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nents in complex analytical systems. The method uses the mass differences be-
tween peaks in high resolution electrospray ionization (ESI) mass spectra. It relates
peaks that share common mass differences. The method is based on the fundamen-
tal assumption that peaks in the spectra having the same exact mass difference are
related by the same chemical moiety/substructure. Moreover, the presence (or
absence/loss) of the same chemical moiety from a series of molecules may reflect
similarities in the mechanisms of formation of each molecule. The determined mass
differences in the spectra are used to automatically differentiate the types of compo-

nents in the samples. Contour plots and summary plots of the summed total ion signal
as a function of the mass difference are generated, which form powerful tools for the rapid and automated
determination of the components in the samples and for comparisons with other samples. For the first time, in this
work a unique profile contour plot has been developed that permits the interactive interrogation of the mass range
by mass difference data matrix to obtain valuable information about components that share a common mecha-
nism of formation, and all possible mechanisms of formation linked to a selected precursor molecule. The method
can be used as an additional and complementary method to the existing analytical methods to determine
relationships between components in complex chemical systems.
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Introduction

S ignificant developments in the understanding of RNAs and
their involvement in cellular processes and the regulation
of genes have taken place in recent years [1]. RNA is an
important potential target for therapeutic modulation, and anti-
sense oligonucleotides can be used as a direct approach to bind
to target RNA by well-characterized Watson-Crick base
pairing and modulate its function through a variety of post-
binding mechanisms [2, 3]. Several such antisense oligonucle-
otide drugs have been tested in clinical trials and a few of them
have been approved by regulatory agencies [3]. However,
unmodified oligonucleotides have low specificity and
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therapeutic efficacy because of nuclease-mediated degra-
dation of the phosphodiester linkage [3]. In addition, they
are unsuitable as systemic therapeutics because they bind
weakly to plasma proteins and are rapidly filtered by the
kidney. These issues can be overcome by chemical mod-
ifications of the phosphodiester backbone, of the purine
and pyrimidine heterocyclic bases, and of the sugar moi-
ety [3, 4]. Phosphorothioate (PS)-containing oligonucleo-
tides, where one of the nonbridging phosphate oxygen
atoms is replaced by one sulfur atom, were one of the
earliest and currently most widely used backbone modifi-
cations of oligonucleotide molecules [5]. Some of the
desirable phosphorothioate oligonucleotide properties in-
clude binding specificity, enzymatic stability, and low
toxicity. Owing to their high therapeutic potential, a sig-
nificant amount of effort is currently being invested in the
discovery, development, and manufacture of synthetic ol-
igonucleotide molecules with the most desirable chemical
and biological properties.
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One of the most attractive features of antisense oligonucle-
otide drugs is that their synthesis can be fully automated using
solid-phase synthesis approaches with commercially available
nucleoside phosphoramidites as starting materials [6]. The
development of advanced understanding and control of the
manufacturing reactions requires the availability of advanced
analytical methods able to characterize the quality of the final
drug product and the level and nature of the trace impurities.

Capillary gel electrophoresis (CGE) [7], strong anion-
exchange (SAX) chromatography [8], *'P NMR spectroscopy
[8, 9], matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry (MS) [10, 11], liquid chromatography
coupled to electrospray ionization (ESI) mass spectrometry
[12, 13], and tandem mass spectrometry (MS/MS) [13—15]
are among the analytical methods that have been used to
determine the quality of oligonucleotides and characterize their
impurities. Ion pair-reversed phase (IP-RP) HPLC coupled
with a UV detector and electrospray ionization has been iden-
tified as one of the most suitable methods because of its ability
to provide increased chromatographic resolution and reliable
qualitative and quantitative information [6]. Advanced molec-
ular characterization is possible using high-resolution MS [16,
17] and/or MS/MS instrumentation [13, 18, 19].

Extensive previous work has been done to identify trace
impurities in oligonucleotide systems because of their poten-
tially adverse effects on drug quality and their negative impact
on manufacturing yields. Even if synthetic yields of 98%—-99%
are achievable at each oligonucleotide synthesis step, the total
amount of impurities tends to increase with the length of the
oligonucleotide chain because of the large number of synthesis
steps. The nature of the particular deviations from the optimal
reaction and purification process conditions controls the
amounts and types of impurities formed. Characterization and
determination of the source origin of the impurities is the first
step in the development of mitigation measures for prevention
and elimination of their formation. Phosphorothioate oligonu-
cleotide impurities can be classified in several categories de-
pending on the type of reaction leading to their formation: (1)
failure sequences due to coupling inefficiency, incomplete
capping, or detritylation (shortmers) [20, 21]; (2) molecules
larger that the full length product (longmers) [22, 23]; and (3)
other impurity products formed by depurination, deamination,
sulfur loss, thermal stress, adduct formation, and other reac-
tions [24-28]. It is possible for some of these impurities to be
formed by mixed consecutive or parallel secondary reactions
initiated by solvent and raw materials initial impurities, process
variables, or the chemical nature of the target oligonucleotide
structure.

The conventional approach for the determination of the
oligonucleotide impurities involves manual inspection of the
liquid chromatograms for the detection of peaks exceeding a
minimum amount (e.g., 0.1% by UV detection) in comparison
with the amount of the peak of the main drug product. Typi-
cally, a list of impurities determined from previous work is
manually inspected against the detected peaks in the current
chromatograms. Additional computations are required prior to
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that step to determine the masses of the expected impurities
from their chemical formulas. Also, considerations must be
made to account for the expected range of charge multiplicity
of the impurities in the mass spectra (i.e., determination of the
expected m/z values for a range of possible z charge states). The
process, although reliable, is long and tedious and it can take
several days to exhaustively inspect all peaks in a series of
chromatograms representing replicate analysis or different lots
of the same sample. Additionally, the manual inspection of the
impurities in the chromatogram can be limited by the resolution
of the chromatographic method (i.e., overlapping peaks). Most
importantly, relatively weak impurity peaks, previously uniden-
tified, may be missed by the direct comparison with a previously
created list of expected impurity peaks. A faster and more
reliable approach is needed to overcome these limitations.

In this work, we have explored the use of an approach that is
based on the mass differences between peaks in the
deconvoluted electrospray ionization mass spectrum obtained
by averaging the acquired spectra over a selected retention time
region of the [IP-RP HPLC MS run. The approach generates a
tremendous amount of information in a very short period of
time that can be fully automated in tabular reports for rapid
computer comparisons or for manual inspections and explora-
tion of the acquired spectra. The method relates peaks in the
spectrum that share common mass differences. These mass
differences typically represent commonalities in the mechanis-
tic provenance of the impurities and can be used to rapidly test
hypotheses of formation and thus develop rapid mitigation
measures. Although the method has been developed using
accurate masses obtained under high-resolving power experi-
mental conditions using a TOF instrument, it can be used under
reduced resolving power conditions (e.g., unit mass resolution)
suitable for widely used mass spectrometers (quadrupole and
ion trap instruments). Upon rapid initial use of the approach to
determine the trace impurities in a particular sample of interest,
detailed investigation can be then launched to determine the
exact mechanisms and sources of the novel impurities. Subse-
quently, common routine quantitative approaches can be de-
veloped for the targeted measurement of the determined impu-
rities in the given system. The approach and representative
application examples are described below.

