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Introduction

Prior to the initiation of method development, takk known information about the analyte such
as its structure, physical and chemical properteedcity, purity, hygroscopicity, solubility, and
stability should be determined. These data mayviadadble from preformulation reports, early
drug discovery sample screening reports, fromitkeeature on similar compounds, or from past
experience with similar compounds. However, mames this information is not available, so
preventive measures must be taken in order to ernkat the analyte does not degrade or change
during the method development scouting experimehtgplementation of a tray cooler,
preparation of fresh samples, storage of samplagéfrigerator, and protection of the solids and
sample solutions from light represent some comnrengntive measures. Depending upon the
structure of the compound, potential degradationdpects can be predicated and forced
degradation samples can be generated; these samplesalso be used during method
development. The goals or requirements of the HRigthod that needs to be developed should
be known as well as the analytical figures of mavitich include the required detection limits,
selectivity, linearity, range, and accuracy ancgien. The potential use of this method needs to
be considered: if any regulatory requirements arbd met, if the method is used to analyze
multiple samples, or if the method will be eventpatansferred to the production site. Some
other additional requirements may include sampteutphput, analysis time, and instrument
limitations. Also, mass balance should always ®m@sideration during method development.
Generally, for a drug substance method it shoulddtablished if the area percent method (peak
area normalization) and the weight percent metlooda dry basis) are giving similar results,
whereas for a drug product method it should bebésked if peak area normalization and the
assay method (based on label claim) are givinglaimesults. If a bias is obtained between
HPLC area percent (peak area normalization) and GHRleight percent (assay), this may
indicate the presence of co-eluting impurities, umgges with different response factors, and/or
inadequate elution of all impurities present inshenple.
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1. Method development considerations:

There are many factors to consider when develomietnods. The initial steps include collecting
as much information about the analyte in regarthéophysicochemical propertiesk@ log P,
solubility) and determining which mode of detectimauld be suitable for analysis (i.e., suitable
wavelength in case of UV detection). Sample prepara which includes centrifugation,
filtration, and/or sonication and type of dilueptays an integral role in method development
because this may affect the chromatography andeit®very of the analytes. Determination of
the solution stability in the diluent is also imtaont during early method development. If the
solution is not stable, it will become increasinghore challenging to compare subsequent
method development analysis. Choice of the mobikesp and gradient conditions is dependent
on the ionogenic nature of the analyte and the dplawbicity of the analytes in the mixture
respectively. This is a crucial step in the metdedelopment process because these two factors
will probably have the most impact on the changeh@a analyte selectivity, especially for
ionizable compounds. Also, the type of stationdmage is very important mainly in regard to
bonded phase stability at the operational mobilesphpH. Different stationary phases can and
do provide differences in selectivity; however, ti@nge in selectivity is much less predictable
compared to varying the pH of the mobile phasebtaio the desired selectivity.

1.1 Sample Properties

1.1.1 Analyte Structure and pKa. In this preliminary step, the ionogenic naturehe tompound

of interest should be determined. If the targetydeas neutral, the eluent pH will not affect its
retention. However, the structure of this neutralenule must be assessed, to postulate if a
potential ionogenic degradation product may be &mrduring stress testing and stability testing.
If this is the case, the HPLC method must be capabhdequately retaining and separating this
“potential ionogenic” species from the active antieo degradation products or impurities.
Therefore, in an eluent that has a high pH, thematl acidic impuritiy may be in its ionized
form which may result in the elution of the potaehtiegradation product with or even before the
void volume. If the target analyte is ionizableg fiKa of the analyte should be determined or
obtained. Software packages such as ACD (Advantenistry Development) may be used to
get an estimatedia value for the ionizable functionalities on the nwile. Table 1 shows some
common ionizable functionalities present in pharewgical compounds. The optimal pH to
commence method development is at a pH that isaat [1-2 units from the analytEain the
particular hydro-organic mixture that is employed.

Table 1. (Ka of Some Common Functional Groups

Group on aromatic Pka Acid/Base
Linear alcohol >12 Acid
Carboxylic acid 4-5 Acid
Thiol 6-7 Acid
Phenol 10-12 Acid
Alkyl amine >9 Base
Aromatic amine 4-6 Base
Pyridinal 5-7 Base
Morpholine 8-9 Base
Piperidine 10-11 Base
Imidazole 6-8 Base
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For isocratic experiments, this is easily determiibg varying the pH of the aqueous phase and
monitoring the retention versus the pH, which gaterresults in a sigmodial type of
dependence assuming that only one type of ionizatmter is present. In the event that there are
two ionization sites that are acidic and basicralae competing effects on the retention because
multiple ionization equilibria exist and the ovéraffect on the retention is dependent on the
relative hydrophobicities of the species preseut articular pH. Knowledge of the I&for the
drug of interest and potential degradation produotstabolites, and synthetic impurities is
usually helpful to give insight into the types t¢étsonary phases and organic content needed to
elute and/or retain all the components in the néxtu

1.1.2 Solubility of Components and Diluent Effects (Matrix Effects): Solubility of a particular
durg compound is a prerequisite for any salt selegprogram. Salt formation during a salt
selection program provides a means of alteringphgsicochemical and resultant biological
characteristics of a drug substance without moafyits chemical structure, and most
compounds with a suitable acidic or basic functibp@an potentially be transformed into its
salt form. The free acid/free base and their cpording salts will all have different solubilities
in the diluent. Generally, salt formation is asateil with an increase in the compound’s
solubility. For example, the free base and phospbkalt hydrate of codeine have aqueous
solubilities of 8.3 and 435mg/mL, respectively [§he analyte must be soluble in the diluent
and must not react with any of the diluent compésidh must be determined if the impurities in
the drug substance observed are actual impurioes the synthesis or if they are formedsitu

in the diluent. The diluent should match to thetstg eluent composition of the assay to ensure
that no peak distortion will occur, especially &arly eluting components. If the analyte is more
soluble in the diluent than the starting eluent position, the compound will tend to reside in
the “solvent plug” being injected onto the colunmdaa peak fronting or skewing may occur
(Figure 1). In Figure peak skewing is occurringhwthe increase of the concentration of
methanol in the diluent. However, the solvatiorthad analyte by the diluent and mobile phase
components may also play a role, and peak distortiay occur. In Figure 2a [7], benzoic acid
(diluent: 50% methanol :50% water) analyzed in 56%thanol: 50% water eluent shows
significant peak distortion. In this eluent, thigdac analyte is ionized. The analyte in its iomize
form is expected to show early elution on g €olumn; however, solvation of the ionized
analyte with methanol in the mobile phase formsagiglly hydrophobic shell that could be
retained on the reversed-phase adsorbent

Sample diluent:
1- 50/50 MeOH/Water
2 - 80/20 MeOH/Water )
3 - 90/10 MeOH/Water Mabje Fhaes:
4-95/5 MeOH/Water 50/50 Buffer/MeOH

5-100 MeOH

Time (min.)

Figure 1. Effect of organic concentration of diluehon peak distortion
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Figure 2. Effect of pH and buffer on analyte peaklisape in methanol diluent (150- X4.6-mm
C18 column, 1 mL/min, void volume 1.3 mL)

Generally, acetonitrile and methanol elute closethe void volume; however, THF and

isopropanol elute later. Co-solvent mixtures witHFfwater or isopropanol/water may be an
effective way to prevent peak distortion of earlytiag peaks such as acids (maleic, tartaric,
lactic, fumaric, citric) [8].

