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Review Article

An approach to drug stability studies and shelf life determination

ABSTRACT

The main objective of carrying out stability studies of the drug product is to determine shelf life of drug
during storage. Stability of drug can be defined as “The capability of a particular formulation in a specific
container/closed system, to remain within its physical, chemical, microbiological, therapeutic, and
toxicological specifications throughout its shelf life”. As mentioned in the International Conference on
Harmonization (ICH) guideline Q1A (R2), stability studies are commonly the activity on the critical path to
regulatory filing and approval. There are different types of stability studies and different methods are
applied for the determination of stability; namely real time stability testing, accelerated stability testing,
retained sample stability testing and cyclic temperature stress testing. The pH and temperature are the
main factors which influences the stability. The pH-rate profile (log(k)vs pH) is the pH dependence of the
specific rate constant of degradation of a compounds. Forced degradation indicates specificity of stability
indicating methods and it includes degradation of new drug substance and products at more severe
conditions than the accelerated conditions. The different conditions used for forced degradation includes
hydrolytic, oxidation, photolytic and thermal etc. The techniques utilized for evaluation of stability studies
can be TLC, HPLC-DAD, HPLC-UV, HPTLC, HPLC-MS, LC-MS/MS, LC-NMR, some techniques have
high sensitivity and resolution power to develop the effective stability indicating method while FDA’s
method, the direct method, inverse method, simulation results and Garret and Carper method are the
different methods mentioned for shelf life estimation of drugs and products. Thus stability testing of
pharmaceutical products the key procedural contribution in the development program for a new drug as
well as new formulation.

Keywords: Stability, Shelf life, Forced degradation, ICH guidelines, pH profile.

1. INTRODUCTION

The Shelf life of the pharmaceutical drug products is established by the stability studies. Stability testing
of pharmaceuticals is known to be a complex set of procedures which involving considerable cost, time
consumption and scientific expertise in order to build in quality, efficacy and safety in a drug formulation.
Scientific as well as commercial success ofany pharmaceutical product can only be ensured with the
understanding of the drug development process and the myriad tasks and milestones that are vital to a
comprehensive development plan[1]. Stability defines as “The capability of a particular formulation in a
specific container/closed system, to remain within its physical, chemical, microbiological, therapeutic, and
toxicological specifications throughout its shelf life”. Stability is officially defined as “the time lapse during
which the drug product retains the same properties & characters that is processed at the time of
manufacture[2]. There are varieties of factors influencing the stability of a pharmaceutical product;
because of their involvement stability testing is termed as a complex process. These factors mainly
includes stability of the active ingredient(s); interaction between active ingredients and excipients, type of
dosage form and there manufacturing process followed, container/closure system used for packaging,
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light, heat and moisture conditions encountered during shipment, storage and handling etc.[3].Theshelf
life determination of the drug product is main objective of stability studies. The stability refers to storage
time allowed before any degradation product in dosage form achieves a sufficient level to represent a risk
to the patient.Based on this time, the product shelf life or expiration date is determined[4]. From a
pharmaceutical development point of view, stability studies are frequently on the critical path to starting
patient studies and registration stability studies, as described in the International Conference on
Harmonization (ICH) guideline Q1A (R2), are commonly the activity on the critical path to regulatory filing
and approval. Stability studies are also a significant resource commitment in both pre and post-approval
phases[5].

1.1. Importance of Stability Studies

e Instability of active drug and products may lead to under medication of the drug due to
lowering concentration in the dosage form.

e The toxic product may be formedduring decomposition of active drug.

e Changing in physical appearance through the principles of kinetics due to instability, are
used in predicting the stability of the drug.

e To protect the reputation of the manufacturer by assuring that the product will retain
fithess for use with respect to all functionally relevant attributes for as long as they are
on the market.

1.2. Objectives of Stability Studies

e The purpose of stability testing is to provide evidences on how the quality of drug
product varies with time under the influence of a variety of environmental factors such as
temperature, humidity, and light.

e To select adequate (from the viewpoint of stability) formulations and container closure
Systems. To determine shelf-life and storage conditions.

e To substantiate the claimed shelf-life.

e To verify that no changes have been introduced in the formulation or manufacturing
process that can adversely affect the stability of the product.

e The main aim of accelerated stability study to predict the stability profile of a drug
product that prediction of the shelf life of the product before launching into the market

[6].

1.3. Guidelines for Stability Testing

The regulatory authorities in several countries have made provisions in the drug regulations for the
submission of stability data by the manufacturers to assure that optimally stable molecules and products
are manufactured, distributed and given to the patients. Its basic purpose was to bring uniformity in
testing from manufacturer to manufacturer. Such guidelines were initially issued in 1980s which include
basics issues related to stability, the stability data requirements for application dossier and the steps for
their execution. To overcome the bottleneck to market and register the products in other countries,these
were later harmonized (made uniform) in the International Council for Harmonization (ICH). The ICH was
established in 1991, it was a consortium formed with inputs from both regulatory and industry from
European commission, Japan and USA and various guidelines for drug substance and drug product
came into existence regarding their quality, safety and efficacy. These guidelines are called as quality,
safety, efficacy and multi- disciplinary (also called as Q, S, E and M) guidelines.
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ICH Code Guideline title
Q1A Stability testing of New Drug Substances and Products (Second Revision)
Q1B Stability testing: Photo stability testing of New Drug Substances and Products
Qi1C Stability testing of New Dosage Forms
Q1D Bracketing and Matrixing Designs for stability testing of Drug Substances and Products
Q1E Evaluation of stability data
Q1F Stability data package for Registration Applications in Climatic Zones Ill and IV
Q5C Stability testing of Biotechnological/Biological Products

Table 1: Codes and titles used in ICH Guidelines

The ICH guidelines did not address the extreme climatic conditions found in many countries, for this
reasonthe World Health Organization (WHO) in 1996 modified these guidelines, also it only covered new
drug substances and products and not the already established products that were in circulation in the
WHO umbrella countries. In June 1997, United States Food and Drug Administration (USFDA) also
issued a guidance document entitled ‘Expiration Dating of Solid Oral Dosage Form Containing Iron’.For
stability studies in global environment,in 2004 WHOalso released guidelines. ICH guidelines were also
extended later for veterinary products. India Drug Manufacturers Association also a technical monograph
on stability testing of drug substances and products existing in India. For active pharmaceutical
ingredients, drug products or formulations and excipients different test condition and requirements have
been given in the guidance documents. The codes and titles covered under ICH guidance have been
outlined in the Table 1 & Table 2. Series of guidelines related to stability testing have also been issued by
the Committee for Proprietary Medicinal Products (CPMP) under the European Agency for the Evaluation
of Medicinal Products (EMEA) to assist those seeking marketing authorization for medicinal products in
European Union. These are listed in Table 3.

Table 2: ICH Q1A Summary of Stability Parameters

Study Type & Condition Storage Time Comments
Condition Period
(Months)
Long-term 25°C+2°C/60% 12
RH+5% RH or
30°C+2°C/65% Must cover retest or shelf life period at
General Case: RH+5% RH a minimum and includes storage,
Intermediate | 30°C+2°C/65% 6 shipment and subsequent use.
RH+5% RH
Accelerated 40°C+2°C/75% 6
RH+5% RH
Long-term 5°C+3°C 12 Must cover retest or shelf life period at
Refrigeration: Accelerated | 25 °C+2°C/60% 6 a minimum and includes storage,
RH+5% RH shipment and subsequent use.
Freezer: Long term -20°Ct5°C 12 Must cover shelf life period at a
minimum and includes storage,
shipment and subsequent use.

Table 3: CPMP Guidelines for Stability
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CPMP code

Guideline title

CPMP/QWP/576/96 Guideline on Stability Testing for Applications for Variations to a Marketing
Rev.1 Authorization
CPMP/QWP/6142/03 Guideline on Stability Testing for Active Substances and Medicinal Products

Manufactured in Climatic Zones Ill and IV to be marketed in the EU

CPMP/QWP/609/96 Rev.

1

Note for guidance on Declaration of Storage Conditions for Medicinal
Products Particulars and Active Substances

CPMP/QWP/122/02 Rev.

