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Hydrophilic interaction liquid chromatography (HILIC) is here successfully coupled to negative-ion elec-
trospray ionization time-of-flight mass spectrometry (ESI-TOFMS) for the analysis of synthetic and
chemically modified oligonucleotides. Separation was performed on a 2.1 mm x 100 mm PEEK ZIC® HILIC
column packed with hydrophilic stationary phase with a permanent zwitterionic functional group and
a particle size of 3.5 wm with an average pore diameter of 200 A. A method was developed to separate
homogeneous and heterogeneous oligonucleotides as well as methylated oligonucleotides using a qua-
ternary pumping system containing ammonium acetate and water with an acetonitrile gradient. Analyses
of oligonucleotides were performed by LC/MS with a detection limit of 2.5 picomole (20 mer) with signal
to noise ratio (S/N) of 4.12. The influence of the eluent composition, type of buffer and its concentra-
tion, and organic modifier were also evaluated. The HILIC LC/MS method presented in this paper used
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common, ‘MS friendly’, mobile phases achieving sensitive and selective oligonucleotide analysis.
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1. Introduction

Sensitive methods for oligonucleotide separation, identification
and purification have become increasingly important for research
in chemical and molecular biology. Unmodified oligonucleotides
are widely used in the polymerase chain reaction (PCR) as DNA
primers or as probes for detecting DNA and RNA [1-3]. Modi-
fied oligonucleotides are used as therapeutics [4,5]. To purify and
analyze oligonucleotides, fast and robust methods are required
with high sensitivity and selectivity, especially, when the oligonu-
cleotides are applied as therapeutics [6-8]. Chromatographic
techniques such as high-performance liquid chromatography
(HPLC) [9-13] and electrophoresis [14-17] have for a long time
been used in the purification and analysis of oligonucleotides.

Both matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS) [18-20] and electrospray ionization mass
spectrometry (ESI-MS) [21-23] have been used in the sequencing,
identification, and characterization of oligonucleotides, as well as
for genotyping applications [24,25]. However, the detection and
characterization of oligonucleotides by ESI-MS results in complex
mass spectra with a tendency towards low signal to noise ratios,
and poor mass accuracy. This can often be due to the polyan-
ionic nature of oligonucleotides leading to the formation of quite
stable heterogeneous adducts with cations, such as sodium, potas-
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sium and iron ions, that may be present in the sample or mobile
phase. Hence, sample pre-treatment by removing adducts off-line
[26,27] or on-line [28-30] is essential in order to obtain high-
quality mass spectra. HPLC has been widely used as an on-line
sample preparation technique [31,32] and it has the advantage of
simple coupling to mass spectrometry (LC/MS) combining desalting
and separation with identification. lon-pair reversed-phase liquid
chromatography (IP-RP HPLC) has been widely used for analysis of
oligonucleotides [33-37] since Apffel et al. [38] introduced an ion-
pairing and buffered system comprised of triethylamine (TEA) as
the ion-pairing agent and hexafluoroisopropanol (HFIP). Although
these ion-pairing systems improved LC/MS performance, there was
a compromise between chromatographic resolution and MS sensi-
tivity.