Scenario 1.1f a compound has a greater solubility in acetdaitand the diluent is 100%
acetonitrile, with the starting eluent compositlmging 95% aqueous, pH 2: 5% acetonitrile, the
early eluting compound may show a peak skewingd®iarray spectra should be obtained to
elucidate that this is not an on-column degradaporduct and/or a coeluting species. If the
diode array spectra is the same across this distgoeak, it can be deemed as spectrally
homogenous and may be possibly due to a dilueatteffiowever, if the diluent was changed to
95% aqueous—pH 2/5% acetonitrile, and the peakndidshow skewing then the proper diluent
has been determined.

Scenario 2.If the diluent was changed to 95% aqueous, pH 2#6&tonitrile, the sample may
not be soluble in this diluent. Therefore seridlitibns may be made such that the compound is
first diluted in a diluent in which it is most sble in and then further diluted to target
concentration with a diluent that would be as samiés possible to the staring mobile-phase
composition.

Scenario 3.If the diluent was 95% aqueous, pH 2/5% acetoaithd the sample does show a
good peak shape but reinjection of the same soluv@r time shows an additional impurity that
is increasing, this may suggest reaction with the=dt. Multiple steps may be taken here; use an
autosampler with a tray cooler to decrease theafateaction, adjust the pH of the diluent if pH
is catalyzing the reaction in the protic solvemid/ar increase the amount of organic in the
diluent. If increasing the organic concentrationtive diluent does help in suppressing the
formation of the additional impurities but as a sequence peak splitting is observed, then it
would be recommended to try another column in otdeenhance the retention of the early
eluting component such that the compound/impuribul be more retained at a higher initial
organic composition. Also, precolumn derivatizatimoay be required to ensure that the desired
product is not reacting with diluent prior to arg$y If derivatization is to be employed, then the
type, concentration, and derivatization time akdeo be explored. This would be considered as
a last resort. Other approaches may include thefugprotic solvents as a diluent and the use of
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normal-phase chromatography.Generally, reactioh wiluent and mobile phase is sometimes
observed for compounds that contain keto functiteal (gem diol, oxycontin [9], active
aldehyde [10], active esters such as mesyl sulésnatl, 12], and enolate intermediates [13]), SO
protic solvents such as agueous/methanol shoulavbiled or derivatizatoin may be required
either precolumn on situ.

Scenario 4.Buffered eluents must be used when analyzing ibtezapecies. lonizable species
are prone to solvation by the mobile-phase compsnamd the solvation equilbira may lead to
poor peak shapes. In Figures 3A and 3B, two a@dmpounds, benzoic acidKp 4.2) and
sorbic acid (Ka 4.8), are analyzed at pH 3.5 (a pH lower than tiedyée [Ka) and at pH 7.0 (a
pH greater than the analyt&@). Acceptable peak shapes are obtained at botke fhidsvalues
with buffered eluents on this BioBasiggColumn[14]. However, when these compounds are
analyzed at pH 7.0 without a buffer (only water andthanol), the peak shapes are distorted
(Figure 3C).This could be related to the solvatidmonizable species by both the methanol and
water which, due to the different secondary equdiprocesses, leads to peak distortion.

A:pH 3.5, buffered B: pH 7.0, buffered C: pH 7,0, not buffered

Sample:
1.Benzoic Acid
2,Sorbic Acid

0 10 20 MIN 0 2 4 6 MN 0 2 4 & MIN
Figure 3. Effect of pH and buffer on the peak shapeof ionizable analytes

1.2 Detector considerations:Choice of the proper detection scheme is dependanthe
properties of the analyte. Different types of daiex are available such as ultraviolet (UV),
fluorescence, electrochemical, light scatteringractive index (RI), flame ionization detection
(FID), evaporative light scattering detection (ELSBorona aerosol detection (CAD), mass
spectrometric (MS), NMR, and others. However, thejamty of reversed-phase and normal-
phase HPLC method development in the pharmaceuitichlstry is carried out with UV
detection. In this section the practical use of tRfection will be discussed. A wavelength for
UV detection must be chosen so that an accurats beance may be determined. Therefore, if
area% normalization is to be used, then all theumtips and the active pharmaceutical
ingredient must have similar relative responseofacfarea response/weight). This is sometimes
difficult because the impurities may have differetectron-donating or electron-withdrawing
functional groups, attached to the aromatic ring/@nthe impurities may have more complex
conjugated systems and the absorption spectraldemreshifted to longer or shorter wavelengths
compared to the parent compound. Therefore the pB¢tga of target analyte and impurities
must be taken and overlaid with each other, andpleetra should be normalized due to different
amounts present in the mixture. A wavelength mestiosen such that adequate response is
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obtained for the active and that at least a 0.0%\golution of the active at target concentration
could be quantified (S/N greater than 10). The Wwength chosen should not be on a distinct
slope of the spectrum, and the relative differandbe absorbance at a certain wavelength is not
significantly different from the impurities/degrdas products present. Figure 4 shows the
diode array overlay for an API and its related imjges. The optimal wavelength for detection is
280nm because the impurities and API have simitsodbance at this particular wavelength.
Although at 250 nm all the compounds have similasoabance and even higher absorbance
compared to 280 nm for some of the components. Meweat the 250 nm wavelength greater
variability in the response factors may be obtaiifiesh analysis is run on different systems with
different detectors (Figure 4). Most detectors @akbrated at £2nm. If an analysis were to be
carried out at 250 nm the spectral bandwidth besoreey important. The spectral bandwidth is
dependent on the slit width. The linearity of thetetttor is inversely proportional to the spectral
bandwidth (as the spectral bandwidth gets narrotherlinearity gets better).

Anorm |

80

j| Not a good wavelength for analysis
60 [
fi

Abs.

i
404/, Optimal wavelength for analysis

20 4

T T T T T T 1
200 225 250 275 300 325 350 375 nm

Wavelength (nm)

Figure 4. Optimal wavelength selection for APl andelated impurities
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Figure 5. Determination of peak homogeneity: Diodarray detection

Diode array spectra at least three points acraspéak should be taken to ensure the peak is
spectrally homogenous see Figure 5. If the peabkispectrally homogenous, the overlay of the
spectra will show distinct differences. Howeverer\vf the diode array spectra do overlay, this
does not absolutely ensure that the peak doesambaio any coeluting impurities, because the
impurities could have similar diode array spectnd/ar if there is a low level of a coeluting
species with a different diode array spectrum,aymot be determined by this approach.
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1.3 Solution stability and sample preparation:It should be determined if the drug substance
being analyzed is stable in solution (diluent). iDgrinitial method development an autosampler
tray cooler and preparations of the solutions irbanflasks should be performed until it is
determined that the active component is stable@nrtemperature and does not degrade under
normal laboratory conditions. Also, since it is kabwn if dimeric species or more hydrophobic
compounds are present in the sample solutions gldhie initial method development or are
formed in stability studies, gradient elution sltbalways be performed with a hold at higher
organic conditions or up to the buffer stabilitynii. The reduction of downtime of the
instrument (i.e., operations of pump componentgctors, and detectors) can be controlled to
some degree if sample solutions are filtered andémtrifuged; the use of a 0.2- or 0.45-um
pore-size filter is generally recommend for remagbarticulates [15]. Filtration is a preventive
maintenance tool for HPLC analyses [16-18].