Note for Guidance on Stability Testing of Existing Active Substances and

1 Related Finished Products

CPMP/QWP/072/96 Note for Guidance on Start of Shelf Life of the Finished Dosage Form
CPMP/QWP/2934/99 Note for Guidance for In-Use Stability Testing of Human Medicinal Products
CPMP/QWP/576/96 Note for Guidance on Stability Testing for a Type 2 variation to a Marketing

Authorization

CPMP/QWP/ 159/96

Note for Guidance on Maximum Shelf-Life for Sterile Products after First

Opening or Following Reconstitution

Ref.: [7]

1.4. Stability Studies and their Classification
Stability studies is the essential criteria for assure the quality efficacy and integrity of the final
product.

1.4.1 Physical stability studies: For intrathecal, ocular and intra-arterial routes, the physical evaluation
of the solution is of particular importance. The physical changes can have deleterious effects too. A
physical stability studies are also essential because tablet may become soft and ugly or it may become
very hard and show very slow dissolution time as a result of which bioavailability may not be good, so. A
more refined physicalevaluationis particularly important for therapeutic proteins to evaluate their kinetic
profiles of aggregation by using turbidimetry, light obstruction, dynamic light scattering or microscopic
analysis.

1.4.2. Chemical stability studies:Many chemical reactions involve moisture as a reactant and play the
role of solvent vector in many reactions. Molecules have more kinetic energy and more decomposition is
observed because moisture has better thermal conductivity than solids whichallow better heat transfer.
The common cause in all these, hydrolysis or oxidation or fermentation; is moisture. The presence of
moisturespeeds upall reactions. The HPLC, HPTLC or capillary electrophoresismethods are widely for
evaluation of chemical instability.

1.4.3Microbiological stability studies: Microorganisms not only contaminate the formulations containing
moisture but also solid dosage forms containing natural polymer because many natural polymers are
source of microorganism[8].

2. STABILITY TESTING METHODS

The stability testing of drug substances and products is a routine procedure which employed at various
stages of the product development. Accelerated stability testing (at relatively high temperatures and/or
humidity) is performed in early stages, in order to determine the type of degradation products which may
be found after long-term storage. For long-term shelf storage testing under less rigorous conditions i.e.
those recommendedat slightly elevated temperature, is used which determines a product’s shelf life and
expiration dates. The major aim of pharmaceutical stability testing is to provide reasonable assurance that
the products will remain at an acceptable level of fitness/quality throughout the period during which they
are in market place available for supply to the patients and will be fit for their consumption until the patient




136
137

138

139
140
141
142
143
144
145

146

147
148
149
150
151
152
153
154
155
156
157
158
159
160

161

162
163

164

165
166
167
168
169
170
171
172
173
174
175
176

uses the last unit of the product. Depending upon the aim and steps followed, stability testing procedures
have been categorized into the following four types.

2.1 Real-Time stability testing

Real-time stability testing is normally performed for longer duration of the test period in order to allow
significant product degradation under recommended storage conditions. The period of the test depends
upon the stability of the product which should be long enough to indicate clearly that no measurable
degradation occurs and must permit one to distinguish degradation from inter-assay variation. During the
testing, data is collected at an appropriate frequency such that a trend analysis is able to distinguish
instability from day-to-day ambiguity. The reliability of data interpretation can be increased by including a
single batch of reference material for which stability characteristics have already been established.

2.2Accelerated stability testing

In accelerated stability testing, a product is stressed at several high (warmer than ambient) temperatures
to determine the amount of heat input required to cause product failure. This information is then projected
to compare the relative stability of alternative formulations and to predict shelf life. In addition to
temperature, the moisture, light, agitation, gravity, pH and package etc. arethe stress conditions applied
during acceleratedstability testing. In thismethod the samples are subjected to stress, refrigerated after
stressing, and then assayed simultaneously. Because of the duration of the analysis is short, the
likelihood of instability in the measurement system is reduced in comparison to the real-time stability
testing. Further, comparison of the unstressed product with stressed material is made within the same
assay and the stressed sample recovery is expressed as percent of unstressed sample recovery.
However, for thermo labile and proteinaceous components, relatively accurate stability projections are
obtained when denaturing stress temperatures are avoided.For statistical reasons, the treatment in
accelerated stability projections is recommended to be conducted at four different stress temperatures.
The concept of accelerated stability testing is based upon the Arrhenius equation (1) and modified
Arrhenius equation (2):

InK =1nA + A—E(l)
RT

Where K = degradation rate/s, A = frequency factor/s, AE = activation energy (kJ/mol), R = universal gas
constant (0.00831 kJ/mol), T=absolute temperature (K).

log (%) = z;igze (le 7"11) @

Where k1 and k2 are rate constants at temperatures T1 and T2 expressed in degree Kelvins; Ea is the
activation energy; R is the gas constant. These equations describe the relationship between storage
temperatures and degradation rate. Using Arrhenius equation, projection of stability from the degradation
rates observed at high temperatures for some degradation processes can be determined. When the
activation energy is known, the degradation rate at low temperatures may be projected from those
observed at “stress” temperatures. The stress tests used in the current International Conference on
Harmonization (ICH) guideline (e.g., 40% for products to be stored at controlled room temperature) were
developed from a model that assumes energy of activation of about 83 kJ per mole. A common practice
of manufacturers in pharmaceutical industries was to utilize various shortcuts such as Q rule and bracket
tables for prediction of shelf life of the products but these methods are not official either in ICH or FDA.
The Q rule states that a product degradation rate decreases by a constant factor Q10 when the storage
temperature is decreased by 10°C. The value of Q10 is typically set at 2, 3 or 4 because these
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correspond to reasonable activation energies. This model falsely assumes that the value of Q does not
vary with temperature. The bracket table techniqgue assumes that, for a given analyte, the activation
energy is between two limits (e.g., between 10 and 20 kcal). As a result, a table may be constructed
showing days of stress at various stress temperatures. The use of a 10 to 20 kcal bracket table is
reasonable because broad experience indicates that most analytes and reagents of interest in
pharmaceutical and clinical laboratories have activation energies in this range.

2.3Retained sample stability testing

In this study, stability samples, for retained storage for at least one batch a year are selected. If the
number of batches marketed exceeds 50, stability samples from two batches are recommended to be
taken. At the time of first introduction of the product in the market, the stability samples of every batch
may be taken, which may be decreased to only 2% to 5% of marketed batches at a later stage. In this
study, the stability samples are tested at predetermined intervals i.e. if aproduct has shelf life of 5 years, it
is conventional to test samples at 3, 6, 9, 12, 18, 24, 36, 48, and 60 months. This conventional method of
obtaining stability data on retained storage samples is known as constant interval method. Stability testing
by evaluation of market samples is a modified method which involves taking samples already in the
market place and evaluating stability attributes. This type of testing is inherently more realistic since it
challenges the product not just in the idealized retained sample storage conditions, but also in the actual
marketplace.

2.4 Cyclic temperature stress testing

This is not a routine testing method for marketed products. In this method, cyclic temperature stress tests
are designed on knowledge of the product so as to mimic likely conditions in market place storage. The
period of cycle mostly considered is 24 hours since the diurnal rhythm on earth is 24 hour, which the
marketed pharmaceuticals are most likely to experience during storage. The minimum and maximum
temperatures for the cyclic stress testing is recommended to be selected on a product-by-product basis
and considering factors like recommended storage temperatures for the product and specific chemical
and physical degradation properties of the products. It is also recommended that the test should normally
have 20 cycles[9].

3. FACTORS INFLUENCING STABILITY OF DOSAGE FORM

3.1 pH:pH plays a significant role in the active ingredient’s solubility and thus in its bioavailability. The
rate of degradation is much higher at extreme values. The optimum pH is often the same as the pH at
which a given molecule is most soluble. Buffers are often included in pharmaceutical product
formulations, and provide very good stability. However the formulation of preparations using these
pharmaceutical products may change their pH and their stability.