An alternative chromatographic approach to the separation of
polar and hydrophilic substances is hydrophilic interaction lig-
uid chromatography (HILIC), a version of normal phase liquid
chromatography. The name was suggested by Alpert [39] in his
1990 paper on the subject who proposed that the HILIC mech-
anism involves the mobile phase forming a water-rich layer on
the surface of the polar stationary phase which interfaces with
the water-deficient mobile phase, creating a liquid/liquid extrac-
tion system. Polar analytes are retained and separated primarily
by partitioning between these two layers. The high organic con-
tent of the mobile phase makes HILIC particularly compatible with
electrospray ionization but it is important that the analyte sol-
vent is also high in organic content, ideally close to the mobile
phase starting conditions. Needless to say many biomolecules are
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Table 1
Sequences and molecular properties of oligonucleotides used in this study.
Name Sequence Length (mer) M; (Da)
dT15 TITTITTITTITTIT 15 4501.0
dT16 TITTITTITTITTITT 16 4805.2
dT17 TITTITTIT TIT TITTT 17 5109.4
dT18 TITTITTITTITTITTIT 18 5413.6
dT19 TITTITTITTITTITTITT 19 5717.8
dT20 TITTITTIT TITTITTIT TT 20 6022.0
dT21 TITTITTITTIT TITTIT TTT 21 6326.2
dT22 TITTITTITTITTITTITTITT 22 6630.3
dT23 TITTITTIT TIT TTIT TIT TTIT TT 23 6934.5
dT24 TTTTTT TTT TTT TTT TTT TTT TTT 24 7238.7
dT25 TITTITTITTITTITTITTITTITT 25 7542.9
dT26 TITTITTITTITTITTITTITTITTT 26 7847.1
dT27 TTITTTT TTT TTT TTT TTT TTT TTT TTT 27 8151.3
dT28 TITTITTITTITTITTITTITTITTITT 28 8455.5
dT29 TITTITTITTITTITTITTITTITTITTT 29 8759.7
dT30 TITTIT TTT TTT TTT TTT TTT TIT TIT TTT 30 9063.9
dA20 AAA AAA AAA AAA AAA AAA AA 20 6202.2
dc20 CCCccccceececccecccecccce 20 5721.6
EVEN GGG GGC CCC CAA AAATITTT 20 6117.0
NEW EVEN GTC AGT CAG TCA GTC AGT CA 20 6117.0
EVEN G GGG GGC CCC CAAAAATITTTG 21 6446.2
EVEN C GGG GGC CCC CAA AAATTITTTC 21 6406.2
EVEN A GGG GGC CCC CAA AAATTTTTA 21 6430.2
EVENT GGG GGCCCCCAAAAATITTIT 21 6421.2
T GCT AGG TCC CGT AGT GCG 18 5531.6
3-meT GCX AGG TCC CGT AGT GCG (X =3-methylthymine) 18 5545.3

hydrophilic but many will dissolve in relatively high organic solu-
tions and HILIC LC/MS has become of interest to the analysis of
large biological molecules including peptides and proteins [40,41].
However, only a very small number of publications describing
HILIC LC/MS analysis of oligonucleotides have been published to
date probably due to a combination of factors including only a
rudimentary understanding of the mechanism of retention. After
Alpert’s work, Hogrefe et al. [42] used the same column buffered
with triethylammonium acetate (TEAA) in HILIC mode for depro-
tecting methylphosphonate oligonucleotides. HoldSvendova et al.
[43] separated three small oligonucleotides on a monolithic col-
umn with capillary HILIC chromatography with UV as the detector
and buffer was also TEAA. Those three experiments applied HILIC
chromatography with UV and MS detection used only for identifi-
cation. Two used the same polymer based column and one bespoke
monolithic column, and all used ion pairing reagent as the buffering
system.

In this paper we described a novel method for HILIC LC/MS
analysis of synthetic and methylated oligonucleotides using a
non-ion-pairing mobile phase containing ‘MS friendly’ ammonium
acetate buffer. It is demonstrated that the method can be used to
separate synthetic oligonucleotides 20 mer in length with single
nucleotide resolution and shows different selectivity compared to
IP-RP LC/MS for oligonucleotide separations. The described method
is shown to be capable of purifying and characterizing synthetic and
chemically modified oligonucleotides.

2. Experimental
2.1. Chemicals and oligonucleotide samples

Analytical reagent grade ammonium acetate (BDH chemicals,
EAST YORKSHIRE, UK), glacial acetic acid (VWR international, West
Sussex, UK), and HPLC-grade acetonitrile (ACN) (Fisher Scientific,
Leicestershire, UK) were used in all experiments. Water was puri-
fied in-house using a Milli-Q system (Millipore, Bedford, MA, USA).
The standards of oligonucleotides were purchased as ‘standard
desalting’ from Integrated DNA Technologies (Coralville, IA, USA)
without further purification (Table 1).