Principles of Approach

The importance of the characterization of drug impurities and
degradation products has been outlined in a recent critical
review of the use of modern sophisticated hyphenated analyt-
ical methods [29]. Mass spectrometry is one of the main
analytical tools used for the characterization of drug impurities
and degradation products and is certainly very suitable for
nucleic acid studies and the analysis of oligonucleotides [30].
A computer approach (ProMass; Novatia, LLC, Newtown,
PA, USA) has been previously developed to facilitate the
calculations of the masses in the ESI mass spectra of oligonu-
cleotide drug systems of known sequences [31]. Similar
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software capabilities are provided in the packages supplied by
most major mass spectrometry instrument manufacturers [16,
32, 33]. In that manner, the existing software tools are used for
the confirmation of known or expected sequences of oligonu-
cleotides and not for unknown impurities. They require previ-
ous knowledge about the specific oligonucleotide sequence
under consideration, and the specific types and chemical for-
mulas of the expected list of potential compounds in the sam-
ple. There are many limitations using this approach. The
approach developed here does not require prior knowl-
edge about the sequences of oligonucleotides or their
impurities.

The current approach is based on the fundamental assump-
tion that peaks in mass spectra having the same exact mass
difference are related by the same chemical moiety. This is
consistent with the current approaches of determining the most
likely formulas of chemical entities from accurately measured
mass spectrometric data, within the experimental error win-
dows of the measurements. Further, the presence or absence of
the same chemical moiety from a series of molecules may
reflect similarities in the mechanisms of formation of each
molecule. In general, several different mechanisms can poten-
tially lead to the formation of the same exact molecule. How-
ever, due to the complexity of our current oligonucleotide
synthesis system and due to the repetitive and additive nature
of the synthesis, it is not unreasonable to assume that the same
composite chemical mechanism, consisting of a set of individ-
ual reactions, controls the formation of chemically related
molecules at repeating synthesis cycles. In that manner, oligo-
nucleotides of different length may share common moieties
(gains or losses) of the same mass and chemical formula, pro-
duced by the same overall composite reaction mechanism. It is
possible using the current method to determine the peaks of all
molecules sharing the same mass difference to test the hypothesis
of a common overall composite mechanism of formation by
methodically changing process variable conditions or the various
reactants and/or their amounts. This forms an extremely powerful
approach capable of interrogating and exploring the reaction
space causing the formation of the different impurities.

The current approach is directly applicable to soft ionization
mass spectrometric methods (e.g., ESI, MALDI, etc.) as they
are generally free of fragment ions and each peak (or set of
peaks: isotopic distribution and related peaks due to charge
multiplicity) in the spectrum is generally associated with the
presence of a single molecule. In that case, the mass difference
determined between peaks actually reflects the mass of the same
chemical entity gained or lost from a series of related molecules
and can be thus used directly to test hypothesis mechanisms of
their chemical formation during synthesis. Moreover, the ap-
proach is even applicable to ionization methods that lead to the
generation of fragment ions (e.g., electron ionization, in-source
dissociation, or MS/MS). In that case, considerations generally
can be made for the type of ions formed (e.g., even or odd
electron ions) and the possible chemical bonding for a more
guided chemical formula elucidation. Alternatively, using the
current approach, the determined mass differences in the spectra
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can be used to automatically differentiate the types of fragment
ions formed. The scope of the current work is limited to the
formation of precursor ions under soft ionization conditions
(ESI) with negligible fragmentation.

Experimental

An Agilent 6224 time-of-flight (TOF) mass spectrometer
coupled with an Agilent 1100 series HPLC instrument was
used for the experiments(Agilent Technologies Inc., Santa
Clara, CA, USA). A detailed description of the HR LC-MS
systems, methods, and reagents used can be found in the
supplementary materials.

Methods
Data Acquisition

Data acquisition and preliminary data treatment are conducted
using the Agilent MassHunter B.04.00 (B4033.1) data system
operating on an HP xw4600 Workstation computer. In typical
high-resolution experiments, the mass spectrometer is tuned
using the Agilent Initial, Standard (~monthly), Quick (daily),
and Check (daily) procedures sequentially. The approach allows
for a typical resolving power greater than ~10,000 FWHM (full
width at half mass). The reported resolving power by the Agilent
software ranges from ~10,000 to 30,000 depending on the mass,
and it generally increases as the mass increases, although in
certain cases it reaches the maximum value at different masses
(e.g., at m/z 112.98, resolving power of ~9000; at m/z 1933.93,
resolving power of ~33,000, and at m/z 2833.87, resolving
power of ~29,000), etc.). To increase the signal-to-noise ratio,
a composite mass spectrum is obtained typically by averaging a
selected number of scans. Peaks are of a non-symmetrical form
characterized by a high mass-end tail, which becomes more
pronounced as the mass increases. Despite the non-symmetric
peak shape, the software is able to produce acceptable mass
accuracies (e.g., <10ppm) across the mass range using the cen-
troids of the peaks. We have found that higher mass accuracy is
possible when operating the instrument at the higher resolving
power setting (4GHz) even if spectra with higher signal-to-noise
values are obtained at the reduced resolving power condition
settings. It appears that resolution and peak shape are more
important than the number of digitization points across the peak
with regard to increased mass accuracy with the current Agilent
algorithm. Although it is possible to rigorously determine the
mass measurement precision based on peak width and intensity,
here it is assumed constant.

Mass Calibration

A fifth order polynomial equation (time-to-mass fit) is used to
calibrate the mass scale of the instrument using the Agilent
Technologies ESI-L tuning mixture. The compounds in the
mixture adequately cover the mass range of interest for our
experiments (m/z 80 to 2500). The reported mass measurement
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error following tuning and calibration for the compounds in the
tuning mixture is ~lppm or less, across the mass range of
interest. A second mass calibration is used by the contin-
uous introduction of reference compounds to correct the
initial mass calibration [34]. In principle, more reference
compounds would lead to an increased mass accuracy
but they could also introduce possibilities of overlapping
with our sample peaks of interest. They would certainly
increase the background baseline and that could make
the detection of sample peaks more challenging. We
have found that the use of two or three reference com-
pounds with masses bracketing our masses of interest
can provide mass accuracies of less than ~3ppm across
the mass range, which is acceptable for the purposes of
our current experiments.