Sample preparation is a critical step of methodettgpment that the analyst must investigate.
For example, the analyst should investigate if rifeigiation (determining the optimal rpm and
time) shaking and/or filtration of the sample iseded, especially if there are insoluble
components in the sample. The objective is to detnate that the sample filtration does not
affect the analytical result due to adsorption andktraction of leachables. The effectiveness of
the syringe filters is largely determined by thaiility to remove contaminants/insoluble
components without leaching undesirable artifacte.,( extractables) into the filtrate.
Extractables are often the result of inappropmmagterial construction and improper handling of
the device during the manufacturing process. Rdaticattention should be paid to potential
extractables from the membrane and housing matdi& sample preparation procedure should
be adequately described in the respective analytieshod that is applied to a real in-process
sample or a dosage form for subsequent HPLC asalykie analytical procedure must specify
the manu facturer, type of filter, and pore siz¢heffilter media.

1.20

1.10{ A No filter \ | ‘ With Cellulose filter B
1.00
0,901 \ //
0.80
0,70 With Nylon filter
0.60
2 0,504
< 0401 |
0.301 |
0.204 I\
0.10 3 e T e———— i ——
0.004 k -
-0.101
0201~ T T T '

250 400 600 BE]U 100012ID{J‘|4IDD16‘0013I0020I00 220024I00250028IDD3000
Minutes
Figure 6. Comparison of filtered (nylon filter versus cellulose filter) versus no filter
(centrifuged). Column: Luna C18 (2). Mobile phase(A) 10 mM ammonium bicarbonate,
pH 7.5; (B) MeCN, linear gradient from 0 to 15 minues, 20—70% of B. Sample
concentration: 1 mg/mL

If any additional peaks are observed in the fillesamples, then the diluent must be filtered to
determine if a leachable component is coming froendyringe filter housing/filter. In Figure 6 a
solid oral dosage form was prepared at 1 mg/mL eoination. The initial stock solution was
centrifuged (no filter) and two additional sampfesm the centrifuged solution were filtered
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with a nylon filter and a cellulose filter. Furtheptimization of the sample preparation would
include removing the centrifugation step and juiséring the supernatant (solution above the
undissolved excipients) with the cellulose aceti#tte .

1.4 Choice of stationary phaseldeally for a reversed-phase separations, the tretefactors
(k) for all components in a sample should lie betwéeand 10 to achieve separation in a
reasonable time. For a given stationary phasek thfea particular component can be controlled
by changing the solvent composition of the mobileage. However, the impact of eluent
composition will depend on the type of stationamage and the nature of the components in the
mixture. In reversed phase HPLC the most commoresbimixtures are: water and acetonitrile,
water and methanol, and water and THF. The elimngth increases as the organic portion of
the modifier increases. Thus, to optimize a chroguaphic separation, the concentration of the
organic modifier is adjusted so that thef the components in the sample are in the randetof
10. However, sometimes due to the hydrophobic eatof the compound, even high
concentrations of organic modifier will not allodugon of all components in a single run and
the chromatographer can try one or a combinatidhefollowing approaches:

» Use a stronger modifier

* Apply a steeper gradient

* Use a less hydrophobic stationary phase.

The type of column chosen for a particular sepamatiepends on the compound and the aim of
analysis. Pharmaceutical companies may have arpdfdist of columns that have good
demonstrated performance in regard to pH/temperatability. These columns that have been
selected by a specific laboratory are known to thele within predefined pH and temperature
regions in which method development/column scregaire employed. Screening columns from
each of the following various column classes shaquiavide for the desired chromatographic
selectivity, even for the most challenging separati (1-3) @ or Gg stable at pHZ, pH 2-8,
and pH 8-11; (4) phenyl; (5) pentafluorphenyl; (6) polanke=dded and stationary phases that
could be run in 100% aqueous. A certain numberoairons in each of the six column classes
and subclasses could be chosen as standard cothatrthe chromatographers choose as a first
choice for performing method development. Thesedstad columns could be chosen based on
some set of internal criteria (ie., chromatograpgetectivity for a set of compounds, bonded
phase stability, and lot-to-lot reproducibility) h& criteria for selection may include that the
column is stable for a certain number of columnuuaés (efficiency, tailing factor, retention
time criteria for predefined probe analytes) atrd@mmended max and min pH at a particular
maximum temperature. By tracking the column usagenper of column volumes run at a
particular pH/temperature), this will reduce themtner of system suitability failures and
decrease the cost of the consumables for a patitabloratory. It is generally recommended not
to use the same column for multiple projects, asfigavhen performing release and stability
testing. For more hydrophobic compounds, a statjiophase that has a lower surface area
should be used. For very polar compounds that ¢dmneetained on traditional;£phases, less
hydrophobic columns such ag &d polar embedded stationary phases could be Hs&kver,

all this is also dependent on the pH of the anslgsice some columns are not stable at low pH
(<2) and higher pH (>7) for extended periods ofetinThis should be taken into careful
consideration when defining a column(s) duringdbeelopment of a method.
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1.5 Mobile-phase considerations

1.5.1 Choice of pH. If analytes are ionizable, the proper mobile-phatdanust be chosen based
on the analyte a so the target analyte is in one predominate iolizagtate ionized or neutral.

If possible, method development at both of thesmelé mobile-phase pH values is encouraged
to maximize the potential gains that may be obthineregard to selectivity (for the neutral and
ionized forms of the target analyte and relatecstuizes). Alteration of the mobile-phase pH is
one of the greatest tools in the “chromatographeotbox” allowing simultaneous change in
retention and selectivity between critical paircomponents. Analytes may be analyzed in their
ionic form or neutral form. This may be dependentite type of analysis that is required. If fast
analysis is required, then analysis of the compbimeits ionized form may be acceptable if the
desired resolution from the matrix components isiaed. However, if adequate resolution of
the active from its process related impurities/ddgtion products/excipients are not obtained,
then mobile-phase additives may be added to thelenpbase or the mobile phase pH may be
adjusted so the analyte may be analyzed in itsralefarm in order to potentially enhance the
electivity/resolution between critical pairs of cpoments. Increasing flow rate, increasing
temperature (up to column stability limit at a partar pH), increasing the concentration of the
organic eluent, and using shorter columns withaoveer dimensions may be used to obtain more
desirable run times. However, speed does not coitiowt a price, and the influence of the
aforementioned parameters on the resolution ottitieal pairs in a mixture/sample needs to be
evaluated.

1.5.2 Buffers. In order to develop rugged HPLC methods, knowledfiehoosing the right
buffer is very important. Buffers that are selecsdduld have a good buffering capacity at the
specified mobile-phase pH. Also, the concentratbrhe buffer should be at least 10 mM to
provide the needed ionic strength to suppress angsired analyte solvation effects that may
lead to poor peak shapes. Methods that specifypagttate buffer in the pH range of 4 to 6, or an
acetate buffer in the range of 6 to 7, are, unfately, not good buffers. These buffers are not
just useless in these pH ranges, they complicaetbparation of mobile phase unnecessarily
and give the analyst a false sense of controlegéproducibility of the separation.

1.5.3 General considerations for buffers. A judicious choice of type and concentration offeuf

must be made to ensure mobile-phase compatibility.

» Phosphate is more soluble in methanol/water thac@tonitrile/water or THF/water.

» Some salt buffers are hygroscopic. If an analystesa 20mM buffer and the original buffer
salt contains 20 w/w% water, then the buffer cotregion would be 16mM. This may lead to
changes in the chromatography (increased tailifgasic compounds, and possibly selectivity
differences).

« Ammonium salts are generally more soluble in orgavater mobile phases than potassium
salts, and potassium salts are more soluble thdiorecsalts.

* TFA can degrade with time, is volatile, absorbkat UV wavelengths, and is not a buffer at
pH >1.5.

» Citrate buffers can attack stainless steel.Whemguisiese buffers, be sure to flush them out of
the system as soon as the analysis is completédhisus a recommendation for any buffer
system.
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» Microbial growth can quickly occur in buffered mtgbphases that contain little or no organic
modifier. This growth will accumulate on columnetd and can damage chromatographic
performance.

