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Automated peak tracking for comprehensive impurity
profiling in orthogonal liquid chromatographic
separation using mass spectrometric detection
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Abstract

The presence and quantity of impurities in pharmaceutical drugs can have a significant impact on their quality and safety. With the continuous
pressure for increased industry productivity, there is urgent need for a systematic and comprehensive drug impurity profiling strategy. We
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report here our development of the fully automated Comprehensive Orthogonal Method Evaluation Technology (COMET) sy
system includes five columns, seven orthogonal HPLC methods, and hyphenated UV–MS detections, which provides automa
impurities screening for any drug sample. An automated MS peak tracking approach by program-based mass spectral interpretati
to unambiguously track impurities among all orthogonal HPLC methods. The program passes electro-spray ionization mass spect
through four sequential decision-making mass ion tests and determines molecular weights for every peak. The system reduces the
to obtain impurity profile from weeks to days, while the automated MS peak tracking takes only minutes to interpret all MS spect
interest. Up-to-date, impurity contents of 56 in-development drug candidate samples have all been successfully illustrated by COM
contained more than 500 chemical entities. The program is able to track more than 80% of the compounds automatically with ma
failure due to insufficient ionization for some impurities by ESI. This system is well suited for efficient drug development and ens
quality and safety of drug products.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

During the production of active pharmaceutical ingredi-
ents (API), many opportunities for the generation of impuri-
ties may arise[1]. The safety of the drug depends not only
on the toxicological properties of the API itself, but on the
impurities it contains. For this reason, accurate assessment of
impurity profiles of API is one of the most important fields
of activity in pharmaceutical analysis. In the meanwhile, any
changes in the synthetic process, such as synthetic routes,
reaction conditions, purification processes, etc. which are
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common as a drug candidate goes through various d
opment stages and process scale up, may lead to ch
in the impurity profile and in questions about safety. He
the impurity profiling becomes a frequent task, which o
time-consuming and labor-intensive[2]. It is, therefore, es
sential to have a strategy that enables the task to be perf
efficiently and automatically.

As chromatographic techniques, such as HPLC bee
tablished as main workhorse for impurity analysis, it is na
to devise a generic HPLC method for this purpose. How
APIs in different therapeutic area may have dramatically
ferent physiochemical properties, not to mention yet
more diversity of process related impurities. It is hardly
that a single generic HPLC method can provide sufficien
olution for impurity profiling of all drugs. Instead, orthogo
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HPLC methods, i.e. methods that differ significantly in chro-
matographic selectivity, would jointly provide peak capacity
and resolving power magnitudes higher than any individual
method, as demonstrated in many two-dimensional HPLC
applications[3–7]. Hyphenated detections, such as ultravio-
let (UV), mass spectrometer (MS), infrared (IR), and nuclear
magnetic resonance (NMR), etc. offer additional means of or-
thogonality[8–14]. Automated orthogonal HPLC screening
system with hyphenated detection would provide true com-
prehensive drug impurity profile in an “one-shoot” fashion
for maximum efficiency.

The screening using orthogonal HPLC and hyphenated de-
tection, on the other hand, inevitably lead to increased com-
plexity in the acquired data and so forth information process-
ing. The chromatograms that result from orthogonal HPLC
methods exhibit changes in impurity retention orders. There-
fore, recognition of the same impurities in multiple chro-
matograms, i.e. peak tracking, becomes crucial in successful
impurity profiling. A wide range of peak tracking strategies
has been proposed. One straightforward method is to inject
individual pure standard in the same experimental conditions
as the samples, which is very time consuming, not to mention
that in many cases pure impurity standards are not available
[15,16]. Some other early approaches include comparison of
normalized peak areas[17], wavelength ratios[18,19]or re-
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an examination of peak areas. Clusters with too little reso-
lution for the ITTFA are resolved by means of target fac-
tor analysis, using the already obtained pure spectra as tar-
gets. A more recent work by van Zomeren et al. further
extends the multivariate peak tracking approach with aug-
mented ITTFA in order to remove the intensity ambiguity
and rotational ambiguity, which are caused by factor analy-
sis[33].