3.2 Temperature: One of the most important factors in drug stabilitytemperature. An increase of 10°C
in storage temperature may lead to a 2 to 5 fold increase in the speed of degradation reactions. For
certain molecules, physicochemical stability is only optimal within a small temperature range, outside of
which increased degradation is observed. For most active ingredients, the kinetics of degradation
reactions follows the Arrhenius law. Thus, when performing stability studies at elevated temperatures (at
40° C, for example), it is possible to determine the formulation’s stability at ambient temperature.

3.3 Surfactants:The active ingredient in hydrolytic groups such as hydroxyls, surfactants can be used
to protect and limit their degradation. The different types of surfactants (anionic, cationic or non-ionic)
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may however form micelles in solution, thus trapping the active ingredient molecules and changing their
bioavailability in solution.

3.4 Oxygen: The presence of oxygen in a preparation may cause instability via the oxidation of one of
its components. Formulation (antioxidants) and manufacturing techniques (under nitrogen) need to be
determined accordingly. In order to preventing the infiltration of oxygen over time selecting an appropriate
container and ensuring its integrity are also important elements to consider.

3.5 Light:In photosensitive molecules light is a parameter that may cause chemical instability. If
preventive measures are implemented during manufacturing (selection of appropriate packaging
material), it is important to check that they are maintained over time [10].

4. pH-RATE PROFILES

The pH-rate profile is the pH dependence of the specific rate constant of degradation of a compound;
sometimes it called as pH-stability profile or rate-pH profile, and it is conveniently represented by a log(k)
versus pH plot. The pH-rate profiles help in developing more stable solution formulations and lyophilized
products alsoprovide insights into the catalytic nature of a reaction. Many drug degradation reactions
follow apparent first order kinetics andusually plotted in a pH-rate profile which subject to specific and
general acid-base catalysis. One should correct for general acid-base catalysis by buffer components by
extrapolation to zero buffer concentration if the catalysis effect is significant. Analysis of a pH-rate profile
can be started by assuming all possible pathways and writing down the corresponding rate equations (Eq.
3). The presence or absence of a certain mechanism can then be verified by analyzing the kinetic data.

kops = ko + ky[H*] + koy[OH™] + k,[buffer species 1] + k,[buffer species 2] + -+
=ko + Xk ki(3)
4.1 V-shaped, U-shaped, and other truncated pH-rate profiles

In the degradation of carboxylic acid derivatives, such as esters, amides, substituted ureas, etc.specific
acid and base catalysis is common. In the absence of other more complicated mechanisms the pseudo-
firstorder rate constant can be written as;

kops = kH[H+] + ko + kOH[OH_] 4)

Here, kois the intrinsic apparent first-order rate constant, and ky and koy are the catalytic coefficients for
the hydrogen and hydroxyl ions, respectively. The resulting rate-pH profile plot consists of a straight line
with slope of -1 in the acidic region, and another straight line with slope of 1 in the basic region (Fig. 1).

log Kobs

pH

Fig.1l: Schematic rate-pH profiles for reactions involving only a single reactive species with
specific acid- base-catalysis.
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4.2 Sigmoidal pH-rate profiles

Sigmoidal rate-pH profiles usually arise from the dissociation of the drug molecules. In the vicinity of
pH=pKa, when plotted as a function of pHthe species distributions of a weak base or weak acid are
sigmoidal. Therefore, if both the acidic and basic species of the compound can undergo degradation with
differing rate constants, the rate-pH profile is expected to be sigmoidal. For example, for the
decomposition of weak acid HA:

k

HA -5 product (5)
kA_

A~ — product (6)

When the drug concentration is measured, a distinction between the ionized and unionized species is
usually not made. The apparent rate of the reaction is

rate = kHA[HA] + kA—[A_]

_ kua[H']+ka—Kq
T Kqt[H*)

{HA} Q)

Here, Kais the dissociation constant of HA, while {HA} is the total concentration of HA. Therefore, a plot of
the apparent rate constant is sigmoidal with respect to pH, so long as the rate constants are not identical.
The rate constant of each species can be estimated from the limits of the apparent rate constant at low
and high pH, and that pKa=pH at the inflection point of the sigmoidal pH-rate profile plot. If the change in
rate is due to ionization at a single site, the sigmoidal curve will encompass slightly more than +1 pH
units of the expected pKa.

Log Kobs (s-1)

7

pH

Fig. 2: Sigmoidal pH-rate profile

4.3 Bell-shaped pH-rate profiles

Bell-shaped pH-rate profiles shows a minima or maxima. Different scenario can lead to this kind of pH-
rate profile. The most inherent framework arises from the presence of two ionizable functional groups in
the molecule. For example, for a diprotic acid, H,A, three species are in solution: H,A, HA', and A*, where
the concentration-pH profile of species HA' is bellshaped. Based on reactivityof monoprotic species, HA,
the corresponding pH-rate profile could show either maxima or a minima. In case ofacid and a base, the
two ionizations are on different reactant molecules. Another one occurs when ionization is combined with
a change in the rate-determining step. For example, consider a reaction: A—B—C, where A is a
monoprotic acid/base. The two species of reactant A may have very different reactivity’s with the rate
constant of step B—C falling somewhere in between. Therefore, in one pH region (below or above its
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pKa), the step A—B is the slowest, whereas B—C becomes the rate-determining step over another pH
range. A bell-shaped pH-rate profile then results, with one side of the bell corresponding to the ionization
while the other corresponds to the switch of the ratelimiting step.

Log Kobs (s-1) |V

pH
Fig. 3: Bell-shaped pH-rate profile
4.4 More complicated pH-rate profiles

The analysis of a pH-rate profile can complicatedwith the presence of multiple ionization centers, either
their construction is based on same principles. Some of the features may not be fully developed in a
particular pH-rate profile depending on how far their pKa values are isolated. For example, the pH-rate
profile of aspirin shows conformation for specific acid-catalysis at pH<2 and specific base-catalysis at
pH>10. The sigmoidal portion is due to the different reactivity of the neutral and ionized aspirin species
and broad shoulder within some pHdue to intramolecular catalysis [11].

4.5 Influence of Temperature

Linearplotsofink = f(1/T) were used to calculate the energy of activation (Ea), the entropy (AS¢) and
enthalpy (AH?) and the preexponential coefficient (4) for the partial reactions which based on the
Arrhenius equation Ink = InA — Ea/RT. The entropy of all reactions under the influence of water
(spontaneous hydrolysis) was negative, which suggest the bimolecular character of these reactions. The
positive values of entropy forthereactions catalyzed by hydrogenionsindicatedapositive participation
ofentropyof protonationreaction. The linear relationships of AH = f(AH’£ ) and Ea = f(InA) were obtained
for the degradation of protonated molecules of compounds catalyzed by hydrogen ions and spontaneous
hydrolysis of molecules under the influence of water, which suggested that all reactions occurred
according to the same mechanism of a bimolecular reaction[12].

5. FORCED DEGRADATION

Forced degradation is the degradation of new drug substance and products at more severe conditions
than the accelerated conditions. It is essential to indicate specificity of stability indicating methods and
also provides an insight into degradation pathways and degradation products of the drug substance and
helps in elucidation of the structure of the degradation products[13].

Forced degradation studies are performed for following reasons:

1. To establish degradation pathways of drug substances and drug products.
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2. To differentiate degradation products those are related to drug products from those that are
generated from non-drug product in a formulation.

3. To elucidate the structure of degradation products.

4. To determine the intrinsic stability.

5. To reveal the degradation mechanism such as hydrolysis, oxidation, thermolysis or photolysis of
the drug substance and drug product[14, 15].

6. To establish stability indicating nature of drug molecules.

7. To understand the chemical properties of drug molecules.

8. To generate more stable formulations.

9. To produce a degradation profile similar to that of what would be observed in a formal stability

study under ICH conditions.
10. To solve stability-related problems[16].

5.1 Time to perform forced degradation

It is very necessary to know when to perform forced degradation studies for the development of new drug
substance and new dug product. As per FDA guidelines, stress testing should be performed in phase Il
of regulatory submission process at different pH solutions, in the presence of oxygen and light, and at
elevated temperature and humidity levels to determine the stability of the drug substance. These stress
studies are conducted on a single batch. The results should be summarized and submitted in an annual
report[17].