2.2. Instrumentation

An ESI-TOF mass spectrometer (Micromass® LCT Premier
XE, Waters Corporation, Manchester, UK) was coupled with a
HP1050 HPLC system (Agilent Technologies UK Ltd., Berkshire, UK)
equipped with a degasser, quaternary pump, autosampler and tem-
perature controlled column compartment. The LC/MS system was
operated by MassLynx™ software, version 4.1 (Waters Corpora-
tion, Milford, MA, USA). LC/MS chromatograms were acquired in
negative ion mode using an ESI-MS capillary voltage of 2.5-3.0kV,
a sample cone voltage of 40V, and an MCP detector voltage
of 2400V. Desolvation gas flow rate was maintained at 800 L/h.
Cone gas flow rate was set to 30L/h. Desolvation temperature
and source temperature were set to 450 and 150 °C, respectively.
The acquisition range was m/z 700-3500; the 1.1s cycle con-
sisted of a 1.0s acquisition time and a 0.1s delay. Instrument
calibration was performed routinely in negative ion mode prior
to LC/MS experiment by direct infusion of Nal/RbI (2.0/0.05 pg/l)
in 50/50 2-propanol/water. The mass range for calibration
was 200-3500Da.

2.3. Chromatography

A PEEK ZIC® - HILIC zwitterionic column [100 mm x 2.1 mm
(i.d.)] with 3.5 wm particles (average pore diameter 200 A) (Merck
SeQuant, Umed, Sweden) was used for all LC/MS experiments
together with a ZIC® - HILIC 20 mm x 2.1 mm, 5 pwm guard col-
umn. For gradients, mobile phases, and other conditions, see figure
captions.

2.4. Preparation of buffer and oligonucleotide samples

Buffer of 100 mM ammonium acetate was prepared by dissolv-
ing 0.7708 g of ammonium acetate in 100 mL of Milli-Q water, and
by using glacial acetic acid to bring the pH down to ca. 5.8. All
oligonucleotides were used as purchased. Milli-Q water was used
to prepare all stock solutions and then diluted by initial mobile
phase composition to make work solutions before injected onto
column.
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Table 2

Evaluation of five HILIC columns.

YMC-pack silica Luna® HILIC Kinetex® HILIC ZORBAX HILIC plus

ZIC® HILIC

2.1 mm x 50 mm, 3.5 um, 95 A

80-55% ACN in 7.5 min

2.1 mm x 50 mm, 1.7 um, 100 A

90-50% ACN in 7.5 min

3.0mm x 150 mm, 3.0 um, 200 A

75-50% ACN in 7.5 min

4.0mm x 50 mm, 3.0 wm, 200 A

75-30% ACN in 7.5 min

2.1 mm x 100 mm, 3.5 um, 200A

75-50% ACN in 7.5 min

0.5

Dimension
Gradient

Flow rate (mL/min)

50

Inject amount (picomole)
Retention time (min)

Peak shape

7.80

Broad
0.85

Broad

1.23

Sharp

2.52

Sharp

15.64

Sharp
67.03
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Fig. 1. The effect of buffer anions and organic modifiers in the mobile phase, on the
retention of oligonucleotides. PEEK ZIC® - HILIC, 100 mm x 2.1 mm, 3.5 wm column.
Mobile phase A: Milli-Q H,0; B: acetonitrile - a, b, ¢, d, methanol - e; C: (a, b,
e) 100 mM ammonium acetate, pH 5.8; (c) 100 mM ammonium formate, pH 3.5;
(d) 100 mM ammonium bicarbonate, pH 7.6. Gradients (a, b) from 75% to 50% B in
7.5 min, with constant 10% C, flow rate, 0.5 mL/min; (c¢) from 90% to 50% B in 7.5 min,
with constant 10% C, flow rate, 0.6 mL/min but only 0.2 mL/min split to MS; (d) from
80% to 50% B in 7.5 min, with constant 10% C, flow rate, 0.5 mL/min; (e) from 90%
to 50% B in 7.5 min, with constant 10% C, flow rate, 0.4 mL/min. Temperature, 30°C;
50 picomole each injected.