However, there are some limitations for the aforemen-
tioned UV spectra peak tracking methods. First of all, all
components of the sample must have sufficiently different
spectra. Unfortunately, UV spectra are rather broad and lack
of distinct fingerprint spectra zones as those in infrared spec-
tra. It is, therefore, difficult to distinguish various structurally
related compounds. Even the enhanced cross-match normal-
ization showed only limited success in the tracking of var-
ious peptide solutes from tryptic digests of porcine growth
hormone[27]. More seriously, varying the pH and solvent
in orthogonal HPLC methods may substantially change the
spectral characteristics of the components[26]. For impurity
profiling specifically, many of the impurity concentrations
are within the 0.1% regime relative to the API. Their weak
UV absorption signals are generally obscured by the domi-
nating background spectra of mobile phases[24,25]. If the
spectra difference induced by the eluent composition vari-
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tention values[20–22]. These methods are too sensitive
changes in experimental conditions and require all com
nents have distinct peak areas. Therefore, the tracking c
bilities of these methods are very limited, especially w
peaks overlap. The introduction of photodiode array dete
(DAD) for HPLC instrumentation, which made it possible
acquire full UV–vis spectra, considerably increases the
formation content of the chromatograms[23]. Computerized
point-by-point numerical comparison of spectra data p
vides more precise peak tracking capabilities[24,25]. Math-
ematically enhanced spectral analysis and spectral con
techniques are introduced to quantify the UV spectra sh
difference, which is defined as match angle[26]. The match
angle increases as the shape difference increases, resul
values from 0◦ (identical) to 90◦ (maximum dissimilarity),
which allows automated spectra library search. Round e
reported a peak tracking software based normalized s
tra overlay comparison (NSOC), which utilized weigh
combinations of zero-order UV spectra and its first-or
and second-order derivatives to enhance the resolution
tween spectral differences[27]. The use of multi-wavelengt
detection also offers the possibility to resolve overlapp
peaks. A peak tracking method based on multivariate a
ysis of DAD spectra data is introduced by Strasters e
[28–32]. In order to compare the spectral characteristic
overlapping components in peak clusters, each cluster i
alyzed separately using principal component analysis (P
to determine the number of components, followed by i
ative target testing factor analysis (ITTFA) to obtain p
spectra and chromatographic profiles. Then, peak tracki
performed based on comparison of spectra, combined
-
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.
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ation or required background subtraction is larger than t
of different solutes, peak tracking using UV spectra ma
would be impractical.

In recent years, the hyphenation of mass spectromete
HPLC analyses has become increasingly common with
proliferation of low-cost, smaller and more user-friendly in
struments[34–36]. On the contrary to the ambiguity in UV
spectra match, mass spectra offer unrivaled detection
curacy and specificity[37]. Mass-to-charge ratios of quas
molecular ion ([M + H]+) and its fragmentation ions provide
high confidence in compound characterization and struct
elucidation[38]. Matrix effects, as long as it does not hav
iso-mass ions with respect to the analyte, would be resol
by the mass selectivity. For these reasons, MS undoubte
turns out to be a more dependable source for peak tra
ing.

In this article, we present an automated peak track
approach by electrospray mass spectrometry (ESI-MS)
the comprehensive impurity profiling by Comprehensive O
thogonal Method Evaluation Technology (COMET). Th
system integrates five columns, seven orthogonal HP
methods, and hyphenated UV–MS detections to achieve
tomated generic impurities screening for any drug samp
A series of decision-making mass ion tests are applied
all the mass spectra of interest to unambiguously iden
the molecular weight of each impurity. The successful pe
tracking based on the assigned molecular weights thus
ables correlating results from multiple orthogonal HPL
methods and elucidates comprehensive impurity profile
any pharmaceutical samples, all in fully automated fa
ion.
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2. Experimental

2.1. Materials and supplies

HPLC grade acetonitrile (ACN), methanol (MeOH),
tetrahydrofuran (THF) and ACS Reagent grade ammonium
hydroxide solution (28.0–30.0%) were obtained from J.T.
Baker (Phillipsburg, NJ). HPLC grade glacial acetic acid, am-
monium acetate and ACS reagent grade formic acid (+96%)
were obtained from Fisher Scientific (Pittsburgh, PA). The
99.5% purity trifluoroacetic acid (TFA) was obtained from
Fluka (Buchs, Switzerland). House de-ionized water was fil-
tered through a Millipore (Bedford, MA) Milli-Q system us-
ing a 0.22�m Millipak filter.

Trifluoroacetic acid, formic acid and glacial acetic acid
solutions were prepared at 0.1% (v/v) by adding 1 mL of
acid to 1 l of water and mixing well. The pH of the acetic
acid solution was adjusted to 3.5 using ammonium hydroxide.
Two solutions of ammonium acetate were prepared at 10 mM
concentration by adding 0.77 g of ammonium acetate to 1 l of
water. One solution was adjusted to pH 5 using glacial acetic
acid. The other has a pH of about 7 without pH adjustment.
Both ammonium acetate solutions were filtered using 0.2�m
Nylon 66 filters from Pierce (Rockford, IL).

YMC J’Sphere ODS H80 column (4.6 mm× 150 mm,
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Fig. 1. Schematic diagram of automated COMET system.

(pH ∼1.9) and 10 mM ammonium acetate (pH 5.0), respec-
tively.