» At pH greater than 7, phosphate buffers accelerdtesdissolution of silica and severely
shortens the lifetime of silica-based HPLC columiigoossible, organic buffers should be
used at pH greater than 7.

 Ammonium bicarbonate buffers usually are prone Hoghanges and are usually stable for
only 24 to 48 hours. The pH of this mobile phassd$eto become more basic due to the
release of carbon dioxide.

» After buffers are prepared, they should be filtettedugh a 0.2-um filter.

* A *“test tube test” should be conducted to determirne buffer at the concentration it is
prepared will precipitate in the column/system wheis exposed to the highest organic
concentration in the gradient. The temperature lshalso be considered as well. Buffers
generally will have a higher solubility at highexntperatures. The test tube test can be
performed by preparing the mobile phase in a 10testtube and then putting the test tube in
the refrigerator and/or water bath (to mimic highemperatures) to determine if any
precipitation occurs.

* Mobile phases should be degassed if an on-linesdey is not available on the HPLC
system.

1.5.4 Concentration of buffers. A buffer concentration in the range of 10 to 50 nsvhdequate

for most reversed-phase applications. However, sames the concentration of the buffer does
lead to improvement of peak shape, presumably lsecthe cation of the buffer suppresses
silanophilic interactions of the protonated baséhvaccessible ionized residual silanols. This
concentration should also be low enough to avoablems with precipitation when significant
amounts of organic modifiers are used in the mqgtill@se and, in the case of phosphate buffers,
low enough to minimize the abrasive effect on pws@als. It is seldom advisable to use a buffer
concentration more than 100 mM and less than 10mmgreasing the concentration of the
mobile phase buffer, and thereby increasing thecimtrength of the mobile phase, will
sometimes suppress this ion-exchange interactidnmextuce this “secondary retention” effect.

1.5.5 Practical aspects of preparing a buffered mobile phase. The following steps are suggested
for preparing a buffered mobile phase:

» Define the appropriate wwpH for the separation #reh select an appropriate buffer.
Refer to Table 3 to determine the appropriatedsutir your application.

* Prepare an aqueous buffer solution of the desimttentration and wwpH (pH of
aqueous buffer solution).

» Measure the pH of the solution and adjust, if neass to the desired wwpH with dilute
acid or dilute basic solution. When adjusting theph of a buffer solution, make sure to
wait until the solution reaches equilibrium aftetdang additional acid or base before
measuring the pH.

1.5.6 Choice of organic modifier. Selection of the organic modifier type could bewee as
relatively simple: The usual choice is between @uéile and methanol (rarely THF).
Acetonitrile as an organic modifier may offer thesgiations due to the introduction of a dual
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retention mechanism. The viscosity of water/orgamixtures should be considered as an
additional parameter in the selection of organicdifirer. Acetonitrile/water mixtures show
roughly 2.5 times lower viscosity than equivalergthanol/water eluents; this means that one
can use 2.5 faster flow rates with acetonitrileoeganic modifier and develop faster separation
methods. Acetonitrile is not ionogenic and is nbydrogen bonding agent, but its four electrons
offer strong dispersive interactions that shoutibdde taken into account in the solvent selection.
Changing the type of organic eluent may have aecefbn the resulting selectivity of the two
species in a mixture.There is no definite way tedpst if changing the type and concentration of
the organic eluent will impart a difference in sty of the closely eluting species. The types
of solvent that are recommended are pure acetenifpure methanol, and a mixture of
acetonitrile/methanol. Sometimes, a small addiwérnTHF (up to 5 v/v%) or isopropanol to
either acetonitrile or methanol may lead to chanigethe selectivity. The adsorption of the
organic eluent component on the stationary phasetlam interactions of the eluent with the
analyte molecules play a significant role in detieing the resultant selectivity of the separation.

1.6 Gradient separations

1.6.1 Isocratic versus gradient separations. Traditionally, isocratic separations are deemed as
more reproducible than gradient separations. Indeeshstant eluent composition means
equilibrium conditions in the column and the actuglocity of compounds moving through the
column are constant; analyte-eluent and analytestay-phase interactions are also constant
throughout the whole run. This makes isocratic s#gms more predictable, although the
separation power (the number of compounds whiclddee resolved) is not very high. The peak
capacity is low; and the longer the component taimed on the column, the wider is the
resultant peak. Gradient separation significantigreases the separation power of a system
mainly because of the dramatic increase of therapp&fficiency (decrease of the peak width).
The condition where the tail of a chromatographone is always under the influence of a
stronger eluent composition leads to the decrebfe@eak width. Peak width varies depending
on the rate of the eluent composition variatioradigent slope).

1.6.2 Changing Gradient Slope. Gradient elution is usually employed with complex
multicomponent samples since it may not be posdiblget all components eluted between
k(retention factgrl and 10 using a single solvent strength underasiccconditions. This leads
to the general elution problem where no one setamifditions is effective in eluting all
components from a column in a reasonable time gesibile still attaining resolution of each
component. This necessitates the implementatian gradient. Employing gradients shallow or
steep allows for obtaining differences in the chatwgraphic selectivity. This would be
attributed to the different slopes of the retenti@nsus organic composition for each analyte in
the mixture. Therefore, changing the gradient slopsteepness of the gradient is an important
variable that should be considered in reversed ephasthod development for controlling the
retention of components and adjusting the seldgtior components. Take, for example, the two
gradient runs in Figure 7, where a shallow andpstgadient were run at both %5 and 56C.
Increase of separation selectivity is observedHerimpurities eluting between peak H and peak
A using the shallow gradient for both temperatB%C and 58C). Using the steep gradient at
both temperatures, a coelution of two of the imjeesieluting between H and A was obtained.
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Figure 7. Effect of gradient slope on the chromatagphic separation. Symmetry Gg, 4.6
x100 mm, 3.5 pum

1.6.3 Linear versus multi step gradients. If the gradient separation mode is selected, it is
generally recommended to use a simple linear gnadiecause of better reproducibility, less

column stress, and better resolution of criticatadf any isocratic step is included in the run,

the peak width of all analytes is broadened duting step and the whole method loses its main
advantage, namely, high apparent efficiency (whésults in higher resolution).

1.6.4 Equilibration. When a gradient method is used, the column mustloeed to equilibrate

at the starting mobile-phase conditions prior ® tlext sample injection and the start of the next
gradient run. Generally, if a gradient is used fré¥h organic to 95% organic on bonded phases
that are not polar embedded or that should notibeat 100% aqueous conditions, at least three
to five column volumes should pass through the roolbefore starting the next injection. The
gradient method can be programmed to immediateingh (after completion of the separation)
from 95% organic to 5% organic in <0.1 min (thigpdeds on instrument limitations). This sharp
change of the eluent composition will actually hétpclean the column. How is a column
volume V.oumn calculated? A good rule of thumb is that the waduof the column can be
approximated from the volume of a cylinder. Sevepsrcent of the column volume is
approximately the volume inside the porous spadesaound the particles:

Vco|umn:o.7ﬂR2L
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The time needed to equilibrate the column is detexcthby the flow rate. The number of column
volumes (three to flve column volumes) can be dididthy the flow rate (mL/min) to determine
the time (in minutes) needed. Therefore, the lother flow rate, the longer the equilibration
time.