Data Treatment Steps

(1) General Information Pretreatment of the raw data is done
using the existing routines of the MassHunter data system. The
pretreated data are subsequently exported to an ASCII file
using the existing exporting routines of the system. The
exported files are transferred to a different personal computer
for further treatment. The file contains the mass-intensity list
covering the acquired mass range. Depending on the acquisi-
tion digitization rate and the data signal threshold applied, the
number of data points in the file can be higher than 250,000. A
computer program residing on the PC was written for the
calculations. The code was developed in Absoft Pro Fortran
13.0.3, IDE ver. 2.2.

An HPLC chromatographic system coupled with a TOF-
HRMS mass spectrometry system has been used to acquire the
data in our experiments, but in principle the data from any
chromatography system coupled to high-resolving power mass
spectrometers can be used by the developed mass difference
approach. In fact, the use of chromatography is optional as the
averaged mass spectra from flow injection experiments are
perfectly acceptable by the current method. The same is true
for the use of high-resolution data. Although high-resolution
can lead to the determination of the exact mass and formula of
the mass difference moiety and can be used to directly ratio-
nalize the chemical changes in the structure, low-resolution
data can be equally used in a semi-empirical approach to track
and eventually eliminate the presence of the undesirable impu-
rity peaks. Similarly, although deconvolution in the current
version of the approach is used to determine the “zero-charge”
mass of the precursor molecule, the mass differences deter-
mined in the raw ESI spectrum can be equally used in a similar
semi-empirical approach to track the presence of undesirable
impurity peaks. The algorithm in that case will need to account
for the charge multiplicity in the peaks.

The steps in the developed approach include the acquisition
of the data, the averaging and deconvolution of the mass
spectra, and the generation of the mass difference matrix.
Averaged spectra are obtained by the summation of several
mass spectra in the run to create a composite mass spectrum.
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The main benefits of the averaging process are the de-
tection of lower abundance peaks in the spectra and the
facilitation of the deconvolution process. For both cases,
an increased signal-to-noise ratio is highly beneficial.
Although it is possible to develop algorithms to account
for the charge multiplicity of the peaks in the spectra, for
simplicity we have used Agilent’s existing MassHunter
ESI deconvolution routines to generate the “zero-charge”
mass spectra. The mass-intensity list in the ASCII file of
the averaged deconvoluted spectra is used to generate the
mass difference matrix.

(2) Deconvolution The resolved isotope deconvolution
method of the Agilent MassHunter data system was used
for the charge state deconvolution of the averaged mass
spectra. The method is related to Marshall’s initial ESI
deconvolution algorithm that determines the charge state
of the ions using the resolved isotopic peaks in high-
resolution mass spectra [35]. Typically, prior to
deconvolution the scaling setting of the spectra was set to
off and the abundance threshold was lowered to an opti-
mized value for the detection of the lowest abundance
sample components. Trial and error was used to determine
the optimal deconvolution parameters. Peak location param-
eters, maximum spike width was set to 2, and required
valley to 0.70. Isotope grouping parameters: peak spacing
tolerance was set to 0.0025m/z and 7.0ppm, isotope model
was set to common organic molecules. The maximum
charge state was set to —9. Similar performance was ob-
tained by a range of deconvolution parameters. The most
significant parameter affecting the determination of the final
number of peaks was the abundance threshold. In this
work, prior to deconvolution masses are considered in
terms of m/z and after deconvolution in terms of neutral
(zero-charge) mass values.

(3) Generation of Mass Difference Matrix The deconvolution
routine produces mass-intensity lists of centroided peaks re-
ducing thus considerably the size of the original file. Typically,
raw mass spectra acquired in the profile mode containing over
250,000 data points are reduced to less than 10,000-15,000
points after deconvolution and conversion to the centroid for-
mat. The data array is further reduced by applying an abun-
dance threshold in the mass difference program. The “zero-
charge” data array is processed for the determination of the
mass differences. A user-defined experimental error window
(e.g., 10ppm) is used for the determination of the mass differ-
ences. In principle, mass differences between peaks can be
determined across the entire mass range acquired (e.g., m/z
80-2500). This would involve a fairly lengthy computation
considering the relatively high upper mass of the deconvoluted
oligonucleotides (e.g., >7000Da) and the very narrow 10 (or
less) ppm mass difference intervals. Inspection of the mass
change during each oligonucleotide synthesis step led to the
observation that the maximum change in each step is less than~
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+450Da, defined by the mass of the nucleotide with the max-
imum mass [e.g., mass of P(Moe G) is 419Da
(C13H gN50O4PS); Moe: 2-O-methoxyethyl ribose]. It would
be very simple to increase this to a higher number but we have
found that a mass difference limit of #450Da accounts for the
chemical changes of the molecules in our oligonucleotide
systems. There is a tremendous computational benefit to re-
strict the calculation to a chemically justified finite mass dif-
ference range, and this is one of the most important discoveries
of the current approach.

In that manner, the intensities of the peaks differing by a
constant mass interval are determined by comparison of all
masses in the spectra. The sum of all peak intensities is nor-
malized to 1,000,000. Prior to the calculations, the algorithm
allows for the intensity weighed combination of the peaks
within a user-defined window to reduce the calculation time
and eliminate possible redundant peaks produced by the
Agilent deconvolution program. This user-defined mass win-
dow is based on the resolving power of the instrument used for
the experiments. For example, masses produced by the
deconvolution program differing by 0.1 or 0.2Da are combined
into a single intensity weighed mass to reflect the actual resolv-
ing power capabilities of the instrument used for the acquisi-
tion. The mass window for the combination of the redundant
masses is generally significantly greater than the experimental
mass accuracy error window (e.g., 3—10 times).

The program then creates a mass difference grid (in Da or
ppm) based on the resolving power of the instrument and the
estimated experimental mass accuracy error in the measure-
ment of the peaks to cover the 0 to 450Da mass difference
range. In that fashion, this process creates a grid of 15,000 data
points for a 0.03Da mass window, which can be reduced to
1500 for a larger window of 0.3Da to cover the 0 to 450Da
mass difference range. For unit mass resolution, the total num-
ber of points drops to 450. The grid with the highest number of
data points provides higher levels of resolution, but it makes
the calculations considerably longer to perform. We have
found that depending on the experimental needs, a 0.03Da
mass window leads to an acceptably rapid computation time
(i.e., <Imin) for most of our applications. A 3 to 10ppm mass
window is the narrowest mass window that could be used and
would produce the highest number of data points for the 0 to
450Da mass difference grid, and the highest resolution for the
detection of the mass differences between molecules. In that
fashion, a matrix AM(I,J) is created that contains the values of
the masses in the measured spectra (I dimension) and the values
of the incremental mass differences in the grid (J dimension).
The masses in the J dimension of the matrix are obtained by
adding the mass difference array (0 to 450Da, in 0.03 or 0.3Da
increments, for a total of 15,000 or 1500 data points across,
respectively) to the mass of the corresponding initial Ith peak in
the spectrum. In that way, for example, the last mass in the J
dimension of a peak I with a mass of 5000.00Da will be
5450.00.

