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ABSTRACT

Fligh perfonmance liguid chroonatography {HPLC) 15 an essential analytical toal m assessing drog product stability. TIPLC methods should be
able to separaie, detect. and guemntify the vertons dmg-relaled degradamts deat can form oa storage or manufbchoring. plis debect and quantfy
any drg-refated mypurities that mey be introchaced during svithesis. This anticle discusses the sirategies and the issues pertinsnt 1o decigning
stabilify-indicating HPLC methods for drog substances. It firthers understanding of the chemistry of the drag substance and dimg product
and facititates fbe development of stability mdicating avalytical methodology, A mamber of key chrouategraplic fctors were evaluated in
order 1o ogispize the detection of all podentially relevan degradants An apgropriale sanple solvent and moldte plhase must be fond i
affords sifable stalality and compatibility with the compoment of witevest as well as the potential impanties and degradaits. The metliod
sheabd be carefully examined for its abilivy to dissingnizh prinsry degradants froow seconday degradantz. Forced depradation smidies of new
chemical entities asd drug products we essential to lelp develop and demonsirate the specificity of such s@bility-indicating inetlods.
Practical recommendations are provided for developing forced degradatiom protecols at every stape of dng development and aveiding
commma prifalls that may conhess data misrpretation,
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INTRODUCTION

Stability testing of drug substance requimes an aceurate
analvtical method that quantdates active pharimaceitical
ingredients {APT) without iterference fhom degradation
proclucts, process  mopurities  and  other  potential
imrpurities. Wil the advent of International Conference
on Harmonization (ICH) guidelines, the requirement of
eatablishment of stability-indieatmg — assay  method
(SIAM) has become mwore clearly mandated. The
puidelines  explicitly  require conduct of forced
decomposition studies under a variety of conditsons, like
pH, hght, oxadation, dry heat, ete. and separation of dg
from degradation products.

Stability-indicating method

A stability-ixhicating assay 18 a validated guaniiative
analytical procedure that can detect the changes with
time m the pertiment properties of the dmg substance and
dmg product. A stability-indicating assay  accurarely
measures the active ingredients. withont inferference
fom  depradation  products, process  impurities,
excipients, or other potential impurities.’

Forced degradation plays an important ole m the
development  of  stability  indicatmg  analytical
methodoloey. In addition to demonstratmg specificity.
forced depradation studies can be used 1o determine the

degradation pathways and degradation products of the
APIs that could form durmg storage, and facilitate
formulation development, mamifacturng, and packaging.
Procedures for the preparaton of specific degradation
products needed for method validation often emerge
from these studies.

STARBRILITY INDICATING
DEVELOPMENT STRATEGIES

There is 1o “one set fits all” fornmla for developmg
stability indicating analytical method. Before beginnmg
with actual experimentation it wonbkd be advantageous to
view method development from a broader perspective.
Bakshi and Singh” reviewed and discussed some critical
izsues abomt developmg swbility indicating methods.
Dolan’ made conments and supgestions on stability
indicating assays. Smela® discussed from regulatory
pomt of wview about stability mdicating anaktical
methods. The method development process can be
vismalized fom a high-level process map perspective
better to define the general steps encomntered to
achieving the end product, stabilty —mdicatmg method
Figure 1 shows a scheme of stabality-mdicatng HPLC
method  developiment strategy.” The following is 4
discnssion of a peneral wlea for desigmng stability
indicating analytical method

METHOD
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Step 1 - Understand the chemistry) Physicochemical
properties of drug