5.2 Limits for degradation

How much degradation is sufficient is the question which always has been the topic of many discussions
amongst pharmaceutical scientists. Degradation of drug substances between 5% and 20% has been
accepted as reasonable for validation of chromatographic assays [18, 19]. Some pharmaceutical
scientists think 10% degradation is optimal for use in analytical validation for small pharmaceutical
molecules for which acceptable stability limits of 90% of label claim is common [20]. Over-stressing a
sample may lead to the formation of a secondary degradation product that would not be seen in formal
shelf-life stability studies and under-stressing may not generate sufficient degradation products[21].

Table4: Conditions mostly used for forced degradation studies.

Degradation Experimental conditions Storage conditions | Sampling time (days)
type
Hydrolysis Control API (no acid or base) 40°C,60°C 1,3,5
0.1 M HCI 40°cC,60°C 1,35
0.1 M NaOH 40°cC,60°C 1,35
Acid control (no API) 40°C,60°C 1,35
Base control (no API) 40°C,60°C 1,35
pH: 2,4,6,8 40°C,60°C 1,35
Oxidation 3% H,0, 25°9C,60°C 1,3,5
Peroxide control 25°C,60°C 1,3,5
Azobisisobutyronitrile (AIBN) 40°C,60°C 1,35
AIBN control 40°C,60°C 1,3,5
Photolytic Light 1x ICH NA 135
Light 3% ICH NA 1,3,5
Light NA 1,35
Thermal Heat chamber 60°C 1,35
Heat chamber 60 ° C/75% RH 1,35
Heat chamber 80°C 1,3,5
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Heat chamber 80 ° C/75% RH 1,3,5
Heat control Room temp. 1,3,5

NA: Not Applicable, Ref. [22]
5.3 Degradation prediction tools
CAMEO

CAMEO is a computer program that predicts the products of organic reactions given starting materials,
reagents and conditions. The analyses cover the following key degradation conditions: basic/nucleophilic,
acidic/electrophilic, radical, oxidative/reductive and photochemical as well as mechanistic interpretations
of these reactions. In general, the CAMEO algorithms have been designed to give product mixtures that
err on predicting more degradation products than actually observed[23].

5.4 Mechanism of Degradation

5.4.1Hydrolytic conditions

Hydrolysis is a chemical process that includes decomposition of a chemical compound by reaction with
waterand it is most common degradation chemical reactions over a wide range of pH. It involves catalysis
of ionizable functional groups present in the molecule under acidic and basic condition.Acid or base
stress testing involves forced degradation of a drug substance by exposure to acidic or basic conditions
which generates primary degradants in desirable range. Hydrochloric acid or sulfuric acids (0.1-1M) for
acid hydrolysis and sodium hydroxide or potassium hydroxide (0.1-1M) for base hydrolysis are suggested
as suitable reagents for hydrolysis and it depends on the stability of the drug substance. [22, 24]. If case
of poorlywater soluble compounds, co-solvents can be used to dissolve them in HCI or NaOH. The
selection of co-solvent is based on the drug substance structure. Stress testing trial is normally started at
room temperature and if there is no degradation, elevated temperature (50-70° C) is applied. Stress
testing should not exceed more than 7 days. The degraded sample is then neutralized using suitable
acid, base or buffer, to avoid further decomposition.

5.4.20xidation conditions

In forced degradation studies Hydrogen peroxide is widely used for oxidation of drug substances but
other oxidizing agents such as metal ions, oxygen, and radical initiators (e.g., azobisisobutyronitrile,
AIBN) can also be used.Depending on the drug substance selection of an oxidizing agent, its
concentration, and conditions is proceeds. It is found that that maximum 20% degradation could
potentially generate relevant degradation productswhen subjecting the solutions to 0.1-3% hydrogen
peroxide at neutral pH and room temperature for seven days[22]. In oxidative degradation of drug
substance an electron transfer mechanism isinvolve to give reactive anions and cations. Amines, sulfides
and phenols are susceptible to electron transfer oxidation to give N-oxides, hydroxylamine, sulfones and
sulfoxide[25]. The functional group with labile hydrogen like benzylic carbon, allylic carbon, and tertiary
carbon or a-positions with respect to hetero atom is susceptible to oxidation to form hydro peroxides,
hydroxide or ketone [26,27].

5.4.3Photolytic conditions

Photo stability studies are performed to generate primary degradants of drug substance by exposure to
UV or fluorescent conditions. Some recommended conditions for photo stability testing are described in
ICH guidelines [28]. Samples of drug substance and solid/liquid drug product should be exposed to a
minimum of 1.2 million Ix h and 200W h/m? light. The most commonly accepted wavelength of light is in
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the range of 300-800 nm to cause the photolytic degradation [29,30]. The maximum illumination
recommended is 6 million Ix h [27]. Light stress conditions can induce photo oxidation by free radical
mechanism. Functional groups like carbonyls, nitro aromatic, N-oxide, alkenes, aryl chlorides, weak C—H
and O-H bonds, sulfides and polyenes are likely to introduce drug photosensitivity [31].

5.4.4Thermal conditions

Thermal degradation (e.g., dry heat and wet heat) should be carried out at more strenuous conditions
than recommended ICH Q1A accelerated testing conditions. Samples of solid-state drug substances and
drug products should be exposed to dry and wet heat, while liquid drug products should be exposed to
dry heat. Studies may be conducted at higher temperatures for a shorter period [22]. Effect of
temperature on thermal degradation of a substance is studied through the Arrhenius equation:

k = Ae—Ea/RT

Where Kk is specific reaction rate, A is frequency factor, Ea is energy of activation, R is gas constant
(1.987 cal/deg mole) and T is absolute temperature (27, 32 and 33). Thermal degradation study is carried
out at 40-80° C.

6. SOLUTION KINETICS

Chemical degradation reactions of pharmaceuticals follow the well-established treatments of chemical
kinetics.

6.1 Rate equations

When a chemical reaction starts, the concentrations of reactants and products change with time until the
reaction reaches completion or equilibrium. The concentrations of the reactants decrease, while those of
the products increase over time. Therefore, the rate of a reaction can be represented either by the
decreasing change in the concentration of a reactant or the increasing change in the concentration of a
product with respect to time.

An arbitrary chemical reaction can be represented as,
aA+ bB - cC+dD (8)

Here, a, b, ¢ and d are the stoichiometric coefficients indicating the molar ratio of the reactants and
products of the reaction. The rate of change of concentration of each species can differ, depending on the
stoichiometric coefficients. Hence, a unified expression of the rate is preferred, which can be obtained via
normalization:

1dlA 1d[B 1d[C 1d|D
rate — 1dlAl _ 1Bl _1dic] _ 1di]
a dt b dt c dt d dt

©)

A negative sign is used for reactants so that the rate of a reaction is positive if it moves toward equilibrium
or completion. The rate of a reaction often depends on the concentrations of the reactants/products when
other conditions are kept identical. Consider the hydrolytic reaction of ethyl acetate under alkaline
conditions:

CH3;COOC;Hs + OH—CH3;COO + C,HsOH (10)

The rate of this reaction is proportional to the concentrations of each reactant species:
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d[CH3C00C,Hs] _ d[CyH50H]
de - dt

rate = — (11)

Here, k, the proportional constant, is called the specific rate constant, or just the rate constant. This
hydrolytic reaction is first order with respect to either ethyl acetate or hydroxide, and is an overall second
order reaction. In general, the rate of the arbitrary reaction, may be written as

rate = k[A]*[B]? (12)

Here, a and B are the reaction order with respect to A and B, respectively. The order of the overall
reaction is n=a+f. This rate equation can be expanded to include more reactant/product species.

6.1.1 Zero-order reactions

In zero-order reactions, the rate of the reaction does not depend on the concentration of the reactant;
thus, the rate is a constant:

rate = — 4 = k[A]° = k (13)

Here, A is the reactant and k is the zero-order rate constant. In this case, the decrease in concentration of
A is linear with time;

[A]e = [A]o — kt (14)
Here, [A]; is the concentration of A at time t, while [A]p is that at time zero, or the initial concentration.

