: sodium carbonate, triethyl citrate, iron oxide (yellow), crospovidone, silicon dioxide,
titanium dioxide, calcium stearate, mannitol, hypromellose, macrogethacrylic acieethyl
acrylate copolymer and povidone.

8.3Methods

8.3.1In vitro dissolution testing

The EC pantoprazole formulations used in the dissolution study were from the same lot
as those used in the BE studies and were still within its-Efee{feriod.

All dissolution testsvere performed in &K 7020 system from Varian Indissolution
tester coupled to a VK 8000 autosampler. USP apparatus Il with 75 rpm rotation speed was used
with dissolution media temperature set at 37 °C.

Dissolution teting was performed according to USP <711> two stage procedure in an
acid stage followed by a buffer stage. The acid stage was carried out in 0.1N HCI for 2 hours
prior to the buffer stage. The drug release was determined bspe¥/ at the end of the 2 hieu
The tablets were then transferred to vessels containing 900 mtoéared buffer solutions. The
buffer stage was composed of either pharmacopeial phosphate buffer (50mM concentration at pH
6.8) or bicarbonate buffer. The reported bicarbonate coratimt in the duodenum under fed
state is 10mM with a wide pH range of 3.6.7 (37,44,186) Hence, a 10mM BCB was used

with pH adjusted to 6 by sparging the medium with,OThe phosphate buffer system was
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composed ofsodium phosphate monobasic moydtate (50mM) and sodium hydroxide to
adjust the solutionds pH. The bicarbonate buf
(10mM) dissolved in filtered water.

The pH was monitoredsingan accum&AB250 pHmeter from Fisher Scientific (Fair
Lawn, NJ, USA) The drug relese at specific time points was determined by-§péctroscopy
(288nm wavelength).

8.3.2Statistical analysis

The Microsoft Excel addin DDSolver was used to compare the dissolution profiles by
f2 statistics(147). The factorf2 is a similarity factor that measures the closeness between tw
profiles. Similarity is indicated by # value between 5000.

8.3.3Bioequivalence study

The plasma concentratigime data for two pantoprazole EC formulations (test and
reference) were used in order to investigate a failed BE result under fediarondite study
design was randomized, single dose, -treatment, twesequence, fodperiod (2x2x4) full
replicated crossover with aday washout period. Forfpur (44) adult healthy subjects of both
genders were enrolled in the study and tHintg (35 completed the study (70 individual PK
data considering the replicated design). Serial blood samples were collected up to -gisgost
The study was approved by a Research Ethics Committee and followed the Good Clinical
Practices Guideline$311) and the ethical principles for medical research involving human
subjects wted in the Declaration of HelsinkB12) The study followed standard guideline for

BE study under fedonditions(313)

164



8.3.4Pharmacokinetic data

Since the pharmacokinetics (PK) results were extremely scattered with some subjects
peaking much later than others (refer to Fig88sand84under fAResultso sect
curve presented an fAartificial o efldative bfithereg e a k .
absorption pattern of the EC pantoprazole formulations, thence not suitable to be used in the
IVIVR studies.

For this reason, the subjects were divided into three cohorts of Tmax, namely:-(1) 2.0
3.5h, (2) 4.65.5h, and after (3).6h. The cohorts were chosen based on the first observed Tmax
among all the subjects (i.e. 2 hours) and.5h increment size was used as the cut off between
the cohorts.

Cohort 1 represents those subject sfiletfhat wo
the enteric coating would rapidly dissolve up
above the polymerés dissolution pH threshol d.
on the drug release and absorption process once sagelform has transitioned to the intestines
(high pH environment). Hence, the mean plasma curve obtained from the subjects in cohort 1
was correlated with the release profile in phosphate buffer, including the 2 hours period in HCI
(in which there was nrelease).

Cohort 2 represents subjects that had a further delay on the drug release and absorption
process. Low buffering capacity and intestinal fluid composition could be the one of the causes
for the much more delayed coat opening with further drugasel. Hence, the mean plasma
curve obtained from the subjects in cohort 2 was correlated with the release profile in
bicarbonate buffer. Finally, cohort 3 is a miscellaneous group which includes subjects peaking at

various time points, even after 12 hours.
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In this way we were able to eliminate the artificial double peak and apply a mechanistic
analysis to use a more representative plasma time curve for EC formulations and their
correspondingn vitro performanceWhen analyzing the individual PK data noutde peak was
observed, hence we could conclude that the mean curve presented an artificial double peak.

8.3.5In silico studies

The IVIVR was built using the commercially available software Gastr§P(us9.7;
Simulations Plus, Lancaster, CA). The physicochemical parameters of pantoprazole (e.g., pKa,
pH-solubility profile, LogP and permeability) were obtained from its chemical structure using
the ADMET Predictd? module in GastroPl¥s Additionally, tte dose number (), absorption
number (A) and dissolution number (Pwere calculated.

The human pharmacokinetic parameters were obtained from the intravenous
administration data reported by Simon et al, 19&14) fitted to a compartmental
pharmacokinetic model using the PKPlusiodule (Simulations Plus, Lancaster, CA). The
developed compartmental PK model was validated using external data from an oral
administation of EC pantoprazole under fasted state obtained from the litefaise

The validated model was used to build the reference antbtestlations databases. The
dosage form ADR: Tabl et Enteric Coato was sel
the BE study). The default absorption model ASF Opt logD Model SA/V 6.1 was selected using
the human physiology in the fed state.

The «perimental dissolution data in both bicarbonate and phosphate buffer for each
formulation was loaded (as *.dsd files) along with the selected oral plasma curves from zero to

tiast (@s *.opd files) for both cohorts 1 and 2.
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8.3.6In vitro 1 In vivo Relationship

The | VIVCPlusE module was wused toindieovel op
fraction absorbed (absolute bioavailability rate) was calculated by numerical deconvolution of
the selected oral plasma concentratiiime profile (cohorts 1 and)2rom the BE study (for both
test and reference) using the Lédegelman (two compartment) model (Equatid). After
deconvoluting, the correlation was formed by comparing the fraction of drug dissolvéew
with the fraction of absorbed drug at teame time points. The correlations were evaluated
through regression analysis and the best fit among the functions (linear, power function, second
and third order polynomial) was automatically chosen by Gastro@iiL& 318).

A numeric convolution was performed using the dissolution data obtained through the
compendial method for cohort 1 and the wwompendialmethod for cohort 2. The predicted

plasma concentratidtime profile for each cohort was compared to the observed data.

A T T
7T = C, +k,, [Cdt +k,e™" [ Ce*dt
0 0

¢ (Equation8-1)
Where A is the amount of drug absorbed between time zero (time of administration) and the
blood sampng time, T (0 < T < t), Vis the volume of the central compartment, i€ the

plasma concentration of unchanged drug at time Tkad the rate constants.

8.4 Results
8.4.1In vitro dissolution testing

The pharmacopeial tolerance specification for the acid stage is not more than 10% release
after 2 hours exposure to 0.1N HCI. Both test and reference formulations complied to the

specification (data not showrih phosphate buffer the EC products displayaoid dissolution
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and were compliant to the USP tolerance specifications for drug release in the buffer stage of not
less than 75% in 45 min (Figui®@l). However, thef2 test failed 2 = 45). Similarly, the
dissolution results in bicarbonate buffer éailthef2 test {2=11). The comparative dissolution

for both formulations in phosphate buffer 50mM vs. BCB 10mM is presented in Fdundot

only wasthe onset of drug release much more delayed in bicarbonate media compared to
phosphate buffer, but theifference in performance between test and reference products was
much more evidenced i n BCB, making it iclear
vitro dissolution performance. The shape of the curves also differed.

The delayed opening of the formulations in BCB can be linked to the distinct pattern of coat
dissolution between the two media. In phosphate buffer the coat around the tablet rapidly
dissolved and the tablet core was exposed to the dissolution mediuminglfast disintegration
and drug release. In BCB, however, the coat did not dissolve instantly, but presented ruptures
through which the water could penetrate and r
coating material) were detected by uas inspection of the tablets in the dissolution vessel
(schematic picture is shown in Figue). This was reflected in the slower disintegration of the
dosage form further delaying the drug release. This points out to the slower dissolution rate that

EC polymers have in BCB.
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Figure 8.1. Dissolution profile of pantoprazole EC formulations in the buffer stage (mean + SD;
n=3). Orange: test; blue: reference; solid line: phosphate buffer (PB); dashed line: bicarbonate
buffer (BCB); Dotted black line: USP dissolution specification.
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Figure 8.2. Schematic picture of the contrast between phosphate buffer and bicarbonate buffer.
In phosphate buffer the coating material rapidly dissolved, leaving thet tadsk exposed to the
dissolution medium (Top), whereas in bicarbonate buffer the coating presented ruptures instead
of completely dissolving (Bottom).

i

8.4.2Pharmacokinetic data

Figures 8.3 and 8.4 show the plasma concentration data for each subject of the BE study
performed under fed condition for the reference and test formulations, respectively.

The following final results have been reported by the failed BE study: geometric mean
ratios betweertest:reference (90% confidence intervals) for Cmax and #&Ufkre 79.23 %

(69.131 90.80 %) and 83.45 % (75.891.82 %), respectively.
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Figure 8.3. Plasma concentratietime curves of reference formulation after oral admiatgin
under fed condition (N = 70). Highlighted black line: mean curve
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Figure 8.4. Plasma concentratietime curves of test formulation after oral administration under
fed condition (N = 70). Highlighted black line: meeurve.

8.4.3Cohorts

Table 8.1 shows the number of subjects in each Tmax cohort. FigBesnd8.6 show
the mean plasma concentration profile for the subjects in cohort 1 and cohort 2, respectively. For

both test and reference formulations a number of 10 same subjects fell into cohort 1 (48% and
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59% of total for reference and test formulations, reypelg) and 11 same subjects fell into
cohort 2 (50% of total).

' td6s interestiBC® theio vitro ortsat ofedrug release for the test
formulation was at least 40 minutes earlier than the reference, and was nearly zero order. The
referenceformulation shows a longer lag time with a slower initial release followed by a zero
order release. Both release patterns can also be seen in the PK data presented 86Figure
reinforcing how the results in BCB seems to be representative of this popsiet.

Table 8.1. Number of subjects per Tmax cohort for both test and reference formulations

Number of subjects
Tmax cohort

Reference Test
Cohort 1 (2.63.5h) 21 17
Cohort 2 (4.66.5h) 22 22
Cohort 3(After 6.0) 27 31
Total 70 70
4000
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Figure 85. Plasma concentratietime curves of test and reference formulations for Tmax
Cohort 1. Data are shown as mean + SD.
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Figure 8.6. Plasmaconcentratioftime curves of test and reference formulations for Tmax
Cohort 2. Data are shown as mean = SD.

8.4.41n silico studies

A 2-compartment PK model was established using the IV afKPlusM. The PK
parameters are as follows: Cl (L/h/Kg): 89) t1/2 (h): 1.94; K12 (f): 0.294; K21(h"): 0.501.
The model validation with oral administration had a correlation coefficient of 0.862.

The physicochemical parameters derived fr
follows: pKa of 9.15 (acid) and.35 (base), LogP of 1.5, effective permeability of 1.41 % 10
cm/s; b = 0.0973; A = 2.823 and b= 54.06.

Based on this result, thecdmpartment.oo-Riegelmandeconvolution method was used
to generate the fraction absorbed and the best correlation fit was formed through a power
function. Table8.2 presents the IVIVR statistical information for test and reference using both

bicarbonate and compendial dissolutaata.
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Table 82. Deconvolution statistical results for both Test and Reference
Reference Test

Cohort 1 (PB) Cohort 2 (BCB) Cohort 1 (PB) Cohort 2 (BCB)

Egz";iron# y=0.941(x)"1.892 y=0.833(x)"91.42 y=1.505(x)*12.90 y=0.952(x)"86.83
Rsq 0.805 0.99 0.894 0.975
SEP 0.189 0.04 0.124 0.073
MAE 0.15 0.027 0.092 0.049
AIC -1.333 67.7 -19.67 -40.83

*where x = Fractiomn vitro release and y = Fraction absolute bioavailability

BCB: Bicarbonate buffer :0mM; PB: Phosphate buffer 50mM

The dissolution data in both PB and BCB had a good fit to the respetinieo data, as
shown by the correlation coefficient (Rsq) akkhike information criterionAlIC) values. Then
vitro data in BCB (for both test and reference) yielded in a superior fit than PB, which can be
clearly seen in Figurg.7.

The formed correlations/ere then used to convolute the datad predict the plasma
concentratiortime profiles. Table8.3 presents thealidation statistics of the convolution for
Cmax and AUC. Thepredicted vsobserved plasma concentratitme profiles for Cohorts 1
and 2 are shown in Figure8.8 and 89, respectively. The simulated plasma
concentratiorvs.time curves were generally in agreement with the observed clinical results in

Cohort 2 (Figire 8.9).
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Figure 8.7. IVIVR graph. The compendial buffen vitro data was correlated with the vivo
data from Cohort 1 and the vitro data from bicarbonate buffer was correlated withitheivo

data from Cohort 2.

Table 83. Convolution validation statistics for Test and Reference

Cmax % AUC %
Pred N Pred Rsq SEP MAE AIC
(ng/mL) error (ng/mL*h) error
Obs. Pred. Obs. Pred.
Reference
Cohort1 2037 4472 1195 6668 5165 225 0.766 467.8 341 259.2
(PB)
Test
Cohort1 2321 4064 75.1 5388 4900 9.05 0.723 636.2 314.2 269.7
(PB)
Reference
Cohort2 2227 2774 245 5435 5176 47 0.952 183.6 109.9 227.4
(BCB)
Test
Cohort2 2624 3538 34.8 6546 5940 9.2 0.909 294.1 204.8 243.4

(BCB)

BCB: Bicarbonate buffer; PB: Phosphate buffer
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Figure 88. IVIVR model predicted (lines) vsobserved (circles, mean +* SD) plasma
concentratiortime profiles for Cohort 1 (prediction using phosphate buffer dissolution data).
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Figure 89. IVIVR model predicted (lines) vs. observed (circles, mean + SD) plasma

concentratiortime profiles for Cohort 2 (prediction using bicarbonate buffer dissolution data).

8.5Discussion

Enteric coating polymers are polyacids which are insoluble at acidic pH
value$305). The generally accepted concept regarding such polymers is that they will promptly
dissolve once exposed to a medium with pH higher thasigsolution pH threshold. However,
studies have shown that buffer molarity and species are of primary importance for the dissolution

process of such polyme(88). There are many reports in the literature showing the greato
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variability related to EC formulations, both intra and inter sulj28i88)(and references cited
thereby). This may be due, in partthe intestinal buffer composition. The buffer system in the
human gastrointestinal tract is mainly bicarbonate based and the performance of EC formulations
in this system can be quite different compared to compendial phosphate(B8f&39)(Figure

8.1), which is often used in the drug product development.

Considering this, using more physiologically relevant dissolution conditions can give a
better mechanistic understanding of time vivo performance of a given formulatio(88).
Physiologically relevant conditions can be defimedone that simulates tie vivo dissolution
environment in one or more aspects beyond the typical quality control/batch release (figthod
More complex formulations, such as delayed release, can be best evaluated using such conditions
that incorporate the main parameters drivimgivo drug release and dissoluti¢819).

The selection of a ptotype formulation to proceed to a BE study relies mostly on the
similarity of thein vitro performance of test and reference. In most cases, the generic industry
seeks for the simplest, quickest and cheapesatro methods and standar(ls7). Additionally, a
onetime point collection at the USP specification is usually the practice in the industry instead
of drawing the whole profile and, many ti mes
However, as this study has shown, simitavitro performance using compendial conditions and
compliance with USP specifications does not guarantee similavo behavior, which may lead
to failure in a BE study.

The USP specification for delayed release tablets is >75% release at 45 fipuléss
means that the prodts being compared could release the API faster than the other, while
satisfying the standard for drug dissolution. The results in Figdrand the f2 statical analysis

clearly show that, in spite of the fact that the test and reference formulatiotfsencempendial
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specification, they already failed f2 in phosphate buffer. This was even more pronounced in
BCB, where a clear distinction between the two formulations can be seen. Based on the f2 results
we can see that BCB, a physiologically relevant esyst could differentiate then vitro
performance of test and reference products more clearly than the compendial conditions.

However, even with bicarbonabased media, a case by case study is a more valuable
approach instead of diios and gpecHicationt81O820)fIn theslastal | o
decades, many nesompendial dissolution methods have been proposed in attempt to mimic the
in vivo envirorment and the incorporation of such data into in silico PK models is an ongoing
challengg(319).