Knowledge of the physicochemical properties of the APT
and the formulations 5 essenhal n helpmg to frame the
development of the method. Information on varous
properties has been collected either throungh systematic
program of generating the appropniate mformation in
support of drg discovery or from a search of the
literature, company drug profiles, spectral libraries, and
reports.  Information  about  dissociation  constants,
partition coefficients, fhiorescent propertees (f any).
chromatographic behavior, Spectrophotometric
properties, oxidation-reduction potentials are nseful in
setting up preliminary experimental condition and also
helpful m selecting the condition of stress smdies or
possibly in proposing degradation mechamism.*
Dissociation constant and partition coefficients can be
msed to develop an efficient sample extraction scheme
and determune the optimume PH i mobile phase to
achieve good separation. The data on fluorescence,
spectrophotomettic, chromatographic, and  oxidation.
reduction propermes can be used to determine the best
means of measwring and quantifving the analyte of
interest. Structure of the analyte, especially functional
group will indicate the potentml active sites for
depradation and the susceptibility of the dmg to
hvdrolysis, oxidation, thermal degradation, efe s
determiied. Compatibility studies are performed to
assess the stability of the when mixed with common
excipients and bricants as well as fo detenmie any
mteraction between the dmyg and the (inactive) raw
materials.” Sometimes this physicochemical information
may ool be known or availlable, so that an miial
separation would have fo be tried. based on prios
experience, i order to détermine a cowrse of action for
subsequent expel imentation.

Step Il — Set up Preliminary HPLC condition
Prelimingy  expermental conditions mav be adapted
from officis] or unefficial methods and Fom literature as
a startmye poit. Official methods published in the United
States Pharmacopeia (USPY are considered validated and
can be used for stability testing if & is proved stability
mdicating and suitable for ogended  purposes. New
methods have to be created if there are no suitable
methods available. Establishmg experimental conditions
shoubd be based on the properties of APL and impurities
if known. Proper colimn amd mobile phase selection s
very critical. Copious information about various HPLC
columns is available nowadays and it is possible to select
a right columm for any kKind of APL" One of the very
usefitl sources of mfonmation aboul columm 15 the
catalogs from vendors GGet appropnate separafion

comditions by selecting cohunns and mobike phase
combinations. Computer assisted method development
can be very helpfil in developing the preliminary HPLC
conditions quickly. Smce the objective at this stage is to
quickly develop HPLC conditions for subsequent method
development experiments, scientists should focus on the
separation of the significant related substances instead of
trying to achieve good resohition for all related
substances, A proper experimental condition at the
begimning will save a lot of time i subsequent
development stage ®

Step I - Preparation of samples required for
method development

SIMs is developed routinely by stressing the APT under
compditions exceeding those pormally used for accelerated
stability testing. In addition to demonstrating specificy
in SIMs, stress testing, also referred to as forced
degradation. also can be used to provile mformation
about degradation patlrways and products that could form
durmg storage and help facilitate  formwlation
development, mammGeturing, and packaging. It & hard 1o
zet actual representative samples m the early stage of
development. Stressing the API penerates the sample that
containg the products most kkely to form under most
realistic storage conditions, which 5 i m used 1o
develop the SIM. "Generally. the poal of these studies s
to deprade the API 5-10 % Perform forced degradation
stndy  through  thermolvsis.  hydrolysis,  oxidation,
photolysis, and or combination conditions. Each forced
degradation sample should be anabyzed by using the
preliminary HPLC conditions with suwitable detector,
mosl preferably PDA detector. While the typical dosage
form-salid (tablet/capsule), semisolid {omtment /cream),
or solution (congh syrup/ophthalmic soltion)-utilizes a
solid-phase extraction (5PE) for sample preparation,
especially for biosamples and as an altemative to Tiquid-
ligmd extractions m many U5,  Environmental
Protection Apency (EPA) methods ™

Step IV — Developing Separation — Stability.
Indicating Chromatography Conditions

I selecting infial chromatopraphic conditions for a SIM
of a8 new enty, most impomant s o make sure that
degradants are in solution, separated, and detected To
this effect, a diloents of 1:]1 water: organic solvent is a
good starting point as i will merease the likelihood of
solubility of most related materials and ensure propes
disintegration of solid dosage forms.’

The second step 15 to obtam scparation conditions that
allow the determination of a8 many distinct peaks as
possilile from the set of test samples. The most common
separation variables mchide solvent type, mobile phase
PH. colsmn tvpe and temperature.™
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# [socratic or Gradient Mode

Selection of izocratic or gradient mode depends on the
number of active componemts to be resolved or
scparated. In decaidimg whether a gradient would be
required or whether 1socratic mode would be adequate,
an iniial gradient rom is performed. and the ratio
between the total pradient tume and the difference in
gradient tome between the first and last components are
calculate. The calculated ratio 1 <0.25, socratic is
adequate; when the ratio 15 =023, gradient would be
beneficial as shown in figure 2.