Once the AM(I,J) matrix is created, all peaks in the “zero-
charge” mass spectrum are searched to determine those that

S. G. Roussis: Treatment and Display of Mass Differences

differ by a progressively increasing exact mass difference that
eventually covers the entire 0 to 450Da range. The absolute
mass difference between all peaks in the spectrum is used to
determine those that match the exact mass difference under
consideration, within the experimental mass error window. The
algorithm starts by consideration of very small mass difference
intervals, (e.g., 0.3, 0.6Da, etc.) and eventually reaches the
highest mass difference intervals (e.g., 449.4, 449.7, 450.00).
In that fashion, a new matrix AY(LJ) is created that contains the
intensities of the corresponding masses in the AM(L,J) grid.
Although it is possible to determine two matrices, for the peaks
differing by either positive or negative mass difference value,
the absolute mass difference has been used for simplicity and
rapidity. It has to be noted though, that the plots and results
presented here reflect positive or negative mass differences
(gains or losses). However, if required, the program can gen-
erate both mass difference matrices. The intensities of the
masses in the grid are summed across the I or J dimension to
generate intensity summaries as a function of the mass differ-
ence or the mass range dimensions. These summaries provide
very useful information about all impurities in the samples,
especially for rapid exploratory comparisons between samples.

Results and Discussion

Purified Drug Substance with and without DMT
(4,4'-Dimethoxytrityl) group: Early Eluting Peaks

As a first example of the application of the approach to the
determination of trace impurities in oligonucleotide drug sys-
tems without prior knowledge of the expected impurities or
their sequences, we have chosen a purified drug substance with
the DMT group on and the corresponding sample with the
DMT group off. The LC-TOF-HRMS total ion chromatograms
(TIC) of the two samples are shown in Fig.1. The top panel
(Fig.1a) shows the TIC of the purified oligonucleotide drug
substance with the DMT group on, and the bottom panel
(Fig.1b) the corresponding TIC of the detritylated substance.
It is interesting to notice the two partially resolved chromato-
graphic peaks on the right side of the upper panel in Fig.1
corresponding to the two DMT diastereoisomers. These are due
to the presence of the chiral phosphorous center, and are only
partially resolved. The presence of the aromatic DMT group on
the molecules aids in the chromatographic separation by
interacting with the hydrophobic C18 group of the stationary
phase of the column. We have obtained a better separation
using a phenyl hexyl HPLC column because of the stronger
interactions with the DMT group of the oligonucleotide, but
here we have conducted all HPLC experiments using a C18
HPLC column to allow for direct comparisons between sam-
ples. The number of the diastereoisomers is very large (2"")
[36], where n is the length of the oligonucleotide, which makes
it exceedingly difficult [37] and perhaps unnecessary to sepa-
rate each fully by current analytical techniques. The two broad,
unresolved peaks of the diastereoisomers reflect mainly the
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Figure 1. Determination of trace impurities in oligonucleotide drugs. LC-TOF-HRMS total ion chromatograms (TIC) of: (a) purified
drug substance with 4,4'-dimethoxytrityl (DMT) group-on; (b) detritylated drug substance (DMT group-off)

separation of the two groups of molecules containing the DMT
group on the last nucleotide. A portion of the purified substance
sample in Fig.l1a is due to the main (n) component with the
DMT group off. This reflects the amount of the material that
has undergone detritylation prior to the final acid treatment
leading to the complete detritylation of the sample (Fig.1b).
Part of that amount may also be generated during the handling
of the analytical sample and the time it remained at room
temperature prior to analysis. Generally, the initial amount of
the main component (n) in the DMT-on sample is low (e.g.,
less than ~3%—10%).

It is important to notice the absence of abundant impurity
peaks in both Fig.1a and b. This is primarily due to the low
concentration of the impurities as well as the high level of the
background baseline signal (chemical noise). The main sources
of the background baseline are due to the presence of the
second calibration reference compounds continuously infusing
into the ionization chamber, and due to the ionization of com-
ponents from the mobile phase. Some components in the
solvents used to prepare the mobile phase are eluting continu-
ously and they contribute to the chemical noise of the system.
A few components from the mobile phase elute as distinct
peaks. These mobile phase peaks are labeled as “solvent
peaks” in the panels of Fig.1. We have observed that most
chromatographic peaks related to the mobile phase are charac-
terized by mass spectrometric peaks with m/z values lower than
~400-500. In that way, it is possible to apply common LCMS
algorithms to reduce the contribution of the chemical noise by
subtracting the unchanging signal attributable to the continuous
elution of the mobile phase components and by excluding mass
spectrometric peaks with m/z values lower than ~400-500.
Further chemical noise reduction is possible by common sub-
traction of blank runs. In the present work, the entire mass
range acquired has been considered in all experiments and data

treatment steps in order to ensure the detection of all possible
trace components.

Average mass spectra were obtained by the summation of
all components eluting between approximately 4min and the
left base of the main component (n) peak (at ~20min, and
~19min, respectively) for the purified substance with the
DMT group on and the corresponding detritylated substance.
The most abundant peak in the purified substance spectrum is
at m/z 1465.8691. All other peaks in the spectrum are lower
than ~50% of the main peak. The spectrum is a composite
spectrum of all components eluted within the retention time
interval used for the integration of the summed mass spectrum.
It also contains the signal attributable to peaks of the same
precursor molecule but carrying a different number of charges.
Because of this, the spectrum is difficult to interpret directly as
it contains a series of different ions and its deconvolution is
required to simplify subsequent data treatment. The most abun-
dant peak in the detritylated substance is at m/z 1329.6986.
However, there are a few other peaks in the composite mass
spectrum of considerable abundance. For example, peaks at
m/z 1169.1875, 1465.8711, and 1547.7451) are all at higher
than ~50% of the most abundant peak in the spectrum. The two
spectra indicate significant differences in the early eluting
components present in the two oligonucleotide samples. It is
interesting to notice, however, that ions at the same m/z values
also, but of different relative abundance, are present in both
samples, indicating possible chemical similarities in the sam-
ples as well (e.g., m/z 1169.1875, 1465.8711, 1880.2798,
2199.8203, etc.).