6.1.2First-order reactions

First-order reactions appear to be the most commonly encountered in pharmaceutical stability studies.
The rate of a first-order reaction is proportional to the concentration of the reactant:

ata)

rate = — =
dt

k[A] (15)

The concentration-time profile of the reactant for a first-order reaction follows an exponential decay to a
limiting value, while that of the product follows an exponential increase to a different limiting value:

A - C(16)
[A]: = [A]oexp (—kt) (17)
[C]e = [A]o[1 — exp(—kt)] (18)

The half-life, ty,, of the reaction is the time required for the reactant concentration to decrease to 50% of
itsoriginal value; similarly, the times for the reactant concentration to decrease to 95% and 90% of its
original values are designated as tgs, and tqo, respectively. These quantities can be obtained readily for a
firstorder reaction if the rate constant is known:

In2 In 0.95 Ino09
tijg =775 tos =5 too=—7 (19)

A characteristic feature of first-order reactions is that the time required to lose the first 50% of the material
(ty2) is the same as the time required to drop from 50% remaining to 25% remaining, from 25% remaining
to 12.5% remaining, and so on.
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6.1.3 Second-order reactions

Many apparently first-order reactions observed for pharmaceuticals are actually second order. Usually,
two reactant molecules must collide in order to react. However, in practice, one reactant (e.g., water,
hydrogen ion, hydroxyl ion, buffer species, etc.) may be in great excess so that its change in
concentration is negligible, and an apparent first-order reaction is therefore observed.For a second-order
reaction where two reactants are involved,

A+B—C (20)

The rate equation can be written as;

— _alal _ _dB] _
rate = ———==—— = k[A][B] (21)
The rate is first-order with respect to each reactant, but the overall reaction is second order. The

concentration-time profile of a second-order reaction can be represented as

(e — o) = g (22)

[Alo=[Blo [Ble [Blo

When the initial concentrations of A and B are identical, the concentration-time profile can be simplified as

1 1
E - E =kt (23)
The ty,, tgs, and tgg values for a second-order reaction all depend upon the initial concentration of each
species.

Fig. 4 plots the reactant concentration-time profiles for theoretical zero-, first-, and second-order kinetics.
Table 5 summarizes the rate equations, the formula for calculating reactant concentration-time profiles,
and half-lives for this simple order kinetics. The rate constants used to generate Fig. 4 were assumed to
be numerically identical in all cases. Identical initial reactant concentrations were assumed for the
second-order reaction in both Fig. 4 and Table 5.

Fra:t_ion 0.6
remained

2nd order
0.4

1st order
0.2

zero order

0.0

(&
.

6 8 10 12
Time (arbitrary)

Fig 4: Reactant concentration-time profiles for theoretical zero-, first-, and second-order reactions.

Table 5: Rate Equations, Reactant Concentration-Time Profiles, and Half-Lives for Zero-, First-,
and Second-Order Reactions

Reaction order Rate equation Concentration-time Half-life
profile
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7. ANALYTICAL TOOLS USED IN STABILITY INDICATING METHOD DEVELOPMENT:

The advancement in analytical instrument techniques makes it easier to develop the SIM. It should have
good separation between the drug substance, its impurities, and degradant products and should possess
high sensitivity towards analyzing of minimum concentration of drug substance. The TLC, HPLC-DAD,
HPLC-UV, HPTLC, HPLC-MS, LC-MS/MS, LC-NMR, these are some techniques that have high
sensitivity and resolution power to develop the effective stability indicating method. TLC method has
advantages over HPLC is the volume of mobile phase required is small, large no. of the sample can be
analyzed in one single plate by densitometry method. HPTLC has higher sensitivity than TLC but less
sensitive than HPLC.

Table 6: Drug Examples with Analytical Instrument Used For Stability Studies

Drug examples Analytical instrument used

Albendazole, Atazanavir Sulfate, Desloratadine, HPLC-UV SIM
Cefexime&dicloxacilline, Temozolamide, Letrozol, Praziquantel,
Prulifloxacin, BuprinorphineHCI and NalaxoneHCI, Guaifenesin&

pseudoephedrine, Rizatriptan Benzoate, Doxorubicin,
Rufinamide, Roflimilast, Pragabalin, Nizatidine, Naftopidil,
Dexamethasone and Moxifloxacin, Levocabastine, AMLO-VAL-HCTZ,
Eremantholide C, Silymerin and curcumin, Sofosbuvir and Ledipasvir,

n-acetyl cysteine,

HPLC —-DAD SIM

Diclofenac, Piracetam, Rivaroxaban, UPLC SIM
Ofloxacine&ornidazolelsoflavoneaglycone in soybean UFLC SIM
Desonide HPTLC SIM
Loratadine, Clobetasol, TLC SIM
Nicardipine, AzilsartanmedoxomilPottasium, HPLC-MS SIM

Ezetimibe, Simavastatin, Zidovudine

HPLC-MS/MS SIM

HPTLC has advantages over large no. of the sample can apply on a single plate, and the amount of
mobile phase required is small, so it has costeffective analysis. HPLC -UV method is the most commonly
used method for development of stability indicating method, but it has a limit of its detection ability;
however it is more sensitive than TLC and HPTLC method. HPLC-PDA or DAD has a wide range of
detection. One can determine the wavelength where all impurities, degradant products, and drug
substance show absorbance so, it makes easy detection, separation, and quantification of all
contaminants, related substances to give exact drug concentration at any time point during its storage.
HPLC-MS has higher sensitivity to analyze the small quantity of analyte also. In such a way the HPLC-
MS/MS shows to study the fate of a drug in human biological fluids, i.e. drug plasma concentration level.
LC-NMR is also a highly sensitive technique to have the ability of separation of enantiomers in which one
of them considered as an impurity of drug substance[35].

7.1Mean Kinetic Temperature(MKT)
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The Mean kinetic temperature is the single calculated temperature at which the total amount of
degradation over a particular period is equal to the sum of the individual degradations that would occur at
various cycles of higher and lower temperature. It is an isothermal storage temperature that simulates the
non-isothermal effects of storage temperature variation. The MKT takes into account seasonal and daily
temperature variations during a year. It expresses the cumulative thermal stress undergone by a product
at varying temperatures during storage and distribution. The concept of MKT is applied in order to provide
assurance that the actual storage conditions will not affect the stability and shelf life of the product
adversely. This is based upon the fact that the degradation rate constants are temperature dependent. A
controlled room temperature maintained thermostatically to the usual working environment of 20°C to
25°C results in a mean kinetic temperature calculated to be not more than 25°C. This concept is applied
to pharmacies, hospitals, distribution and storage areas and vehicles and warehouses. Articles may be
labeled for storage at “controlled room temperature” or at “up to 25°C”, or any other relevant word/phrase
based on the same mean kinetic temperature. The distribution of the countries and regions of the world
into four different climatic zones has been on the basis of the mean kinetic temperature. Mean kinetic
temperature is calculated by two methods, i.e. USP method and FDA method. In the USP method, MKT is
derived from the average storage temperatures recorded over a 1-year period and the running average
derived from the average of weekly high and low temperatures recorded over the preceding 52 weeks.
This result in entering 52 data points and calculation is done by Hayne’s equation, which is derived from
Arrhenius equation and relates degradation rate constants at different temperatures to the activation
energy.
AH/R

Tykr = , o—BH/RT1 {,—BH/RT2 . 1 o-AH/RTy (24)

—Imn

n

where MKT is the mean kinetic temperature; AH is the energy of activation, in kJ/mole; R is the universal
gas constant, 83.144kJ/mole (5240 kJ/mole); T1 is the arithmetic mean of the highest and lowest
temperatures recorded during the first time period (e.g., the first week); T2 is the arithmetic mean of the
highest and lowest temperatures recorded during the second time period (e.g., the second week); Tn is
the arithmetic mean of the highest and lowest temperatures recorded during the n™ time period (e.g., n
week), n being the total number of average storage temperatures recorded during the annual observation
period; and alltemperatures T being absolute temperatures in degrees Kelvin (K).