2.3. LC/MS methods

Extensive evaluation of 32 HPLC columns and 18 mobile
phase combinations were performed to provide a series of
MS compatible methods, each with unique selectivity. The
column evaluation mixture containing 18 Pfizer proprietary
active pharmaceutical ingredients at various stages of de-
velopment was run through each column and mobile phase
combination (data not shown). The geometric factor analysis
approach was applied to the chromatographic data to eval-
uate method orthogonality and practical peak capacity (Np)
[39]. A subset of the column and mobile phase combinations

Table 1
Orthogonal HPLC methods selected for COMET screen

Method 1 (M1) Column: Kromasil C4, 4.6× 250 mm, 5�m
Mobile phase: 0.1% trifluoroacetic acid pH
∼1.9/acetonitrile

Method 2 (M2) Column: Luna phenyl-hexyl, 4.6 mm×
100 mm, 5�m
Mobile phase: 0.1% acetic acid pH
3.5/acetonitrile

Method 3 (M3) Column: Luna phenyl-hexyl, 4.6 mm×
4�m) and Spherisorb ODS1 (4.6 mm× 100 mm, 5�m) were
obtained from Waters (Milford, MA). Luna phenyl-hexy
column (4.6 mm× 100 mm, 5�m) was obtained from Phe
nomenex (Torrance, CA). Kromasil C4 (4.6 mm× 250 mm,
5�m) and Monitor C18 (4.6 mm× 150 mm, 5�m) were
purchased from Column Engineering (Ontario, CA).

2.2. COMET instrumentation

A Hewlett-Packard 1100 liquid chromatography syst
(Agilent Technologies, Palo Alto, CA) equipped with a va
uum degasser, quaternary pump, auto-sampler, UV diod
ray detector and HP-MSD model D mass spectrometer is u
as the backbone of the automated system. The system is
ified to include a thermostated Spiderling CS400010-posi
column selector from Chiralizer Services (Newtown, PA) a
a six-position Cheminert valve (Valco Instruments Co. In
Houston, TX) is inserted on the “D” line of the quaterna
pump to extend mobile phase selection (Fig. 1). Both the col-
umn switcher and the Cheminert valve are connected thro
contact closures on the back of the chromatography sys
and can be controlled electronically through the ChemSta
software.

The mobile phase components are placed in the re
voirs for the Agilent 1100 HPLC as follows: line A contain
tetrahydrofuran; line B contains acetonitrile; line C conta
methanol and line D contains the aqueous solutions c
nected to the six-position Cheminert valve. The mobile ph
valve positions 1–6 contain the aqueous solutions water, 0
formic acid (pH∼2.1), 0.1% glacial acetic acid (pH∼3.5),
10 mM ammonium acetate (pH 7.0), 0.1% trifluoroacetic a
h

r-

-

100 mm, 5�m
Mobile phase: ammonium acetate pH
∼7.0/acetonitrile

Method 4 (M4) Column: Luna phenyl-hexyl, 4.6 mm×
100 mm, 5�m
Mobile Phase: ammonium acetate pH
5.0/tetrahydrofuran

Method 5 (M5) Column: Spherisorb ODS1, 4.6 mm×
150 mm, 3�m
Mobile phase: ammonium acetate pH
∼7.0 /MeOH

Method 6 (M6) Column: Monitor C18, 4.6 mm× 150 mm,
5�m
Mobile phase:0.1% acetic acid pH
3.5/MeOH

Method 7–9 (M7–9) Column: YMC J’sphere ODS H80, 4.6 mm
× 100 mm, 4�m
Mobile phase: 0.1% formic acid pH
∼2.1/acetonitrile
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Fig. 2. COMET software layout and flow chart.

(Table 1), demonstrating both maximum orthogonality and
highestNp, were chosen as pre-determined methods for the
routine COMET screening. M1–M6 and M8 are 60 min linear
gradient methods; while M7 is 30 min short gradient and M9
being 90 min long gradient method, respectively, all ramping
from 5 to 95% organic modifier. Column equilibrate time is
set to 12 min for each method. M7–M9 use the same column-
mobile phase combination, which show little orthogonality.
The inclusion of two additional gradients for M8 is for the
purpose of interfacing to DryLab for simulated method op-
timization. Thus, the COMET system essentially comprises
seven orthogonal methods. As a general rule, fairly low addi-
tive concentrations (0.1% or 10 mM) were chosen to enhance
absorption detection sensitivity at lower UV range. The col-
umn compartment is thermostated at 30◦C.

2.4. Control software

The complete system is controlled by a single IBM
NetVista PC with house-developed software, COMET Ver-
sion 5.0. The COMET software communicates with Chem-
Station (Version 9.1, Agilent Technologies, Palo Alto, CA)
and automates the HPLC running sequence, simultaneous
DAD/MS detection and subsequent data processing, includ-
ing peak tracking.
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the molecular weights are discussed in the followingSection
3. Mass interpretation parameters shall be adjusted in sys-
tem configuration as needed to maximize the interpretation
accuracy. Once component molecular weight assignment is
complete, the program normalizes the retention time of each
chromatogram and generates peak tracking plots for individ-
ual components.