Generally, [socratic mode 15 wsed for product release
and gradient mode for stability assessment because the
isocratic method has geperally & say less than 15
muinutes, and o degradation  product would be
monitored, assumung that none are formed mutially.
With time the degradation products are formed and
must e monitored, which requires a gradient method to
resolve completely the mixture . The gradient method,
then, wonkd be the stability or repulatory method.

» Solvent type

Solvent  type  (methamol, acetonitmle,  and
tetrabvdrofiran) will affect selectivity. The choxe
between methanol and acetonstrile may be dependent
on the solbility of the anabrte as well as the buffer
nsed. Tetrahydrofiman s least polar among these three
solvent, offen respomsible for large changes in
selectivity and 5 alse mcompatible with the low-
wavelength detection requmred for most pharmaceutical
compounds *

# Mobile phase pIl

When the sample 13 eluted with a mobale phase of
100% {organic), there is no separation. as the sample is
ehrted in the void volnme. This 15 because the sample is
not retaimed; but retention is observed when the mobile
phaze solvent strength is decreased to allow equilibrium
competition of the solite molecules between the
bonded phase and the mobile phase. When the
separation 15 complex. that 15, many compopents are to
be separated, and when the solvent stremgth is
decreased and there is still no resolution between two
close peaks, another organic solvent of a differcm
polanty or even 8 mixture of two orgamcs may need to
be tried to effect separation. Additionally, mobile phase
optinization can be enhanced in combination with
bonded phase optimization {(Le.. substituting C18 /CH
with cyano or phenvl). A eoal for the band spacing of a
solate (K"} should be in the range of 4 to 9 and & mn
time of about 13 minotes or 20 mumites at most for
mwst routine product release or stabaly tuns.”

# Bole of the colamn and column temperature

The beart of a HPLC svstem is the column, Changing a
cofumn will have the greatest effect on the resalution of
analvtes during method developmem. The three main
components of an HPLC column are the hardware
(oohumn bousmg), the matris, and the stabonary phase.
Generally, modern reverse phase HPLC columns are
made by packmg the colmn bousmg with sphercal
sitica gel beads which are coated with the hydrophobic
stationary phase. The stationary phase is infroduced 1o
the matrix by reacting a chlorosilane with the hydroxyl
groups present on the silica gel surface. In general the
nature of stationary phase has the greatest effect on
capacity factor. selectivity. efficiency and elution
There are several tvpes of matrices for support of the
stationary phase, including silica, polvmers, ahunina,
ad zirconiume. Silica s the mest common matrix for
HPLC cohmms. Sihca matrices are robust, easily
derrvatized. mamfactured to consistent sphere size. and
does ol tend to compress under pressure. Silica is
chemically stable to most organic solvents and to low
pH svstems. One short eoming of a silea solid support
is that it will dissolve above pH 7. It recent vears, silica
supported colunms have been developed for use at lugh
PH. The nature, shape and particle size of the silica
support effects separation. Smaller particle results in a
ereater number of theoretwcal plates. or mereased
separation efficiency. However, the use of smaller
particles also results m increased backpressure durmg
chromatography and the column more easily becomes
phigged For this reason 5 A colunms are more
frequently used than 3 A colunms in development
work. Narrower particle size distribution of the silica
partickes also results m better resolation. Hence, sumilar
phase colhmns from different manufacturers or
different lots of colunns from the same mannfactire
may have very different separation propertes due to
differing methods of matrix preparation. The nature of
the stationary phase will determine whether a cohunn
can be wsed for normal phase or reverse phase
chromatography. Nommal  phase  clwomatopraphy
utilizes a polar stationary phase and a non-polar motbile
phase. Generally, more polar compounds ehme lates
than non-polar compomds. Types of cohmms suirable
for  mormal phase  chromatography  mchide
underivatized silica. nifrile, ammo (or amine propyl),
glveero] and niro cohmms, Chiral separation is usually
performed under normal phase conditions. Smce highly
polar and sonic compounds are retamed on normal
phase columns, & guard columm or silica gel sample
purification should be nsed to extend the column hife
In reverse phase chromatography the stationary phase 1=
non-polar and the mobile phase 15 polar, cansmg polar
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peaks to generally elute earlier than pon-polar peaks.
To create a stationary phase for reverse phase
chromstography on silica suppoit, the free silanols are
repcted  with a  chlorosilane  with  hydrophobic
functionality to mtroduce the non-polar surface. Due to
steric constraints, only about 1/3 of the surface silanols
are derivatized. The remaining free silanols can mteract
with analytes, causing peak tailmg. Tvpically. after the
derivitization of a colmmn with the desired stationary
phase, the colhmnn is  fiwther reacted with
chlorotrunethylsilane to end cap the remaming
freesilanols and improve the colmmn efficiency.
Common stationary phases are C4 (butyl), C8 (MOS),
C18 (ODSJ), nitrile (cvanopropyl), and phenyl (phenvl
propvl) colunns. In zeneral loneer alkyl chains, higher
phaze loadmg, and higher carbon loads provide greater
retention of nop-pola enalvies, Selectivity is mest
mfluenced by the amount of accessible surface area of
the derivatized silica gel particles and the carbon load.
Thus it is often a bepefit to not onlv have columns with
different stationary phases, but columns with the same
phase from didferent manuifacturers. Commonly gsed
reverse phase cohunns and their uses are listed below.
Propyl (C3), Butyl (C4), and Pentyl (C5) phases are
useful for ibn-pairmg chromatography (C4) (vide infra)
and peptades with hydrophobie residues. and other large
molecules. C3-C5 columns penerally retain non-polar
solies inore poorly when compared 1o CR ar C18
phases, Examples melude Zorbex SB-C3, YMC-Pack
Cy, and Luna C5. These columnz are generally bess
stable to bydrolvsis than columns with longer alkyl
chaims.