The relative humidity (RH) is the ratio of the water vapor pressure of the environment to the saturation
water vapor pressure at fixed temperature. The relative humidity can be calculated from the partial and
saturation pressures of the water vapor, according to Eq. (25):

UR =2 x 100 (25)
Ps

The partial and saturation pressures of the water vapor could be estimated through Egs. (26 & 27)

Ps = 0.61078 X exp (s ) (26)
P, = 0.61078 X exp (%) (27)

Where, PS=saturation pressure of the water vapor, (kPa);
PD=partial pressure of the water vapor, (kPa);

T=measured environment temperature, (°C);
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TD=dew point temperature, (°C).

The storage conditions could be derived from Eq.(24&25). The storage conditions used generally should
include a safety margin for temperature and RH [9,36].

7.2 HPLC

After the sample is generated through the use of a properly designed and executed forced degradation, it
can be used to develop the LC method. The goal of development of method is separation of API peak
from degradable product and detection of same. The separation of peaks are depends on solvent type,
mode of chromatograph, mobile phase pH, column type and temperature. The choice of solvent is
depend on the solubility of analyte, buffer used and UV value of solvent and safety of solvent. The
experimental conditions regarding the stability indicating assay can be achieved through planned and
systemic examination including pH, mode of chromatogram, flow rate of mobile phase, column type and
column temperature, sample concentration and amount of sample injected, solvent used, detection
wavelength, etc.[4, 37].

7.3 Calorimetry

Methodology for accelerated stability testing normally involves chemical assay of samples stored at high
temperatures for appropriate time periods. Motivated largely by the desire to increase sample throughput,
thermal analysis methods, particularly differential scanning calorimetry (DSC), have been applied in
studies of the decomposition kinetics of explosives and in stability studies of pharmaceutical solids.
However, sensitivity limitations demand high temperatures in both scanning mode and isothermal mode.
In principle, the isothermal mode has the potential to provide data at more realistic temperatures. In
isothermal operation, deviation of the sample signal (W) from baseline is the rate of heat production by
the sample (dQ/dt) and is proportional to the reaction rate at that temperature (dn/df), where n is number
of moles of parent compound, with the constant of proportionality being the heat of reaction (AH),

dQ/dt = AH, dn/dt (28)

The heat of reaction is not normally known and may be evaluated by integration of dQ/dtoverthe course of
the experiment, provided the sample decomposes completely during the experiment. Thus, extremely
high temperatures are required. In principle, one could run at a more moderate temperature, without
decomposing the sample greatly, and be content to compare the thermal activities (dQ/dt) for a series of
samples. Assuming that the heats of reaction do not vary greatly among the samples studied, this
procedure would yield a comparison of reaction rates (Eq. 28). However, reproducibility of the baseline
limits the sensitivity of the measurement to roughly +50 uW for a common DSC unit™. With this sensitivity
and the small sample size (<30 mg), high temperatures are required to generate reproducible data. The
recent availability of commercial high sensitivity isothermal calorimeters has dramatically increased the
potential of calorimetric stability studies. With a sensitivity of =0.1 pW and a sample capacity of several
grams, such units have more than 4 orders of magnitude greater effective sensitivity than a conventional
DSC. Thus, assuming a heat of reaction in the tens of kJ/mol, such instrumentation is capable, in
principle, of comparative stability studies on relatively stable materials at room temperature. High
sensitivity isothermal calorimetry has found application in shelf-life stability estimation for explosives, and
a brief report from this laboratory suggests that this calorimetric approach would be useful in
pharmaceutical stability studies [38].

Recently Willson has described a general procedure for the determination of both thermodynamic and
kinetic parameters from microcalorimetric output data [39, 40]. The procedure takes a kinetic equation for
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a particular reaction, and modifies it such that it applies directly to microcalorimetric data. This is achieved
by recognition of the fact that the total heat evolved during the course of a reaction (Q) is equal to the
total number of moles of material reacted (A,) multiplied by the change in molar enthalpy for that reaction
(DH) (Eq. 29).

Q = A\ AH (29)

Similarly, the heat evolved at time t(q) is equal to the number of moles of material reacted (x) attime t
multiplied by the change in molar enthalpy for that reaction (Eq. 30).

q = xAH (30)

Eqg. (30) may be substituted into a general rate expression of the form dx/dt to give an expression of the
form dg/dt (or power).

For example, the general rate expression for a simple, first-order, A—B process is given by Eq. (31).
dx
T =k(Ao—x) (31)

Substitution of Eg. (30) into Eq. (31) yields,

£ = kaH (4, - L) 32)

This modified rate expression may be used to fit power—time data recorded using the microcalorimeter by
a process of iteration. Using this method, Willson showed how it is possible to write calorimetric equations
that describe a range of commonly encountered mechanisms. It is also possible, if the integrated form of
the transformed calorimetric equation is known, to simulate calorimetric data using a suitable
mathematical worksheet. In this way, it is possible to obtain values for reaction parameter by fitting real
calorimetric data and de-convolute complex data into their component parts using the worksheet[41].

7.4 First derivative of ratio spectra spectrophotometric method (DD%)

The main advantage of the method is that the whole spectrum of interfering substance is cancelled.
Accordingly, the choice of the wavelength selected for calibration is not critical. The best results in terms
of signal to noise ratio, sensitivity and selectivity followed using 5 mg/mL [42].

7.5 Chemometric methods

This method is based on UV-spectrophotometry, and the resulting heavily overlapping responses are
processed by chemometrics. In this method, different chemometric approaches were applied for
simultaneous determination of drugs and its degradation products, including PCR and PLS methods.
These multivariate calibrations were useful in spectral analysis because the simultaneous inclusion of
many spectral wavelengths instead of single wavelength greatly improved the precision and predictive
ability. For evaluation of the predictive abilities of the developed models, several diagnostic tools were
used: predictive versus actual concentration plot (model and sample diagnostic); concentration residuals
versus actual concentration plot (model and sample diagnostic) and root mean square error of prediction
(RMSEP) (model diagnostic), the predicted concentrations of the validation samples were calculated [43].

7.6 TLC-densitometric method
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Chromatographic techniques overcome the problem of overlapping absorption spectra of mixture of drugs
or in presence of impurities or degradation products by separation of these components on TLC plates or
chromatographic columns and determining each ingredient by scanning the corresponding chromatogram
[44]. It has many applications in the field of pharmaceutical studies, which include the following: stability,
impurities, synthetic drugs, pharmacokinetic, enantiomeric purity and drug monitoring in biological fluids.
To improve separation of bands, it was necessary to investigate the effect of different parameters [45].

7.7 LC-MS/MS

LC-MS/MS is a superior and advanced analyticaltool for the identification and characterization of the
degradation products in the APIs or a drug product. A combination of these techniques is finding
increased use in the analytical structural organic chemistry. The analytical applications of HPLC and MS
as well established. HPLC for resolving the mixture of compounds into its individual components, while
MS as an excellent for characterization of compounds. LC-MS/MS studies were carried out in +APCI
ionization mode in the mass range of 50-2000 amu. High purity helium was used as carrier gas, and
nitrogen was used as a nebulizer. Mass parameters were optimized to the following values: R¢loading:
80%; capillary voltage: 80 volts; syringe volume: 250ul; spray chamber temperature: 50°C; nebulizer
pressure: 35psi; drying gas temperature: 300°C; drying gas pressure: 10psi; vaporizer gas temperature:
350°C; vaporizer gas pressure: 20psi; spray shield voltage: + 600.0 volts [46].

8. DRUG SHELF-LIFE ESTIMATION

The expiration dating period or shelf-life of a drug product is defined as the time at which the average
drug characteristic (e.g., potency) remains within an approved specification after manufacture. The United
States Food and Drug Administration (USFDA) require that a shelf-life be indicated on the immediate
container label of every drug product. Since the true shelf-life of a drug product is usually unknown, it is
typically estimated based on assay results of the drug characteristic from a stability study conducted
during the process of drug development [47].

