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ABSTRACT

Hydrophilic interaction chromatography (HILIC) has been proposed as a valuable alternative to ion-pairing
reversed-phase chromatography (IP-RPLC) for oligonucleotide (ON) analysis. In this context, the poten-
tial of seven zwitterionic HILIC columns has been evaluated against amide- and poly-hydroxy fructan-
functionalized HILIC columns and a C18 column operated under IP-RPLC mode.

Based on the retention characteristics of key small molecule pairs, each zwitterionic HILIC column
showed a unique radar-shaped profile, suggesting different selectivities for distinct structural differences.
Unmodified DNA and RNA samples were then evaluated, and the columns classified based on their re-
tentivity. Two zwitterionic columns were particularly promising in terms of overall resolution, especially
for the largest ONs (> 40-mer). Finally, separations between a chemically modified drug-like ON and its
closely related impurities were performed. Although the ZIC-cHILIC column showed similar selectivity
values as compared to the reference IP-RPLC technique, all columns demonstrated a general decrease in

selectivity due to the minor structural differences present in the highly complex samples.

This work highlights the utility of zwitterionic HILIC mode for ON analysis and it reveals the impor-
tance of understanding columns characteristics — in terms of retention and selectivity - when selecting a
stationary phase for specific ON applications.

© 2023 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Therapeutic oligonucleotides (ONs) can modulate the function
of specific proteins associated with disease states or pathogenic-
ity by manipulating gene expression at translational level [1,2]. For
this reason, they are emerging as successful drugs for addressing
unmet medical needs, such as the treatment of genetically well-
defined rare diseases [3]. Although the concept at the base of
their therapeutic potential was known from long time, improve-
ments in ONs stability and pharmacokinetic properties (especially
in the form of chemical modifications) has drastically increased
the chances of ONs to go from bench to bedside [4,5]. By the
second quarter of 2022, 17 therapeutic ONs have been approved
by Food and Drug Administration (FDA) or European Medicines
Agency (EMA), with 13 of them (all chemically modified) in the
single period 2016 - 2022 [4,6,7].
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In this context, chemical modifications applied to ONs (involv-
ing all the components of the nucleotide, specifically the sugar
moiety, the phosphate linkage, and the nitrogen base) have re-
sulted in a wider diversity of impurities and structural variabil-
ity that need to be addressed, in terms of analytical characteriza-
tion [8,9]. Liquid chromatography (LC) is firmly positioned as the
preferred analytical approach for identity and purity assessment,
and ion-pairing reversed-phase liquid chromatography (IP-RPLC)
is the most widely used LC mode [10-12]. Besides, hydrophilic
liquid chromatography (HILIC) has emerged as a viable alterna-
tive chromatographic approach [13-17]. Silica-, diol-, and amide-
bonded HILIC columns have been successfully applied for the sep-
aration of unmodified and phosphorothioated ONs [14,16-18]. ONs
presenting methylated nucleobases such as 5-methylcytosine (mC)
or sugar moiety modifications such as 2’-O-methyl (OMe), 2’-0-
methoxyethyl (MOE), and locked nucleic acid (LNA), have also been
investigated under HILIC conditions by using different types of
columns packing materials [13,15,16]. Although zwitterionic HILIC
columns were sporadically included in these studies, the potential
of this HILIC mode for the analysis of ONs has not yet been sys-
tematically evaluated.

0021-9673/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Zwitterionic stationary phases generally include (but are not
limited to) derivatization with sulfobetaine groups bearing sul-
fonate and quaternary ammonium groups in a 1:1 molar ratio re-
sulting in a net-zero surface charge [19]. This particular bonding
allows a weak ion-exchange behavior together with a high affinity
for polar neutral substances in HILIC that could be exploited for
the analysis of charged/polar compounds, such as ONs [13,19]. In
this contribution, seven zwitterionic columns (six derivatized with
sulfobetaine groups and one with phosphorylcholine) were sys-
tematically compared to amide- and poly-hydroxy fructan (OH5)-
functionalized HILIC phases and to a C18 stationary phase used un-
der IP-RPLC conditions. First, all HILIC columns were screened with
the Tanaka test to characterize the critical parameters that dictate
the key interactions: hydrophobicity, hydrophilicity, shape/steric
selectivity, hydrogen bonding, ion exchange, and acidic-basic na-
ture of the stationary phase. Then, the analyses were performed
on both unmodified and extremely chemically modified samples
mimicking the “complexity” of the commercialized therapeutic ON
volanesorsen (Waylivra®). With the goal to mimic the possible ac-
tive pharmaceutical ingredient (API) impurities of this sample, ONs
differing in terms of phosphodiester impurities, sequence length,
number of 5-methylcytosine or MOE sugar moiety modifications
were evaluated.

To our knowledge, this is the first comprehensive study con-
ducted for the analysis of different chemically modified ONs under
zwitterionic HILIC mode.