Octyl (C8, MOS) phases have wide appheability, This
phase is less retentive than the ClSphases, but iz still
quite useful for pharmaceuticals, nocleosides, and
steroids. Octyl cohunns are alse vsefil for peptides.
pepiide mappmg and small hydrophilic protems when
bonded fo 300 A silica particles. Examples inchade
Zorhax SB-CR, Lima C8, and YMC-Pack-MOS.
Octadecyl (C18, ODS) cohunns are the most widely
used and tend to be the most retéentive for non-polar
analytes. This phase s usefal in  jon-paing
chromatography and has wide applicability {same as C8
i addition to vitamins, fattv acids, environmental
compounds ). Examples imchude Zorbax 5B-C 18, YMC-
Pack ODS and Luna C1E.

Xtema RP-C18 and Zorbax Extend-C18 cohunns have
been formmlated to tolerate high pH systems (pH =7,
normally up to pH 11). Varving the pH can
dramatically affect selectivity amd resolution of pola
analvies, especially for wmizable compounds

Phemvl (Ph) columns offer wiigque selectivity from the
alkvl phases and are generally less retentive than C8 or
CI& phases. Phenyl colimns are commonly used to
resolve aroimatic compounds. Examples melude Zorbax
SB-Phenyl. YMC-Pack Phemvl and Luna Phenyl-
Hexvl.
Nitrile (CW or cyano) cohumms are polar and can be
used tor both reverse and normal phase applications.
Thiz phase is often used to increase retention of polar
analvtes. The nitrile derivatization allows for rapid
colummn equlibration. Examples mchide Zorbax SB-
CN, Luna-CN, and YMC-Pack CN.
Standard C;; Columns and similar stationary phases
will nndergo phase collapse at highlv aqueous mohile
phases, tvpically  at  less than 3-10%  orgame
composition; this will decrease annlvte-stationary phase
mteraction. Collapsed phases are also difficull to re-
equilibrate. To prevent phase collapse, Ci: columns
with a polar group embedded m the alkyl chain have
been developed to help solvare the hydrophobic cham
in >00% aquecus mobile phases Examples mehde
Forbax SB-Agq, Svoergi Hydro-RP  and YMC-Pack
ODS-Ag. M
Column temperature
Column temperature control s mmportant for long-term
method  reprodocibility as  temperature can  affect
selectivity. A tarpef temperature in the range of 3040 “C
5 normally sufficient for good reproductbility. Use of
elevated temperatire can be advastageous for several
reasons. First, operating af a temperature hizber than
ambiend reduces the viscosity of the mobile phase and
ths the overall backpressure on the columm.  Lower
gystem pressures allow for faster fow rates and thus
faster amalyses. The temperanwe may also affect
selectivity  patterns  because analytes will tespond
dissinmifarly to different temperatures. Finally, use of a
colmnn oven chliminates wvanahility due to normal
Mucruations i the air femperamre surrounding the
colinng
While temperature is a variable that can affect selectivity
o, its effect i relatively small Also, the &' generally
decreases with an increase in temperature for neutral
conmpounds but less dramatically for partially sonized
anahlvtes, Some effect when there 15 a  sigmificant
difference m shape and size. Overall 1 15 betfer to use
solvent strength to cootrol selectivity than fo use
temperature; s effect s much more dramatic,. An
increase of 1°C will decrease the &' by 1 to 2%, a both
ionic and mewtral samples are reported 1o show
sigmficant changes i a with Temperaiure  changes.