Lety; be the assay result of a pharmaceutical compound at time x;, j =1,...,n. A simple linear regression
model is usually assumed:

yi=a+px+e, j=1,..,n (33)

where a and B are unknown parameters, x;'s are deterministic time points selected in the stability study,
and e;'s are measurement errors independently and identically distributed as N(O,oz).

8.1 FDA’s Method

Let(a@ B) be the least squares estimator of (a, B) based on (yjx;)'s under (33). For any fixed time x, a 95%
lower confidence bound for a + Bx is

L(x) = @F fx — 6t,_, /% e (34)

Where t, is the 95" percentile of the t-distribution with n— 2 degrees of freedom, X is the average
Ofx;S,a'z = (Syy - Szxy/ Sxx)/(n — Z)rSyy = 7:1(Yj - y)z'Sxx = Z;l:1(xj - f)z'Sxy =Z;'l:1(xj - JZ)(yj -

y,and y is the average of y’s. FDA’s shelf-life estimator is 8 = inf{x > 0:L(x) < 7}, the smallest x 20
satisfying L(x)=n. By definition, 8, > fimplies L(8) >n and P(; > 8) < P(L(8) >n) = 5%, sinceL(P) is a
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95% lower confidence bound for a + B8 = n. This means that d¢ is a (conservative) 95% lower confidence
bound for 6.

8.2 The Direct Method

From the asymptotic theory (either n —~or g —0),

(’%ﬁ‘— )/%\/%+é(%—f)2 > N(0, 1)in law. (35)

Let z be the 95th percentile of the standard normal distribution. Then an approximate (large n or small o)
95% lower confidence bound for 0 is

G =10 1y L(2_ g’ (36)
We call this the direct method (of obtaining a shelf-life estimator).
8.3 The Inverse Method
Another shelf-life estimator can be obtained using the so-called inverse regression method. Start with
xi=a"+py;+e, j=1,.,n (37)

which is the same as (33) except that x; and y; are switched. In a stability study, however, the x;’s are
deterministic time points and the y;'s are assay results and, therefore, the error term e/ is not independent

of Yi.
8.4 Simulation Results

A simulation study is conducted to examine the finite sample performance of,8, 8, and 8, We also study
whether the asymptotic bias and mean squared error formulas are close to the bias and mean squared
error given by simulation. We consider a typical stability study design: x;=0,3,6,9,12,18, and 24 months,
with 3 replications at each x;. Thusn = 21. Values of a, B and n are chosen to be105,-0.5 and 90,
respectively, so that 8 = 30. To see the asymptotic effect, we consider values of ¢ ranging from 0.1 to
2.0.

8.5 Shelf-Life Estimation under Batch-To-Batch Variation

Drug products are usually manufactured in batches. The values of a and $ in (33) may be different for
different batches, referred to as batch-to-batch variation. The FDA requires testing of at least three
batches, preferably more, in any stability analysis to account for this variation so that a single estimated
shelf-life can be used for all future drug products [48].

8.6 Garret and Carper method

Shelf life determination based on Arrhenius plot (Garret and Carper method). The mathematical
prediction of shelf life is based on the application of the Arrhenius equation, which indicates the effect of
temperature on the rate constant k, of a chemical reaction of thermodynamic temperature 1/T is a straight
line. If the slope of this line is determined from the results of temperature by extrapolation, the k value
obtained. This k value is substituted inappropriate. Order of reaction allows the amount of decomposition
after a given time. Preliminary experiments are there for necessary to determine this order.
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K = Ae—Ea/RT
LogK =logA — Ea/2.303 * RT (38)

Where, k = rate constant, R= gas constant=1.987cal/mole T= absolute temperature, A= frequency factor,
Ea= energy of activation

If the reaction is following zero order, Expiration date at 25°C C=lnitial potency—minimum
potency/reaction rate at 25°C. Tx= Yo-Yx/Ko If the reaction is following the first order, Expiration date at
25°C C (tx) = log initial potency — log minimum potency/reaction rate at 25

T, = log0 — logY, /K, (39)
Where, Yo= initial potency, Yx= final potency, Ko= zero order reaction, K1= first order reaction[6,49].
9. HOLD TIME STABILITY STUDIES IN PHARMACEUTICAL INDUSTRY

It is a stability establishment tool for each and every stage in the drug product manufacturing. In the drug
product development, hold time stability is an important tool for establishing the in-process hold time.
Hold time stability is evaluating for each stage in the product manufacturing. Hold stability study can
demonstrates how much time is suitable for hold the blend or bulk stage before processing to the next
stage. When appropriate, time limits for the completion of each phase of production shall be established
to assure the quality of the drug product.

Hold time study protocol can be prepared on the basis of product manufacturing process of the drug
product. The main contents in the protocol are, hold study stages, study time points and analytical tests.

Hold Time Study Results Evaluation

Each manufacturing stage shelf life can be determined based on the hold study results. If the hold time
samples are passing at 60 days’ time point then the shelf life of the particular stage can be considered up
to 45 days [50].

10. CONCLUSION

For new drug and new formulation stability testing is important aspect of pharmaceutical development
program which is important component of it. Stability testing of pharmaceutical products the key
procedural contribution in the development program for a new drug as well as new formulation. Stability
studies are capable of differentiating active drug ingredient from any degradation product formed under
defined storage conditions. It is better to start degradation studies earlier in the drug development
process to have sufficient time to gain more information about the stability of the molecule. This
information will in turn help improve the formulation manufacturing process and determine the storage
conditions. Over a period of time and with increasing experience and attention, the regulatory
requirements have been made increasingly stringent to achieve the above goal in all possible conditions
to which the product might be subjected during its shelf life. Therefore, the stability tests should be carried
out following proper scientific principles and after understanding of the current regulatory requirements
and as per the climatic zone.

11. REFERENCES:
1. Pokharana M, Vaishnav R,Goyal A,Shrivastava A. Stability Testing Guidelines of Pharmaceutical
Products.Jr of Drug Del&Therap 2018;8(2):169-175.



717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Rao G, Goyal A. Development of stability Indicating Studies for Pharmaceutical Products: An
Innovative Step, Intdr of PharmChem& Anal 2016;3(3):110-116.

Bajaj S, Singla D,Sakhuja N. Stability Testing of Pharmaceutical Products.Jr of Appl PharmSci
2012;02(03):129-138.

Panda A, Kulkarni S, Tiwari R. Stability Studies: An Integral Part of Drug Development
Process.IntJr of Pharm Res and Bio-Sci, 2013;2(6):69-80.

Jon V, Beaman. Stability Testing — Doing Everything or Doing the Right Thing? American Pharm
rev, 2010. Accessed20 August 2019.

Sultana S, Mohammed S. A Review on Stability Studies of Pharmaceutical Products. Intdr for
Pharm Res Scholars. 2018;7(1):28-49.

Narayan S, Choudhary M. A Review on Stability Studies of Pharmaceutical Products. IntJr of
Appl Pharm & Bio Res. 2017;2(3):67-75.

Kaur M, Kaur G, Kaur H Sharma S. Overview on Stability Studies. IntJr of Pharm, Chem& Bio
Sci. 2013;3(4):1231-1241.

Kommanaboyina B, Rhodes CT. Trends in Stability Testing, with Emphasis on Stability During
Distribution and Storage. Drug Dev&Ind Pharm. 1999;25(7):857-868.

SautouV, Brossard D, Chedru-LegrosV, Crauste-MancietS, LagarceF, OdouP et al.
Methodological guidelines for stability studies of hospital pharmaceutical preparations. 1st
Ed.French Society of Clinical Pharmacy;2013.

Qiu Y, Chen Y, Geoff G, Zzhang Z, Lawrence Y, Mantri RV. Developing Solid Oral Dosage Forms
Pharmaceutical Theory & Practice. 2nd Ed. Academic Press United Kingdom; 2017.

Piekarski M, Dobhan A, Cielecka-Piontek J, Zalewski P, Kycler W, Kaczmarek A.The Influence of
pH and Temperature on the Stability of N-[(Piperidine)methylene]daunorubicin Hydrochloride and
a Comparison of the Stability of Daunorubicin and its Four New Amidine Derivatives in Agueous
Solutions. ScientWorlJr Vol. 2014:1-6.