2 Method development approaches

2.11f analyte structure is known: Determine if analytes are acidic, basic, or neuffais will
allow the chromatographer to choose a pH suchttieadnalyte is being analyzed predominately
in one ionization state. Use the rules for pH saiftl g<a shift to ensure that the analyte is one
predominant ionization state and choose the apjatepmobile-phase pH. Some general
guidelines are as follows: If target analyte is agsidic analyte (da >3), use a 0.2 v/Iv%
phosphoric acid mobile phase. If target analyte sic analyte {a >7-9), use an ammonium
acetate buffer (pH 5.8) to analyze in its ionizednf or use a 25mM ammonium hydroxide
buffer (pH 10.5) or 25mMN-methyl pyrrolidine buffer (pH 10.5) to analyzeiia neutral form.

If changing the organic modifier does not work, sider changing the mobile-phase pH (analyze
the molecule in a different ionization state). leoiample, if a basic compound was originally
analyzed under basic conditions (pHpK=), try to use acidic conditions (pH, pka) with the
acetonitrile in the initial gradient. If that stidloes not work, then consider using a different
stationary phase (phenyl or polar embedded) empdothie initial gradient, with initial agueous
mobile phase and acetonitrile organic modifier, egfgkat the process that was performed on the
original column used for initial method developmértie final method optimization may include
varying the gradient slope, column temperature,fiovd rate. Note that multiple pH values and
columns can be screened in gradient mode at the samme as well. This will increase the
efficiency/probability of obtaining the best colufmonditions and the best demonstrated
chromatographic selectivity. Note that the aquepligse pH values that would be chosen for
these pH/column screening studies should be base#nowledge of the physicochemical
properties of the molecule, taking into consideratihe mobile-phase pH and analytashifts

in the hydro-organic media.

2.21f method is being developed for separation of active and unknown component: Define the
criteria for the method such as the LOQ, maximum trme, wavelength detection, and so on.
Look at the structure of the target analyte (edt@da) or use ACD (advanced chemistry
development) and determine the best pH to run teéhad. Try to use shorter columns for
gradient scouting experiments (5¢#n&mm) packed with 3-um columns or use a high press
system (max pressure 15,000 psi) with 10«2ri-mm, 1.7-pum particles. Use 35%@5as starting
temperature. If pH scouting studies are needed,arprobe linear gradient using 0.2 v/v%
phosphoric acid on a short column (5»efrt6-cm column) to determine the isocratic condgio
for the pH studies. Run pH studies isocraticallgébermine the desired pH region to understand
the behavior of the impurities in the analyte migturhe desired pH region of the aqueous phase
is the pH region where the retention of the compts& the mixture do not significantly change
their retention as a function of the pH of the ampugephase. Track impurities using diode array if
possible. Run a linear gradient at a pH within desired pH region and hold at high organic
concentration on 5-¢cr#.6-mm column. If obtain sufficient resolutionethit is finished. If need
more resolution, then use a 15x8mm i.d. column. If resolution is obtained, thgou are
finished. If desired resolution/selectivity is naibtained, then screen different organic
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modifiers/different stationary phase types. Notat tthe separation of the critical pair may be
obtained on an alternate stationary phase thatsodidditional selectivity. In addition to the weak
dispersive types of interaction that are availalex G or Cig phase, phenyl phases may provide
additional interactions such asn type interactions and may assist in providing toldal
selectivity. If the impurities/active are very polthe use of polar embedded phases may provide
additional selectivity by introduction of a secondaype of interaction such as hydrogen
bonding close to the surface in the organic-enddager. Note that Drylab is not suitable for the
following types of compounds:

» Chiral compounds

» Achiral isomers or diastereomers

* Inorganic ions

Carbohydrates

Proteins and peptides

2.3 Defining system suitability: System suitability parameters with their respecteeeptance
criteria should be a requirement for any methods Will provide an added level of confidence
that the correct mobile phase, temperature, flae, r@and column were used and will ensure the
system performance (pump and detector). This usuratludes (at a minimum) a requirement
for injection precision, sensitivity, standard a@ay (if for an assay method), and retention time
of the target analyte. Sometimes, a resolutionirement is added for a critical pair, along with
criteria for efficiency and tailing factor (espdbtyaf a known impurity elutes on the tail of the
target analyte).

System Suitability Parameters

 Tailing factor (5% peak height) for peakB5

 Tailing factor (5% peak height) for pealcA5

* Rt for peak A must be 12.Ql83min

* Rt for peak B must be 211#0min

* The S/N of the LOQ solution (0.05%) for both actveand B must bel0:1

2.4.Influence of pH, temperature, and type and concentration of solvent on the retention and
selectivity of acidic (phenolic) compounds: The HPLC retention behavior of a para bromo-
monosubstituted phenol inter mediate and its oikbmer were investigated. The ortho isomer is
a common impurity generated during the synthesithefdesired para isomer intermediate. It
was critical to control this impurity because it wa react at the hydroxyl functionality in the
downstream chemistry to produce unwanted synthatipurities in the API (active
pharmaceutical ingredient). Implementing a rectigéaion procedure to remove these
downstream synthetic impurities, although efficjeambuld reduce the overall yield of the API.
Therefore, control of the starting material, pararsbo phenol, was deemed necessary. The
retention of these two isomeric species was foonokt highly dependent on the eluent pH, type
of organic modifier, and temperature. It was deteed that a reversal of elution order could be
obtained where the minor isomer elutes prior torttegor isomer by optimization of the eluent
pH, temperature, and change of type of organic rapffiom acetonitrile to methanol.

24.1 Effect of pH on the retention/selectivity of the isomers. The first step in method
development is to understand the effect of pH @ngiparation characteristics of the method.
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The [Ka values of the ortho and the para isomers was esdriay ACD to be 9.0 and 9.5,
respectively. Obviously the best pH to carry o@t $keparation would be at pH that is less than 2
units lower than the analyte that has the lowé&st. prhis would be at wwpH values less than
7.0. However, to illustrate the effect of pH on theparation selectivity of the isomers, a
controlled pH study at isocratic conditions wasdweted. Figure 8k(versus wwpH) and Figure

9 (selectivity versus wwpH) show the effect of phitbe retention of the para and ortho isomers
at a constant mobile-phase composition of 50 : S&M dihydrogen potassium phosphate :
acetonitrile, at 2% over the aqueous wwpH range 2.0-10.7 analyzea luma Gg(2) column.
Both of these isomeric compounds are acidic, amsl éxpected that an increase in the mobile-
phase pH will cause a decrease in the analytetietelbecause these compounds are becoming
progressively moreionized. At 45 for these isomers analyzed at wwpl8 the undesired
isomer, ortho isomer, is eluting after the paraniep and at wwpH & the ortho isomer elutes
before the para isomer (desired elution order).
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3.00 4

2.50 4

2.00 —s— Fara Bromo
—m— Ortho Bromo

k {retention factor)
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Figure 8. Effect of pH on retention of ortho and paa isomers
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Figure 9. Effect of pH on selectivity
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2.4.2 Effect of organic concentration on the retention/selectivity of the isomers. The effect of
organic concentration on the selectivity and reten{Figure 10) of para and ortho isomers at
three different pH values (wwpH 2, wwpH 8, and ww@i8) were determined. The optimal pH
for the separation is at wwpH 2. However, studiesenperformed at wwpH 8, and wwpH 8.6 to
illustrate why working at these higher pH valuesulgonot be ideal for the separation from a
robustness point of view. Although favorable changeselectivity may occur at a pH near the
pKa values of the components in the mixture, the metimay not be robust due to minor
changes in pH and organic concentration.