Finally, the “Report Generation” routine compiles all the
results, identifies system related artifact peaks by correlating
the sample chromatogram with that from the blank run, and
generates Microsoft Word report. In order not to devastate
the analysts with the overwhelming amount of information
that the orthogonal LC/MS screening presents, the reports
are prepared in hyperlinked three-layered Word documents:
(a) nine-method summary with peak tracking; (b) LC/MS
report for individual method; (c) mass spectra and extracted
ion chromatograms (EIC). Depending on the level of detail
needed, the hyperlinks guide the analyst to quickly jump to
the specific layer of report.

The integration of the four modules casts the fully auto-
mated walk up COMET system capable of round-the-clock
unattended impurity screening directly from submitted sam-
ple to printed reports.
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As shown inFig. 2, the COMET software is comprise
of four standalone modules: (A) System Control, (B) D
Extraction, (C) MS Interpretation and (D) Report Gene
tion. Module A provides the user interface to schedule
initiate the analysis. The second module, “Data Extractio
is a ChemStation post-run macro, which preprocesses
chromatographic data and exports the chromatograms,
tables and spectral information of interests to COMET d
structure.

The “MS Interpretation” module is a Visual Basic (VB) e
ecutable routine, which scrutinizes the extracted mass s
tral data and deducts the molecular weights for each dete
component. The processes by which the program determ
k

-

3. Results and discussion

The orthogonality, i.e. the selectivity differences, of
nine COMET methods forms the basis for a comprehen
characterization of an impurity profile. Examples of COM
screening results for two Pfizer proprietary drug samp
PF#1 and PF#2 are shown inFigs. 3 and 4, respectively
Table 2illustrates the method orthogonalities calculated
ing retention time correlation coefficients between any
chromatograms[39]. Many of the correlation coefficients a
far less than 1, which indicates good orthogonalities. For
and M4, ther2 is fairly high (∼0.9), which is comprehensib
since both methods are using the same column and si
eluent. However, the THF used in M4 does give very uni
selectivity for some impurities such as impurity PF#1-B,
though it is less significant in the PF#2 screening. The me
orthogonality is also reflected in the chromatographic
files. As shown inFig. 3, four major peaks, including AP
(P), were detected for PF#1 in each method. The sta
chromatograms clearly show the significant change of

Table 2
Orthogonality (r2) evaluation of COMET methods

M1 M2 M3 M4 M5 M6 M8

M1 0.031 0.033 0.037 0.020 0.536 0.5
M2 0.489 0.676 0.675 0.152 0.23
M3 0.896 0.028 0.152 0.05
M4 0.175 0.212 0.119
M5 0.301 0.599
M6 0.821
M8
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Fig. 3. COMET separations of impurity drug sample PF#1 (methods as listed
in Table 1, UV detection at 254 nm). P denotes the API, while A, B, C stand
for detected three major impurities, respectively.

tion order from method to method. The API peak eluted next
to impurity PF#1-A and PF#1-B in M4, while it became the
first in M6 and M8. Between M1 and M8, the elution orders
of impurity PF#1-A, PF#1-B and PF#1-C were completely
reversed. Accurate peak tracking is thus essential for the com
pilation of the complementary chromatographic information
in order to illustrate the comprehensive impurity profile.

3.1. Peak tracking with DAD

For simple chromatograms as shown inFig. 3, normal-
ized UV peak areas probably would be sufficient to track
each peak over different methods, since all peaks are wel
resolved and distinctive in peak area. Unfortunately, such
nearly perfect separations are rare in generic screening. Fo
most drug samples, such as PF#2 shown inFig. 4, the com-
plexity of the chromatograms makes peak tracking based
solely on peak areas fairly unreliable. Coelution is oblivi-
ously the biggest hurdle, where fuzzy theory is required to
“guess” the possible peak overlap[20,21]. At acidic pH, par-
tially positive charged impurities tend to adsorb to the resid-
ual silanol groups on the stationary phase, causing severe

tailing as shown inFig. 4—M2, which further complicates
accurate peak identification. Therefore, spectral information
is truly vital for the unambiguous identification and tracking
of chromatographic peaks.