Due to the high buffer capacity of compendial PB, the coat opening with further drug
release is readily prompted. Differently, the equilibrium #ose of BCB at the solidiquid
interface (diffusion layer) results in an effective bicarbonate pKa lower than the interfacial pH
value needed for the EC polymer's dissoluii85,88) The pKa of the BCB system in the bulk
solution is around 6.04. However, at tbelid-liquid interface (diffusion layer) around the
dissolving EC polymer the hydration/dehydration reactidsCQOzaq) # H20p + COzaq) does
not typically reach equilibrium. This results in the effective pKa of bicarbonate in the diffusion
layer tobe lower than the bulk value (6.04) but higher than the intrinsic pKa of B8006(aq)

f H¥@g) + HCO3aq). Therefore, BCB has a limited ability to buffer the pH of the dissolving
pol ymer6s surface and cannot p hecosabd This preserdsmp t
a major difference between BCB and phosphate buffer and is clearly seen in&iguseich

delay in the coat opening/dissolution was captured in the physiologically relevant dissolution

medium.
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The main difference in the release fdes in the compendial vs. nesompendial
methods was the onset of drug release, and not the API dissolution rate / extent released. Once
the coating polymer starts to dissolve/ open the drug can be released from the tablet core.
Pantoprazole is a BCS sl lll drug (high solubility/ low permeability)315), hence the API
dissolution, once release from the dosage form, is not likely to be a majrbissgannot be
ruled out completely. The dod®, of 0.0973 indicates that pantoprazole is a drug with high
solubility. The calculated dissolution number refers to the time required for drug dissolution
(ratio of the intestinal residence time to the dissolution time). Hence, the higher the dissolution
number the higher will be the fractiedose absorbed. The calculategldd 54.06 indicates that
dissolution is faster than transit.

If pantoprazole is a BCS Il drug, then permeation across the Gl membrane could be a
ratedetermining step to absorption fitre formulations studied. However, according to ADMET
predictor, pantoprazole has a calculated Peff of 1.41 “ch@s, which is roughly on the
borderline of low/high effective permeation rate. Additionally, Anlarger than 1 suggests
complete absorptionThe calculated A was 2.823, which indicates that, even though
pantoprazole is a borderline BCS 11l drug, it is well and completely absorbede observations
make it evident that the main issue with the tested products is the opening of the coat.

On one hand, there were a number of subjects (cohort 1) in whidh th&o results in
phosphate buffer correlated with thevivo data, as shown in TabB3 and FigureB.8. Even
though there was an overprediction for Cmax, the overall behavior and AdG lyood fit.
However, this would only be predictive of a small portion of the entire study group, which can
be misleading and eventually culminated in the failed BE stuidlylecisions were taken solely

based the compendial results. Such data représéne fit e x t bookd knowl ed ¢
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formulations, which is no release in the stomach (acidic media stage) followed by prompt release
in the intestines (phosphate buffer stage), i.e. classic behaviormEgpidnsive polymers.

The overprediction of Cmxafurther reinforces the impact not only on the onset but also
on the extent of absorption when EC formulations are administered. This is in line with clinical
observations. There are several reports in the literature comparing the administration af a give
APl in an EC formulatiorversusa noncoated formulatior{230,235,250,261)Iin all cases, EC
formulations presented a later Tmax and much lower Cmax, and in some cases there was
complete failure, hence both the rate and extent of absorption can be compromised with the poor
in vivo performance of EC formulations.

The dissoluton of the coating in phosphate buffer is very prompt, which allows complete
release of the API from the tablet core because the coating is no longer preventing the release. In
PB both extent and onset of r el dpesodofémeelf i dea
this were then vivo situation, after the dosage form reached the intestines, rapid drug dissolution
would take place, making the whole administered dose available for absorption. Based on this we
can understand the overpredictionGrhax by the in silico model.

On the other hand, as mentioned before, buffer molarity is also of utmost importance for
EC formul ati ons, even i f the medium pH is abo
was represented by cohort 2, in which theuhes in BCB were predictive of, as shown in Table
8.3 and Figure8.9. The correlation using BCB was very accurate in terms of Cmax, AUC and
Tmax, demonstrating how powerful physiologically relevant dissolution methods can be.
However, similarly to phosplea buffer, this would only be representative of a portion of the

entire study group. The deconvolution results presented in Babland FigureB.7 also point
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out the superiority of BCB in relation to PB. Tl vitro release shape obtained in BCB
correlaes better with then vivoobserved data than PB.

Considering this, we see that both tests h
Aiei t her compemertanytesules $or a robust development process. A formulation that
meets USP criteriand presents a similar behavior under both test conditions would increase the
chances to establish bioequivalence between the products. Also, subjects from cohorts 1 and 2
outnumbers cohort 3 (61.4% vs 38.5% for reference and 55.7% vs 44.2% for testpddd
probably give enough statistical power for a successful BE study. Hence, using lvitio
methods would greatly benefit the industry by bringingvivo studies successfully over the
finish line of BE.

The pattern presented in all cohorts, esgcifor cohort 3 can be due to a number of
factors. The great PK data variability observed both inter and intra individuals (F&8rasd
8.4) is a result of the many layers of complexity when conducting a BE study with a delayed
release formulation ithe fed state. Anajor source of variability for enteric coated drug products
after postprandial application is gastric emptying time. Certain variability of gastric residence
time under fasted conditions is expected depending on the time relative ® Ighat the
interdigestive migrating complex when stomach content is cleared. Under fed conditions the
gastric emptying depends on the amount, the composition (caloric density), and temperature of
food culminating in higher variability. During the postpd#él phase large monolithic dosage
forms are generally retained by the pylorus and are only allowed to pass to the duodenum during
phase Il motility movements of the subsequent interdigestive phase.

Drug absorption is not only influenced by the physimical properties of the drug

itself, but formulation effects including excipients and many physiological factors also play an
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important role. Physiological factors that can affect bioavailability include, but are not limited to,
gastric emptying time, testinal motility, blood flow rate, gastrointestinal pH, first pass
metabolism, circadian rhythm, presence of food and meal compo@gah Under thefed state

many changes occur in the GI tract, such as secretion of gastric acid, bicarbonate, bile and
pancreatic fluids as well as modification of gastric and intestinal motility patterns. All of these
can greatly influence the drug absorption pattechtans be a source of variability in BE studies
(321,322)

The highin vivo variability of Paoprazole observed for the BE study corroborates the
findings published by De Campos et al., 2QB¥5), where it was observed that, in the fed state
the intrasubject variability is much higher than in the fasted state. In addition, as observed by De
Campos et al.,, 200[315), the inter-subject variability of Tmax is also expected to be higher
under fed condition.

As required by many regulatory agencies, a bioequivalence study under fed condition (in
addition to a fasting study) is necessary for registering a delayease formul#on. Thus,
considering that this type of formulation shows a high variahitityivo when administered in
the fed state, new approaches based on biopredictive dissolution conditions, as well as
computational tools should be considered as part of thdagewent routine of pharmaceutical
industry and research centers. In these cases, IVIVC/R should be viewed as a multidisciplinary
tool to predictin vivo dissolution througlin vitro assayg317). Many compendial methods were
set decadesga before biopredicability was a concern, hence they might fall short in establishing
a successful IVIVC/R.

The use of biopharmaceutical tools to link vitro performance to measured human

exposure is therefore critical to understanding the product rpgafece and to optimize
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formulations. Its application is indispensable for better and more efficacious development of
drug products with consistent quality for the patients. For this, good quality and meamngful
vitro input data is of primary importander reliable predictions.

The new approach taken in this study covered the use of ihothtro methods
(compendial and neoompendial) in establishing IVIVRs. Understanding how each method
correlates to a different group within the population and therboong these results can benefit
the industry in developing products that would meet the expected performance in a broader
portion of the population. In the case of BE studies, developing a test product that has a similar
performance to the reference intlh@onditions increases its likelihood to be bioequivalent. This
is an innovative analysis and can be a powerful tool in the formulation development poocess
identify formulations for which BE can be established

8.6 Conclusion

Using buffer systems that are not reflective of thevivo environmentduring the
pharmaceutical development phase can be misleading and paoiseelection of prototype
formulations. However, solelgatisfying the standard for drug dissolution does qu@rantee
similar in vivo behavior. Incorporating physiological aspects intoitheitro dissolution method
can give a better mechani snivoperfaormatheer st andi ng

Using physiologically relevanin vitro data in combination wht compendial results
might be a powerful approach to develop a formulation that can have an optimized performance
in different population groups, increasing the likelihood for a successful BE study and for a

robust formulation development process.
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8.7 Shortfalls

The authors recognize that using visual assessment to select the cohorts may seem arbitrary. The
cut off at 3.5h for cohort 1 and 5.5h for cohort 2 was done in order to maintain same size of 1.5h
increment. The design of the clinical trial seentede a highly variablén vivo model. This

coul d have decreased t he statistical power
biopharmaceutical qualities. The approach taken in this manuscript was done in order to have

scientific insight and mechanistic understanding rather thagudatery application.
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SECTION FOUR: OTHER ASPECTS OFIN VIVO DRUG PRODUCT

PERFORMANCE

The impact of formulation composition and physiology state

CHAPTER NINE
Are Excipients InertPhenytoin Pharmaceutichivestigations with New
Incompatibility Insights

A version of this chapter is published in:

J Pharm Pharm Sci. 2018;21(1s):297#8ps://doi.org/10.18433/jpps29745
Reprinted from reference (396).
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9.1 Introduction

The U.S.Pharmacopeia defines excipients as substances other than the active pharmaceutic
ingredient (API) that are added in a drug delivery system in order to aid in the manufacturing
process and enhance stability, bioavailability, safety, effectiveness andrylalivéhe drug.

These substances have been appropriately evaluated for(3afety

Although ecipients are well characterized and evaluatedsédety, they can interact with
the API chemically or physicall{823) An incompatibility can possibly affect the drug delivery
performance and bioavailability, leading to loss of quality and potency, andromising the
safety and efficacy of the medicati§824,325) Thus, choosing the right excipients based on
their function and compatibility with the API is of primary importance for a good quality drug
product.

Phenytoin is an angpileptic drug relatetb the barbiturates in its chemical struct(826).

Its therapeutic window ranges from 10 to 20 ug/ml. This narrow safety margin makes therapeutic
drug monitoring of utmost importance for this drug to maintairyefficacy and safet{827)

The 1968 phenytoin intoxication outbreak in Brisbane, Australia, is a classic example of an
APl 1 excipient interaction(328 330). According to Bochneret. al. (330) and the known
evidence at the time, patients taking a certain brand of diphenylhydantoin tghgmshowed
characteristisigns of intoxication related to the medication they were taking. Aftextensive
investigation the authors concluded that a change in excipient of the medication was the reason
behind thechanges in bioavailability an@sultantintoxication. Studie$330) showed that when
administered with CaS{as an excipient the absorption of phenytoin was jeopardized due to an

interaction between the API and the calcium salt. When Ca&® replaced in the formulatio
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by lactose, the amount of phenytoatbsorbedwas much higher, resulting in the observed
intoxication.

Bochneret. al. (329) investigated capsules containing Ca$® an excipient taken by the
patients and compared the solubility of the API in the formulation with that of phenytoin sodium.
The study concluded that the solubility of phenytoin sodium had changed prior to ingestion and
absorptionwas reduced. This findjn al ongsi de the recovery of
feces confirmed their hypothesis of decreased alimentary absorption of phenytoin. The authors
speculated that the formation of a calcium salt of phenytoin might be responsible for the much
lower solubility.

The purpose of this study was to investigate further the interactions between excipients and
phenytoin tomechanistically reexamine the hypothesis and interpretations of the previous
studies.

9.2 Materials

Phenytoin USP grade and Calcium Sulfidte were purchased from PCCA, USA (Houston, TX,
USA; LOT: C172948 and LOT: C178073, respectively). Phenytoin sodium USP grade was
obtained from Medisca® (Sathaurent, QC, Canada; LOT: 612840/A). Calcium chloride was
purchased from Sigmaldrich. Lactose ronohydrate was used from Meggle Wasserburg,
Germany.Parteck® Sl 150 Sorbito) was purchased frorBMD Chemicals Inc. (Darmstadt,
Germany; LOT: M285083). Regular milk and lactose free milk was purchased from a local
grocery store and used before the exmradate.The powder mixture samples were put in glass
ampoules and analyzed by thermal activity monitor Il (TAM I1lI) (TA instruments, JSA
Commercial extended phenytoin sodium capsules were purchased: Dilantin (Pfizer Canada Inc,

lot # T25924, exp. 05/2019), ARBhenytoin Sodium (Apotex Inc. Toronto, Canada, lot #
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NH9926, exp. 01/2019), Taro Pharmaceuticals U.S.A.(lat# 316157, exp.034019), Akyma
PharmaceuticalAmnea), U.S.A., LLC.(lot # HL16617, exp.03/01/19).

Water for the dissolution tests and higérformance liquid chromatography (HPLC)
analysis was purified by Elgastat Maxima UF and an Elgastat Option 3B water purifier By ELG
Laboratories Ltd. (Mississauga, ON, Canada) and then filtered. Gelatin capsules size 0 were used
for the dissolution tests.

9.3 Methods
9.3.1Titration

A phenytoin solution was prepared by adding 1.4g of phenytoin into an256f an alkaline
NaOH sdution. One portion of the phenytoin solution was titrated with calcium chloride ¢§CaCl
in solution and the other portion with lactose solutiontNMR was performed to analyze the
precipitate obtained in the titration with the Ca&ilution.

9.3.2Calorimeters experiments

Samples were analyzed by thermal activity monitor Ill (TAM IllI) (TA instruments, USA) to
investigate excipierfAPl interactions, e.g. as solgdate reactions or in solution. The
microcalorimeter ampoule experiment was selected and the experiments werengerat
40°C.

Two scenarios were investigated: dry powder mixtures and water (1 ml) added to the
powders mixtures, as described in Table After adding the given compound combination into
the ampoules, they were vortexed yielding a homogenous mixndethen put into measuring
position in the calorimeter. The experiments ran for a minimum of three days and ended after a

flat line was obtained.
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Table 91. Powder mixtures composition used in the calorimesgeriments

Dry powder mixtures Powder mixtures with water
Phenytoin sodium Phenytoin sodium
Calcium Sulfate Calcium Sulfate
Phenytoin sodium Phenytoin sodium
Lactose Lactose
Phenytoin Phenytoin

Magnesium Sulfate Lactose
Phenytoin .
Sodium Sulfate Lactose
Phenytoin -
Calcium Sulfate Phenytoin
Phenytoin sodium* Phenytoin sodium*
Phenytoin* Water*
Calcium Sulfate* Calcium Sulfate*
Lactose*

Magnesium Sulfate*
Sodium Sulfate*

*Controls

Mixtures of milk with both phenytoin sodium and phenytoin wetso analyzed.
Furthermore, commercially available capsules from Canada and the United States of America
were tested. The content of the capsules obtained from the market was transferred into th
calorimeter vials with milk, water or lactose free milk as solvents.

9.3.3Dissolution tests

Capsules were prepared by adding the powder mixture (APl and excipients) one by one
using a 2:1 ratio between excipient and API. The eenip used were lactaggaSQ or sorbitol
For the dissolution tests a VK 7020 system (Varian Inc.) coupled with VK 8000 auto sampler
(Varian Inc.) was used. All dissolution tests were performed according to the USP monograph
Aprompt phenyubesoswowdt obmaddpsi onal sampl e poi

900 mL dissolution media (water), 50 rpm rotation speed and temperature set at 37.0°C. Samples
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were collected at 5, 10, 15, 20, 30 minutes and quantified in-alag8 Shimadzu Scientific
Insruments (Kyoto, Japan) liquid chromatograph, equipped with a Lichrospher® 60 RP Select B
column (5 em, 12.514 mm).

9.3.4Statistical analysis

The Microsoft ExcéM addin DDSolver was used to analyze the dissolution data. The
dissolution profilesfor the lactose an€€aSQ containing formulationsvere compared by f2
statistics. The factor f2 is a similarity factor that measures the closbetgsen twagprofiles
(331). According to the FDA criteria, f2 value betweenBID indicates similarity between two
dissolution profiles.

9.4 Results
9.4 1Titration

The titration experiments with CaCand lactose were performed to verify the precipitation of
phenytoin. A precipitate was only obtained when performing the titration with the calcium salt,
confirming that, in solution, phergih interacted with calcium forming productcompound

with low solubility (189,332) Figure9.1 shavs H'NMR result of the precipitate with calcium

chloride, confirming that the precipitate was phenytoin.
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Figure 9.1. HINMR spectrum for the precipitate obtained in the titration of phenytoin solution
with CaCb.

When lactose wassed as an excipiemo precipitation was observed, nevertheless, after
some time, the titrated solution becaaygellow colour.

9.4.2Calorimeter experiments

Experiments performed using powder mixtures are shown in F@jRre&ince no heat flow
was observed a sokstate reactioras reported byochneret. al. (329) could not be confirmed

neither for phenytoin sodium nor for phenytoin.
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Magnesium sulfate ——— Sodium sulfate
----- Phenytoin Phenytion, Calcium aulfate
Phenytoin sodium CGilcium sulfate
Lactose

Phenyt oin sodium, Cd cium sulfate

Phenyt oin sodium, lactose

Figure 9.2. Calorimeter experiments result for the dry powder mixtures.