TD% ACHM
B5% ACHMN
BD% ACM
55% ACHM

FTT T[T I [T T [T I T [T AT [F T T[T AT I P AT T[T T [ TT I [ TTr [ TirT]|
14 18 18 20 22 24

i

pH 8.8 - ACMN Effact

so%ACH L Oornho | |

| 40%ACN N oL

e - "L " T LT T N 1 S ' T TV A" Y
Timws (moin

Figure 10. Effect of organic content on the analtyeetention. (A) wwpH 2, (B) wwpH 8.0,
(C) wwpH 8.6

% ACN Study w wpH 2.0Che amount of acetonitrile in the mobile phase wased over the

following range: 42-55% ethanenitrile. Plots of(k) versus % organic for both isomers were
linear in this v/v% acetonitrile regiorR{ =0.999). Increasing the v/v% acetonitrile led to a
decrease in the retention of both isomers (Fig#) land a decrease in resolution between both
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isomers however the selectivity and efficiency éaich isomer remained constant. Ideally, the
eluent composition should not affect the selegtibitween two species if their ionization state
is not changing with an increase in the organicmosition. Also, the efficiency did not change
as a function of the organic composition becausec#ipacity factor of the analytes was such that
extra-column band broadening (column and extraronolieffects) leading to peak dispersion
were avoided. The selectivity also was constartiwithis studied organic composition range at
pH 2. The decrease in resolution from 4.1 to 3.2 whtained upon increasing the organic
composition from 42% to 55% acetonitrile.

% ACN StudyvwpH 8.0.A similar study was carried out at wwpH 8 (Figu@B).The range of
vIv% acetonitrile studied was from 50% to 70%. &&sing the v/v% acetonitrile over the range
studied caused a decrease in resolution to thet pdiere baseline resolution between the
isomers was lost. Also at this pH and these acetiencompositions studied, the selectivity
between the isomers was independent of % orgatots Bf In k versus % organic for both
isomers were linear in this v/v% acetonitrile reg{® =0.997).

% ACN Study pH 8.6 similar study was carried out at wwpH 8.6 (Fig®C), where the pH
of the mobile phase is approaching the analiti& yalues. The Ka of the para isomer is greater
than Ka of the ortho isomer as observed by the injectiariatp in Figure 17. At wwpH 8.6 the
ortho isomer elutes prior to the para isomer. Emge of % acetonitrile studied was 40-70 v/v%.
Plots of In k) versus % organic for both isomers showed slightvature at high organic
concentrations, and a change in the selectivityéen the two isomers was observed. The
addition of organic component to an aqueous mgilase shifts the pH of the acidic aqueous
eluent (phosphate buffer) upward (0.2 pH units J&v/v% acetonitrile) and shifts the acidic
analyte ionization state of the isomers to highKa values (~0.3Ka units per 10 v/v%
acetonitrile, determined in an independent study).

2.4.3 Effect of temperature on the retention/selectivity of the isomers: The next variable
investigated was the effect of temperature on tiadyge retention. The effect of temperature on
the retention and selectivity of the para and orffwoners at wwpHs 2, 8, and 8.6 was studied
(Figures 11, 12, and 13). The effect of temperatadd be used to optimize the run time and
the apparent efficiency of the separation. At a&dyydH of ww2.0, the effect of temperature on
retention/resolution was studied over the tempeeatuange 9%C-7°C  with 50/50
acetonitrile/buffer (Figure 11).The retention arebalution of both isomers decreased with
increasing temperature, with the major isomer (pacener) eluting first at all temperatures
studied. This study was also conducted at a buffepH of 8.0 over the range 5-%D at 50/50
acetonitrile/buffer (Figure 12). The retention aedolution of both isomers again decreased with
increasing temperature; however, a reversal inaglurder was observed when the temperature
was increased above %I) where the ortho isomer eluted prior to the pi@mer. The
temperature study was also performed at w wpHA.6°C, the para isomer eluted first, a®20
they coeluted, and at temperatures greater thauual to 38C a reversal of elution order was
obtained where the ortho isomer eluted prior topdwe isomer (Figure 13).
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Figure 13. Effect of temperature on the analyte retntion, wwpH 8.6

2.5 Effect of pH on UV absorbance:The extent to which an organic molecule absorbs
electromagnetic radiation in the ultraviolet regi@sV light) depends on the structure of the
molecule. Generally, molecules that contain onglsinlouble bond absorb weakly in the UV
region. However, if multiple double bonds are pnése a molecule and they are conjugated, the
molecule absorbs more strongly and the absorbanskifted to longer wavelengths. The pH of
the mobile-phase effects the ionization of ionogesulutes and also the analyte UV response.
The change in pH can change the electronic streiciithe molecule and result in changes in the
molar absorptivity and the absorption maximum o tholecule [25]. lonization of aromatic
compounds containing a pyridinal nitrogen, amirarpoxylic acid, and phenolic group can lead
to significant changes of their UV response. Uniderding the effects of charge delocalization
and conjugation on the UV response and detectiareleagth will allow the chromatographer to
choose the proper pH and wavelength of detectioobtain a method with higher sensitivity.
Silverstein et al[26] andShenl{27] provide a good overview for predicting hove tstructure of
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a molecule and its environment will affect its mo&bsorptivity and the wavelength of the
absorption maximum. Most applications of absorpspectroscopy to organic compounds are
based upon transitions foror 1 electrons to the* excited state. Energies required for these
processes bring absorption peaks into the speagdn (200-700nmj)-electrons are further
delocalized by conjugation. The effect of this dal@ation is to lower the energy level of tife
orbital and give it less antibonding character asda result absorption maxima are shifted to
longer wavelengths [28]. UV spectra of aromaticrogdrbons are characterized by three sets of
bands (E1, E2, and B bands) that originate ffamansitions. Generally the E2 and B bands are
of most interest to chromatographers, since theesblcutoff for most mobile phases is <200nm.
For example, benzene has strong absorption peaks at

o El 184nm,8max~ 60,000
* E2: 204nm,emax =7,900
e B: 256nm,gmax =200

Value shows E2 and B bands for some organic masc#luxochromes are a functional group
that does not itself absorb in the UV region butehthe effect of shifting chromophore peaks to
longer wavelengths and increaseing their intensitge -OH and -NK groups have an
auxochromic effect on benzene chromophore. Thebstituents have at least one pairmnof
electrons capable of interacting wetectrons of the ring. This stabilizes tifestate and lowers

its energy. The phenolate anion auxochromic effentore pronounced than for phenol because
the anion has an additional pair of unshared @astrAniline has a pair af electrons capable of
interacting with theelectrons of ring. This stabilizes the*state by the relationship shown in
Equation, thereby lowering its energy [28].With acrkase in protonation, the absorption
maxima would be shifted to longer wavelengths aregeasing intensities and a red shift occurs.
However, upon protonation the nonbonding electrares lost by formation of the anilinium
cation, and the auxochromic effect disappearsassequence. The change in the mobile-phase
sspH at a constant organic composition may havesféatt on an ionizable analyte's UV
response (Figure 14A). Also, at constant wwpH &sdiganic concentration is increased, this
may also lead to a change in the analytes absabana particular wavelength. Increasing
concentration of the organic shifts the pH of thebite phase upward (for an acidic modifier),
and changes in UV absorbance may be observed éigiB).