We first create a customized UV spectra library from spec-
tra inputs of the first HPLC method separation (M1). Each
peak in the rest of the HPLC chromatograms is then searched
against the local library using Agilent spectral match factor
analysis software. The software performs a linear regression
of the two spectra and multiplies the square of regression
coefficient by 1000 to give the match factor. If the match
factor of the best hit is below a cutoff limit (Agilent lit-
erature suggested 950), no hit will be reported and a new
spectrum is added into the library. We applied this library
search approach to the PF#2 COMET screening data. Un-
fortunately, the tracking result is discouraging. Out of the
total of 40 peaks under evaluation, only 20 peaks are identi-
fied correctly. A closer examination of the data showed three
major causes for the errors. First of all, there are two pairs
of impurities in the mixture that have very similar spectra:
PF#2-B and PF#2-E, as well as PF#2-D and PF#2-F (Fig. 5).
The mislabeling of these two compound pairs accounts for
eight incidents of peak tracking error. Secondly, the library
search failed to identify the seven coelutions observed. Fi-
nally, five impurities (B–F) showed very different spectra in
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the pH 1.9 TFA solution (M1) compared with those acquir
in the other mobile phases, mostly due to the low UV c
off of the mobile phase and pH related chromophore sh
Also, worth mentioning is that the PF#2 sample used in t
screening is spiked with about 0.2 mg/mL impurity standar
In routine drug samples, impurity levels are generally bel
0.5% with respect to API. More significant interference fro
mobile phase background will further compromise the qu
ity of spectra and thereby peak tracking.Fig. 5(e) shows the
spectrum of impurity PF#2-F acquired in unspiked PF#2 d
sample at which its impurity level is about 0.47%. Obvio
bias could be clearly observed compared with its more ac
rate acquired spectrum at high concentration (Fig. 5(d)).

3.2. Manual peak tracking with mass spectra

In this COMET system, an Agilent MSD mass spectrom
eter equipped with electro-spray ionizer (ESI) is available
acquire MS during the analysis.Fig. 6lists one of the HPLC
chromatograms from the COMET screening of drug sam
PF#2 and the acquired mass spectra for each peak dete
The interpretation of the mass spectra can be addressed b
highly trained specialist, who would review the spectra a
unambiguously assign molecular weights to each detec
peak as shown inFig. 6. Four of the five peaks are single com
ponent peaks, with the molecular weights identified as 4
447,463, and 447, respectively. The second peak is prove
be a coelution of two impurities with molecular weights
261 and 463, respectively. Peak tracking, therefore, gets
more complicated than assigning annotations for each mo
ular weight, for example, give each compound an alphab
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Fig. 4. COMET separations of spiked drug sample PF#2 (methods as listed inTable 1, UV detection at 220 nm). Co-eluting analytes are indicated by parentheses.
The determined molecular weights for each analyte are: (A) 261 Da; (B) 447 Da; (C) 465 Da; (D) 447 Da; (E) 463 Da; (F) 463 Da.

designation starting with “A”. One limitation, though, is that
single-quadruple MS alone would not be able to differentiate
isomers, such as the two 447 peaks in the PF#2 sample. For
such cases, additional UV peak area ratio would be helpful
for further identification within the isomer pairs.Fig. 4 il-
lustrates the final peak tracking for PF#2 COMET screening
results. Despite the combined multiple differences in elution
order, peak shape, peak height, and even the number of peaks
observed in varied LC methods, the assigned MS molecular
weights provides accurate peak identification and unequivo-
cal peak tracking for every compound.

Generally referred as a “soft” ionization technique due
to its minimal internal energy deposition, ESI usually pro-
duces fairly simple mass spectra with limited fragmentation,

which is dominated by the quasi-molecular ions. However,
due to the generic screening nature of COMET system, it
is impractical to optimize the ionization conditions for each
compound. Consequently, many highly functionalized drug
molecules often lead to various unconventional and unex-
pected behaviors when analyzed by ESI. Alkali metal adducts
([M + Na]+ and [M + K]+), solvation adducts ([M + H +
ACN]+), dimers ([2M + H]+ and [2M + Na]+) and dou-
bly protonated ions ([M + 2H]2+) are just some of the ex-
amples that complicate the mass spectra. Co-eluting com-
pounds, which give overlapped spectra, further increase the
complexity of the MS data. Even for experienced mass spec-
troscopists, the spectra interpretation can be time consuming.
Thus, manual peak tracking via MS becomes the bottleneck
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Fig. 5. UV spectra of: (a) PF#2-B; (b) PF#2-E; (c) PF#2-D; (d) PF#2-F; (e) PF#2-F. Spectra (a)–(d) were acquired from the spiked PF#2 sample shown in
Fig. 4. Spectrum (e) was acquired from unspiked PF#2 drug sample solution, in which its impurity level is about 0.47%.

of the comprehensive impurity profiling. The running time for
COMET screen of single drug sample is roughly 1.5 days,
with no manual intervention needed. But it usually takes the
analyst more than 5 days to examine all the MS data before
concluding the comprehensive impurity content. Automation
in the MS peak tracking process obviously becomes criti-
cal for the success of comprehensive and timely impurity
profiling.

3.3. Automated peak tracking with mass spectra

3.3.1. Molecular weight determination
The key of automated MS peak tracking is to emulate

the expert mass spectroscopists’ knowledge-based activities
of spectral interpretation. Some early efforts incorporated
decision-making criteria into mass spectrometric analysis
for protein structure determinations and peptide sequencing
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Fig. 6. Mass spectra and manual molecular weight assignments for M3 separation of PF#2 in COMET screening.