Considering the above, anothexperiment was conducted with watatded to all powder

mixtures (Fgure 9.3). Phenytoin sodium interastvith calcium sulfate (red line) in the presence

of water,and alsawith lactose (blue line).
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Phenyt oin, water Phenytoin, Lact ose, water

Figure 9.3. Calorimeter gperiments result for the powder mixtures with water added.

The ampoule containing phenytoin sodium, calcium sulfate and water mixture formed
crystals on the wall of the vial. Hes, both the heat flow (red line ingre 9.3) and the crystals
formed suggst that phenytoin sodium interagtith CaSQ in aqueous medium.

Theincreased heat flow inigure 9.3 (blue line) corresponds to the mixture of phenytoin
sodium, lactose and wateifter experimental completon, the inside of the ampoule
demonstrated the presence aforown compound formed, suggesting a Maillard reaction in
agueous medium between pheiytsodium and lactosdhe heat flow (blue line inigure 9.3)
and the brown compound formed suggest that phenytoin sodium not only is incompatible with
CaSQ and precipitates, but it is also incompatible with lactose raadts. This wagurther
confirmedand verifiedby HPLC. No phenytoin peak was detected (data not shown) when the

brown compound was analyzed, suggesting that phengtmilium had been converted into

another compound.
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However, no reaction between phenytoin as fi@en and lactose was obs/ed in
aqueous media. This shows diffeiehieffects ofa salt and the freBrm interactng with an
excipient. This wadurther confirmed by the flat line (orange line) in the microcalorimeter
experiment in Figur®.3. The negative heat flow in thedir22 hours observed for the orange
and green lines suggested to ldue to the solubilizatioof lactose in water.

To further investigatehis finding, a calorimeter experiment was performed with mixtures
of milk with both phenytoin and sodium phenytoas shown in Figurg.4. Upon completion of
the experiment, the vial with the phenytoin sodium and milk mixture yielded a yellow colour,

whereas the mixture with the free base and milk did not.

0.00035
0.0003
0.00025
0.0002

0.00015

Heat flow (W)

0.0001
0.00005

0
1 3 5 7 9 11 13 15 17 19 21
Time (h)
Phenytoin sodium, Milk =——Phenytoin, Milk —— Milk
Figure 94. Calorimeter expements result for the mixtures: milk and phenytoin; milk and
sodium phenytoin.
Finally, commercially available products were tested with milk to assess whether such a

reaction would take place (Figu8e). The heat flow indicated that all tested products interacted

with milk. This was confirmed by the Maillard reaction which turtieslsamples brown.
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-0.0002
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Time (h)

Taro —— Amneal

—— Phenytoin sodium - 100mg— Milk Apotex Dilantin - Pfizer
Figure 95. Calorimeter experiments result for commercially available extended release
phenytoin sodium capsules (100 mg) in milk.

For comparison purposes the abowentioned formulations were also &$in water and
lactose free milk (Figur®.6). In water, only lactose containing formulations (DilantiRfizer
Canada Inc. and Taro Pharmaceutics U.S.A.) resulted in browning. In lactose free milk a slight
tinge of yellow colour was obtained for the roontaining lactose formulations due to traces of

lactose in the product.
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Figure 9.6. Calorimeter experiments result for commercially available extended release
phenytoin sodium capsules (100 mg) in water and lactose fredLiRi\K).

9.4.3Dissolution

Dissolution test using USP appaatus 1, 50 rpm and water 900 mdre the USP
recommended parameters for @pr o(@)pHs momdrapla s e
was recently withdrawn frorthe USPbecause this dosage form is not used for human use in the
United States.However, the apsules prepared by adding the powder mixture (APl and
excipients) one by one using a 2:1 ratio between excipient andh®®led a suitable dissolution
profile using th§ method Figure9.7) rather than the official USP method which is for extended
release capsules.

As shown in kgure 9.7 and according to the f2 test performed (f2. &#)the lactose and

CaSQ containing formulationghe dissolution profiles were similavhen using water as the
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dissolution mediumSince <85% release in 15 minutes was obtained for both profiles, they were
compared and found as similar (f2 test = 52).

The 2 test was not performed for the sorbitol containing formulation because >85%e relea
was obtained in 15 minutes, demonstrating that the release profile for this formulation is not
similar to the other two. Sorbitol was chosen as an excipient because it is not a reducing sugar

and it does not interact with phenytoin.

%Diss.

0 5 10 15 20 25 30 35
Time (min)

Figure 9.7. Dissolution profiles obtained for phenytoin sodium with lactose (dashed line),
phenytoin sodium with CaSO4 (solid line) and phenytoin with sorbitol (dotted line and open
circles) capsules in water.

The formulation containing sorbitol had a higher and faster release rate than the other
formulations. At 30 minutes the amount released was statistically different for the sorbitol
containing formulation compared to the lactose contaiforgnulation and $milar to the
formulation with CaSO40ur dissolution resultslemonstrate that theate but not the extent of
dissolution and not solubility was affected.

In addition, thecapsules containinigctose were slightly yellow (§ure9.8) at the end of

the dissolution test, implying that a Maillard reactwas occurringat body temperature.
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Figure 9.8. Phenytoin sodium and lactose caples after the dissolution tests. After 30 minutes at
body temperature37.0°C) the capsules became yellow.

9.5 Discussion

In 1972 after studyng the phenytoirexcipient effect in patientBochneret al (329)
concluded that CaSQnteracted with phenytoin sodiufiorming a compound with different
solubility than phenytoin sodium. They repadtthat, prior to ingestion, the capsules containing
CaSQ had almost 25% of phenytoin with altered solubility properties, however, the mechanism
by which the conversion occurred was agperimentallydelineated.

As shown in Figur®.2, our data cannot afirm a solidstate reaction between CasO
and phenytoin sodiun®ur results demonstrateédata reaction occurs (red line in Figuge3) in
the presence of water. Thus, it is suggested that the interaction between phenytoin sodium and
CaSQ could occurin situ or in a manufacturing process where humidity is used, such as wet
granulation. However, we knofrom discussionsvith a manufacturer thatumidity in the
manufacturing process strictly controlleddue to the hygroscopic properties of the ABI. (J.

Cook personal communication, November 28, 2017

A possible explanation for the reduced solubility of phenytoin sodium prior to ingestion
in the capsules containing Ca$i9 the absorption of moisture and £f@om the atmosphere
providing theneeded conditions for the Alekcipient interaction to occB33). Newton DWet.
al. (333) has already reported that in bottles of phenytoin sodium powder the solubility decreased

over time due to absorption of moisture and transformation of phenytaimstal the free form.
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In the dissolution experiments (Figu@7) it was observea slowerdissolution rate but
not a lower solubility for the Ca&3 capsules we formulatetHowever, phenytoin precipitated
(Figure9.1) when titrated with a calcium sallation. The effect of convectiom a dissolution
experimentmay limit crystal formationln addition in the dissolutionvessela mediumvolume
of 900 mL in which both the phenytoin sodium and calcium salt solubilize is much larger than
the titration stdies with a smaller volume df00 mL where more concentrated solutions of
phenytoin and calcium are present.

Since the 1968 phenytoin intoxication outbreak in Austrai@ny studies have been
conducted to investigate timcompatibility between phenytoin and CaS@34i 337) However,
our results show that phenytoin sodium is also not compatible with lactose. This incompatibility
was evident due to the caiong after bothdissolution and calorimeter experiments. The yellow
brown colar suggestghata Maillard reactioris occurringbetween the two compounds, given
that phenytoin sodium has a nitrogen with a negative charge and lactose is a reducing sugar
(324). On the other hand, phenytoatid did not react with lactose in the same way that the
sodium salt didFigure9.3). This may be due to the lack of the negative charge on the nitrogen
in the free form.

The presence of an amine and a reducing sugar alone may not be enough for the Maillard
reaction to happemtherfactorsbesides ionizatioseem to play a rol®o. For example, lactose
concentration in the produeind the solid-state form oflactose can atsimpact APiexcipient
interactions since itsrystalline form is considered to be less reactive than the amorphous one
(338,339) In addition other factors such awoisture and temperatuan alsoplay also an

important role ina Maillard reaction The incompatibility between phenytoin sodium and lactose
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could represent a loss of drug when paseake such formulation since this reaction can occur
at body temperature (Figugs).

Continuing with the investigation on how this reaction would take place, phenytoin
sodium was mixed with milk and analyzed through microcalorimetry. The heaoflovik only
and phenytoifmilk mixture were similar while the phenytoin soditmilk mixture demonstrated
areducedheat flow patternThe vials containing milk and phenytoin withilk did not show any
difference incolour. The blue and red lines in kige 9.4 could represent bacteria growth, since
the pattern is similar to the ones obtained in other milk calorimetry st(846s341) Maillard
reactions are exotherm{842 344) and this explains the higher heat flow in the first two hours
in the phenytoin sodium/milksample mixture (yellow line in Fige 9.4). The lactoseeadily
reacted with pherigin sodium and the heat floig taking place at lower rate (yellow line
Figure9.4 from 3 hours on) due to the decreased amount of lactose.

Furthermore, the calorimetry experiments performed with commercial products showed
that phenytoin sodium interacted with milk regardless of the formulation cotigoo(Figure
9.5). When tested in water, only the lactose containing products showed browning, confirming,
once again, the incompatibility between APl and excipient.

According to the Canad actosefrde meads tHatrthene soaa i o n
detectable | actose in the food wusilacigse e ac c e
milk can have some acceptable remaining amount of lactose. This explains the slight colouration
observed for the Apotex and Amneal products with lactose frek. mithe more evident
browning for Dilantin in lactose free milk may be due to interaction with the additional lactose in

the formulation, as colour change was observed in water. The negative heat flow for the Apotex
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product can be attributed to the disimeggn process of the minitablets. The colour change
intensity for each formulation in the different tested media is summarized in9.able

In previous studies by Macheras al. the authors investigated the effect of milk on the
solubility of phenytoin sodium(345). They report a significant increase in solubilityt
surprisingly no incompatibility between the APl and milk is reporteoweéler in anin vivo
study administering 200 mghenytoin sodium gasules with water or milk a significant decrease
in AUC and Cmax were observed when milk was used. The AUC dropped from 151.2.¢72.2
h mL? (control with water) to 81.Qug h mi* (+21.3) (control with milk) and Cmax dropped
from 3.3 (x0.7)ug mlk-1 to 2.6(x0.5) pg mit. This indicates a food effect with milk for the
tested formulationdue likely to the presence of both and lactose and calcium.

In another study by Neuvonen al. (346) patients received phenytoin as a fesgd with
milk or water. No differences in Cmax weresob r v e d . The authors conc|
physicochemical interaction between phenytoin and milk constituents is unlikely” since the
absorption of phenytoin was not changed. Tisisonsistent with andorroborates ourresults
regarding the lack of interaction between phenytoin iiddand lactose.

The change in excipnts (from CaS®to lactose) by ParkBavis was undertaken in the
ear | y (3R93BWaddsever since the reference product Dilaffizer) contains lactose as
an excipient(347) Its monograph in Canada was last revised in August, A68#47)
Interestingly, in Canada, the generic braAg®tex Canada Inc. and TaRharmaceuticals Inc.
of extended phenytoin sodium capsule ddé cantain lactose as an excipigifitom package
insert) It is noteworthy that the formulations with and without lactose were bioequivalent, which

is differentthan the food effect observed with milk. The bioequivalence results might be due to
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the slow retase of the drug from the formulation. The USP requires an release of 45, 65 and 70
% at 30, 60, 120 mirin vivothe lactose and the API might dissolve at different rates.

Also, the innovator product was bioequivalence tested in a fasted / fed(348)yith
milk as one of the components of the meal. No bioequivalence problenesolserved. This
might be due to the dilution of the milk thrdumut the entire meal, which could bevariance
with the study(345) where only milk wasutilized. In addition, according to a query the
Canada Vigilance Program no reports of lactose or milk interactions with phenytoin were found
from 1965/ 2017(349)

Mor eover , the other mar ket ed prtosg@asans i n
excipient, with exception of Taro Pharmaceuticqals nf or mati on taken from
insert) which is intriguing, as their approved product in Canada does not contain lactose in its
formulation. In a food effect study comparing the inatmv product to gparticular generic
product it was found that the generic formulation was within the bioequivalence critetti@ of
FDA. However, twinere taking phbngtoin sedium with :foodii product switches
may result in either side effact or | os s o f(35@) ¢dlowzmuchef thisdifrabyy carl 0
be attributed to excipient APffects or the API dissolution is not known.

The published literature appears to be contradictory and the amount of laateseary
to cause an interaction that results in a change in bioavailability remains unanswered. The tests
may be overly discriminatory for tha vivo performanceQOur results suggest that amounts of
dissolved API and lactose at the same location withéngastrointestinal tract may facilitate a
Maillard reaction.Nevertheless, the lactose amount needed for the reaction to happen
affecting the drugdés bioavailability is unkno

of a dissolutiorvessel.
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Table 9.2. Excipients composition of different approved products of extended release phenytoin
sodium capsules 100 mg in Canada and in the USA, and colour change intensity for the tested
products in Milk, lactose free milt_.FM) and water

. " Colour
Company Excipients composition change
Canada
Lactose magnesium stearate, sugar and talc. Milk: +++
ParkeDavis (Pfizery \(Y:?\fr;:fr
Reference I
Excipient
content: 57%
Colloidal silicon dioxidehydroxypropyl Milk: +++
methylcellulose, and magnesium stearate. Water:-
Apotext LFM: +
Excipient

content: 28%
Lactitol monohydrate, magnesium stearate,

Taro Pharmaceuticals sodium lauryl sulphate, and talc.

USA
ParkeDavis (Pfizer) Lactosemonohydratemagnesium stearate,
Reference sugar and talc.
Lactose monohydratenagnesium stearate, Milk: +++
sugar, talc and hypromellose. Water: ++

Taro Pharmaceuticdls o
Excipient

content: 58%
Colloidal silicon dioxide hydroxyethyl
cellulose, magnesium oxide, magnesium
stearate, microcrystalline cellulose, povidone
and sodium lauryl sulfate.

Mylan Pharmaceuticals Inc.

Sun Pharmaceutical Lactitol monohydrate, sodium lauryl sulfate, te
Industries, Inc. and magnesium stearate.
Hydroxypropyl cellulose, mannitol, magnesiur Milk: +++
stearate, talc and titanium dioxide. LFM: +

AmnealPharmaceuticats L
Excipient

content: 43%
Confectionerdéds sugar,
Aurobindo Pharma Limited oxide, magnesium stearatmicrocrystalline
cellulose, and talc.

* Tested productst++: Dark brown; ++: Light brown; +: Yellow; no browning

Hence, considering the excipient concentrations in approved phenytoin products, it becomes
clear that even with the most commonly used excipients, which are generally considered

Aphar maceutically inerto, a ¢ hemihaambceutcal phys
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ingredient could compromise the dissolution testing and potentially alter bioavailability and
bioequivalence Bioequivalence and bioavailability tests can delineate the effect of potential
interactions, an awareness of the issue at the aawent level could save time and cost.
However,despite evidence of this interaction and potential interaatienvo there does not yet
appear to be any definitive reduction of bioavailability for contemporary commercial Canadian
and USA brands that ctain lactose leading to bioinequivalence issues nor, to the best of our
knowledge, any therapeutic failure due to the interaction of phenytoin products with milk/lactose
has been reported.

9.6 Conclusion

Our study mechanistically investigated previouporé&s of excipierHAPI interactions
with phenytoin.The calorimeter experiments results indicate that phenytoin sodium interacts
with CaSQ in aqueous mediaFurthermore phenytoin sodium also interacts with lactose
through a Maillard reactn at body temgrature which coulgossibly lead to bioavailability
variations if administered witkactose containingnilk. In Canada and the USA, the reference
product still has lactose as an excipient in the formulation listed since it was changed in the
1 9 6 0 6 sgsall @dnadiarand most USAjeneric formulations do not contain lactose

The current bioequivalence data do not suggest that a potential {pb&rsgoin sodium
interaction challenges the therapeutic equivalence between the available products. However,
assuming that the commonly used excipients are so called inert could still cause potential
development issue®henytoin was first introduced as drug product in 1938 and much has been
learned about drugxcipient incompatibility with calcium, but even aftef eighty years of
clinical use a new incompatibilitpetween phenytoin anthctose has been experimentally

delineated
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SECTION FOUR: OTHER ASPECTS OFIN VIVO DRUG PRODUCT
PERFORMANCE:

The impact of formulation composition and physiology state

CHAPTER TEN

Application of in Silico Tools in Clinical Practice using Ketoconazole as a Model
Drug

A version of this chapter is published in:

J Pharm Pharm Sci. 2018;21(1S):2£88s https://doi.org/10.18433/jpps30227
Reprinted from reference (3P
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10.1Introduction

Hypochlorhydria is a physiological state in which the hydrochloric acid production in the
stomach is low, causing an increase in the intragastric pH. Disease(géstric mucosal
infection caused b¥delicobacter pyloriand AIDS patients), ethnicity, age and administration of
antisecretory agents, such as omeprazole, a Proton Pump Inhibitor (PPI), may induce
hypochlorhydria(351 353). Changes in physiological properties such as stomach pH can impact
the in vivo drug product performance, especially from dosage forms with APl controlled
dissolution (120,354) Thus, antisecretory agents can affect the absorption of orally co
adminstered drugs, given that gastric acidity plays a major role in the process of dissolution
sequentially followed by absorption of various dr§855) This is the case for drugs that are
primarily weak bases.