The deconvoluted mass spectra of the composite spectra of
the early eluting components in the purified substance with the
DMT group on and the corresponding detritylated substance
with the DMT group off are shown in Fig.2a and b, respec-
tively. These spectra were obtained by direct deconvolution of
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Figure 2. Deconvoluted averaged mass spectra of the early eluting (E.E.) impurities: (a) purified drug substance (DMT-on); (b)

detritylated drug substance (DMT-off)

the averaged mass spectra using the existing MassHunter
deconvolution routine. The resolved isotope parameters
outlined in the Deconvolution section above were used for
the deconvolution. The deconvoluted spectra shown in Fig.2a
and b are the “zero-charge” state spectra obtained by the
identification and addition of the signal of all peaks of the same
precursor molecules but carrying a different number (z) of
negative ion charges (e.g., z=2, -3, —4, etc). In that way, the
peak at 4400.63Da in the spectrum of Fig.2a is generated from
the peaks at m/z 2199.8 (z=2), and m/z 1465.9 (z=3) in the
averaged spectrum. At a first approximation, there is no ac-
counting for the response factors of the peaks obtained at
different ion charge states. Very importantly, the deconvolution
routine greatly simplifies the composite spectrum by combin-
ing the peaks due to the charge multiplicity into a single peak,
and at the same time corrects for its mass to produce the “zero-
charge” state mass of the precursor molecule. The procedure is
successfully applied to the entire spectrum, and we have found
it to be able to reliably deconvolute trace components (e.g., at
~1%-3% or higher of the main peak in the early eluting
spectrum) in the spectra of a wide range of samples. We
conducted initial evaluation of the MassHunter deconvolution
capabilities by manual generation of the “zero-charge” peaks
and comparing them with those generated by the Agilent
system.

The contour plot of the early eluting impurities in the
purified drug substance sample with the DMT group on is
shown in Fig.3a. The abundances of the masses of the peaks
detected in the deconvoluted spectrum (Fig.2a) are plotted
against the mass differences between the observed peaks and
other peaks present in the spectrum. The mass difference was
obtained by considering only the absolute difference between
masses. It includes both positive and negative mass differences.

OriginPro 9.1.0 (OriginLab Corp., Northampton, MA, USA)
was used to generate the contour plots. The size of the round
marker in the plot is associated with the relative abundance of
the peaks in the spectra. We found that taking the square root or
the logarithm of the peak abundance generates contour plots
with more pronounced contrast for better visualization, but we
have kept the linear scale in the plots of the current work for
simplicity of comparisons. The concept of the mass difference
plot can be illustrated by consideration of the most abundant
peak in Fig.2a (at m/z 4400.63). The highest abundance of this
peak (m/z 4400.63) is depicted in Fig.3a at the intercept of the
plot at 4400Da (Mass—Scale) and 0Da (Mass Difference—
Scale). Peaks detected differing by a given mass difference are
assigned the same peak intensity as the initial/precursor peak at
4400Da, reflecting that all detected peaks with a given mass
difference are in relation to that precursor peak. In that regard, it
is the intensity of the precursor peak (at 0Da mass difference)
that is drawn in the plot. The plot represents the fact that there is
another peak present in the spectrum that differs by a given
mass with regard to the initial/precursor peak. So the size of the
markers in the plot represents the intensity of the precursor
peak. It is also possible to plot instead the intensity of the peak
found to form the detected mass difference, but this representa-
tion is not used in this report. The current focus is on the
subsequent exploratory capabilities of the approach, which is
the detection of the precursor peaks that lead to the observation
of a mass difference, as the mass differences are related to
characteristic chemical mechanisms leading to the formation
of structures with specific masses. In its general case, the
approach can relate the mass differences using the intensity of
the precursor, the intensity of the actual peak found in the
spectra, or a weighed combination of the two. In that way, in
the current scheme of presentation, the contour profile plot
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Figure 3. Contour (mass difference vs mass range) plot of the
early eluting impurities: (a) purified drug substance sample
(DMT-on); (b) detritylated drug substance sample (DMT-off)

consists of sloped parallel lines in a mass range by mass
difference plane, intercepting at different positions of the pre-
cursor mass range axis. Currently, the size of the markers
reflects the overall significance of the precursor mass and the
detection of other peaks in the spectrum that forms a pair of
masses consistent with a given mass difference. The presence of
pronounced signal in the contour plot indicates the presence of
peaks at different mass differences. The formation of visible
sloped parallel lines in the contour plots indicates the presence
of other related peaks in the spectrum and in the presence of
intense spots, the presence of peaks with masses of specific
mass differences. In that way, an intense spot, shown at around
319Da in Fig.3a, indicates that a peak is present in the spectrum
that has gained or lost a 319Da moiety. Although there are
many other slopped lines in the plot, only a few show charac-
teristic spots at the 319Da mass difference scale intercept. The
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approach allows for the correlation and discovery of such mass
difference commonalities between different precursor masses.

The utility of the contour plot is further illustrated by con-
sideration of the plot in Fig.3b, which is produced from the data
in the deconvoluted averaged mass spectrum shown in Fig.2b.
In similarity to the contour plot shown in Fig.3a, the plot in
Fig.3b depicts a series of sloped parallel lines intercepting at
different mass range (Da) values, indicating the masses of the
precursor masses. Characteristically intense markers reflecting
the intensities of the precursor masses are shown in the plot, but
this time the lines and spacing of the markers on the parallel
lines are considerably different than those present in the lines of
the plot in Fig.3a. This is in accordance with the expected
differences observed in the deconvoluted spectra of Fig.2,
reflecting the actual differences in the types and amounts of
the trace components present in the purified oligonucleotide
substances with and without the DMT group. Similarly to the
contour plot in Fig.3a, the lines and intensity of the markers in
plot 3b can be used to detect commonalities in the mass
differences and, hence, commonalities in the gains or losses
of the same chemical moieties from related precursor
structures.

Most interestingly, the data produced by the summation of
the total ion current of the peaks detected at each mass differ-
ence value as a function of the mass difference (Da) generate
characteristic summary plots that can be used for the determi-
nation of the most abundant mass differences in the spectra of
the samples and for the rapid comparison of the types/families
of impurities in the different samples. There are characteristic
mass difference values where the signal maximizes for one
sample and not for the other. For example, the total ion current
detected plotted as a function of the negative mass difference in
Fig.4a produces different plots for the two DMT-on and DMT-
off samples, respectively (Fig.3a and b). Peak clusters of the
mass difference plot in Fig.4a have been labeled with the
names of possible moieties consistent with the masses of nu-
cleotides used in the synthesis (Moe: 2’-O-methoxyethyl-2'-
deoxyphosphorothioate; d: 2'-deoxyribose; A: adenine; C: cy-
tosine; T: thymine; G: guanine). In addition to the identification
of common nucleotide substructures (e.g., P(Moe G), P(Moe
A), P(dG), P(Methyl C/T), etc.) the program has identified the
presence of structures that gained or lost the DMT substructure.
Additionally, there are mass difference peak clusters in the
mass difference region of the smaller masses of the plot that
are consistent with known mechanisms of depurination and
other impurities. Some of these clusters (e.g., depurination
peaks at 151, 135, 117Da are more pronounced in the
detritylated substance) indicating a higher tendency for this
sample to be associated more with this type of reactions.