[40,41], characterization of polymeric molecular weight dis-
tributions[42], and classification of non-peptidic combinato-
rial compounds[43,44]. Huang et al.[45] and Tong et al.[46]
even demonstrated complete automation package for data ac-
quisition, processing, interpreting, and e-mailing mass spec-
trometry data. However, many of these approaches require
a list of expected product molecular weights, which is not
readily available during impurity profiling. More recently,
Williams et al. reported an automated molecular weight as-
signment approach by evaluating all acquired mass ions and
identifying the quasi-molecular ion[47]. A computer pro-
gram was developed, which applied a set of simple quasi-
molecular ion recognition rules to categorize and reject var-
ious interfering mass ions. In a separate work, Gorlach and
Richmond demonstrated another interesting quasi-molecular
ion discovery algorithm for adduct abundant combinatorial
samples by adduct stencil search[48].

Both Williams et al. and Gorlach and Richmond’s work
provide ground for our automation of MS peak tracking. As
aforementioned, in ESI mass spectra, the quasi-molecular
ions are obscured mainly by five categories of interferences:

Table 3
Mass ion tests for automated spectra interpretation

Validation tests Functionality Rejected ions

gra

tio
tio

(1) coelution (including noise spikes and eluent ions); (2) iso-
topic ions; (3) adduct ions; (4) dimers or doubly protonated
ions; and (5) fragment ions. The fragment ions can be eas-
ily differentiated from the quasi-molecular ions, since their
mass to charge ratios (m/z) are always less than that of their
quasi-molecular ions. To identify the rest interference ions,
four mass ion recognition tests, as illustrated inTable 3, get
sequentially applied to all mass ions acquired in each mass
spectrum, each eliminating one category of remaining inter-
ference ions.

3.3.1.1. Extracted Ion Chromatogram (EIC) test.The EIC
test is to probe potential coeluting compounds as well as
eliminate the noise spikes and background ions from the
mobile phase. For the mass spectrum acquired for each
chromatographic peak at retention timetr, all major ions
(relative abundance >10% that of the top ion in the spec-
trum) are pooled as quasi-molecular ion candidates. The
EIC (also called single ion monitoring or SIM) of each ion
is extracted and integrated. Noise spikes generally exhibit
very sharp peak (typically 1 scan wide), which is less than
1. EIC test Integrate extracted ion chromato
Compare peak retention time
Detect co-eluters

2. Isotope test Identify isotope ions
3. Adduct test Search for possible adducts
4. Dimer test Check for “(m/z)′ = (m/z+ 1)/2” rela

Evaluate [A + 1]/[A] abundance ra
ms (EIC) Noise spikes
Solvent ions

A + 1, A + 2 ions
Common adduct ions: Na+, K+, NH4

+, ACN
nship [2M + H]+; [M + 2H]2+
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Fig. 7. Automated mass spectra interpretation. (a) Mass spectrum of Peak 2 in M3 separation of PF#2; (b) EIC test separates mass ions into two groups (bold
and underlined italic) based on the slight difference in EIC peak retention time—each group indicates ions from one analyte. (c) Isotope test identifies and
rejects A + 1, A + 2 isotope ions such as 264+, 266+, 465+, 466+, 929+ ions. (d) Adduct test searches for and eliminates common adduct ions including
Na+, K+, NH4

+, ACN. No adduct ions are found in this example. (e) Dimer test differentiates proton-bound dimers vs. doubly protonated ions and rejects
determined invalid ions. The survivor ions in each group after the Dimer test determine the molecular weights of the two coeluting analytes: A, 261 Da,E,
463 Da. (f) Overlaid EICs of major mass ions listed in (a).

the minimum peak width for integration, while the eluent
ions typically show only slow signal drift over time. There-
fore, no peak will be detected for their EIC at timetr. For
the rest of the ions, an integrated peak near timetr is ex-
pected.

Co-eluting analytes, if any, usually exhibit slight differ-
ence in peak retention time such as the example shown in
Fig. 7(f). For cases like this, the ions need to be clustered
into groups based on the retention time, as shown inFig. 7(b)
the bold annotated ion group versus the italic underlined ion

group. Each group, from then on, should be treated as inde-
pendent mass spectrum and one quasi-molecular ion is ex-
pected from each group.

3.3.1.2. Isotope test.The search for isotope peaks is fairly
straightforward since the natural isotope distribution has been
so well studied. Basically, theIsotope testidentifies all the A
+ 1 and A + 2ions in each group, eliminates them from the
ion pool, and passes the rest to theAdduct testas shown in
Fig. 7(c).
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Fig. 8. Illustration of Na+ adduct, doubly protonated ion and proton-bound dimer recognition. (a) The mass ion atm/z 701 is determined to be [M + Na]+
adduct ofm/z679 ion. The mass ion atm/z340 is determined to be [M + 2H]2+ of the signal atm/z679. (b) Signal atm/z705 is determined to be proton bound
dimer whilem/z353 being the [M + H]+.