A clinical example of this is the administration of ketoconazole in-iRdRiced
hypochlorhydria states. Several studi@$3,356 358) have reported its reduced absorption
under such conditions. Ketoconazole is anifamgjal agent with a broaspectrum activity
against various fungal infection859). It is used to treat both mucocutaneous and systemic
opportunistic fungal infections that commonly occur in immunocompromised patient
(357,358,360Q)It is a chiral imidazolgiperazine compound, which is a weak dibasic comgoun
(358), and within the Biopharmaceutics Classification System (BCS), it is a low soluble and
highly permeable drug (class 1(B80). Since ketoconazole solubility is pH dependent, its
absorption after oral administration is variable, achieving the highest plasma concentrations at
low gastric pH(357361) Due to its high lipophilicity, ketoconazole is readily absorbed after

conversion to the watesoluble salt by gastric at{362 364)
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Under this scenario of different physiological conditionshysiologically based
pharmacokinetic (PBPK) computer models are useful tools to help predict the plasma
concentratioitime profiles of a given drug. GastroP1UgSimulations Plus Inc., Lancaster, CA,
USA) is an example of commercially available softwidua includes PBPK mode{865).Using
pre-determined parameters and physiology, PBPK modeling can predieb data, improving
the therapeutic outcomes by designing different disposition esd352,366) Much attention
has been drawn to the use of such models fiog development and formulation development
proces (367 371), nevertheless there is a great opportunity in using simulations to investigate
different clinical approaches by clinical practitioners.

In order to predict drug absorption from the gastrointestinal (GlY}, tGastroPIlus”
includes the Advanced Compartmental Absorption and Transit (ACAT) nt®@d2), which is a
refinement of the Compartmental Absorption and Transit (CAT) m@&¥#d,374) This model
takes into consideration factors that impact drug bioavailabdityl absorption, such as
physicochemical attributes of the compound (e.g. solubility), physiological properties of the Gl
tract (e.g. pH ) and formulation characteristics (e.g. particle size).

The purpose of this studywas to demonstrate the use of in silico studies to support
changes in clinical practice with a mechanistic approach in viée.selection of ketoconazole
was based oim vivodata availability reported in the literature.

10.2M aterials

Ketoconazole USP grade was purchased from Medisca, {Sainént, QC; LOT:
613650/D. Coca Cofaand Orange juic§Minute Maid®) were bought at a local store In
Edmonton, Canada. Water for the hggrformance liquid chromatography (HPLC) assay was

purified by Elgastat Maxima UF and an Elgastat Option 3B water purifier by ELGA Laboratories
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Ltd. (Mississauga, ON, Canada) and then filtered using 0.45 pum pore size filter. Methanol and
acetonitrile used were HPLC grade and were purchased from Fisher Sciéifit.awn, NJ,
USA).

10.3Methods

10.3.1 Systematic search for clinical studies reporting Ketoconazole malabsorption due to

increased gastric pH

Databases such as Medline, Scopus, Web of Science, Google Scholar, Sciencedirect and
Scifinder were systemiatlly searched to identify relevant studies using-keyds alone and in
combination with each other such as: pH, absorption, solubility, antisecretory therapy,
ketoconazole, omeprazole, ranitidine, cimetidine, gastric pH aradministration.Clinical
studies performed on adult humans reporting ketoconazole malabsorption due to gastric acid
secretion inhibition by -rechptor antagenists weres@ldcted. and U

10.3.2Chemical structure analysis

The database chemicalizehttp://www.chemicalize.ory/ was used to analyze

ketoconazole chemical structure and its ionization characteristics throughout the pH-rihge 0

10.33 Computer simulations using GastroPlus"

GastroPlusE version 9.0 (Simulations Plus
program that allows the prediction of drug absorption from oral administration of dosage forms
when physicochemical and biopharmaceutical properties of drugs are available
(214,294,317,365,366,375,376)he program is composed of different input tabs, such as

Compound Tab, Gut Physiology and Pharmacokinetics. The other two tabs (Simulation and
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Graph) display the results for the simulations performed. The parameters and modules used in

each tab for the different sets of simulation are described in detail.

10.33.1 Compound Tab

In the Compound Tab, ketoconazole physicochemical properties were input as shown in
Table 10.1. These parameters comprise but are not limited to: dose, dosage form, solubility,
permeability, molecular weight, particle density, particle sind pKa.

Even though being a weak base, the literature reports that ketoconazole is a slow
precipitating drug(377 379) Hence, the default value of precipitatiime was found to be
adequate for this simulation setting.

Table 101.Dr ug properties used as input data in Co

Compound Tab Inputs Value Reference
Molecular weight (g/mol) 531.44 ADMET Predictor
Permeability (18 cm/s) 3.7 (380)
pKa (Dibasic compound)
pKal 2.9 (13,358,381)
LogP 3.74 ADMET Predictor™
pH for reference solubility 4.4
. 47
Solubility (mg/ml) 0.5 (47)
Initial dose (mQ) 200
Dose volume (ml) 250
GastroPIu" default value
. . 1.2
Drug particle density (g/ml) GastroPlu8" default value
Ll pre((:;p))ltatlon time GastroPIu8" default value
0.56 ADMET PredictofM

Diffusion coefficient (cnd/s x 10)
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10.3.3.2Pharmacokinetics Tab

Since no intravenous human study has been reported t¢3d&e published data with
the administration of ketoconazole 200 mg oral suspen&868) was used to set the human
pharmacokinetics of ketoconazole using the PBPKenod i n G a #ntthe €é&rpaousdE .
Tab the Dosage Form selected was Immediate Release (IR) Suspension.

PBPKPlI usE (Simulations Plus Inc., Lancaste
GastroPlusE that enabl es t he pleamdce ortall issue of t |
compartments such as gut, lung, adipose tissue, muscle, liver, spleen, heart, brain, kidney, skin,
and rest of the body that are interconnected by the systemic vasculature circulation
(365,379,383)

When using PBPK simulations for small molecules a partition coefficient between tissue
and plasma ha® be set. This tissue/plasma partition coefficiént)(is a mean to measure the
amount of drug in the tissue and it can be estimated from physicochemical properties such as
logP, pKa, unbound fraction of drug in plasma and blood/plasma concentrdtmi368). A
modified Rodgers and Rowland predictive method present in GastfPlms selected to
calculate the) 18

Perfusionlimited kinetics with no concentration gradient in the tissue was used, given
that ketoconazole & highly lipophilic and highly permeable molecule and is classified as a BCS
class Il compound379) Therefore it is reasonable to assumhmat the amount of drug that
partitions into the tissue is limited by the blood flow rate through the tissue (perfusion rate)
rather than permeability and surface area and partitioning is instantgd888usThe scheme in

Figure10.1 helps to illustrate this process.
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Figure 101. Scheme of perfusichmited tissue w 0O tissue volumep Otissue concentration,
"Q0: draction unbound in tissue) 0 "Qdissue intrinsic learance;w 1) plasma volumep T)
plasma concentratiorif2o :rfraction unbound in plasma&; w BWood concentration in (arterial)
tissue; Y w:rplood/plasma concentration rat; tissue blood flowp w:éblood concentration
out (venous) of issue; U n tissue/plasma partition coefficient. (Image adapted from
GastroPIu8" Manual, 2015).

Ketoconazolebds major route of excretion
than 50% being excreted in the fe¢884,385) Hence the hepatic clearance (CLhep) was set
egual to oral clearance (CLpo) of 12.5 L/h for a 200 mg d@888€,382) The defalt physiology

(Human Physiological Fasted) was used.

10.3.3.3Physiology Tab

Three sets of simulations were performed, and the predicted absorption was compared to
the experimental data for the different physiology conditions in the stomach. The ffidt se
simulations aimed to build a PBPK model using published data of ketoconazole 200 mg
suspension administratio(382) Once the model was built, the same pharmacokinetics
parameters obtained were used to run further simulations. The other two sets of simulations
comprised of ketoconazole 200 mg in an immediate release (IR) tablet dosage form for both
normal and increased stomach pH. For those two sets of simulation, the dosage form in the

compound tab was set to Al R: Tabl et o.
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These three sets of simulations: PBPKd®l; human fasted no hypochlorhydria
physiology and human fastedhypochlorhydria physiology are described below and presented in

Table102.

10.3.3.31 Physiology Based Pharmacokinetics (PBPK) model

As mentioned above, a clinical study usikegtoconazole 200mg oral suspens{@82)
was selected to build the PBPK model. Since this study was conducted in humans in a fasted
state, the default values in GastroPYugor human fasted physiology were used, as shown in
Table 102. The default absorption modeéDft logD Model SA/V 6.1 model) and perfusion

limited kinetics were used.

10.3.3.32 Human fasted- Normal intragastric pH- No hypochlorhydria

Experimental data were taken from a published study using ketoconazole tablets 200 mg
(Nizoral; Janssen Pharmatiea Inc., Mississauga,Ontario, Canad@b58) A parameter
sensitivity analysis (PSA) was performed on gastric transit time since the dosage form was
changed from suspension to tablet, and it was set to one hour. It is reasonable to use a longer
gastric transit time given that a sbloral dosage form takes longer to be emptied out of the

stomach when compared to a suspension.

10.3.3.33 Human fasted- Co-administration with PPIT Hypochlorhydria

Data from a study performed in subjects receiving 60 mg of omeprazole (Losec; Astra
Phama Inc.) on the night prior to receiving ketoconazole 200 mg was (B%#). The
experimental data were compared with the simulations performed at increased intragastric pH.

Stomach pH was set to 6.9, as reported in the study (TaldAe Besides that, gastric retention
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time was seto one hour to account for the difference between tablet and suspension dosage form
and their gastric emptying rate.

The absorption scale factor (ASF) of the ACAT model was optimized. ASF is used to
scale the effective permeability to account for variabsorptiorratedetermining effects, such
as pH effect$294,383)

The i mprovement of ketoconazol eds absorpt
acidic beverage (Coca C6lin the presence of dreigduced hypochlorhydria was also
assessed. The data was taken fromafbeementioned stud{858) In this case, the stomach pH
was decreased from 6.9 to 5.5.

Table 102. ACAT parameters used in Physiology Tab for human fasteBPK model, normal
and hypochlorhydria physiologies

Physiology Human fasted- Human fagted i Human fasted-
PBPK model Normal - No hypochlorhydria
hypochlorhydria
Compartment pH Transit pH Transit pH Transit
time (h) time (h) time (h)
Stomach 1.30 0.25 1.3 1 6.90 1
Duodenum 6.0 0.26 6.0 0.26 6.0 0.26
UL 6.2 0.93 6.2 0.93 6.2 0.93
proximal
Jejunum distal &4 0.74 6.4 0.74 6.4 0.74
lleum proximal 6.6 0.58 6.6 0.58 6.6 0.58
lleum medial 6.9 0.42 6.9 0.42 6.9 0.42
lleum terminal 7.4 0.29 7.4 0.29 7.4 0.29
Caecum 6.4 4.31 6.4 4.31 6.4 4.31
Asc Colord 6.8 12.93 6.8 12.93 6.8 12.93

4Asc Colon = ascending colon

10.3.3.4Simulation and Graph Tab

The temporal length for the simulations was adjusted for each study according to the

corresponding available data. Once the simulation for the plasma concentration curve was
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complete, the predicted curve was displayed in the Graph tab, which automaggcedhates the
regression coefficient @R between predicted and observed data, along with other statistical
parameters: sum of squared errors (SSE), root mean squared error (RMSE) and mean absolute

error (MAE).

Since ketoconazole is a BCS class Il diig influence of particle size on drug
absorption was investigated by running a PSA. The patrticle size range analyze@5Gagr.
After running a PSA, the Graph tab displayed the results delineating the particle size statistics
effect on pgharmacckmetiecez ol e d s

10.3.4Data analysis

The data was analyzed through statistical parameters such as SSE, RMSE and MAE. The
SSE measures the discrepancy between the model and data. Therefore, the smaller the value, the
better the fit is. The differencegtween the predicted values and observed values is given by the
RMSE. It combines the magnitude of the errors for the various time points into a single measure.
It is a nonnegative value and the closer to zero the better the fit. MAE, as the name sdgate
the average of all absolute errors.

Besides that, the pharmacokinetic parameters AUC, Tmax and Cmax were assessed in
terms of the fold errdbetween the observed and the predicted values, accordiugédion10-
1. As it is widely applied within parmaceutical industries, a twold error was considered to be

an acceptable predictid886,387)

O¢E OV E+— Equation10-1
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10.3.5Solubility test

The solubility of ketoconazole was determined using the equilibrium solubility test
(Shake flask method). Four different media wesstad in triplicate: Simulated gastric fluid
(SGF) pH 1.2, SGF pH 5.0, CoGpold® and Orange Juice (Minute M& the latter two were
utilized directly from the commercial producEach medium (5ml) was saturated with
ketoconazole pure drug powder andrthwas no mixture of medidhe flasks were shaken for
24 hours at room temperature to assure equilibrium. At equilibrium, the pH in each flask was
measured.

Samples from each medium (SGF pH1.2; SGF pH 5; Orange juice and_Glajavere
centrifuged for O min at 11900xg and the supernatant was diluted. The supernatant of Orange
juice and Coc&ola samples was diluted with methanol and the supernatant from SGF pH 1.2
and pH 5 was diluted with acetonitrile. The diluted supernatant from all samples was then
centrifuged again for 1Min at 4400xgThe resulting supernatant was used in the HPLC assay.
The mobile phase for the HPLC assay was composed of methanol, water and diethylamine
74:26:0.1 (v/v/iv) and a Lichrosphecolimnvds RP Se
used(388).

10.4Results
10.4.1Chemical structure analysis

The graph below (Figurel102), retrieved from the Chemicalize database
(http://www.chemicalize.org/), shows the result for the ionization microspecies distribution

throughout the pH range 0 to 14. The green line represents the microspecies with both basic
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groups- imidazole and pip@zine- protonated, the blue line is the neutral form and the orange

line is the microspecies with only the imidazole group protonated (Fifl2e

Microspecies dsiitution

P Y =
— \ :I . ’f.} "—{'.}
&) 0y &
S Oy &
o e r

Figure 102. Microspecies distribution throughout pH rangd Q) Green lire corresponds to
microspecies 1 (both basic groups protonatkajhlighted in red circles), blue line corresponds

to microspecies 2 (neutral microspecies) and orange line corresponds to microspecies 3
(imidazole group protonated -highlighted in red circlp Images taken from
http://www.chemicalize.org/

10.4.2PBPK model

Using the stated conditions, GastroPYusvas able to closely predict the observed data
for ketoconazole 200 mg suspension administratioh .95, SSE= 1.92, RMSE= 0.438,
MAE= 0.33), as shown in Figur).3A. Also, the values of Area Under the Curve (AUC)aC
and Tmax for the predicted data showed a good match to the observed parametersl(Qi3ble
All the simulated parameters were withinfdd error of the observed pharmacokinetic

parameters.
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Table 103. Area under the curve (AUfg), Cmax and Tmax and after oral administration of
ketoconazole 200 mg suspension

Parameter Observed* Predicted
AUCo.p (ug*h/mL) 15.84 ( 7.05) 12.65
Cmax(ug/mL) 5.04 ( 1.58) 4.73
Tmax(h) 1.2 ( 0.5) 1.36

*Observed parameters were taken from Hueinal.

10.4.2.1Human fasted- Normal intragastric pH - No hypochlorhydria

The simulated plasma concentration curve for ketoconazole in normal gastric pH state
resulted in a very googrediction forthe observeglasmatic concentration curve{R 0.913,
SSE= 2.776; RMSE= 0.502; MAE= 0.394) (Figur@.3B). The pharmacokinetics parameters
AUCop, Cnax and Tmax and are summarized in Tabl04, showing a weltlefined match
between the predicted and observed daththe simulated parameters were withiriakd error

of the observed pharmacokinetic parameters.

10.4.2.2Human fasted- Co-administration with PPI - Hypochlorhydria

Figure 103C shows the observed and simulated plasma concentration time curve for
ketoconazole in hypochlorhydria state and the plasma concentration time curve for the
administration of the drug with Cocold®. Both resulted in a good match? R 0.89; SSE=
0.45; RMSE= 0.20; MAE= 0.156 and®R 0.965; SSE= 0.26; RMSE= 0.161; MAE= 0.125
respectively). Values of AUC, faxand Tmax for the predicted and observed data are summarized
in Table 104. All the simulated parameters were withinfddd error of the observed

pharmacokinetic parameters.
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Figure 103. Plasma concentratiotime profiles under different scenarios(A) after
administration ofketoconazole 200 mg suspension; (B) ketoconazole 200 mg tablet to subjects
with normal intragastric pH under a fasted condition; (C) ketoconazole 200 mg tablet tdssubjec
with increased intragastric pH with water (predicted: dashed line; and Obsdraat squares)

and with CoceCola® (predicted: solid line and observed: black circles).