At 232nm there is a decrease in aniline's absodbaadhis analyte becomes progressively more
ionized. A plot of the UV absorbance at a particmavelength versus the wwpH of the aqueous
phase will lead to a sigmoidal dependence (Fig&)e The injection point corresponds to the
analyte fKa (not corrected for pH shift of the mobile phase)aWhperforming method
development experiments a judicious choice for wavelength of the detection should be
carefully considered because this can lead to ef#/sindesired effects (change in sensitivity at
particular wavelength as a function of pH) on thesulting chromatography. Figure 16
demonstrates that a greater response for anilinbssrved at wwpH where the analyte is in its
neutral state. As the analyte ionization stateeganith pH so does the conjugation.
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Figure 14. Effect of pH on UV absorbance for anilie (obtained from diode array). (A) 10 v/iv%

acetonitrile and pH of 15mM dipotassium hydrogen pbsphate adjusted to wwpH 1-9 with
phosphoric acid. (B) wwpH 2.0 and acetonitrile corentration changed from 10 to 50 v/v%
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Figure 16. Effect of pH on UV absorbance for anilie. Conditions: Column: 15-cm_%.46-
cm Luna Cyg(2). Eluent: 90% aqueous:10% ethanenitrile. AQueousl5Mm dipotassium
hydrogen phosphate adjusted to w wpH 1.5-9 with prephoric acid, Flow rate, 1 mL/min;
temperature, 25'C; detection, PDA
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2.6 Reversed-phase versus normal-phase separatiof®eversed-phase HPLC is the dominant
method used for the majority of pharmaceutical @ppibns (>95%). Normal-phase
chromatography may be required for separations dhatnot compatible with reversed-phase
mode. Solutes that are labile (i.e., reacts witbtiprsolvents) or exhibit poor solubility in
aqueous media are prime candidates for normal-ptiasenatography. Normal phase is well-
suited for the separation of isomers and diasteeesnas well as for separating compounds with
saturated and unsaturated side chains. Generadlygreater is the amount of unsaturation the
greater the retention due to increased polarizgbaf double bond. Diol phases are a good
starting point for normal-phase application. Silieanino, and cyano are alternative phases.
Silica tends to strongly retain solutes that caeract with its highly active sites. Hexane or
heptane modified with a polar organic solvent isegally utilized as the mobile phase. The polar
organic solvent can be chosen based on it physeeoidal properties (dipole, hydrogen bond
acceptor/donor).

2.7 Instrument/system considerations:The four common causes for HPLC column failure
include column clogging at the inlet frit (from spi@s/mobile phase), voids generated in the
column, strongly adsorbed impurities from solveantiple, and chemical attack of the stationary
phase from the mobile phase or analytes..

2.7.1 Column/system backpressure: Column backpressure gives a good indication of Kosv
column and/or system are operating. The initiakpaessure of the column should be checked
prior to running a method. The backpressure witluroa attached at initial run conditions
should be stated in the method. If high column ha@ssure is observed, the column should be
taken off and a ZDV (zero dead volume) should staited and system backpressure recorded
and compared to know system backpressure for thdicplar system under a certain set of
mobile-phase conditions. Note that the system basigpre will be different from instrument to
instrument due to the different types of tubingattare employed. This depends on the tubing
diameters and total tubing length. The system hadgore is also dependent on the mobile-
phase composition, the type of organic modifieg, tdfmperature, and the flow rate. If the system
back- pressure value is known on that particulatesy with a certain set of eluent and column
conditions and the backpressure value is highar titmmal, then the cause of this increased
backpressure needs to be investigated. A recomrtiends to start removing tubing, starting at
the outlet and working your way back to the injecod then the pump, until you see a drop of
pressure; then replace that piece of tubing thate&ling to the problem with higher
backpressure. Also, it is possible that an in-fiter may be clogged. The in line filter is usyall
made of a 0.5 um porosity frit and is located eithetween the pump and injector or between
the injector and the column. It is recommendedhange this in-line filter on a monthly basis
(given continuous flow through the system duringt tmonth), especially if buffered eluents are
used. These filters should be readily available, @m analyst should know how to replace them
to avoid waiting for vendor engineer to change th&mso, a proper maintenance log for each
HPLC must be maintained in a regulated environmamd, any type of maintenance should be
properly recorded according to the pharmaceutiephdments standard operating procedures.

2.7.2 Column inlet and outlet frits: One of the most common symptoms of column failgre i

high column back-pressure. Plugging is the mosjuieatly encountered problem by analytical
chemists or analysts. Injection of samples comgimarticulates, along with wear of pump
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piston seals and injector valve rotor seals, wikrgually block the column inlet, causing high
column backpressure, and shorten the normal ligetioh the column. Backpressure also
generally increases as particulate matter accussutat the inlet frit of the column and may lead
to band distortion of the peaks in the chromatogr@olumns packed with 5-um particles
typically use 2-pum porosity inlet frits to contdahe packing; for the 3-um patrticles, 0.5- or 2-um
porosity inlet frits are used, depending on the uf@cturer. To a certain extent, particulate
matter buildup on the frit is unavoidable, but tha@re some several simple practices that can
slow down this process such as filtering the mopliase and the sample prior to injection. Also,
centrifuging the sample is recommended for at |2astn at 10,000rpm. If it is determined that a
column inlet frit is blocked, then back flushingetltolumn might help. For back flushing,
remove the column from the system and connect titketoend (normal direction flow) to the
pump and put the inlet end into a beaker and puinpow flow rate 0.5mL/min using
80%ethanenitrile: 20%water for at least 20 colurotumes, (column volume can be estimated
by the volume of the cylinderRPL for a 150-3.0-mm column the column volume is ~1.1 mL)
to displace any particles from the frit.

2.7.3Seals: Maintenance and care of the pump piston sealsc@mmended. Buffers and other
types of salt additives (i.e., ion pairing reagemtsaotropic additives) that are not soluble in
organic solvents should not be allowed to residéénLC system when there is no flow through
the HPLC system. Also, the buffer solubility limit a particular solvent system should be
known to prevent precipitation of the buffer sattshe HPLC system. A test tube precipitation
test can be used to determine if the concentratidhe organic will trigger precipitation. If the
buffer solution is left in a dry LC system, the faufsalts can evaporate on the piston surface
behind the pump seal, thereby creating an abrasigéng of salt crystals that will damage the
seal over time. Therefore it is recommended to vihshHPLC system with acetonitrile/water
(20 : 80) for at least 30 min before the systenshat down to remove any potential buffer
residues. A shut-down method with this wash metidecommended at the end of the
sequence. Pump piston seals usually last for at anonths (if system is continually used
throughout that duration) and are usually repladedng the preventive maintenance on the
HPLC system. Injector rotor valve seals can lasgfeater than 10,000-20,000 cycles, and these
should changed on an annual basis during the ypaslyentive maintenance/calibration of the
instrument.

2.7.4 Mobile-phase preparation: The operations of pump components, injectors, atdators
can be expected to be less troublesome when nultéges are filtered. For HPLC applications,
the 0.2-um-pore-size filter is typically selected femoval of particulates that may arise from
physical contaminants such as fibers. Generallg,iecommended to filter both the aqueous and
organic portions of the mobile phase independemigte that premixed mobile phases with
organic and aqueous should not be filtered (ussxguum filtration) since this may change the
final composition of the organic in the filtered bile phase. Also the mobile phases must be
covered to avoid evaporation of the buffer comptsénFA, acetate, bicarbonate, ammonium
hydroxide) and the solvent (especially if premixadbile phases are used). Also this prevents
dust and other particulates from contaminating rttobile phase. The mobile phase should be
covered with suitable caps, and the use of alumifnilmis also encouraged. One of the most
common mistakes that analysts make is the uselgfgoic products to cover the mobile phase
(parafilm), since this is not compatible with orgarsolvents and may lead to potential
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contamination of the mobile phase with polymerimponents. It is also recommended to add at
least 5-10 v/v% of organic solvent to the aquedwssp to prevent microbial growth.