3.3.1.3. Adduct test.In COMET screening, the likely adduct
ions are fairly easy to predict since all methods are pre-
defined. In this development, we specifically look for four
common adducts: [M + Na]+, [M + K]+, [M + NH4]+ and [M
+ H + ACN]+, in which the moveable adduct stencil withm/z
differences of 22, 38, 17, and 41 scans for potential adduct
ions [49]. In Fig. 7(d), theAdduct testdetermines that no
adducts exist in the spectrum, thus all ions are passed to the
next test. Meanwhile, in the spectrum shown inFig. 8(a), mass
ions atm/z of 701+ and 679+ show mass difference of 22,
indicating 701+ being a Na+ adduct ion and gets eliminated.

3.3.1.4. Dimer test.An interesting situation occurs while
performing theDimer tests: when a doubly charged ion ([M +
2H]2+) is present, the [M + H]+ and [2M + H]+ ion pair and
the [M + 2H]2+ and [M + H]+ pair share the same apparent
m/z relationship:

(m/z)′ = (m/z + 1)/2

However, since quasi-molecular ions [M + H]+ have half
the number of carbons as the dimer ions [2M + H]+, their rel-

ative A + 1 abundance should also have the 1:2 relationship.
For example, as shown inFig. 8(b), the A + 1 (354+) abun-
dance with respect to 353+ is about 0.21, while the abundance
of 706+ with respect to 705+ ion is about 0.41.

[354+]/[353+]

[706+]/[705+]
= 0.21

0.41
= 0.51

On the other hand, the relative A + 1 abundance ratios for
the [M + 2H]2+ and [M + H]+ pair are typically much less
than 0.5 or much greater than 0.5 if the molecule includes Cl
or Br atoms. As shown inFig. 8(a), the A + 1 abundance for
680+/679+ is roughly 0.43, while no 341+ ion is detected:

[341+]/[340+]

[680+]/[679+]
= 0.00

0.43
= 0.00

Therefore, 705+ and 340+ are identified as proton-bound
dimer and doubly charged ion respectively. For the compound
in Fig. 7(d), the 927+ is determined to as the proton-bound
dimer of 464+.

Once all of the four criteria have been applied to the test
spectrum, the only survival ions should be the quasi-molecule
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Table 4
Impurity profile and retention times of drug sample PF#2

Peak MW Areaa % Retention time (min)

M1b M2 M3 M4 M5 M6 M7 M8 M9

A 261 15.52 32.82 27.58 27.55 27.32 36.58 36.83 19.51 29.04 40.35
B 447 6.47 33.24 34.27 37.09 34.56 34.95 15.79 23.10 32.59
C 465 4.77 33.24 30.22 24.11 24.84 44.70 40.32 15.94 24.25 34.01
D 447 15.55 33.57 35.29 37.67 35.29 35.35 15.79 23.50 33.34
E 463 3.86 33.79 34.56 27.95 29.44 51.62 39.66 15.94 24.25 33.70
F 463 52.27 34.10 34.27 27.55 29.14 51.62 36.83 16.21 23.84 34.58

a Peak area percentage calculated with UV absorbance at 220 nm.
b Methods M1–M9 as described inTable 1.

ions and their fragments (if any). For such cases, the signal
with the highest mass in each ion group is assigned as the
quasi-molecular ion (262+ and 464+ in Fig. 7(e)), from which
the molecular weight is deduced (MW = 261 and 463).

3.3.2. Automated peak tracking results
The successful automated ESI-MS interpretation unam-

biguously identifies each chromatographic peak by its molec-
ular weights (isomers need additional peak area information).
As shown inTable 4, a total of six chemical entities are iden-
tified in PF#2 and their retention times in each orthogonal
method are listed. Co-eluters, such as PF#2-B and C in M1,
exhibit the same retention time. Compound PF#2-B and D
are not detected in M5 because they are strongly retained
on the column and do not elute within the 60 min gradient.
However, since they are captured in many other methods, no
critical impurity content information is missing, which repre-
sents one of the most appealing advantages of the orthogonal
system.

Fig. 9 is the graphical representation of the peak tracking
results included in the automatically generated reports. Each
axis in the radar plot represents one COMET HPLC method.
The scale of the axis stands for the normalized retention time
for each method with the latest eluting peak being 1. The
peak tracking is illustrated by connecting the retention times
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and PF#2-D did not elute in M5, in which the eluent is at
pH 7.0 and a weak organic solvent MeOH is used. For PF#1,
significant retention change is observed for impurity PF#1-
A when changing from C18 columns to more hydrophilic
columns such as phenyl-hexyl or C4, while the THF used
in M4 seems to have dramatic impact on the retention of
impurity PF#1-B specifically (Table 5). Therefore, besides
unveiling the comprehensive impurity profile, the successful

Fig. 9. Retention plots for COMET screening peak tracking. Each radar axis
denotes one COMET HPLC method as described inTable 1. The scale on
the axis is the normalized retention time with the latest eluting peak being
1. Drug samples: (a) PF#2 and (b) PF#1.
of each analyte across the radar, which forms a loop if
analyte elutes in every method. Any crossover represen
retention order change between the two neighboring meth
For example, compound PF#2-E elutes first in M5, while
elutes next to compound PF#2-C in M4.