10.4.3Parameter Sensitivity Analysis
Since ketoconazole is a BCS class Il compound, the effect of particle size on its
absorption was investigated. The PSA showed that only in a hypochlorhydric condition was

ketoconazole bioavailability sensitive to changes in drug particle size (HiQdve and B).
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Figure 104. Parameters sensitivity analysis: influence of particle size on ADCO ( A) and
Tmax (B) of ketoconazole in normal (squares) and increased intragastric pH (triangle).

10.4.4Solubility test

Ketoconazole had its highest solubility in SGF pH 1.2 (48 mg/mL £ 0.68); followed by
Orange Juice and Co&old® (2.6 mg/mL + 0.027; 2.23 mg/mL + 0.024, respectively) and
finally SGF pH 5.0 (0.43 mg/mL £ 0.032) in which it presented the lowest solubllig.
measured equilibrium pH for the media was 2.8; 4.3; 3.62 and 5.7, respectively. The mean

solubility of ketoconazole was ~5 times higher in GGm&® and orange juice than its solubility
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in SGF at pH 5.0 and the corresponding AldCreflecting extentof systemic exposure, was

increased 3old when the drug was administered with G@ald® (Table 104) rather than

water.
Table 104.(AUCO-BD) , Cmax and Tmax after oral administ
No hypochlorhydria Hypochlorhydria
Parameter Observed* Predicted Observed*  Predicted CocaCola® Coca
Observed* Cola®
Predicted
(auco-b), 17.89 12.65 3.46 6.22 11.22 18.25
(ug*h/mL) ( 13.11) ' ( 5.08) ( 10.57)
4.13 4.26 0.8 1.47 2.44 2.54
cmax (M/ML) ( 1.95) ( 1.09) ( 1.72)
15 1.67 2.9 2.61 2.2 1.9
max () ( 05) ( 15) ( 1.1)

*Observed parameters were taken frGhmn et al

10.5Discussion

Considering ketoconazole microspecies distribution (Figd2), at normal intragastric
pH (~1.5), the predominant microspecies (99%) has both basic groups (imidazole and
piperazine) protonated, hence high solubility (Figl@e i microspecies 1). In cdorast, at pH
6.9 the predominant microspecies (75%) is neutral and poorly soluble (Figl2e -

microspecies 2) (Data taken framip://www.chemicalize.ord/ Given that omeprazole (a PPI)

reduces gastric atisecretion thus making the stomach pH much higher, it significantly impairs
ketoconazole dissolutio(858). Additionally, the solubility test results also demonstrated a pH

dependent solubility of ketoconazole.

Thus, it becomes clear that sufficient gastric acidity is of utmosbrtapce for adequate

dissolution and further absorption of the dr®%$8,389) In altered physiological states where
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gastric acidity i1isndot enough to solubilize BC
drugos bi oavail al.iA centrpl teneq pf clibieal phaentheology is the
relationship between drug concentration and pharmacological/ toxicological effects. Hence, the
therapeutic outcome of the given treatment will be altered as a conse@8@hrd he builtin

siico PBPK model properly predicted ketoconazole malabsorption caused by the
hypochlorhydria state (Figurg0.3C), consistent with the primary role of gastric dissolution on

the absorption of weak bases.

A common strategy used too @ cumvent the hypochlorhydr.i
bioavailability is to administer it with low pH drinks, such as GGud&®, in order to decrease
the pH of the gastric fluid, thus increasing
shown by Chin et al. The model was able to predict the increased bioavailability when
administering the drug with Cog2old® (Figure10.3C). This demonstrates the utility iof silico
methods in further delineating different clinical strategies to avoid therapailiies.

As shown in Figurel04A, once sufficient gastric acidity is provided to facilitate
complete ketoconazole dissolution, its absorption is not affected by particle size (squares), rather
it depends on gastric transit &(b5,359) Nevertheless, if the gastric pH is not acidic enough to
completely dissolve ketoconazole in the stomach, it will depend estiimal dissolution to be
absorbed, where the particle size matters (triangles in Figl4é). Due to its low solubility at
intestinal pH, incomplete absorption will occur (showed by a smaller AB&L)390)

It is already known that particle size can influence drug absorption, mainly for BCS class
Il compounds(390). Il n API driven dissolution dosage f
particle size and surface arealwihve an impact on determining drug dissolution. Thus, the

drug product performance will depend on such properties in addition to the physiological
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environment that the drug is exposed to. Our results corroborate that stomach and intestinal pH
play a majo role in ketoconazole dissolution followed by absorption process. Particle size,
however, seems to play a role only under a hypochlorhydric condition.

Furthermore, both results from the PSA performed (FigréB) and predicted plasma
concentration timeurves (Figured0.3B and10.3C), show that the hypochlorhydrandition
also results in a slower absorption rate, indicated by a longgewhen compared to the one in
normal intragastric pH (Tab&04).

Hence, impaired absorption can occur when wedddgic drugs are administered to
patients that have reduced gastric acidity, leadin@ tpotential therapeutic failure due to
subtherapeutic plasma concentrati{#is, 353,358,391)

For that reason, the development of formulations that can overcome the hypochlorhydric
stomach envonment is of primary importance to obtain the desired therapeutic result and
efficacy (391)

As demonstrated by Mitrat al. (391) and Kou et al(352)the use ofn silico tools, such
as GastroPIU¥, can help to predict thia vivo performance of such formulations in humans,
using PBPK and ACAT model s tology @4)m®nconethand, gi v
combining in silico results with tests can be a powerful tool to select the most promising
formulation to further continue studies (e.g. bioequivalence studies), on the other hand it can
also be used to design different clinical approaches in order to reduceettigrailures
(30,366,380,391)In this study we showed that rather simple computer simulations are a useful
adjunctive tool when evaluating BCS Il drug absorption wbeadministered with a PPI. All

weak baes would potentially behave in this manner; however, this could be compensated with
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the use of low pH beverages instead of water. Therefore, simulations come inthasdgss
alternative clinical dosing approaches.

In the clinical environment PBPK modehave gained much importance to enable
personalized medicine and to assess -dinug/ drugdisease interaction892 395). For these
purposes, its usefulness rely on its ability to determine the importance of subpopulations and to
optimize the formulation to obtaithe targeted drug plasma concentration pro{B&2)
Nevertheless, not much attention has been drawn to the utility of computersnvalaieh
designing alternative clinical approaches.

10. 6Conclusion

Physiologically based pharmacokinetic computer modeling using the software
GastroPIlu8! was able to accurately predict the plasma concentratsoime profiles for
ketoconazole tablets under different physiological states (normal gastric acid secretion and
hypochlorhydria), capturing how well the drug would be absorbed and how the phaticece
product would perform under each condition. As experimentally observed, the simulated profiles
showed a much lower ketoconazole absorption when the gastric acid secretion was low
(hypochlorhydria) compared to individuals with a normal gastric pté. mbdel was also able to
analyze the success of a different clinical approach (use of another beverage) showing the use of
in silico models to support changes in clinical practice. Thus, reliable PBPK models can be used
to predict possible pharmacokinepitfalls, which opens up additional approaches to explore

different dosing strategies in clinical practice.

223



SECTION FIVE : GENERAL DISCUSSION, CONCLUSION AND

FUTURE DIRECTIONS

CHAPTER ELEVEN
General Discussion and Conclusion
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11.1General discussion

This thesis outlines many important aspects that need to be considered when developing
physiologically relevantin vitro conditions. Such methods sual |y donot apply
conditionssuch as highly concentrated buffers. Hente,use is most meaningfduring the
development phaseather thanfor QC purposes, such dsatch release, for examp({&7). The
approach taken in this work was such that allowed a mechanistic understanding of the underlying
science behind clinical observations, such as slawerivo dissolution, therapeutic failures,
drugexcipient interaction, and the impact of physiologicalestat

In this thesis, initially, we investigated the matter of buffer capacity as givo relevant
parameter, since the buffering system in the intestinal lumen operates at low molarity values. For
drugs with low solubility, such as Ibuprofen (Chapter #hg buffer capacity impacted the
dissolution rate in a manner that correlated with the observed siowo dissolution rate. On
the other hand, for highly soluble drugs, such as Metronidazole (Chapter 5) buffer capacity
seemed not to be as importaot thein vitro dissolution rateMetronidazole and ibuprofen were
used as representatives of BCS classes | and II, respectively. However, future studies with other
drugs should be conducted.

The dissolution of a poorly soluble drugs is maiaffected by the surface pH around the
drug particle(319). In compendial conditions (highly concentrated buffers) the interfacial pH is
very similar to the bulk pH, resulting in a fast dissolution rate, which is known not to e the
vivo situaion. As the drug is being dissolved, it is also absorbed in the gut, allowing bulk pH
control with further drug dissolution and absorptiorviva. On the other hand, for highly soluble
drugs the difference of surface pH and bulk pH would not have spobnanent impact on the

dissolution rate because the drug is freely soluble. Hence, the absorption would mostly depend
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on gastric emptying time and, once in the intestines, the parameter of most relevance would be

absorption(79).

Going a step further intro building physiological relevance to itheitro system, the
low buffer capacity medium was paired with an organic layeoctanol) to mimic the
concurrent drug absorption that happens with itheivo dissolution. Not only did this
system present improved physiological relevance, but the use of an absorptive phase also
added a sink to the low buffer capacity media, which decreased pH shifts while the

dissolution test was performéa?).

This mechanistic analysis of the vivo processes for different BCS class drugs (I and
II) was undertaken with the proposed biphasic method in Chapters 4 and 5. For a poorly
soluble drug, not only was the bulk pH shift better controlled due to drtigigpang i a
process which likely occuiis vivoi but this method was also able to capture differences in
formulation that might impadh vivo performance. In a similar manner, for IR formulations
containing BCS | drugs, we demonstrated that comperdiatiitions might have been
overdiscriminating and that the formulations were similar in terms of partitioning. Since this
process correlates to tievivo absorption, the formulations might have been equivalent.

vivo studies are needed to confirm these findings.

With the lessos learned from the theoretical and experimermsgessmendf buffer
capacity and IR formulations, we studied more complex delivery systems addressing both
the matter of buffer capacity and berf species on the drug product performance (Chapter 7
and 8). The intestinal buffering system is bicarbonate based, hence we used bicarbonate

buffer at in vivo molarities values to study enteric coated formulations, due to the
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overwhelming evidence of thelisconnect betweenn vitro conditions and clinical

observations (Chapter 6).

We demonstrated thé#ttere is a considerable delay in the onset of drug release from EC
formulations in BCB compared to compendial phosphate buiffes. is a result of the poo
ability of BCB in buffering the dissolution of enteric coating polymers. i@witro findings
are in line within vivo observations of therapeutic failures with this kind of formulation,
showing that the problem lies on their poor performancthe inestinal fluids leading to

lower to no absorptio(v8,88)

The mechanistic nderstanding of the performance of EC products in BCB allowed us
to delineate some of the main parameters that seem to affect the coat opleaingtufe of
the API (acid vs. base) can have a pronounced impact due to a microenvironment pH at the
tablet/cat interface. This seems to outweigh the coat thickness when comparing acidic and
basic drugsHowever the coat thickness matteiar EC formulations containg the same
API or APIs with similar physicochemical properti®&esides that, parameters suchtlees
composition, pH and molarityf the immersion mediumhave to be factored in for

physiological insigh{88).

To provide further evidence of these observatipnwe tested EC pantoprazole
formulations in BCB and compendial conditsoand correlated it within vivo data from a
failed BE study(Chapter 8) Enteric coat dissolution was prompt in compendial buffer and
both test and reference formulations compliedhwihe pharmacopeial specifications.
Evidently, solely satisfying the standard for drug dissolution does not guarantee similar

vivo behavior. In BCB, however, test and reference products presented remarkably different
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performances and the release in BCB correlated better wiih theo data. This shows the
importance of using buffer systems reflective of thevivo environment dung the

pharmaceutical development phase to avoid poor selection of prototype formulations.

Finally, we reporthe mechanistic assessment ofestiimportantaspects ofn vivo drug
product performangesuch as formulation composition and physiology stabaptrs 9 and 10).
Again, taking a mechanistic approach led to a more thorough understanding of the clinical
observations. In terms of formulation properties, we not only confirmed an exesoient
interaction that culminated in an intoxication outbreakAustralia, but also delineated new
incompatibility between phenytoin and lactoffeat could caus@otential development issues
(396).

In respect of physiology state, the understanding of the interplay between the
physicochemical properties of the API and the GI tract conditions at the time of dosing is of
primary importance to achieve proper therapeutic outcome (Chapter 10). As expaunnded
Chapter 1, a basic drug, such as ketoconazole (BCS Class llb) is good soluble in the acidic
stomach environment but may precipitate upon transit through the intestines where the pH is less
favourable to its dissolution. When theresisficient time fo dissolution in the stomach, good
absorption in the proximal intestinal region is expected. However, in altered physiology state,
such as decreased stomach aciditg, dissolution in the gastric environment is compromised,
thus compromising drug absommti. In this scenario, PBPK modeling is a valuable mechanistic
approach to investigatthe success of different clinical approashand alternative dosing

strategie$380,397)
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11.2Conclusion

In this thesis, weshowed the importance of a mechanistic understanding ah tieo
drug dissolution process to set physiologically relevant conditions tothigro performance
tests. The first thing addressed was the matter of buffer capacity. It is well known that the
buffering system in the human intestines is bicarbonate baded atolarity values. Literature
reports have shown that vivo drug dissolution might occur at a slower rate for poorly soluble
drugs due to the reduced buffer capacity of the intestinal luminal fluids compared to compendial
conditions. In our work we havdemonstrated that the high buffer concentration used in
compendial methods (to maintain sink conditions) causes a prompt drug dissolution. However,
when applying a physiologically relevant buffer strength, the dissolution rate was slower, which
is in line with the observeth vivo data. Additionally, because of the slower dissolution rate,
differences between the formulations (composition and manufacturing process) were captured,
which was not the case for compendial buffer, thus making this method mecriendhative. The
organic layer, mimicking tha vivo absorption process, acted as an additional sink that allowed
pH control throughout the tessubsequently, using biphasic dissolution test for IR formulations
containing highly soluble drugs was shownhavebeneficial attributes to estimate threvitro
behavior and performanad formulations as an alternative Bd@&sed biowaiver approach.

A fundamental consideration of this dissertation lsn the behaviour of drug products
in bicarbonate buffergiven that this system is the most representative of the luminal fluids. Due
to the inherent pragmatical difficulties with this buffer system, it is desirable to design a
surrogate buffer that can give the same physiological insight as bicarbasatbuffers. When
possible, this approach was taken in our studies. However, there are cases in which the

peculiarities and kinetics of BCB play an essential role in drug dissolution, making it difficult to
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find a proper buffer replacement, which is the case dnteric coated formulations. We
demonstrated that BCB has a limited ability to buffer the dissolution of enteric coating polymers
due to a lower pKa value at the sdliguid interface compared to the bulk. This resulted in a
considerable delay in thenset of drug release from EC formulations compared to compendial
phosphate buffeAgain, our findings were in line with clinical observations. Henlee,reported
in vivo failures of EC products known in the literature seem to be due to, at least ipqmart,
performance in the intestinal fluids

Using the conditions outlined in the USP dissolution mettesdilted in a very prompt
release. Hence, the compendrathod for enteric coated tablets seems to be clinically irrelevant
and it needs to be reevaluated. Using buffer systems that are not reflective iof vilve
environment during the pharmaceutical development phase can be misleading and cause poor
selecton of prototype formulationdHence, ain vivo relevant performance test for EC products
needs to be developed

Overall the finding of this thesis comprehensivelgemonstrates that meaningful
differences inin vitro performance andccordance to clinitaeports were only obtained when
physiological relevantonditions were appliedHence our results indicate that the central

hypothesis was answered positively
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SECTION FIVE : GENERAL DISCUSSION, CONCLUSION AND FUTURE

DIRECTIONS

CHAPTER TWELVE
Future Directions
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12.1Bicarbonate buffer and biphasic dissolution

As mentioned previously, the need of purging bicarbonate buffer media to maintain the pH
makes its use difficult and unfeasible at times. Hencehevein suggest the use of a biphasic
system with the aqueous lay@ymposed obicarbonate buffenVe believethat thecoupling of
BCB with anorganic layer (octanol) would prevent the escap€@©f, thus taking away the need
to sparge the mediunThis approach would also allow thssessment dhe drug partitioning
correlating to theabsorptionprocess This would be a very robust physiologically relevant
approach and we suggest that futiargitro studies along this line be conducted.