3. Results and discussion
3.1. Method development

Five HILIC columns, each with subtly different stationary phase
design, were evaluated with the mobile phases containing constant
10% (by volume) 100 mM ammonium acetate pH 5.8 with ACN
gradient (Table 2). Oligonucleotide EVEN was injected onto each
column and all five columns produced different retention times for
the oligonucleotides, however only the ZIC® HILIC column deliv-
ered high signal sensitivity under these conditions. The ZIC® HILIC
column was chosen for further investigation as a result of this eval-
uation. The four remaining columns were not evaluated further in
this study but they might be useful for the separation of oligonu-
cleotides under different elution conditions.

Next, the effect of buffer anions in the mobile phase, on the
retention of oligonucleotides, was examined using the ZIC® HILIC
column. Three volatile buffers commonly used for LC/MS analy-
sis were compared; 100 mM ammonium formate pH 3.5; 100 mM
ammonium acetate pH 5.8 and 100 mM ammonium bicarbonate
pH 7.6. Fig. 1 clearly shows the different effect of the three buffers.
Oligonucleotide T20 was selected for Fig. 1a and ¢, and EVEN for
b, d and e. Ammonium acetate produced the best peak shape and
least baseline noise compared to ammonium bicarbonate, however,
ammonium formate failed to show any retention for T20 at 50%
ACN, the least retentive from A, C, and G rich sequences in HILIC
mode [39]. Ammonium acetate was the buffer used in the following
experiments in this study, however, ammonium bicarbonate may
also be used as an alternative buffer as it showed a good retention
for EVEN.

The type of organic modifier was also studied. The solvent
strength in HILIC is roughly inverted from what is observed
for reversed-phase chromatography. Acetonitrile, one of the
weaker solvents in HILIC, provides stronger retention compared to
methanol. However, as HILIC chromatography always starts with
a very high percentage of organic solvent, it is very important to
consider the solubility of buffers in the eluent in HILIC chromatog-



L. Gong, ].S.0. McCullagh / J. Chromatogr. A 1218 (2011) 5480-5486 5483

dar2s

T e
T G
T e

1

Relative Ion Intesity (%)

"
b
o

20
Minutes

Fig. 2. Separation of oligonucleotides dT15-30. PEEK ZIC® - HILIC,
100 mm x 2.1 mm, 3.5um column. Mobile phase A: Milli-Q H,O; B: acetoni-
trile; C: 100 mM ammonium acetate, pH 5.8. Gradient from 70% to 60% B in 15 min,
with constant C 5% (a), 10% (b), 15% (c) and 20% (d), flow rate, 0.6 mL/min but only
0.2 mL/min split to MS, temperature, 50°C; 10 picomole each injected.

raphy. Both acetonitrile and methanol enable good solubility of
ammonium acetate at the concentrations used in this study [44].
The effect of organic modifiers (methanol and acetonitrile) as weak
eluents, on the retention and separation of oligonucleotides, was
examined. As seen from Fig. 1e, methanol gave less retention to
oligonucleotides with broader peaks and poorer quality of MS spec-
tra than acetonitrile (MS spectra data not shown).

3.2. Separation of homogeneous oligonucleotides

The separation of homooligodeoxythymidines sized from 15
to 30 mer was successfully achieved by a shallow ACN gradient
within 15 min (Fig. 2), giving enhanced separation of large oligonu-
cleotides compared to IP-RP-HPLC chromatography buffered with
TEA and HFIP [45]. Meanwhile, the HILIC chromatography showed
enhanced sensitivity with mass spectrometry, 10 picomole of each
oligodeoxythymidine was injected onto the column. The eluent
contains a much higher percentage of ACN at the point of oligonu-
cleotide elution from the HILIC column compared to conventional
IP-RP-HPLC chromatography. Fig. 2 shows the effect of a higher
concentration of ammonium acetate on the separation of larger
oligonucleotides; this is the buffer concentration in the mixed
mobile phase. The effective concentration of ammonium acetate
has to be at least 10 mM to separate homooligodeoxythymidines
over 23 mer in length. Higher effective concentration of ammo-
nium acetate showed longer retention suggesting that retention
on a ZIC® HILIC column is not only dependent on hydrophilicity
of the mobile phase (more hydrophilic mobile phase leading to
quicker elution), but also on ionic strength, which may explain
why this column shows better selectivity than the others tested
in this study under similar conditions. However, very high effec-
tive buffer concentrations should be avoided for LC/MS analysis of
oligonucleotides as this leads to a reduction in solubility of buffer
in the high organic solvent content, and also in sensitivity of the
MS signals. The mechanism of the elution trend seen for different
buffer concentrations is not understood, but we suggest that the
stationary phase of the column may be becoming more hydrophilic
through an adsorbtion of buffer ions leading to stronger retention
of charged oligonucleotide.