The number of crossovers, to some extent, is indicativ
the method orthogonality. The three methods on the left
(M7–M9) have very little orthogonality (r2 > 0.9), which is
reflected in the similar retention pattern. The cross-overs
tween M4 and M5 illustrate more orthogonality (r2 = 0.175).

On the other hand, the shape of these retention loops
nifies the trend of the retention with respect to the chan
in stationary hydrophobicity, eluent pH and solvent streng
For PF#2, one of the most noticeable trends is that mos
alytes tend to elute closer in more acidic eluent (M1 a
M7–M9). Besides, all analytes get more retained in hig
pH eluent, which is consistent with the properties of ba
drug compounds. At the extreme case, compound PF#
.
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Table 5
Impurity profile and retention times of drug sample PF#1

Peak MW Areaa % Retention time (min)

M1b M2 M3 M4 M5 M6 M7 M8 M9

P 504 95.76 36.30 31.53 30.41 31.11 38.44 43.64 21.03 33.44 49.08
A 522 1.71 34.31 26.84 22.74 21.17 31.86 47.22 25.90 37.30 52.41
B 478 0.70 36.82 31.96 31.96 29.30 42.50 45.27 21.68 34.64 50.97
C 582 0.33 38.86 33.93 32.59 32.40 40.84 46.27 22.57 36.55 54.34

a Peak area percentage calculated with UV absorbance at 254 nm.
b Methods M1–M9 as described inTable 1.

peak tracking also provides valuable hints on method opti-
mization.

Since system deployment, a total of 56 drug samples
submitted by chemists from various departments have been
screened by the COMET system. The samples varied in com-
plexity and composition, including both impurity and degra-
dation samples. For the 56 samples, which contained more
than 500 chemical entities, COMET provided successful peak
tracking for 80% of the compounds. The most prominent fail-
ure, representing 18% of the compounds, was the insufficient
MS signal for accurate molecular weight determination. A
minimum signal to noise ratio of 5 in EIC was determined
for reliable peak integration. For these MS inert compounds,
more sophisticated chemometrics processing of spectral data
(UV or MS) is needed for more successful peak tracking, e.g.
component data analysis[50,51]. Another solution is to ap-
ply more efficient ionization technique or more sensitive mass
detection scheme such as MS/MS. But the latter is more dif-
ficult for generic screening due to the compound versatility.
The remainder of the failures was attributed to: (1) mislabel-
ing solvent ion; and (2) misinterpreting quasi-molecular ion
as dimer. Case (1) failure was due to less than perfect peak
integration of EICs. Occasionally, ChemStation software as-
signed peaks to solvent ion EIC profile by mistake. Case (2)
was very rare. It only happened when the MS signal was very
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analyst with profound MS knowledge yet eliminates the te-
dious spectral interpretation. Initial testing of the automated
peak tracking yields 80% success rate for over 500 drug im-
purities. The observed failures are mostly due to the low
ionization efficiency of some impurities. Further work us-
ing chemometrics processing and deconvolution of the mass
spectral data is on-going and will provide additional improve-
ments. The availability of ESI/APCI dual mode ionization
will also greatly widen the range of compounds could be de-
tected with good sensitivity[52]. The peak tracking method
described in this paper is not limited to tracking drug im-
purities. The method should be generally applicable to any
LC/MS or capillary electrophoresis (CE)/MS separations of
organic molecules. The peak tracking procedure should also
be very useful in the development of new HPLC optimiza-
tion protocols[22,33,53–55], providing a basis for improved
strategies for the monitoring, purification, and analysis of bi-
ological macromolecules, such as peptide digestion[56,57].
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weak and the noise at them/zof A + 1 ion of doubly proto-
nated ion happened to show the 2:1 relative A + 1 abund
ratio as the dimer/quasi-molecular ions relationship. S
larly, appropriate data preprocessing by chemometrics
be useful to reduce these failures.

4. Conclusions

A fully automated comprehensive impurity profiling sy
tem employing orthogonal HPLC separations and hyph
ated UV–MS detections is developed. The system is c
ble of tracking each impurity peak over all chromatogra
of a drug sample recorded under different chromatogra
conditions by automatically assigned molecular weights.
process is based on automated ESI-MS interpretation, w
utilizes a set of interpretive rules to systematically elimin
the common interfering mass ions. It is proved to be more
curate and reliable than the preceding UV-based peak t
ing approaches[24–26]. Furthermore, it endows the proje
-
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