12.2 Simplification of in vitro testsfor Quality Control application 1 Delayed release and

Immediate release

We have demonstrated in Chapter 7 that buffer molarity seems to play a bigger role than bulk
pH for the dissolution of enteric coated products. For aa@@oach, there may not be the need
to sparge the medium, as long as the buffer capacity of the system is carefully controlled. Future
steps into dvelopng a QC method fodelayed release formulations would involve the study of a
broader range of formuians in sparged vs. non sparged BCB media to set release
specifications. Furthermore, the development of surrogate buffers should be conducted to find a
system that matches the pKa of BCB at the boundary layer, which is-byeease studyas
shown in he decision tree in Figure 2.4
As shown in Chapters 3 and 5, for immediate release formulations that presétitamtrolled
dissolution disintegration is the critical quality attribute of tHesage formand determines the
onset of dissolution Sine the dissolution would be determined bythe API properties,
disintegration testing could become a release tessdonformulations.After disintegration is

completed, dissolution can be linked to API propersiese thedosage form has limited impact
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on the product performancén this scenario, @l established mass transport modgisch as
NoyesWhitney) can be used to estimate and predict dissolution behavoarameters such as
mediumpH, viscosity and surfactant concentrations are knd¥emce future studies need to be
conductedo establish the scientific framework for using disintegration testing as a performance
test which would result in saving time and coatthoroughinvestigaton should be conducted

to establish the test specificatidios less variable results, such as beaker specifications, medium

composition, medium viscosity, surface tension, time specification, among others.
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APPENDIX 1: Formulation of inhalable nanocrystals to be used as a

therapeutic strategy against breast cancer metastasis to the lungs

300



Background

Breast cancer is a significant problem worldwide, being the number one diagnosed cancer
in American women and number two causd cancerelated deathA1.1). The majority of these
deaths is a result of metastasis. Recent studi@2{ A1.3) show that patients with more
aggressive types of breast cancer present an enhanced propensity for lung metastasis, negatively
impactingte patientés morbidity and mortality. Adyv
highlighting the need to better understand the molecular drivers of this process and the need for

effective new therapies, especially in the area of nanotechnologydfipfsarmaceuticals

Recent researciA(.4- A1.5) has shown the importance of ludgrived factors on breast
cancer metastatic behavior. These lung microenvironment factors, such as soluble proteins
(particularly selectins), seem to contribute to lbiheast cancer cells spreading. Hence, targeting
the metastatic microenvironment is an attractive alternative to prevent cancer cells spreading to
the lungs. Direct delivery to the secondary metastatic organ (i.e., the lungs) can greatly reduce
systemic toicities with increased orgaspecificity. In this context, the lung has the unique
advantage of being targetable through inhalable drug delivery. Even though inhaled drugs have
been used in the treatment of airway disea&é&s%], this route of administran remains nearly
underexplored in cancer treatment. Additionally, the use of nanoparticles for cancer treatment
has been extensively studied, however the application of nanotechnology for inhalable drug
delivery in cancer is seldom explored. Hence, is fitoject we aim to develop and characterize
an inhalable system containing bimosiamose (a selectin inhibitor) nanoparticles as a novel anti

metastatic strategy.
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Chemotherapeutics are often poorly wateluble compounds and such molecules are
difficult to formulate using conventional approachA4.7). Formulating these compounds as
pure drug nanoparticles is one of the newer deigvery strategies applied to this class of
molecules A1.7). Nanoparticles are an interesting approach for cancer treabeesmise they
present enhanced permeability and retention, allowing accumulation in the target tissue rather
than systemic diffusionA1.8). In this research project, bimosiamose nanoparticles are used in
crystalline form, known as nanocrystals. Due toreased surface area to volume ratio,

nanocrystals can improve solubility and increase cellular uptake due to theAkigeA1.11).

On the other hand, due to their reduced size, inhaled nanocrystals would not reach the
deep lung where the drug needshb® deposited. Thus, the nanocrystals are loaded into an
inhalable carrier using sprdgeeze drying technique to maintain the drug activity and ensure
uniform distribution throughout the carrier particlesl(12). These carriers are bigger in size
(micro range) and such an approach can be used for the local delivery of nanoparticles to the

lungs A1.13 Al1.14).

To the best of our knowledge a preventive approach against lung metastasis using
inhalable bimosiamose nanocrystals has never been used befaénridvative research will

greatly contribute to the knowledge in the field of nanotechnology applied to pharmaceuticals.

Methods and Results

Preparation of nanosuspension by miniaturized wet bead milling method.

The nanocrystals were obtained through a modified wet bead milling process which

consists of an agueous media in which the drug is insoluble, a stabilizer, the drug powder,
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milling pearls (zirconia beadsind high speed magnetic stirring1(9). In this m¢hod, the
particle size reduction is caused by mechanical forces, i.e. by physically breaking down coarse
particles to finer ones. The system was stirred for a length of time and the particle size reduction
was monitored througtaser diffraction scatterqn method. Since bimosiamose is extremely
poorly water soluble, this would be the most adequate method for particle size redttidh (

A1.11).

The system contained bimosiamose (10 mg), zirconia beads (0.5 g) and a stabilizer
agueous solution (0.5 mLHPC, PVA, PVP, Poloxamer 188 or Povacoat). The milling chamber
consisted of a 2 mL glass vial containing two magnetic stir bars, pebfuaped (8x2 mm). The
system was stirred at 800 rpm at room temperature up to 48hrs depending on the stabilizer used.

For HPC, PVA, PVP and Povacoat, the proportion between stabilizer and drug was 4:1
and for Poloxamer 3:1.

Particle size distribution and stabilizer screening.

The patrticle size distribution (PSD) as well as the polydispersity index (Pdl) were measured by
dynamic light scattering using a photon correlation spectrometer (Zetasizer HAS 3000) from

Malvern instruments. Samples were diluted to a suitable concentration, indicated by the best
attenuation coefficient. The PSD results are indicated as size distnilytvolume.

Povacoat

For Povacoat, the samples were collected for analysis at 1h, 24hrs, 36hrs and 48 hrs.
Table 1 shows the-Average for the PSD of the nanosuspension system (done in triplicate) at the
different collection time points. Different polations could be identified during the first hour of

stirring.
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Table 1. Particle size distribution (diameter, nm) and Pdl of bimosiamose nanocrystals prepared
with Povacoat.

Time Z-avg (nm) Pdl Number of peaks

1 hour 127.7 0.234 2 (150.3 and779 nm)
24 hours 130.9 0.108 1

36 hours 120.5 0.104 1

48 hours 108.1 0.106 1

Povacoat was initially developed as a fidmating agent, wet granulation binder and
solid dispersion matrix, but recent studies revealed its use as a stabilizer to prevent aggregation
of nanocrystals. Because it formed a dispersion when added to watevestgated the particle

size of Povacoat alone in water (Figure 1).

e UTTRRR RRUTRRT TR :
7| Z-avg: 152.3nm : : : :
27| pdl: 0.123
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Figure 1. Particle size distribution (diameter, nm) and Pdl of Povacoat alone in water.

Notably, Povacoat dispersion is also in a nano scale. Hence, in order to minimize
confoundingfactors in the PSD measurements, other stabilizers were screened: HPC, PVA, PVP
and Poloxamer 188. These were completely dissolved in water, resulting in a stabilizer solution

instead of a suspension.
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Povacoat, HPC, PVA, PVP and Poloxamer 188

Based orthe results using Povacoat, the stirring time was set to 24 hours. Table 2 shows
the Zaverage for the PSD of the nanosuspension system for the different stabilizers, including a
second trial using Povacoat (for comparison purposes and repeatabilignmessgs

Table 2. Particle size distribution (diameter, nm) and Pdl of bimosiamose nanocrystals prepared
with different stabilizers.

Stabilizer Z-avg (nm) Pdl

Povacoat 91.43 0.110
HPC 123.9 0.159
Poloxamer 188 83.72 0.102
PVP 83.76 0.102

Based on the -Average and Pdl results, and considering its wide use in inhalable
systems, Poloxamer 188 was the stabilizer of choice.

Poloxamer 188

In order to obtain particles with bigger particle size the stirring time was reduced to 2hrs
(Table 3).

Table 3. PSD (diameter, nm) and Pdl of bimosiamose nanocrystals prepared with Poloxamer
188.

Time Z-avg (nm) Pdl

2hrs 115.70 0.140
4.5hrs 99.61 0.124
5.5hrs 92.00 0.116

To assess the repeatability of the selected system, other batchgwepered using the

2hrs stirring time and the result was consisterai@: 117.8nm; Pdl: 0.120).
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Microcarrier preparation

The optimized nanosuspension formulation was sfresze dried using a carrier agent. The
agents investigated were lactose and mannitol. Lactose was not a feasible agent; hence mannitol
was used in this study.

The following parameters were used for tipeaging process: atomized air pressure: lbar;
spray rate: 0.49 ml/min; liquid nitrogen volume kept constant at 700 ml, spray nozzle positioned
10cm above the liquid nitrogen level. Once sprayed, the samples were lyophilized overnight.

The mass median aedynamic diameter (MMAD) of the powder was measured using the
PennCentury dispersing device coupled to an aerosol diluter and an aerodynamic particle sizer
(APS). A small scale powder disperser (SSPD) coupled to the APS was also test to compare the

MMAD r esults using different dispersing setups (Figure 2).
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Figure 2. MMAD of mannitol carrier particles loaded with bimosiamose nanocrystals

The MMAD determines the deposition location of particles within the lungs. A size between
2-5em is usually desired to reach the deep lung. However, the obtained value is borderline and

may potentially still reach the alveolar system.
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After characterization of inhalable powder and loading into the delivery device through the
optimized method, thesamples were sent for preclinical animal study, which are being
conducted in our <coll aboratordos facility in W

been granted.
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APPENDIX 2: Design of nanostructured lipid carriers for lymphatic

delivery of Terbinafine
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Background
After oral administration of a given medication, the active pharmaceutical ingredient

(API) is released from the dosafgem, dissolved in the gut lumen and absorbed through the gut
wall by the enterocytes. After that, it goes to the portal vein, passing through the liver (where pre
systemic metabolism may occur) to finally reach the systemic circulation. When pre systemic
metabolism happens, the amount of drug reaching the systemic circulations is decreased, hence
the therapeutic compound will have a lower bioavailability. Highly lipophilic molecules are
more prone to undergo such pre systemic metabolsil). In the curent drug development
pipeline, many of the lead compounds are highly lipophilic molecules, which pose a major

development challenge to the pharmaceutical industry.

Selecting a lead compound which may undergo extensive pre systemic metabolism is not
attradive to the industry, even if they present high potency, because the low bioavailability will
require high doses, which can be toxic. Additionally, many -dinug interactions (DDI) at the
metabolizing enzymes level may occur. These molecules also pteseatjueous solubility,
which is a challenge for the formulation development process. Therefore, the great need to
address this matter affords an opportunity to explore alternative pathways of absorption with

innovative drug delivery systems.

In the inteshes the lymphatic system plays an essential role in the absorption ef long
chain fatty acids, triglycerides, cholesterol esters, lipid soluble vitamins, and highly lipophilic
xenobiotics A2.2). Consequently, targeting the drug delivery to the lymphagistesn is
advantageous in terms of increasing bioavailability (bypass ofpfast metabolism in the liver)

thus reducing the dose, decreasing potential DDIs, and the ability to target diseases that spread
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through this system, such as certain types oferaand human immunodeficiency virus2(3-

A2.9).

The absorption of highly lipophilic compounds through the lymphatics is very likely to
occur similarly to the intestinal lipid transport system. Briefly, lipids are hydrolysed in the
stomach and small irggne to the corresponding monoglyceride and fatty acid, which are
absorbed into the enterocyte anderes t er i fi ed into triglyceride.
intestinal lipoproteins, known as chylomicrons (CM), which are finally secreted into thgh lym

and then to the blood\@.10).

In order to target this route, lipiohsed formulations can be applied. Due to their lipidic
content, such formulations stimulate the production of CM in the enterocytes. During this
process, lipophilic drugs enter the Ighatic system in association with the triglyceride core of
the formed CM and eventually reach the systemic circulation. Alternatively, the delivery system
itself can mimic a CM, and hence be transported through the lymphatic sys2eti)( In light
of theincreasing trend towards highly potent, lipophilic drug candidates, exploring the lymphatic
route is becoming more and more attractive, which is evidenced by the exponential increase in
the number of studies on liplshsed delivery systemidence, the ainof this study is to develop
an oralnanostructured lipid carridor Terbinafine with lymphotropic ingredients to increase the

lymphatic uptake of Terbinafine.

Methods and results

Selection of Liquid and Solid Lipids
The solubility of Terbinafine HCWas assessed in various liquid lipids using the shake

flask method. Briefly: Each medium (5ml) was saturated with the pure drug powder and there
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was no mixture of media. The flasks were shaken for 72 hours at room temperature to assure
equilibrium. Samplefrom each medium (Labrasol, Oleic Acid, Castor Oil, Peceol and Maisine)
were centrifuged and the supernatant was diluted, and the saturation solubility was assessed

through U\tSpectroscopy (Table 1).

Table 1 Solubility of Terbinafine HCI in liquid lipid

Labrasol Oleic Acid Castor OIil Peceol Maisine
Solubility 9.698 5.963 5.668 14.165 18.275
(mg/g)
SD 0.030 0.074 0.308 3.637 2.377

Drug solubility in solid lipids was carried out by usiDgferential Scanning Calorimeter
Terbinafine HClthermal behavior and solid lipids and 1:1 physical mixtures (PM) were

characterized in a DSC (Perkin Elmer) cell (Perkin Elmer Corp., Norwalk, CT, USA), under a

dynamic N atmosphere (50 nitnin' } using sealed aluminum capsules with about 2 mg of

samplesDSC curves were obtained at a heating rate 6c1min lin the temperature range

from 25 to 290C. An empty sealed pan was used as a reference.

The crystallinity indexes (Chverecalculated in percentage according to the following equation

and are premted in Table 2
0 ® —sz p T

w h e rHeTerlgPM is the enthalpy of fusiorig:'] }of Terbinafine HCI in the binary physical

mixture of the drug and solid lipiddd Terb 100% is the enthalpy of fusior'ig(TJ }of pure drug.

Ois the dilution of Terbinafine in the PM, for example, 1:1: dilution of 2.
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Table 2. Terbinafine in solid lipids

Enthalpy (J/g) D Cl
Terbinafine 157 2
Gelucire 50/13 41.33 2 52.64
Gelucire 48/16 31.45 2 40.06
Glycerol 11.62 2 14.80
monostearate

Based on the results, Maisim@as chosen as the liquid lipid a@MS (lowest CI was

chosen as the SL to be used.

Preparation of nanostructured lipid carriers (NLC)

Currently, NLC formulations are being developed at the University of Sao Paulo, Brazil.
The method used to prepare the carriers is the high pressure homogenizeggponse surface
statistical design was used to evaluate the lipids and surfactant tratioereffects on NLC-z
average using Minitab® 18 software (State College PA, USA).

Based on the preliminary results, the ratio between SL:LL was set to 1:1, the oil phase
will range from 58% and the surfactant concentratiocB% (Table 3).

Table 3.Regonse surface design
StdOrder ExpOrder TypePt Blocks Oil Phase TA

7 1 0 1 6.5 2.0
4 2 1 1 8 3.0
5 3 0 1 6.5 2.0
2 4 1 1 8 1.0
6 5 0 1 6.5 2.0
1 6 1 1 5 1.0
3 7 1 1 5 3.0
9 8 -1 2 8 2.0
8 9 -1 2 5 2.0
12 10 0 2 6.5 2.0
14 11 0 2 6.5 2.0
11 12 -1 2 6.5 3.0
13 13 0 2 6.5 2.0
10 14 -1 2 6.5 1.0

314



References

A2.1. Porter, C. J. H. & Charman, W. N. Uptake of drugs into the intestinal lymphatics after oral
administrationAdv. Drug Deliv. Rew25, 711 89 (1997).

A2.2. Khan, A. A., Mudassir, J., Mohtar, N. & Darwis, Y. Advanced drug delivery to the
lymphatic system: Lipicbased nanoformulationgit. J. Nanomedicin8, 2733 2744 (2013).

A2.3. Zgair, A. et al. Oral administration of cannabis with lipids leads to higiels of
cannabinoids in the intestinal lymphatic system and prominent immunomodulatiolRep?7,
1i 12 (2017).

A2.4. Attili-Qadri, S.et al. Oral delivery system prolongs blood circulation of docetaxel
nanocapsules via lymphatic absorptiBnoc. Natl.Acad. Sci. U. S. AL10 17498 17503 (2013).

A2.5. Bhalekar, M. Ret al. In-vivo bioavailability and lymphatic uptake evaluation of lipid
nanoparticulates of darunavidrug Deliv.23, 2581 2586 (2016).

A2.6. Gao, Fet al. Nanoemulsion improves the oralbsorption of candesartan cilexetil in rats:
Performance and mechanisin.Control. Releas#49, 168 174 (2011).

A2.7. Makwana, V., Jain, R., Patel, K., Nivsarkar, M. & Joshi, A. Solid lipid nanoparticles
(SLN) of Efavirenz as lymph targeting drug deliesystem: Elucidation of mechanism of
uptake using chylomicron flow blocking approatit. J. Pharm495 439 446 (2015).