Possible temperatire  fhctuations  durmg  method
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development and validation, i1 is recommended that the
column be thermo stated to control the temperature.”
® Peak Puarity
Peak purity (or peak homogeneity) analvsis of the maimn
peak, to assess for the presence of impurities under the
main peak, 15 an essential part of the validation of a
SIM. Dmrect evaluation can be performed m-line by
emploving PDA detection’ LC-MS'" or LC-NMR.
However, PDA only worlks well for degradants that
have a different UV spectrum from that of the drug
LC-MS evaluation will not work if the depradant has
the same molecular weight. as 15 the case for
diastereomers, or if the iomization of the degradant is
suppressed by the co-eluting API
Indirect evaluation of peak purity can be accomplished
by changing one or more clromatograplse patmneters
(cohumn, mebile phasze, gradient composition, etc.) that
will significantly impact the separation selectivity. The
resulting impurity profile 15 then compared agamst that
of the oripmal method. If the number of depradant
peaks 1= the same in both separations, and if the ares
percent of the main component 15 the same in both
separations, then there can be reasonable confidence
that all the depradants bave been resolved from the
nwain component, Automated versions of this approach
have been soccessfully utilized m a mult-dimensional
screenmg  with  mstmunentation  capable  of
systematically evaluating several different cohunns and
eluents for impurity analysis'™ ' *. Other approaches
use alternate separation technigues such as thin-layer
chromatography ( TLC}, nonmal-phase-HPLC, capillary
glectropheresis  (CE),  or  supercritical  fluid
chromatography (SFC), with similar goals as explained
i general terms by Lee Polite in a chapter on hgquid
chromatography”
Step V - Method Oprimization
The experimental conditions should be optomized to get
desired  separations  and  sensdivity  affer  gefing
appropriate  separations.  Stability-indicating  assay
experimental conditions  will be achieved through
planned/systematic exammation on paraimeters mchding
pH (if ionic), mobile phase componemts and atio,
gradient, flow rate, temperature, sample amounts,
inpection vohume. and diluents solvent tvpe.®
Step VI - Validation of analyvtical method
The methods have to be validated according 1o USSP ICH
auidelines to show accuracy, precision, specificity,
lineartty, range. detechion limit, quantiation lmit.
ruggedness, and robusioess of the method. Validation
protocol shonld be written and acceptance eriteria should
be defimed. It 15 necessay (o molate, wdentifl,
characterze. and qualifyv the degradation products if they

are above the identification threshold (usually 0.1%).°=~
A variety of techniques are available to identifv and
characterize unpurities and degradation products such as
HPLC with PDA (Photodiode Array) Detector, IR
(Infraved) Spectrometry, elemental analysis, M5 (Mass
Spectrometry), NME (Muclear Magnetx Resopance),
GONS, LONMS, LOMSMS, LOWME., eic. MMethod
development and validation are evelic activities. If new
problems are encountered for the method during
validation or the results are failed o meet acceptance
criteria. the method should be modified and be
revalidated wntid the method 15 suitable for intended