2.7.5Guard columns: A guard column is a small column that contains pagknaterial similar

to that in the analytical column. The pore size padicle size of the material can be the same as
the packing material in the analytical column. Guard column has a frit at each end, and the
frits trap particulate matter. According to the woh vendor claims, these guard columns are
supposed to help to prevent contamination of thayéinal column, but they also may lead to
decrease in the efficiency of the peaks of intedest to the addition of extra column volume. It
may prevent contamination in the short term, egplgcfor biological samples; however, on a
long-term basis, since contaminants are also m@sand they are moving along the column,
usually moving slower than analytes, they may efuben the guard column into the main
column. The guard column is an excellent mixingnechar and can lead to band dispersion.
However, guard columns are often used and recomedefad analysis of proteins, lipids, and
other high-molecular-weight species, if the sanipleiological in origin (urine, plasma, etc.), to
prevent contamination of the column with matrix gaments. The need for replacing the guard
column depends on the matrix, the number of inpasti and whether decreased performance is
observed (change in efficiency for isocratic sepana by more than 10% and gradient method
change in apparent efficiency by more than 20%).

2.7.61nstrument/system considerations (concluding remarks): There are quite a few techniques
that can be used to extend the useful life of ah@Polumn; these include employing "column
shock” method after several hundred injectionsninm at lower operating temperatures, not
running at pH extremes, and using moderate coratéis of buffers, to name a few. However,
the column should be considered as a disposalnte Hewever, the cost of the column should
be viewed in terms of overall analysis costs. Asstimat each analysis an analyst performs is on
the order of $5 per sample. If the column lasts500 injections, this means that the column
contributes to 20% of the cost. Many analysts mety 100-2000 samples analyzed before a
column dies, so the cost per sample would be esest 10% of the cost and 5% of the cost,
respectively.

2.8 Column testing (stability and selectivity):There are numerous tests in the literature in
regard to the quest for defining universal testprtabe the silanol activity and to define a set of
mixture of compounds for selectivity assessment @ndparison of reversed phase stationary
phases. The tests include different probe molecuwesunder different conditions (pH and
organic composition, isocratic and gradient teetpdures). Even the different tests on the same
column may lead to different results (in termselestivity and silanol activity ranking) [35-39].

2.8.1 Column selectivity testing: An area of intense investigation is choosing thieiroa with

the best selectivity. The selectivity is dependsnthe bonded phase (i.e., bonded ligand, silanol
activity), the probe analytes, the pH of the mobiase, the type and concentration of the buffer,
and the type and concentration of the organic nexdiespecially if the probe analytes are

ionizable. For a given set of probes the selegtimty be high on a specific column; however,

for another set of analytes the selectivity mayber. There is no universal selectivity test that
can ensure that a particular column will give thesiced selectivity for a set of compounds.

However, if enough knowledge is gained on a sebbfmns in regard to selectivity with certain
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probe compounds and these have been good predmfarelumns demonstrating adequate
selectivity for pharmaceutical compounds in a patér company, then these may be used to
screen new columns that come on the market tha¢ liEmonstrated good bonded-phase
stability within a particular pH range.

2.8.2 Column stability testing: Due to extended usage of the column under certilirapd
temperature conditions, the bonded phase could niecoompromised, leading the poor
chromatographic peak shapes, loss in efficienay,less and even sometimes increase in analyte
retention. Sometimes, peak shapes can become deralyatlistorted upon increased usage of
the column without any change in the retention fiared this may also be dependent on the type
of analyte in the mixture (base versus neutral)weler, if there is a loss of bonded phase, then
losses in retention may be observed for all compnéeutral and basic). However, if loss of
bonded phase and end-capping reagent and/or chiangfationary-phase surface occurs and
greater exposure of the residual silanols is pestalthen the increase in retention and peak
tailing for protonated basic components may be mesk while the retention for neutral
compounds may decrease. Columns for a particuterddory can be chosen based on some set
of internal criteria. One of the criteria to selaatolumn should be such that the column is stable
for a certain number of column volumes (efficien@ling factor, and retention time criteria for
predefined probe analytes) at the recommended niaxirand minimum pH at a particular
maximum temperature. This would allow the chromedpber to employ such phases with a
significant degree of confidence and ensure thaswiess of the stationary phase during method
development and for release and stability testing.

The pH/temp stability limits of the columns usualtyovided by the vendors are general
recommendations. However, if determination of tberesentative column stability is required,
the analyst should use column stability testing dittons similar to those used in their
laboratories for testing their samples. The ovaralllimn stability depends on many factors such
as whether the study is performed in either isacm@t gradient modes, whether an organic or
inorganic buffer is used, type and concentratiorofanic modifier, temperature, pH of the
mobile phase, type of counter anion and counteorcaif buffer, the flow rate, and backpressure
(mechanical stability). Also, the results of thealgsis could potentially be confounded if the
aqueous component of the mobile phase does notinoanhy organic due to increased
probability of microbial growth, which may lead tiwe clogging of the inlet frit and cause peak
distortion for all peaks in the chromatogram. Tlere if one is going to use only agueous
solely in line A and organic solely in line B, tagueous portion A should be replaced every 48
hours.

2.8.3 Choice of buffer related to bonded-phase stability: The type of pH modifier to make a
desired mobile phase pH also has an effect ondhenn stability, and this is indirectly related
to the peak efficiency and the retention of thel@ea As an increasing number of column
volumes of the mobile phase are traversed throbghcblumn, the stability of the packing
material could be comprised. Rearrangement of #uokipg bead leads to the loss of efficiency,
dissolution of silica leads to loss in efficienaydaretention, and hydrolytic decomposition of the
bonded phase could impact the peak shape andiogteBifferent compounds, such as neutral
compounds, acidic compounds, and basic compound&] show different behaviors. Different
types of buffers at the same ionic strength and piHwean have a significant impact on the
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dissolution of silica. The dissolution of silica isually measured by the silicomolybdate
colorimetric method [41].When determining the bahgdase stability using different run
buffers (effect of buffer counteranion or counteéiaa), the same sspH must be used. The sspH
values (pH of the mobile phase: aqueouganic) may be different from the aqueous portibn
the mobile phase and may obscure if the dissolufdhe silica is directly related to the type of
anion/cation and/or the pH.

Conclusion

A well-defined method development plan with clesn af analysis is critical to the success for
fast and effective method development. The geragptoach for the method development for
the separation of pharmaceutical compounds wasigsed, emphasizing that modifications in
the mobile phase (organic and pH) play a dramaile on the separation selectivity. The
knowledge of the Ka of the primary compound is of utmost importanceoprio the
commencement of HPLC method development. More@teiscreening experiments can help to
discern the ionizable nature of the other impusit{ee., synthetic byproducts, metabolites,
degradation products, etc.) in the mixture. Theasspn of a complex mixture of different
ionizible and nonionizible organic components canchallenging, and the development of a
rugged separation method can be an adventure. Atuael of approaches can be applied,;
however, the one that seems to work the best ser@en a limited set of columns at a certain
predefined pH range (1-2 pH units below or abowettrget analyteKa in a particular hydro-
organic mixture) and determine the best permutadiwthcombination of column/mobile phase in
order to obtain the specific selectivity that issided for critical pair of components in the
mixture. There are thousands of different columnghe market, and the selection of one that
will allow a simple separation of your mixture i®ora a black magic than a science, but usually
the most common columns to carry out initial metlledelopment include those comprised of
Cis, polar embedded/end-capped and/or phenyl bondgthds. Final optimization can be
performed by changing the temperature, gradiergesland flow rate as well as the type and
concentration of mobile-phase modifiers.
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