A2.8. Mishra, A., Vuddanda, P. R. & Singh, S. Intestinal lymphatic delivery of praziquantel by
solid lipid nanoparticles: Formulatiatesign,in vitro andin vivo studies.J. Nanotechnol2014
(2014).

A2.9. Sitrin, M. D., Pollack, K. L., Bolt, M. J. G. & Rosenberg, I. H. Comparison of vitamin D
and 25hydroxyvitamin D absorption in the raam. J. Physiol: Gastrointest. Liver Physiob,
(1982).

A2.1 0. O6 Dr i s c o-baked for@wulatiokts for integali [ysmphatic delivery.Eur. J.
Pharm. Scil5, 405 415 (2002).

A2.11. Hussain, M. M. A proposed model for the assembly of chylomicwiherosclerosis
148 1i 15 (2000).

315



APPENDIX 3: Phytocannabinoid drug-drug interactions and their

clinical implications
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1. INTRODUCTION

Cannabis is a plant with a long history of human pharmacologisal both for
recreational purposes and as a medicinal remedy (Balabanova, Parsche, & Pirsig, 1992; EISohly
& Slade, 2005; Grotenhermen, 2007; Hazekamp & Grotenhermen, 2010; Liskow, 19@8pRah
& Verpoorte, 2004; Sharma, Murthy, & Bharath, 2012). Its two major chemical constituents are
cannabidiol (CBD), the definitive structure of which was reported in 1963 (Mechoulam & Shvo,
196 3) -9drandtetrapydrocannabinol (THC) which was elucethtin the following year
(Gaoni & Mechoulam, 1964). These early discoveries opened the way for exploration of many
similar  plantspecific compounds which were ultimately termed collectively as
Aphytocannabinoi dso (Pat e, 1999 ,endogermus di f f
Aendocannabinoidso discovered during the 199
2014). The most important psychoactive phytocannabinoid is THC, usually accompanied by
varying amounts of CBD, a relatively ngsychoactive compound whick able to modulate
some of the psychotropic effects of THC (Eichler et al., 2012). THC is useful for several clinical
indications, such as pain management, and as an antiemetic, antispasmodic and appetite
stimulant (Clark, Ware, Yazer, Murray, & Lynch, ZQCEichler et al., 2012; EISohly, 2002;
ElSohly & Slade, 2005; Furler, Einarson, Millson, Walmsley, & Bendayan, 2004; Russo, 2001,
2002; Tramer et al., 2001; Ware, Adams, & Guy, 2005; Wood, 2004). The use eFHiigh
content cannabis for glaucoma and asthtras been suggested (Appendino, Chianese, &
TaglialatelaScafati, 2011; Sharma et al., 2012) and the whole plant extract (as Epidiolex®) of a
high-CBD Cannabis variety has recently been approved (FDANewsRelease, 2018; Gaston &
Friedman, 2017; Koltai, Ponl, & Namdar, 2019) by the United States Food and Drug

Administration (U.S. FDA) for application to certain forms of epilepsy.
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Currently, there exist several cannabis inspired or based commercial pharmaceutical
products for a range of medical indicatioBsonabinol is synthetic THC and has been sold for
decades as the pharmaceutical product Marinol®. It is indicated to ameliorate anorexia in
patients with AIDS, and for the treatment of nausea and vomiting in cancer chemotherapy
patients not responding twonventional antiemetic treatments (Dronabinol, 2019; Rong et al.,
2018). Nabilone is a synthetic analog of THC which is marketed as the pharmaceutical product
Cesamet®. Although distinct in molecular structure from THC, nabilone mimics THC
pharmacologicaactivity and is approved by the U.S. FDA for treatment of the same indications
(Nabilone, 2019). SativexE (generically known
from Cannabis which is used for the treatment of neuropathic pain originadimgnfrultiple
sclerosis, and for intractable cancer pain. It is marketed as anumasal pump spray having a
1:1 ratio of THC:CBD (Nabiximols, 2019; Rong et al., 2018). Many other potential applications
for cannabis have been proposed, and are currerdbrumvestigation (Medical Cannabis, 2019;
Sharma et al., 2012; Zou & Kumar, 2018).

The rich chemical content of the Cannabis plant (more than 400 compounds) illustrates
the possibility of a wide range of pharmacological applications (Sharma et al., 2812¢Il as
many possible interactions. The most walbwn and most specific class of these compounds is
the C21/22 terpenophenolic phytocannabinoids (EISohly & Slade, 2005; Mechoulam & Gaoni,
1967). These compounds are classified according to theicculatestructure into several types,
for which THC, CBD, cannabichromene (CBC), cannabigerol (CBG) and their homologues are
representative.

Interestingly, in fresh Cannabis plant extracts, these terpenophenolic phytocannabinoids

per se are not abundantlyegent, but rather found mostly as theta2boxy form (Figure A.1),
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whi ch ar e t he onl vy demonstrated -9anegenet.
tetrahydrocannabinolic acid (THCA) represents the majority of the collective total
phytocannabinoids containedtiin tropically derived plants, which accumulate mainly on the
flowers (exceeding a dry weight content of 20% in some recreational varieties) and leaves, and
apparently serve plant protective functions (Mor&amz, 2016; Pate, 1994). Cannabidiolic acid
(CBDA) is predominant (at more than 10% by dry weight in a few medical strains) in plants
from temperate regions. Neither compound is psychoactive per se, but both of these carboxylated
compounds can be transformed into THC and CBD, respectively, throdedyadative process
which occurs slowly upon storage, but rapidly upon heating (Grotenhermen, 2003; MNareno
2016). Under field conditions, and with mild processing and cold storage, the extent of this
decarboxylation is only nominal (+2%), which meas that more carboxylic acid than phenolic
forms are to be found in the oral fluid, serum, and urine of raw cannabis medical consumers
(Dussy, Hamberg, Luginbuhl, Schwerzmann, & Briellmann, 2005; Jung, Kempf, Mahler, &
Weinmann, 2007; Moore, Rana, & Coujt2007; MoreneSanz, 2016). However, substantial to
completein situdecarboxylation occurs under the conditions of smoking or in baked goods.
Additionally, THC can be oxidized to cannabinol (CBN) via prolonged exposure to heat,
oxygen and light (Russ@011). Hence, the presence of CBN indicates that a specimen is old,
although most THC loss is due to the formation of polymers. The reported (Russo, 2011)
pharmacological effect of CBN is mainly sedative, but this compound may also have application
as an atibacterial, and may possibly decrease keratinocytes in cases of psoriasis.
Cannabichromenic acid (CBCA) is usually the third most abundant biogenetic
phytocannabinoid in the Cannabis plant (McPartland & Russo, 2001), but that rank varies

according to plat latitudinal origin, often being more abundant than CBDA in tropical
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specimens. As its decarboxylated form, CBC appears to potentiate some THCireffecsnd

has modest antiociceptive and antnflammatory effects (Hatoum, Davis, Elsohly, & Turner
1981). Even though very little is known about its pharmacology, CBC has been shown to have
the potential to stimulate the growth of brain cells and the ability to normalize gastrointestinal
hypermaotility (AizpuruaOlaizola et al., 2016).

Least observedni the Cannabis plant is cannabigerolic acid (CBGA), the original
biogenetic phytocannabinoid which metabolically yields CBDA, CBCA and THCA via their
respective synthases (De Meijer & Hammond, 2005). Decarboxylation of the acid form (Wang et
al., 2016) yids CBG, which has been shown to have -arftammatory, antibiotic and
antifungal properties (MorerBanz, 2016) and inhibits the growth of human oral epithelioid
carcinoma cells (Baek et al., 1998). CBG has also been shown to have promising potential for
the treatment of glaucoma, prostate carcinoma and inflammatory bowel disease (Aizpurua
Olaizola et al., 2016).

The aforementioned phytocannabinoids have a pentylchidie, but traces of methyl
(Vree, Breimer, van Ginneken, & van Rossum, 1972) and nanmunts of propyl (De Meijer
& Hammond, 2005) homologues also occur. The propyl homologues of CBD and THC, named
cannabidivarin (CBDV) andi-9-transtetrahydrocannabivarin (THCV) respectively, are present
in the plant at various ratios, depending on thecsjg Cannabis variety (Deiana et al., 2012).
These compounds have not yet been studied as extensively as the other phytocannabinoids, but
research shows that both THCV and CBDV may have therapeutic potential for reducing nausea
(Rock, Sticht, Duncan, Stp & Parker, 2013). Additionally, CBDV may have potential for the
treatment of neuronal hyperexcitability, whereas THCV improves insulin sensitivity in obesity

mouse models (lannotti et al., 2014; Wargent et al., 2013). As little is known about these
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compounds, further studies regarding their pharmacological action and metabolic pathways are
needed.

Recently, trace amounts of a novel segarbon THC homologue was isolated from
Cannabis (Citti et al., 2019) and designated9-transtetrahydrocannabiphoro(THCP).
Reported to be much more potent than the usualcBvbon THC, its similar pharmacological

actions include hypomotility, analgesia, catalepsy and decreased rectal temperature.
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Figure 1. Biogenesis of phytocannabinoids and some of their dagjom products. (CBGA:
cannabigerolic acid; CBG: cannabigerol; CBDA: cannabidiolic acid; CBD: cannabidiol; THCA:
tetrahydrocannabinolic acid; THC: tetrahydrocannabinol; CBCA: cannabichromenic acid; CBC.:

cannabichromene; CBN: cannabinol)

Oral ingestion bbaked goods, or inhalation of smoke/vapor, are the most common ways

in which cannabis products are consumed (Grotenhermen, 2003; Mtaezp 2016).

Compared to inhalation, the oral bioavailability of phytocannabinoids is relatively I20%6)
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due to ahigh firstpass metabolism within the liver (Ohlsson et al., 1980; Wall, Sadler, Brine,
Taylor, & PerezReyes, 1983). Unlike inhaled phytocannabinoids, onset of psychoactive effects
via oral ingestion is slow and varies from 30 minutes to occasionally2olveurs (Eichler et al.,
2012), with the duration of action being more prolonged. This is due to the usually larger dose
administered, slow gastiatestinal absorption, and continued gut reabsorption (Eichler et al.,
2012; Garrett & Hunt, 1977; Hollistet al., 1981; Lemberger et al., 1972; Ohlsson et al., 1980).

As mainstream use of cannabis grows, it is increasingly important to understand
phytocannabinoid disposition within the human body, and especially its metabolic pathways. In a

generic sense, ¢hmetabolic pathways operate under two broad categories: Phase | and Phase II.

Phase I reactions i ncl ude oxidati on, reductii

hydrophilicity. Phase [l metabolism involves conjugation reactions with endogepduaphilic
compounds to either increase water solubility or inhibit pharmacological activity (Kirchmair et
al., 2015, 2013; Tyzack & Glen, 2014; Tyzack & Kirchmair, 2019). These reactions include
glucuronidation, sulfation, amino acid conjugation, aceiyat methylation and glutathione
conjugation. Even though the complex metabolism of phytocannabinoids poses many challenges,
a more thorough understanding generates many opportunities, especially with regard to the
investigation (Testa, Pedretti, & VistpR012) of possible drudrug interactions (DDIs).

DDIs can lead to adverse drug reactions, with loss of, or increase in, efficacy due to
altered systemic exposure. Therefore, as variations in drug response chtlmingstered drugs
can occur, it is imprtant to evaluate potential drug interactions prior to market approval, as well
as during the postpproval marketing period (Izzo et al., 2012). Consideration of these factors,
combined with an increasing frequency of polypharmacy, has led regulatogiegysuch as the

U.S. FDA and the European Medicines Agency (EMA) to issue guidelines for industry to
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investigate the potential DDIs of new molecular entities. Guidance for studies of clinical drug
interactionsjn vitro metabolism, and transporterediaed DDIs, as well as in silico analyses of
DDils, have been published (Prueksaritanont et al., 2013).

The application of in silico modelling and simulation within drug development is rapidly
increasing in the R&D sector of the pharmaceutical industry (Degaé, 2018; Silva, Duque,
Davies, Lébenberg, & Ferraz, 2018). It has been suggested (Raé$taifeigan & Tucker, 2007)
that such an approach could potentially represent up to 15% of R&D expenditures in thie next 5
10 years. The in silico approach can hegpleed to all stages of the drug discovery and
development process, from predicting the molecular properties of lead compounds to simulating
clinical trials (RostamHodjegan & Tucker, 2007). Within the context of metabolism prediction,
in silico tools aremost commonly used for predicting substrates and inhibitors of metabolic
enzymes, sites of metabolism, and the structures of probable metabolites. These predictions can
assist optimizations during the drug discovery process, helping to identify metstadiility
issues, in vivo half-lives and potentially toxic metabolites (Tyzack & Kirchmair, 2019).
Furthermore, understanding the individual cytochrome P450 (CYP) isoform specificities of a
given molecule can help to predict enzyme inhibitions and DDIs.

Phase | and Phase Il enzymes are located in the endoplasmic reticulum of hepatocytes,
hence that is where metabolic reactions such as Phase | hydroxylation by CYPs and Phase I
glucuronidation occur (Elmes et al., 2019). Since phytocannabinoids are higbphilic
molecules, a mechanism to facilitate their cytoplasmic transport from the cell membrane to the
intracellular metabolic enzymes is needed (Morales, Hurst, & Reggio, 2017). It has been
postulated that such trafficking is accomplished through solcdoleer proteins that cross the

aqueous environments of the cytosol (Elmes et al., 2015, 2019; Huang et al., 2016).
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A recent report (Elmes et al., 2019) demonstrated that the candidates which are most likely to
facilitate such transport in hepatocyta® datty acidbinding proteins (FABPS), specifically
FABP1, which has high expression levels in hepatocytes. Hence, based on this, it was concluded
that FABP1 plays a major role in governing phytocannabinoid metabolism by transporting it to
hepatic CYP engmes. However, more studies are needed to understand the intracellular
transport of phytocannabinoids. Studies with FABP1 krmak mice (Elmes et al., 2015)
revealed only a reduced effect on cannabinoid metabolism, suggesting that other cytoplasmic
lipid-binding proteins may also be involved. In addition, sterol carrier prateiABP2 and heat

shock protein 70 have emerged as both endocannabinoid and phytocannabinoid transport
proteins within cells (Elmes et al., 2015).

FABP1 may also serve as a previgusinrecognized site of drudruginteractions.
Numerous xenobiotics such as fibrates, warfarin, diazepam, flurbiprofen, and diclofenac have
been shown (Elmes et al., 2019) to bind to FABP1 with comparable affinities to THC. Hence,
these compounds may coetp with phytocannabinoids for cellular uptake, leading to
unpredictable pharmacological responses. Further studies are required to determine the clinical
significance of competition for cellular uptake between phytocannabinoids and other drugs
(Elmes et b, 2015, 2019; Huang et al., 2016).

The reportedn vivo Phase | and Phase Il metabolisms of various phytocannabinoids is
herein reviewed, accompanied by a parallel analysis of their predicted metabolisms in silico,
highlighting the clinical importancef such understanding in terms of DDIs. A brief overview on

the physiological mechanisms of action for phytocannabinoids is also presented.
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2. METHODS
2.1 Literature search

Databases such as Medline, Scopus, Google Scholar, Science Direct and SciFinder were
systematically searched to identify relevant studies usingakegls alone and in combination
with each other, such as: THCA, THC, CBD, CBDA, CBC, CBCA, CBG, CBGA, THCV,
CBDV, cannabinoids, metabolism, CYP isoforms, ddigg interaction, oral administration,
cannabis, in silico prediction, mechanism of action, cannabinoid receptors and endocannabinoid
system. Priority was given to papers reporting human metabolism fotjooval administration
of phytocannabinoids. Animal metabolism andvitro studies were considered in cases where
human data from the scientific literature was scarce. Relevant research papers and reviews on
phytocannabinoid metabolism and in silico prédit were then selected.
2.2 In silico metabolism prediction

Predictions of CYP isoforms potentially involved in phytocannabinoid metabolism were
carried out using ADMET PredictorE 9.5 (Sim
Metabolism Module in ADME Pr edi ctor E classifies compounds
of the major CYP isoforms (Figure A.2) using data acquired from the BIOVIA Metabolite
database, the DrugBank database (Tyzack & Kirchmair, 2019; Wishart et al., 2018), and other
public resouces.