plIposes.
FORCED DEGRADATION STUDIES N
STABILITY-INDICATING METHOD
DEVELOPMENT

Forced degradation studies typically  invelve the

exposure of representative samples of the dmg substance
or dig product to the relevant stress conditions of Light,
hest, humidity, acidbase hydrolysis, and oxidation
These experiments play an important role o the drog
development process to facilitate: stability indicatmg
method development, drg fornwlation design, selection
of storape conditions and  packaging,  better
understandmg of the potential liabilities of the drug
molecule chemistry, and the resohiton of stabality
related problems ™" **Forced degradation on the drug
substance and product will (m addinon 1o establishing
specificity) also provide the followmg information: (1)
Determination  of  deeradation  pathways  of  diug
substances amd dmg  productsi2) Discernment of
degradation products i formmlations thar are related o
drug substances versus those that are related to non-dmg
substances{e g excipients); (3) Stucture elcidation of
degradation products: {4) Detarmination of the mirinsic
stability of a drug substance molecule m sohition and
solid state:(5) reweal the thermobvtic, hydrobic,
oxidarive, and photolviic degradation mechanism of the
drug substance and drug product

According to the ICH and FDA sundance doctiments,
Forced depradation study i conducted to fulfill three
main purposes: 10 provide a stability assessment of the
drug substance or the drg prodoct: o elucudate the
possible degradation pathwavs of the dug substance or
the actrve pharmaceutioal ingredient m the drog prodoct;
and to mvestigate the stabalityv-mdicatimg power of the
analytical procedures applicd for the dmg substance and
the drug product. Although the FDA guidance™ and ICH
guidelines™ provide wseful definitions and pensral
commnents  aboui  forced  depradation  smdies,  their
direction concerning the scope, fimimng, and best piactices
15 very general and lackmg in detadls.
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Thes  article mchides a  pgeneral study  profocol
experimental design, and specific test condition and time
lime for comducting the sidies relative 1o the stape of
dg development.

Experimental Design to Forced Degradation Studies
Study protocol

A geveral protocol for conducting forced degradation
studies, shown m figure 3°7 15 amanged according to the
type of test material (dmeg substance, drg product) and
the type of degradation (hydrobysis, oxidation, etc.)
Condition for stress Testing

The mitial experiments shonld be focused on
determming the conditions that degrade the dmg by
approximately 10%. The different stress conditions and
exposure tune senerally emploved for forced degradation
are sumimarized m Table 1.

The conceniration of drug in {he stressed sanple solution
may affect the tareet level of depradation that is
iltimmately achieved. A more dilute sample conceiration
generally vields more extensive degradation than does a
moe concentrated solition, as exemplified in Figure 4
Therefore, lowerig the dmg concentration may help to
increase degradation when necessary.

Timeline for conducting stadies

ICH gmdelines make no memtion of aoy regulatory
requirement for forced degradation studies at Phase [ or
Pliase 11 of development. There are good ressons for
mitiatmg iced degradanon studies on drug substances
at Phase . The most important reason 15 to support the
development of a preliminary methoed that would be
highly discriminating due to itz ability to defect most if
ol all of the polenrial degradation products. Such a
meethod would have stalaliy-imdicating power and would
require only minimal validation at this stage. Forced
degradation studies on drug substance and drug product
should be completed prior to registration stabality studies
and 1t would be wuseful to have ideotificd major
depradants by that rime. =

CONCLUSION

Stabilitv-mdicating method is an analytical procedure
that is capable of discroninating between the major
active (intact) pharmacentical mgredients (APT) from any
degradanon  (decomposition) product{s) formed mides
defined storage conditions durng the stabality evaluation
perwnd The use of properly desiened and executed forced
degradation study will penerate a representative samphe
that will in twm help to develop stability-indicating
HPLC method. Clhromatographic factors should be
evaluated to optmmze the SIM-HPLC method for
detection of all potentially relevam degradanis.  An
appropriate sample sobvent and mobile phase must be
found that afford sumable stability and compatibility with

the component of inferest, as well as the anpurities and
degradants. Therefore, resulting SIM - HPLC is truly fit
for finding the degradams amd Impurities

pharmaceutical products.
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Figure 1: Overview of the Method Development Frooess
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