BlessyM , Patel RD, Prajapati P, Agrawal YK. Development of forced degradation and stability
indicating studies of drugs—A review. Jr of Pharma Anal 2014;4(3):159-165.

ICH guidelines, Q1A (R2): Stability Testing of New Drug Substances and Products (revision 2),
International Conference on Harmonization;2003: Accessed 25 August 2019.
Available:http://www.fda.gov/downloads/Regulatorylnformation/Guidances/ucm128204.pdf
Reynolds DW,Facchine KL,Mullaney JF, Alsante KM,Hatajik TD, Motto MG. Available Guidance
and Best Practices for Conducting Forced Degradation Studies Pharmaceutical Technology.
February 2002.

Available: https://www.researchgate.net/publication/279607256

Hildegard B. How to Approach A Forced Degradation Study. Life Science, Technical Bulletin
Issue N31, SGS Life Science Services, Berlin, Germany; January 2011;1-4.

FDA Guidance for Industry, INDs for Phase Il and Il Studies—Chemistry, Manufacturing, and
Controls Information, Food and Drug Administration; 2003.
Available:http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guida
nces/ucmO070567.pdf

SzepesiG, Gazdag M, Mihalyfi K. Selection of High-Performance Liquid Chromatographic
Methods in Pharmaceutical Analysis, |l Method Validation. Jr of Chroma, 1989;464:265-278.

Carr GP, Wabhlich JC. A practical approach to method validation in pharmaceutical analysis. Jr of
Pharm & Biomed Anal. 1990;8(8-12):613-618.

Jenke DR. Chromatographic Method Validation: A Review of Current Practices and Procedures
II. Guidelines for Primary Validation Parameters. Jr of LigChrom&Rel Technol. 1996;19(5):737-
757.

Maheswaran R. FDA Perspectives: Scientific Considerations of Forced Degradation Studies in
ANDA Submissions. Pharm. Technol. 2012;36(5):73-80.



766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Alsante KM, Ando A, Brown R, Ensing J, Hatajik TD, Kong W, et al. The Role of Degradant
Profiling in Active Pharmaceutical Ingredients and Drug Products. Adv Drug Del Rev.
2007;59:29-37.

Jorgensen WJ, Laird ER, Gushurst AJ, Fleischer JM, Gothe SA, Helson HE, et al. Pure and
Applied Chemistry. 1990;62:1921-1932.

Singh S, Bakshi M. Guidance on Conduct of Stress Tests to Determine Inherent Stability of
Drugs. Pharma TechOn-Line, 2000. Accessed 21 August 2019.
Available://F:/stability%20Review%20publication%20work/introduction/347f5ddbc12ac1f74d9f7e7
ae6db3be2336b

Gupta A, Yadav JS, Rawat S, Gandhi M. Method Development and Hydrolytic Degradation Study
of Doxofylline by RP-HPLC and LC-MS/MS. Asian Jr Pharm Anal. 2011;1(1):14-18.

Boccardi G, Oxidative susceptibility testing, in: S.W. Baertschi (Ed.), Pharmaceutical Stress
Testing-Predicting Drug Degradation, Taylor and Francis: New York; 2005.

Alsante KM, Hatajik TD, Lohr LL, Santafianos D, Sharp TR. Solving Impurity/Degradation
Problems: Case Studies in: S. Ahuja, K.M. Alsante (Eds.), Handbook of Isolation and
Characterization of Impurities in Pharmaceutical, Academics Press: New York; 2003.

ICH Guidance for Industry, Q1B: Photo stability Testing of New Drug Substances and Product,
International Conference on Harmonization1996. Accessed 21 August 2019.
Available:http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guida
nces/ucm073373.pdf.

Baertschi SW, Thatcher SR. Sample Presentation for Photo Stability Studies: Problems and
Solutions, in: J. Piechocki (Ed.), Pharmaceutical Photostability and Stabilization Technology,
Taylor& Francis: New York; 2006.

AllwoodMC and Plane JH. The Wavelength-Dependent Degradation of Vitamin A Exposed to
Ultraviolet Radiation. IntJr of Pharmaceu, 1986;31:1-7.

Ahuja S, Scypinski S, Handbook of Modern Pharmaceutical Analysis, first ed., Academic Press:
New York; 2001.

Qiu F and Norwood DL. Identification of Pharmaceutical Impurities. Jr of Liq Chroma
&RelTechnol, 2007;30:877-935.

Trabelsi H, Hassen IE, Bouabdallah S, Bouzouita K, Safta F. Stability indicating LC Method for
the Determination of Pipamperone. Jr of Pharm & Biomed Anal. 2005;39:914-919.

Carstensen JT, Rhodes CT. Drug stability: Principles and Practices. 3rd ed. New York, NY:
Marcel Dekker; 2000.

Kanthale SB, Thonte SS, Supekar BB. Development of Stability Indicating Assay Method: A
Review. IntJr Pharm Sci& Res, 2019;10(4):1625-1631.

Bott RF and Oliveira WP. Storage Conditions for Stability Testing of Pharmaceuticals in Hot and
Humid Regions. Drug Dev&lind Pharm, 2007;33:393-401.

Snyder LR, Kirkland JJ. Introduction to Modern Liquid Chromatography, 2nd Ed., John Wiley &
Publication In: New York; 1979.

Pikal MJ, Dellerman KL. Stability Testing of Pharmaceuticals by High-Sensitivity Isothermal
Calorimetry at 25° C: Cephalosporins in the Solid and Aqueous Solution States. IntJr of
Pharmaceut. 1989;50:233-252.

Wilson RJ, Beezer AE, Mitchell JC. A Kinetic Study of the Oxidation of L-ascorbic acid (vitamin C)
in Solution Using an Isothermal Microcalorimeter.ThermochimicaActa 264. 1995:2740.

Wilson RJ, Beezer AE, Mitchell JC, Loh W. Determination of Thermodynamic and Kinetic
Parameters from Isothermal Heat Conduction Microcalorimetry: Applications to Long-Term-
Reaction Studies. Jr of Phys Chem. 1995;99(18):7108-7113.

Beezer AE, Gaisford S, Hills AK, Willson RJ, Mitchell JC. Pharmaceutical Microcalorimetry:
Applications to Long-Term Stability Studies.IntJr of Pharmaceut. 1999;179:159-165.



815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834

835

836

837

42.

43.

44,

45,

46.

47.

48.

49,

50.

Ali NW, Abbas SS, Zaazaa H, Abdelrahman MM, Abdelkawy M. Validated Stability Indicating
Methods for Determination of Nitazoxanide in Presence of its Degradation Products. Jr Pharm
Anal. 2012;2(2):105-116.

Y. Ni, X. Gong. Simultaneous Spectrophotometric Determination of Mixtures of Food Colorants.
Anal. Chim. Acta 354. 1997:163-171.

N. Grinberg. Modern Thin Layer Chromatography, Marcel Dekker, Inc.: NY, USA; 1990.
Mincsovics E, Dalmadi-Kiss B, Morovjan G. A New Tool in Metabolism Research Combination of
OPLC Online Radioactivity Detection with HPLC-Radioactivity Detection Technique. J Planar
Chromatogr—ModTLC. 2001;14:312—-317.

Agarwal BA, Gandhi SV. Study Of Forced Degradation Behavior of A Novel Proteasome-
inhibiting Anticancer Drug by LC-MS and Development of A Validated Stability-Indicating Assay
Method. IntJr Pharm Sci& Res. 2019;10(3):1186-1193.

FDA Guideline for submitting documentation for the stability of human drugs and biologizes.
Rockville, Maryland: Food and Drug Administration, Center for Drug and Biologizes, Office of
Drug Research and Review; 1987.

Shao J and Chow SC. Drug Shelf-Life Estimation.Stat Sin. 2001;1:737-745.

Florenc AT &Siepmann J (Eds.). Modern Pharmaceutics Volume 1: Basic Principles and
Systems: CRC Press.; 2009.

Mallu UR, Nair AK, Bandaru S, Sankaraiah J. Hold Time Stability Studies in Pharmaceutical
Industry: Review. Pharm RegAff. 2012;1(4):1-8.