Fig. 3 shows the differences in retention between dT20, dA20
and the absence of dC20 eluting under similar conditions. The
first peak in each chromatogram represents impurities in the sam-
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Fig. 3. Retention of homogeneous oligonucleotides. PEEK ZIC® - HILIC,
100mm x 2.1 mm, 3.5um column. Mobile phase A: Milli-Q H,O; B: acetoni-
trile; C: 100mM ammonium acetate, pH 5.8. Gradient from 75% to 50% B in
7.5 min, with constant 10% C, flow rate, 0.6 mL/min but only 0.2 mL/min split to MS,
temperature, 50 °C; 50 picomole each injected. (a) dT20, (b) dA20, and (c¢) dC20.

ple and it can be seen that dC20 did not appear to elute under
the HILIC conditions used. Confirmation that dC20 was retained
on the column came from its subsequent elution within the fol-
lowing blank injection under higher aqueous conditions (data not
shown). This suggests that retention of oligonucleotides in this
method is dependent on the sequence, and C rich sequences will
be more strongly retained than A rich sequences whilst A rich
sequences show slightly stronger retention than T rich sequences.
This is consistent with Alpert’s observations [39], but the oppo-
site of the trend observed with that of IP-RP-HPLC chromatography
[35]. Regrettably, a 20 mer oligodeoxyguanosine was not available.
Alpert stated that G rich sequences are more strongly retained than
A and T rich sequences using HILIC chromatography [39].

3.3. Separation of heterogeneous oligonucleotides

As stated earlier, the retention behaviors of homooligonu-
cleotides containing A, T, C and G are different from one another,
so one should expect heterogeneous oligonucleotides to be much
more challenging to separate. However, synthesis of oligonu-
cleotides always produces some impurities suchas N—1and N —2
[46] and N+1 and N+2 [47], so the analytical method should be
capable of separating oligonucleotides from such impurities.

Fig. 4 shows a baseline separation between sequences of EVEN
and EVEN G (b), and a good separation between sequences of EVEN
and EVEN C (a). The method can be optimized further to gain a max-
imum resolution between the latter pair. EVEN G and EVEN C have
an extra mononucleotide at the 3’ end compared to EVEN, so the
method described above is definitely capable of separating oligonu-
cleotides from N+1 with C or G as the extra mononucleotide.
However, one should expect that separation becomes much more
challenging when replacing C or G mononucleotide with the less
hydrophilic A or T mononucleotide (Fig. 4c and d). As mentioned
earlier, HILIC chromatography favors mononucleotides C & G over
A & T due to their different hydrophilicity, the former pair is more
hydrophilic than the latter so adding a mononucleotide C or G con-
tributes more to the overall hydrophilicity of the sequence than
that of A or T, which makes an easier separation of N and N+ C/G
than that of N and N+A/T. The separation of EVEN from EVEN A
and EVEN T can still be possible by increasing the column tem-
perature, as Oefner [48] found that resolution of 16 mer isomeric
oligonucleotides differing in a single base with A and T at the 3'-
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Fig. 4. Separation of heterogeneous oligonucleotides. PEEK ZIC® - HILIC,
100 mm x 2.1 mm, 3.5 wm column. Mobile phase A: Milli-Q H,O; B: acetonitrile;
C: 100 mM ammonium acetate, pH 5.8. Temperature, 50°C. (a) EVEN and EVEN C,
gradient from 65% to 55% B in 10 min, with constant 10% C, flow rate, 0.5 mL/min;
(b) EVEN and EVEN G, gradient from 65% to 55% B in 10 min, with constant 15% C,
flow rate, 0.4 mL/min. (c) EVEN and EVEN A, gradient from 65% to 55% B in 10 min,
with constant 10% C, flow rate, 0.5 mL/min; (d) EVEN and EVEN T, gradient from
65% to 55% B in 10 min, with constant 10% C, flow rate, 0.4 mL/min. 100 picomole of
EVEN, EVEN C and EVEN T each injected, 200 picomole of EVEN G and EVEN A each
injected.