Chemical structures were drawn in a Mol file format using ChemDraw Prime
(PerkinEIlI mer I nf ormatics, | nc, ) and i mported
default settings were used to classify the phytocannabinoids as substrates and/ orsirdfibit

various human CYP isoforms, and to predict possible metabolites.
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Chemical Structures:
THC, THCA, CBD, CBDA, CBC, CBCA, CBG ,CBGA,
THCV and CBDV

l

5 CYP isoforms: 9 CYP isoforms:
1A2, 2C9, 2C19, 2D6 and 3A4 1A2, 2C9, 2C19, 2D6, 3A4, 2A6,

2B6, 2C8 and 2E1

Additional Information: 1 cycle
- Fraction unbound to plasma protein
- OATP and OCT inhibition
- Pgp substrate and inhibition
Figure 2. Si mpl i fi ed scheme of simulations wusing

(Metabolism Module). OATP: Organ@niontransporting polypeptides; OCT: Organic cation
transpoter, Rgp: Rglycoprotein.
3. RESULTS & DISCUSSION
3.1 Mechanisms of action

The first breakthrough for understanding the THC mechanism of action was in the late
1980s, with the discovery of a cannabinoid receptor in rat brain (Devane, Dysarz, Johnson,
Melvin, & Howlett, 1988), now known as the cannabinoid receptor 1 (CB1). Receptors are
generally activated by endogenous molecules, hence, there was a strong motivation to identify
endogenous cannabinoids. The isolation and molecular structure determinéitioni a nan d a mi d
(an endogenous natural ligand of cannabinoid receptors) was this second-lyeakidg
discovery (Devane, Hanus, et al., 1992), followed by the description of SR141716A as the first

CB1l-specific antagonist (RinalfCarmona et al., 1994).h8rtly thereafter, zarachidonoyl
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glycerol was identified as a second endocannabinoid (Mechoulam et al., 1995; Sugiura et al.,
1995), eventually followed by several others. In 1993, a second cannabinoid receptor (CB2) was
discovered, not in the central meus system, but in the periphery (Munro, Thomas, & -Abu
Shaar, 1993). Its receptor antagonist, SR144528, was discovered by the same group which had
discovered the first CB1 receptor antagonist (Rin@laimona et al., 1998). The
endocannabinoid receptor€HB1 and CB2), the endocannabinoids, and their biosynthetic and
biodegrading enzymes, constitute the endocannabinoid system.

The distinction between CB1 and CB2 is based on differences in their amino acid
sequence, signaling mechanisms, tissue distributaoa sensitivity to certain agonists and
antagonists. Both are G proteinupled receptors, and their agonist stimulation leads to signal
transduction pathways via the Gi/o family of
adenylyl cyclase binhibiting the production of cyclic AMP, decreasing the activation of protein
ki nase A. This may modul ate signaling pathwa
dimers mediate the regulation of ion channels, mitemivated protein kinase, and
phosphatidylinositol3-kinase (Howlett et al.,, 2002; Schurman, Lu, Kendall, Howlett, &
Lichtman, 2020).

CBL1 receptors also regulate several types of calcium and potassium channels through G
proteins. These receptors exist predominantly on central and patipteurons and their
primary function is to inhibit neurotransmitter release. CB2 receptors are present mainly on
immune cells, which also express CB1 receptors to a lesser extent. Their activation leads to a
broad spectrum of immune effects regarding uation of cytokine release (Howlett et al.,
2002). Recent studies report the identification of functional CB2 receptors throughout the central

nervous system, and their neuronal function is still being debated (Wu, 2019). The location of
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these brain receéprs appear to be mainly postsynaptic, while CB1 receptors are predominantly
found in neuronal presynaptic terminals (Ligresti, De Petrocellis, & Di Marzo, 2016; Wu, 2019).

Phytocannabinoids show differential affinities for CB1 and CB2 receptors (Motaés e
2017). THC is a moderate partial agonist of CB1 and CB2 receptors, which results in the well
known effects of smoking cannabis, such as increased appetite, reduced pain and inflammation,
and changes to emotional and cognitive processes (DronaBbBi®, Morales et al., 2017).
Synthetic modifications of the alkyl sig@dain can influence phytocannabinoid binding to their
receptors. THC analogues with longer and/or branched side chains have been shown (Devane,
Breuer, et al.,, 1992) to have more poteannabimimetic properties than THC itself. For
example,in vitro studies of the natural sevearbon THCP revealed a binding activity to the
human CB1 receptor similar to that of a potent full CB1 agonist, resulting in an enhancement of
the usual cannabimetic activity (Citti et al., 2019).

Shortening the pentyl chain can also change some of its qualitative receptor behaviors.
The natural threearbon THCV molecule acts as a CB1 antagonist as well as a partial agonist of
the CB2 receptor (Pertwee, 200B)has been reported (Cascio, Zamberletti, Marini, Parolaro, &
Pertwee, 2015; De Petrocellis et al., 2011) to also activate the serotonin 1A (5HT1A) receptor
and to interact with the transient receptor potential cation channel, subfamily V member 2
(TRPV2)

CBD appears to have a lack of affinity for the CB1 and CB2 receptors (Russo, 2011).
Neverthelessin vitro studies (Laprairie, Bagher, Kelly, & Denovaviright, 2015) demonstrate
that CBD displays weak CB1 and CB2 antagonistic effects. It was reporapdaitie et al.,
2015) that CBD behaves as a negative allosteric modulator of the CB1 receptor. Allosteric

regulation is achieved through modulation of receptor activity on a site distinct from the
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agonist/antagonist binding site (Laprairie et al., 20A6ditionally, there is evidence that CBD
activates BHT1A and TRPV12 vanilloid receptors, antagonizes alghadrenergic and -y
opioid receptors, and inhibits the uptake of various neurotransmitters (e.g., noradrenaline,
dopamine, and serotonin) at the aptic cleft. CBD has also been shown (Zhornitsky & Potvin,
2012) to inhibit the cellular uptake of anandamide and to inhibit the activity of fatty acid amide
hydrolase, the anandamide degrading enzyme.

CBDV is thought to modulate TRPV1, conferring itsiaggileptic activity (lannotti et
al., 2014). It has also been shown to inhibit the activity of diacylglycerol igase whi ch i s
involved in the synthesis of the endocannabinc@rdhidonoylglycerol (Amada, Yamasaki,
Williams, & Whalley, 2013; Bisognotal., 2003). The clinical implications of these actions are
unclear. Other phytocannabinoids under current investigation for anticonvulsant action include
CBD, THCV and THCA. Their anpileptic activity appears to be at sites other than
endocannabinoideceptors, such as modulation of TRPV receptors.

Although the cannabiselated fields of study have greatly expanded since the initial
discovery of the endocannabinoid receptor system and its ligands, there remains a great need to
enhance our understandinof the biochemistry and pharmacology of phytocannabinoids,
particularly as relevant to clinical applications.

3.2 Metabolic routes
3.2.1 Tetrahydrocannabinolic acid and tetrahydrocannabinol

THCA has no psychoactive effects in humans and does not seem to be converted
substantially to THGn vivo (Jung et al., 2009). Both THC and THCA undergo similar major
metabolic pathways: first, the dlydroxyl intermediate is formed, which is then oxidizedhe

11-carboxylic metabolite (Moren8anz, 2016) via a transient aldehyde. The parent compound
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and metabolites are further conjugated with glucuronic acid and excreted into feces (65%) and
urine (20%) (Eichler et al., 2012; Huestis & Cone, 1998; Leg#rerAxelrod, & Kopin, 1971;
Sharma et al., 2012; Wall et al., 1983).

The metabolism of THCA in rats after oral administration has been examined (Jung et al.,
2009). Hydroxylation in position 11 to 4fydroxy-gp9-tetrahydrocannabinolic acid (AAH-

THCA) was identified, which was further oxidized to -h&r-9-carboxyop9-
tetrahydrocannabinolic acid (THGBOOH). Glucuronic acid conjugation was observed with the
parent compound and both main metabolites. THCA also undergoes a hydroxylation at position 8
toyield -®HTHCA a-0Od-THEA, followed by dehydration (Figure A.3a).

The metabolism of THCA within human liver microsomes and via isolated CYP
isoenzymes has been investigaiteditro (Wohlfarth, 2013). In that study, THCA was incubated
with pooled humariver microsomes and with CYP isozymes 1A2, 2A6, 2B6, 2C8, 2C9, 2C19,
2D6, 2E1, 3A4 and 3A5. Mon@and dihydroxylated metabolites were identified. A total of five
out of the ten isozymes showed no catalytic activity, namely CYP 1A2, 2A6, 2B6, 2D6, and 2E1

The main enzymes involved in the metabolism of THCA were CYP2C9 and 3A4, while

CYypPp2cC8, 2C19 and 3A5 only played a miner r ol e

OHTHCA anrOHTBOA metabolites:; COHTHCAL €YPBA& ner at e

g ener aQHETHCABMYP2C9 generated 1@H-T HC A  a-@ld-THEA metabolites and
CYP3A4 generated both monand dihydroxylated metabolites. The maohgdroxylated
met abol it e s-OHITHGCA|I andl &XDH-TBIGA. The dihydroxylated metabolites
included 9,16bissOH-HHCA (9,10bis-hydroxy-hexahydrocannabinolic acid) and &s-OH-
THCA (one hydroxylation was not identified). The metabolites detected when incubating THCA

wi t h human | i ver -OkT Id € A sQHSTEIGA amdeunkmow!8 etabolites.

330



Interestingly, no 1210H-THCA was found using the human liver microsome approach. The
study speculated that this may be due to a difference in enzyme density of the media, which is
higher in the heterologous expressed microsomes.

The metabolism of THC also takes place in therlimad potentially in the gut wall
(Eichler et al., 2012) and involves liver enzymes of the CYP complex (Bland, Haining, Tracy, &
Callery, 2005; Bornheim, Lasker, & Raucy, 1992; Halldin, Widman, Bahr, Lindgren, & Martin,
1982; Jung et al., 2009; Maurer, au& Theobald, 2006; Wall & Perdzeyes, 1981;
Watanabe, Matsunaga, Yamamoto, Funae, & Yoshimura, 1995}hydtbxy-op9-
tetrahydrocannabinol (2OH-THC) is formed primarily by the CYP isoenzyme CYP2C9, and
this metabolite is further oxidized via a tramdiealdehyde to Ihor-9-carboxyqe9-
tetrahydrocannabinol (THLCOOH). After enzymatic glucuronidation of the carboxy function,
the conjugate (TH&OOH glucuronide) is excreted (Jung et al., 2009; Williams & Moffat,
1980) in the urine (Figure A.3b). Approxately 8690% of the phytocannabinoid is excreted
within 5 days as hydroxylated and carboxylated metabolites (Goulle, Saussereau, & Lacroix,
2008; Sharma et al., 2012). Several other metabolites have been reported, such as those having
hydroxyl attioonCodt odhairit hydroxyktior ie position eight (followed by
dehydration), and formation of an epoxide ati O® followed by hydrolysis or glutathione
conjugation. The formation of-Bydroxy metabolites and the 9 epoxide have been reported
to be catalyzed by CYP3A4 (Bornheim et al., 1992; Halldin et al., 1982; Jung et al., 2009)
(Figure A.3b).

Most of these metabolites are conjugated with glucuronic acid, increasing their water
solubility. Among the major metabolites, THGOOH (which has no pshotropic effects in

humans) is the primary glucuronide conjugate in urine, whereas its metabolic precu@dr 11
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THC (a very psychoactive metabolite) is the predominant form in feces (Eichler et al., 2012;
MorencSanz, 2016; Sharma et al., 2012). Veny lexcretion of unchanged drug is found in the
urine due to the high lipophilicity of THC, resulting in its reabsorption by the kidney (Eichler et
al., 2012).

Because of its high lipophilicity, THC is preferentially taken up by fatty tissues, and peak
conentrations are reached iri % days (Ashton, 2001; Eichler et al., 2012). Due to this
accumulation, terminal elimination hdife of THC can be as long as 7 days, and complete
elimination of a single dose can take up to 30 days (Eichler et al., 2012; t1a@4b).
Metabolites have a much shorter Hel and therefore might serve as biomarkers for current
exposure.

Another factor influencing phytocannabinoid pharmacokinetics is the route of
administration. After smoking, a maximum THC plasma concentration was observed (Sharma et
al., 2012) at approximately 8 minutes, whereasOHLTHC peaked at 15 minutes and THC
COCH at 81 minutes. THC concentrations rapidly decreased withinh8urs, and a slow
redistribution occurred from the deep fat deposits back into the blood stream (Haggerty, Deskin,
Kurtz, Fentiman, & Leighty, 1986; Hollister et al., 1981; Huestis, 2005;r&hat al., 2012). In
contrast to inhalation, THC systemic absorption after oral ingestion is fairly slow, with
maximum plasma concentration being reached withih Hours, but in rare cases may be
delayed by a few hours (Hollister et al., 1981; Lembeege., 1971; Sharma et al., 2012). Even
though THC oral bioavailability is reduced compared to the pulmonary route, due to extensive
first-pass liver metabolism, a much higher concentration of the more psychoactid-THC
is produced after oral ingesti than by inhalation (Owens, McBay, Reisner, & P&teyes,

1981; Sharma et al., 2012).
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Figure 3. THCA (top) and THC (lottom) Phase | and Phase Il metabolisms summary.

* Metabolite that is found in feces via biliary excretion, and not necessagiljn#jor metabolite

formed in the liver.
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** Urine metabolite excreted by the kidney, and not necessarily the major metabolite formed in
the liver. Glucuronides tend to make good substrates for excretion into the bile, but are often

broken down in the gutybglycosidases or, in the case of acyl glucuronides, spontaneously.

Data on animal or human THCV metabolism is very scarce. It has been suggested
(Elsohly, DeWit, Wachtel, Feng, & Murphy, 2001) that THCV would be metabolized in a
similar manner as THC, salting in 1tcarboxyTHCV. Nevertheless, it is controversial as to
whether or not its concentrations in urine would be enough to confirm cannabis consumption
(Elsohly et al. , 1999, 2001; Sedgwick, 2000).

3.2.2 Cannabidiol

Although CBD is not significangl psychoactive, a wide range of other pharmacological
effects have been reported for both the sole compound and for its combination with other drugs.
Similarly to THC, CBD is also the spontaneous degradation product of its biogenetic precursor
CBDA, whichi s decarboxyl ated upon heating (Ujvs8ry
A1)

CBD undergoes extensive Phase | metabolism, which results in low bioavailability across
species, and a complex pharmacokinetic disposition pattern. Studies in animalsd@mts and
dog), indicate that a large portion of the administered CBD is excreted intact or as its
glucuronide (Harvey, 1991; Hawksworth & McArdle, 2004; Huestis, 2007; Huestis & Smith,
2014; Ujv8ry & Hanug, 2016) . Ore &iydradylated 1t he mo
COOH derivatives which are excreted either intact or as glucuronide conjugates (Ujvary &
Hanug, 2016) . As it is a good CYP substrate,

followed by further oxidations, resulting in a complextat®lic pattern of multiple metabolites
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(Harvey, 1991, Ujv8ry & Hanug, 2016) . Besi des

sulfotransferases are also involved within the enzymatic processes of metabolite formation.
Experiments -Ok vde@H 110HAat a®H CBDOare the main

monohydroxylated metabolites of CBD recoveneditro (Jiang, Yamaori, Takeda, Yamamoto,

& Watanabe, 2011; Ujv8ry & Hanug, 2016) . The

formation of the various metaba@sg are listed in Table 1.

Table 1L CYP isoforms involved in the metabolism of CBD inhum@gndj v8ry & Hanug,

*
ENZYME METABOLITE
CYP1Al 8a/b-OH-, 11-OH-,  a FOtH-CBDS
CYP1A2 8a/b-OH-CB D ,-, 125§3 0a rOtH-CBDD
CYP2C19 8a-OH-, 11-OH-, a AOdH-CBDO
CYP2D6 8a/b-OH-CBD, 11:0H-, 4 ®H-, a rOH-CBDO
8a/b-OH-CBD, 11:0OH-, -QH5 -@H a n-aH-
CYP3A4
CBD
CYP3AS5 8a/b-OH-CBD, 11:0H-, -QH5, -QH, aQHICBD ¢
CYP2A9 (Minor) 8a/b-OH-, 11-OH-, -@H5, a FOtH-CBDD

*Dibenzopyran numbering system.
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In humans, the major Phase Il metabolism involves glucuronidation of CBD at the
phenolic oxygen, but hydroxylated metabolites of CBD could also act as substrates. Sulfonation
of CBD species may also occur (Harvey & Mechaulal990; Massi, Solinas, Cinquina, &
Parol aro, 2013; Mazur et al., 2009; Stout &
3.2.3 Cannabichromene
The metabolism of CBC has not been studied as extensively as the aforementioned two major
phytocannabinoids and It is known about its metabolic pathways in humans. Some CBC
metabolism studies have been conducted in various animals (i.e., mouse, rat, rabbit, guinea pig,
cat, hamster and gerbil) and a range of metabolites have been characterized (Brown & Harvey,
1990;Kapeghian, Jones, Murphy, Elsohly, & Turner, 1983) across these different species (Table
2). The major metabolites identified were monohydroxy compounds hydroxylated at all positions
of both carbon chains. No mention was made as to which CYP isoforrmvadged (Harvey &

Brown, 1991b).
Table 2.1n vitro CBC metabolites identified in mouse and rabbit microsomes (Brown & Harvey,

1990; Harvey & Brown, 1991hb).

Ri Rs R7

METABOLITE R1 R2 R3 R4 R5 R6 R7 R8 R9 MOUSE* RABBIT*

1-OH OH H H H H H H H H 8 -

2-OH H OH H H H H H H H 4 -
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