We have discovered three characteristic mass difference
regions in the summary plots of oligonucleotide drug impuri-
ties (e.g., Fig.4a). The first region is characteristic of mass
differences with values lower than ~160Da, and these are
primarily related to gains or losses of relative small chemical
moieties. This region contains mass differences that have main-
ly been historically identified and are related to specific
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Figure 4. (a) Comparison of total detected impurity signal in the purified (DMT-on) and the detritylated (DMT-off) drug substance
samples. The total ion current of the impurities in each sample is plotted against the mass difference range 0 to 450 Da. (b) Profile
contour plot of the early eluting impurities in the detritylated drug substance sample (DMT-off). The spectrum on the right side of the
plot (blue line) depicts the masses of all impurities in the sample that share a common mass difference of 80 Da. The peaks in this
spectrum are expected to reflect information about impurities formed by the same reaction mechanism. The spectrum at the top of
the plot (red line) depicts the mass differences of all impurities in the sample related to the precursor mass at 2741 Da. The peaks in
this spectrum are expected to reflect information about all reaction mechanisms related to the same precursor mass

chemical moieties and the reactions leading to their formation.
The second and most obvious mass difference region covers
the range of the nucleotide related masses added or lost at each
synthesis cycle, and they range from ~290 to ~420Da. A
slightly less well understood mass region involves the mass
difference range extending between ~160 and ~290Da. Al-
though it is not the purpose of the current paper to discuss the
nature of the chemical species and reactions involved in the
generation of impurities with these characteristic mass differ-
ences, this observation indicates the need for future work to
fully characterize the sources of the impurities in this middle

mass difference window. Equally, future work needs to be
conducted to investigate mass differences extending beyond
450Da.

The current approach naturally leads to the generation of a
profile contour plot, for the first time, for the presentation and
interactive exploration of the mass difference data. The profile
contour plot generated by the data in the DMT-off
deconvoluted mass spectrum is shown in Fig.4b. The basic 2-
D contour plot is the same as the one shown in Fig.3b. The
main difference is that the profile contour plot allows for the
interactive interrogation of the data and the extraction of the
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spectra in the y-axis (mass range) or x-axis (mass differ-
ence) dimensions. In that way, the mass range extracted
spectrum for the 80Da mass difference components, on
the right side of the plot in Fig.4b (blue line), shows the
presence of two peaks at ~3177 and 2741Da in the
deconvoluted spectrum, indicating that these peaks share
a common chemical gain or loss with a characteristic
mass difference of 80Da. Indeed, inspection of the pre-
cursor deconvoluted mass spectrum (Fig.2b) reveals the
presence of two intense peaks at ~3097 and 2661Da,
which differ by the same 80Da mass difference from
the detected peaks in the mass range extracted spectrum
of the profile contour plot on the right side of Fig.4b
(blue line). In that way, the mass range extracted spec-
trum can rapidly reveal all peaks in the spectrum, which
may by formed by the same composite chemical mech-
anism in the repeating oligonucleotide synthesis cycles,
in this case the formation of two impurity structures both
containing a moiety of 80Da. The presence of this 80Da
peak cluster was initially detected in the summary plot
shown in Fig.4a. The formation of such impurities are
consistent with previously published work on the com-
posite chemical mechanisms leading to the generation of
the 80Da mass difference (i.e., CsH4O: 80.0262Da)
moiety-containing structures attributable to the reaction
of cytosine-containing sequences with depurinated oligo-
nucleotides [26]. The rapid detection of the presence of
this type of mechanism clearly demonstrates the very
powerful analytical capabilities of the current approach
to identify impurities related by the same mechanism of
formation.

Additionally, the plot in Fig.4b displays the extracted
mass difference spectrum related to a selected impurity
peak in the spectrum at 2741Da. The generated mass
difference spectrum at the top of the Fig.4b (red line)
shows the presence of peaks differing from the peak at
2741 by an absolute mass difference of ~80, ~401, and
weaker peaks at ~425, and 175Da. Indeed, there are in-
tense peaks in the spectrum (Fig.2b) at 2661 and 2340Da,
which are related to the peak at 2741Da by 80 and 401Da,
respectively. The formation of each of these peaks leads to
the gain or loss of characteristic mass moieties represented
by the observed mass differences in the mass difference
extracted spectrum (red line). The presence of each of
these mass difference peaks indicates different possible
composite mechanisms of formation. For example, the
80Da moiety has already been associated with the reaction
of cytosine-containing sequences with depurinated oligo-
nucleotides. The structure of the peak with ~401Da mass
difference may be due to the gain/loss of the P(MoeA)
moiety (403Da) or a combined structure containing the
80Da and ~321Da (pT) substructures. Further investigation
would be required using the exact mass differences to
elucidate the substructures and nature of the composite
mechanism leading to the formation of the observed
~401Da mass difference. These considerations clearly
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illustrate the powerful abilities of the approach to rapidly
identify all types of different mechanisms of impurity
formation related to specific precursor masses.

Crude Drug Substance Prepared Under Excess
and No Capping Experimental Conditions: Early
Eluting Peaks

As a second example to illustrate the capabilities of the devel-
oped approach, we have analyzed a set of two crude oligonu-
cleotide samples prepared under severe experimental condi-
tions: (a) with excess capping and, (b) with no capping at all.
The two samples are characterized by distinctively different
chromatographic profiles. Excess capping leads to significantly
higher amounts of smaller oligonucleotide impurities in com-
parison to no capping. Elucidation of the mechanisms is be-
yond the scope of the current work. Instead, the data are used to
further demonstrate the capabilities of the developed approach
in the characterization of complex oligonucleotide mixtures.

The deconvoluted mass spectrum corresponding to the
crude drug sample prepared under no capping experimen-
tal conditions was characterized by a predominantly in-
tense peak (100%) at ~7500Da. The remainder of the
peaks in the spectrum displayed peaks with relative in-
tensities lower than ~10%-20% of the main peak. In
contrast, the deconvoluted mass spectrum corresponding
to the crude drug sample prepared under excess capping
conditions was characterized by many intense peaks at
the lower mass ranges. The most abundant peak in the
spectrum was at 2295Da, followed by other progressively
lower intensity peaks at 1975, 2614, 3256, 4250Da, etc.
The high mass peak at ~7500Da related to the one in the
no capping sample was at ~30%-40% of the most in-
tense peak of the spectrum at 2295Da.

The summary plots for the two samples generated by the
summation of the total detected impurity signal as a function
the mass difference values are shown in Fig.5a. The clusters of
the mass difference peaks for the sample produced under no
capping conditions (green line) are of relatively lower abun-
dance with higher abundance peaks observed mainly at the
lower mass ranges (i.e., < ~60Da). Considerably higher abun-
dance peak clusters were observed in the trace of the crude
sample obtained under excess capping conditions (red line).
Although the two samples share peak clusters at common mass
difference values, the chart shows that the excess capping
sample contains more peak clusters and of higher relative
abundance.

It is important to keep in mind that some of the detected
impurities may be adducts generated in the ESI process or due
to other background impurities in the mobile phase system. The
background impurities can be determined by the analysis of
blank samples. The presence of possible adducts can be deter-
mined from their known mass differences. More complicated
systems may involve the reaction of mobile phase reagent
impurities with selected oligonucleotide sequences, and more
work needs to be done to address these possibilities. The
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Figure 5.