end improves significantly with an increase in column temperature
from 50 to 80°C. Due to the temperature restriction of the silica
based ZIC® HILIC column (maximum 70°C), a column tempera-
ture of 50°C was used for all oligonucleotide separations in this
study. Oefner demonstrated that higher temperature can produce
increased resolution for the separation of oligonucleotides using IP-
RP-HPLC [48]. Higher temperatures may produce improved results
using this silica-based column but this was not evaluated in the
current experiments in the interest of long-term column perfor-
mance.

After changing the arrangement of bases for EVEN, i.e. NEW
EVEN, the method described above can fully separate NEW EVEN
from N+A/T/C/G (Fig. 5). One may notice that the separation

Relative ion intesity (%)
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Fig. 5. Separation of heterogeneous oligonucleotides. PEEK ZIC® - HILIC,
100 mm x 2.1 mm, 3.5 wm column. Mobile phase A: Milli-Q H,O; B: acetonitrile; C:
100 mM ammonium acetate, pH 5.8. Gradient from 65% to 55% B in 7.5 min, with con-
stant 10% C, flow rate, 0.4 mL/min, temperature, 50 °C. 100 picomole each injected
except for EVEN A and EVEN G, 200 picomole each injected. (a) NEW EVEN & EVEN;
(b) NEW EVEN & EVEN A; (c) NEW EVEN & EVEN T; (d) NEW EVEN & EVEN C; (e)
NEW EVEN & EVEN G.
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Fig. 6. Mass spectrum of NEW EVEN. Inset to figure is deconvoluted spectrum of
NEW EVEN.

of oligonucleotides is dependent on the base sequence. The
same method struggled to separate EVEN A and EVEN T from
EVEN, but the two sequences can be well separated from NEW
EVEN. One can understand that sequences containing different
amounts of mononucleotides A, T, C & G will have differing reten-
tion on the HILIC column because their individual differences in
hydrophilicity will contribute to overall differences in hydrophilic-
ity of the full oligonucleotide sequence. However, sequences EVEN
and NEW EVEN contain exactly the same amount of mononu-
cleotides A, T, C & G but differ in their arrangement throughout
the molecule demonstrating that the retention behavior of hetero-
geneous oligonucleotides is not only dependent on the proportion
of mononucleotides but also on the arrangement of those four
mononucleotides using this method.

Fig. 6 shows the mass spectrum of NEW EVEN and its deconvo-
luted spectrum. As seen from Fig. 6, the method described did not
produce a very complex mass spectrum of oligonucleotide, which
certainly helped data interpretation and improved mass measure-
ment accuracy of oligonucleotide.

3.4. LG/MS analysis of methylated oligonucleotides

We have shown that the method presented is capable of separat-
ing synthetic oligonucleotides from the impurities that originated
from the processes of synthesis. However, an LC/MS method may
also be required to separate modified oligonucleotides where
modifications can be positioned at the 3'- or 5’-end of the oligonu-
cleotide, or internally within the sugar-phosphate backbone or
on nucleobases. Gilar [35] used IP-RP-HPLC to separate a 21 mer
TagMan oligonucleotide probe labeled at the 5 and 3’ ends with
fluorescein and TAMRA, respectively. Bothner et al. [49] applied
RP-LC/MS to the separation of two oligonucleotides containing a
mixture of phosphodiester and methylphosphonate bonds. Fig. 7
illustrates the separation of a 18 mer oligonucleotide (T) and
its methylated product containing a 3-methylthymine (3-meT).
Methylation of a thymine base reduces the overall hydrophilicity of
the oligonucleotide to a small extent, enabling the separation of an
oligonucleotide from its methylated product. As seen from Fig. 7,
3-meT was less retained compared to T.

3.5. Regeneration of ZIC® HILIC column

It was noticed that after a significant number of oligonucleotide
injections on the column (over 200), the performance of the ZIC®
HILIC column started to change. The sensitivity of the MS signal
started to reduce and retention times slightly decreased. No change
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Fig. 7. LCMS of a mixed 18 mer and its methylated oligonucleotide. PEEK ZIC® -
HILIC, 100 mm x 2.1 mm, 3.5 wm column. Mobile phase A: Milli-Q H,O; B: acetoni-
trile; C: 100 mM ammonium acetate, pH 5.8. Gradient from 65% to 55% B in 7.5 min,
with constant 10% C, flow rate, 0.4 mL/min, temperature, 50 °C. 100 picomole each
injected.

to relative selectivity was seen and the system backpressure stayed
the same. We believe that continuous elution over 50% organic
solvent does not completely remove all oligonucleotides and impu-
rities from the HILIC column, and a small amount (mainly anions)
remain bound to the quaternary ammonium group of the station-
ary phase leading to loss of performance over time. According to
the instruction of the ZIC® HILIC column manufacturer, separation
on the ZIC® HILIC column is achieved by a hydrophilic partition-
ing mechanism with weak electrostatic interactions. Changing the
overall charges of the stationary phase would therefore affect the
performance of the ZIC® HILIC column. Higher buffer concentration
in the mobile phase can be used to reduce the effect of electro-
static interactions but may reduce MS sensitivity. A higher aqueous
composition in the mobile phase is efficient at washing off those
strongly bounded analytes and impurities, but to do this for each
injection would be time-consuming and it was decided to re-
generate the ZIC® HILIC column periodically to regain the column
performance.

We regenerated the ZIC® HILIC column successfully by the fol-
lowing procedure:

1. Washing the column with enough water;

2. Washing the column with 30 column volumes of 50:50 (v/v)
Hy0:ACN;

3. Washing the column with 30 column volumes of water;

4. Flushing the column with 30 column volumes of 200 mM ammo-
nium acetate pH 5.8;

5. Washing the column with 30 column volumes of water;

6. Conditioning the column with initial LC conditions.

An alternative approach would be to incorporate these steps into
the method for each run however our experience has been that this
is a less efficient approach considering the relatively large num-
ber of injections afforded before regeneration is necessary. There
may be other ways to regenerate the column but these were not
investigated.

4. Conclusions

A novel HILIC based HPLC ESI-TOFMS method was developed for
the characterization and identification of synthetic and chemically
modified oligonucleotides. Using a PEEK ZIC® - HILIC zwitterionic
column [100 mm x 2.1mm (i.d.)] with 3.5 um particles (average
pore diameter 200 A) with gradients of acetonitrile buffered with an
effective concentration of 10 mM ammonium acetate pH 5.8, syn-
thetic oligonucleotides 20 mer in length can be separated within
7.5min with single nucleotide resolution. The chromatography
enables efficient desalting and alkali cation adduction was very
low, allowing for accurate mass determination. The impact of the
oligonucleotide sequence (nucleobase composition) on the separa-
tion of the target product from its failure sequences was studied,
and it was found that HILIC chromatography produces stronger
retention of C and G rich sequences than A and T rich sequences.
The majority of oligonucleotides can be eluted from the HILIC col-
umn by 50% acetonitrile (or higher) with ammonium acetate, an
‘MS friendly’ buffer, which leads to increased MS sensitivity. MS
detection limits were in the lower picomole range with full-scan
mode making the method highly capable of quickly and sensi-
tively identifying and resolving, synthetic and chemically modified,
oligonucleotides.
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