(@) Comparison of total detected impurity signal in crude oligonucleotide drug substance samples prepared under excess

and no capping reaction conditions, respectively. (b) Profile contour plot of the early eluting impurities in the crude oligonucleotide
drug substance sample prepared under excess capping reaction conditions. The spectrum on the right side of the plot (blue line)
depicts the masses of allimpurities in the sample that share a common mass difference of 41 Da. The spectrum at the top of the plot
(red line) depicts the mass differences of all impurities in the sample related to the precursor mass at 2336 Da

approach developed here can be rapidly applied to determine
changes in known systems or evaluate completely unknown
systems to determine clusters of potentially novel mass
differences.

The profile contour plot of the early eluting impurities in the
crude oligonucleotide drug substance prepared under excess
capping reaction conditions is shown in Fig.5b. The figure
displays the sloped parallel lines tracking the precursor mole-
cules and the possible presence of related peaks in the spectrum
sharing the same common mass differences. As an illustration,
we observed a significantly abundant peak cluster of 41Da in
the summary mass difference plot of the excess capping sample
in Fig.5a. It would be interesting to determine the possible

peaks in the spectrum that share the same common mass
difference of 41Da. The mass range extracted spectrum pre-
sented on the right side of Fig.5b (blue line) shows that a
significant number of peaks in the initial precursor mass spec-
trum share the same common 41Da moiety. It appears that this
chemical substructure is formed by the same composite chem-
ical mechanism and is associated with the formation of several
impurities in the sample as is shown from the detected peaks at
2016, 2336, 2656, 2976Da etc. Intense peaks of the corre-
sponding precursor masses are present in the initial
deconvoluted spectrum (i.e., 1975, 2295, 2615Da, etc.). It is
quite possible for the same moiety to be added on each oligo-
nucleotide sequence formed at each synthesis cycle, under the
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extreme excess capping conditions used. The current method
permits the rapid determination of all precursor molecules
related to the particular mechanism leading to the formation
of the 41Da mass difference series of impurities. Very interest-
ingly, the same 41Da mass difference peak cluster is absent (or
of very low abundance) from the spectrum of the sample
prepared under no capping conditions, directly indicating that
the formation of the 41Da series of impurities is primarily due
to capping. The approach can be used in a rapid fashion and
without the need of prior knowledge of sequences or mecha-
nisms to guide the determination of experimental conditions
leading to the elimination of the 41Da impurity, and in that
manner other observed undesirable impurities. Close inspec-
tion of the high resolution TOF spectra showed an exact mass
difference 0f 41.0265 and isotopic peak distributions consistent
with the C,H;N substructure. Studies to elucidate its mecha-
nism of formation are underway.

The spectrum (red line) on the top part of Fig.5b displays the
mass difference extracted spectrum for the selected precursor
peak with mass 2336Da. As the chart shows, the 2336Da peak
is associated with an intense peak in the spectrum at 2295Da,
characteristic of the 41Da, C,H3;N moiety. In addition, a second
intense mass difference peak is observed at ~361Da (top spec-
trum in Fig.5b). The observation of the peak at this mass
difference may be associated with the mechanisms of forma-
tion of impurities with combined substructures consisting of
the 41Da and the 319/320Da PT or P(methyl C) nucleotide
moieties. Further work is needed to elucidate the nature and
origin of the peak observed at the ~361Da and others at ~381,
212,194, 163, 96, 69Da, etc. mass difference values.

Assignment of Reaction Types

The mass values of the identified mass difference peak
clusters obtained using the current approach (e.g., sum-
mary data from Fig.4a, Fig.5a) can be summarized and
used as references to assign the types of mechanisms
involved in the characterization of future, completely
unknown oligonucleotide drug systems. The approach
can rapidly determine the novel types of impurities and
mechanisms and point to required mechanism elucidation
studies and experimental control and mitigation measures
for their elimination. The mass differences (Da) of sev-
eral known oligonucleotide drug impurities from the
main oligonucleotide precursor mass (n) at different
electrospray ionization charge states (z values) are given
in Tablel. The table summarizes the types of impurities and
the mass differences determined from the chemical formulas of
the known nucleotide substructures. The table can be used to
associate the observed mass differences between peaks in the
spectra to the types of impurities and mechanisms involved in
their formation. The table is not complete and more work needs
to be done to incorporate the mass differences resulting from
other previously unknown mechanisms of impurity formation
as they are being determined using the approach developed
here.
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Further Considerations and Benefits

To account for the lack of calibration standards in the higher
mass ranges and the considerable reduction [38] of resolving
power as a function of increasing mass using Fourier transform
ion cyclotron resonance (FT-ICR) instruments, “formula
extension” approaches [39—43] have been developed to aid in
the assignment of the most likely candidate chemical formulas
from the experimental data. Using these approaches, the deter-
mination of the formulas of compounds with masses higher
than approximately 500Da is based on finding peaks in the
spectra differing from the lower peaks by mass differences
consistent with those in a pre-established list of functional
groups (e.g., gain or loss of CH,, H,, CO», etc.). This approach
has been particularly useful for applications involving the
analysis of complex samples such as crude oil and natural
organic matter (NOM), which are characterized by high peri-
odicity. However, the assumed presence of these additional
functional groups may not be always valid in the higher masses
where new families of compounds may be present, in addition
to the possibility of inadequate resolving powers at the higher
masses, and thus elaborate procedures must be devised to
assess the reliability of the approaches to automatically assign
elemental formulas to unknowns [43]. The most important
limitation of these approaches lies in the use of non-
exhaustive lists of possible functional groups present in the
samples. In that way, compounds with unexpected functional
groups cannot be determined using these approaches [39]. A
significant improvement was made by Kunenkov et al. [40] by
the introduction of a statistical approach to determine the high-
mass building blocks based on the repetitive mass difference
patterns in the spectra. The approach alleviates the pitfalls of
the previous methods and is related to the method devel-
oped here. However, the probabilistic approach does not
consider the ion abundances in the calculations, which can
significantly affect the results, especially in the case of
determination of low abundance impurities. The calculation
also appears to be limited to monoisotopic peaks, which
can be problematic for high mass compounds such as
oligonucleotides with masses in the range of ~8000Da with
hundreds of carbon atoms and wide isotopic distribution
envelopes. Although elemental composition assignment was
not the purpose for the development of the current
approach, it has the benefits of the a priori determination
of the mass differences of the components in the spectrum,
and it can certainly be used for such applications.
Consideration of the ion abundances and the ability to
include the isotopic distributions in the calculations are
additional significant advantages of the method as
illustrated below.

The concept of spectral autocorrelation [44] has been ap-
plied to the data of the ESI spectrum obtained under excess
capping conditions. Autocorrelation has been found to be
useful in describing periodic patterns in high resolution mass
spectra of complex samples such as petroleum and synthetic
polymers [45]. Figure6 displays the expanded low-mass-region
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Table 1. Mass Differences (Da) of Common Oligonucleotide Drug Impurities from the Main Mass (n) at Different Electrospray Ionization Charge States (z)

Mass difference (Da) at charge states (z)

Impurity type 7=4 7=3 7=2 z=1
n-p(MoeG) —-104.77 —139.34 —209.53 —419.07
n-p(MoeA) -100.77 —134.02 —201.54 —403.07
n-p(Moe methyl U) -98.52 —-131.02 —-197.03 —394.06
n-p(Moe methyl C) —98.27 —-130.70 —196.54 —393.08
n-p(dG) —86.26 -114.72 -172.52 —345.03
n-p(dA) -82.25 —-109.39 —-164.50 —329.03
n-pT —80.01 —-106.41 -160.01 —320.02
n-p(methyl C) -79.76 —106.08 —-159.52 -319.04
3'-Terminal phosphorothioate monoester (3' TPT) —74.28 -98.80 —148.57 -297.13
Depurination species (loss of guanine) -37.76 -50.22 —75.53 —151.05
Depurination species (loss of adenine) -33.76 -44.90 —67.53 —-135.05
Depurination species (loss of guanine with water added) -33.26 —44.24 —66.52 —133.04
Depurination species (loss of guanine with MeOH added) —29.76 -39.57 —59.51 —119.02
Depurination species (loss of adenine with water added) -29.26 -38.92 —58.52 -117.04
n-108 Da —27.00 -3591 —54.01 —-108.01
Depurination species (loss of adenine with MeOH added) -25.76 —34.26 —51.51 —-103.03
2" O-methyl species —11.01 —14.64 -22.01 —44.03
(P=0)2 -7.99 —-10.62 —-15.97 —31.95
Monophosphate-diester (P=0)1 -3.99 -5.31 -7.99 -15.97
3-(2-Cyanoethyl)thymidine-modified species (CNET) 13.26 17.63 26.51 53.03
Ethylenephosphorothioate diester species (EPD) 34.99 46.54 69.99 139.97
Trichloroethanol-modified species (TCE) 36.98 49.18 73.95 147.91
n+p(methyl C) 79.76 106.08 159.52 319.04
n+pT 80.00 106.41 160.01 320.02
ntp(dA) 82.26 109.41 164.52 329.04
n+p(dG) 86.26 114.72 172.52 345.03
nt+p(Moe methyl C) 98.27 130.70 196.54 393.08
nt+p(Moe methyl U) 98.51 131.02 197.03 394.06
n+p(MoeA) 100.77 134.02 201.54 403.07
ntp(MoeG) 104.77 139.34 209.54 419.07

Moe=2'-O-methoxyethyl-2'-deoxyphosphorothioate; d=2"-deoxyribose; A=adenine; C=cytosine; T=thymine; G=guanine; U=uracil

of the autocorrelation function for the mass lag range 0 to
450Da. The OriginLab program was used for the autocorrela-
tion calculations with 0.6 sampling interval. The species with
mass lag of 320Da was found to have the highest autocorrelation
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Figure 6. Low-mass-region expanded view of autocorrelation
function: autocorrelation coefficient (normalized to 1.0) shown
for the 0 to 450 Da mass lag of the crude oligonucleotide drug
substance sample prepared under excess capping conditions

coefficient, followed in sequence by those of 221, 419, 96, and
41Da. Autocorrelation was able to determine several of the
significant mass differences in the spectrum; however, several
of them were barely detected (e.g., 21, 69, 80, 343, 389, etc.).
The method developed here produced a significantly more pro-
nounced summary of the mass differences and led to the detec-
tion of a much larger data set of mass difference groups (Fig.5a),
indicating the significance of including the ion abundance in the
calculations. In addition, the availability of the isotopic distribu-
tions allows further verification of the determined exact masses
of the differences and possibilities for identification of ion spe-
cies differing by small mass intervals.

Conclusion

A novel approach has been developed that facilitates the deter-
mination of relationships between low concentration compo-
nents (i.e., oligonucleotide drug impurities) in complex analyt-
ical systems. The approach is based on the use of the accurate
mass peak differences obtained from high resolution
electrospray ionization (ESI) mass spectra.

Different sets of oligonucleotide drug substances were used
to illustrate the powerful capabilities of the new approach.
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Contour plots were created by plotting the intensities of the
mass range by mass difference matrices. The data produced
characteristic sloped parallel lines with mass range axis inter-
cepts reflecting the precursor oligonucleotide masses in the
deconvoluted initial mass spectrum. The presence of peaks at
different mass differences in the contour plot is identified by
the presence of intense signal at particular mass difference
values. Commonalities in the mass differences identified in
the contour plots reflect commonalities in the gains or losses
of the same chemical moicties from related precursor struc-
tures. Very useful characteristic summary plots were produced
by the summation of the total ion current of the peaks detected
at each mass difference value as a function of the mass differ-
ence (Da). These summary plots can be used for the rapid
determination of the most abundant mass differences in the
spectra and thus for the rapid comparison of the types/families
of impurities in different samples. The mass difference peak
clusters generated in the summary plots were found to maxi-
mize at values characteristic of known oligonucleotide
moieties.

In this work, for the first time, we have developed a unique
profile contour plot that allows for the interactive interrogation
of the mass range by mass difference data matrix. The profile
contour plot permits the identification of all mass difference
relationships between peaks and generates extremely valuable
information about all sample impurities that share a common
mechanism of formation, and all possible mechanisms of for-
mation linked to a selected precursor molecule. In that way, the
approach developed in the current work can be used to rapidly
classify the types of impurities in oligonucleotide and other
sample systems of interest, and directly assist in the elucidation
of mechanisms of formation, and, most importantly, to guide
the development of manufacturing process measures for impu-
rity elimination.

The approach can be applied to as narrow or as wide a mass
range desired by the user and, in principle, can be modified to
treat mass lists generated by 2-D (m/z, RT) chromatographic
peak detection algorithms instead of raw spectra. This could
reduce possibilities of mass interference and obtain information
about isomers, provided the components are chromatographi-
cally resolved.

The method developed here presents an additional and
complementary approach to the conventional methods used
for unknown impurity determination in complex systems.
Although developed for impurities in oligonucleotide
drugs, we believe that is equally applicable to determine
trace levels of impurities in any other similarly complex
system of interest. Most importantly, impurity determina-
tion is exhaustive and only limited by the detection limits
of the instrumentation used.

Possible future applications of the method may include
analysis of MS-MS data (e.g., determination of related com-
pound classes in complex data from constant neutral loss
differences). Also, the advanced fingerprinting capabilities of
the contour and summary plots may find applications in many
manufacturing areas for quality control and in isolating subtle
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differences between complex samples, for example lipid pro-
files or polymer blends.
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