2. Materials and methods
2.1. Chemicals and reagents

2.1.1. Chemical and reagents for Tanaka test

Type 1 water was obtained from a Milli-Q purification sys-
tem from Millipore (Bedford, MA, USA). LC-MS grade acetoni-
trile and uridine (U, 99%) were purchased from Thermo Fisher
Scientific (Reinach, Switzerland). 2’-deoxyguanosine monohydrate
(2d, >99%), 2’-deoxyuridine (2dU, >98.5%), 5-methyluridine (5MU,
97%), acetic acid (AA, >99%), adenosine (A, >99%), ammonium
acetate solution 5 M (BioUltra), N,N,N-trimethylphenylammonium
chloride (TMPAC, >98%), sodium p-toluenesulfonate (SPTS, 95%),
theobromine (Tb, >98%), theophylline (Tp, >99%), toluene for HPLC
(99.9%) and vidarabine monohydrate (V) were purchased from
Sigma-Aldrich (Buchs, Switzerland). 3’-deoxyguanosine (3d, >95%)
was purchased from Brunschwig (Basel, Switzerland).

2.1.2. Chemical and reagents for oligonucleotide analyses

Oligonucleotides were purchased from Eurogentec (Seraing, Bel-
gium) and Integrated DNA Technologies (IDT, Leuven, Belgium).
Type 1 water was obtained from a Milli-Q purification system from
Millipore. LC-MS grade methanol and acetonitrile were purchased
from Thermo Fisher Scientific (Reinach, Switzerland). Ammonium
acetate solution 5 M (BioUltra), 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP, >99%), triethylamine (TEA, >99.5%), and RNase-free water
were purchased from Sigma-Aldrich (Buchs, Switzerland).

2.2. Sample information

Eppendorf DNA LoBind® tubes, Eppendorf Dualfilter T.LP.S® and
polypropylene vials were systematically used during this work.

2.2.1. Samples for Tanaka test

Stock solutions of each compound were initially prepared at
1 mg/mL by dissolving 1 mg of analyte in 1 mL of mobile phase
(see Section 2.4.1). Toluene solution (1 mg/mL) was used as tg
marker and prepared by diluting 1.45 pL of toluene in 1 mL
of mobile phase. The test mixtures comprised selected pairs of
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compounds that were expected to vary in their interactions with
the stationary phases, plus the t; marker. A total of seven mix-
tures (0.33 mg/mL) were prepared: test mixture 1: ty, uridine
(U), 5-methyluridine (5MU); test mixture 2: to, uridine (U), 2’-
deoxyuridine (2dU); test mixture 3: tg, adenosine (A), vidara-
bine (V); test mixture 4: ty;, 2’ deoxyguanosine (2d), 3’- de-
oxyguanosine (3d); test mixture 5: tg, uridine (U), sodium p-
toluenesulfonate (SPTS); test mixture 6: ty, uridine (U), N,N,N-
trimethylphenylammonium chloride (TMPAC); test mixture 7: tg,
theobromine (Tb), theophylline (Tp).

2.2.2. Oligonucleotide samples

100-uM oligonucleotide aliquots were initially prepared by
reconstituting lyophilized material in the appropriate volume
of RNase-free water and stored at - 20 °C (DNA oligonu-
cleotides) or - 80 °C (RNA oligonucleotides). Equimolar oligonu-
cleotide mixtures were prepared by mixing aliquots and dilut-
ing the oligonucleotide products to 5 pM in RNase-free water
or 10:90 H,O/ACN prior to IP-RPLC or HILIC analysis, respec-
tively. Volanesorsen is a fully phosphorothioated (PS) 20-mer an-
tisense oligonucleotide containing ten MOE sugar moieties modifi-
cations and five 5-methylcytosines, having the following sequence
A*GmCT T*mC T T*G*T*mC* mC*A*G*mC*T*T*T*A*T (with * de-
noting PS linkage, mC for 5-methylcytosine, and underlined nu-
cleotides containing the MOE). The chemical synthesis of this sam-
ple was hindered by the inclusion of the nt containing the 3 mod-
ifications simultaneously (mC*), therefore a sample missing the
methylation on this specific nt (C* instead of mC*) was finally cho-
sen for the study and referred to as vola henceforth in the text.
Vola (reference) and derived oligonucleotide samples were pre-
pared by diluting the oligonucleotide material to 2.5 pM in RNase-
free water or 10:90 H,O/ACN prior to IP-RPLC or HILIC analysis, re-
spectively. Table 1 lists the investigated oligonucleotides and their
characteristics.

2.3. Instrumentation and columns

Analyses were performed on an ACQUITY UPLC I-Class system
(Waters, Milford, MA, USA), equipped with an auto-sampler includ-
ing a 15-puL flow-through-needle (FTN) injector, a binary solvent
delivery pump and a tunable ultraviolet (TUV) detector with a 500-
nL analytical flow cell (10 mm path length). Absorbance data were
acquired at 260 nm. Data acquisition and instrument control were
performed by Empower 3 software (Waters). Table 2 lists the chro-
matographic columns investigated in this work while Fig. S1 repre-
sents the structures of the stationary phases. Of note, all columns
were brand-new and shared the same sample history.

2.4. Chromatographic conditions

2.4.1. Gradient conditions for Tanaka test

Mobile phase was composed of a mixture of 90:10 acetoni-
trile and 20 mM ammonium acetate solution, pH 4.7 adjusted with
acetic acid. The flow rate was set at 0.5 mL/min and column tem-
perature was set at 30 °C. Isocratic separations were performed
with compounds at 1 mg/mL, mixtures at 0.33 mg/mL and injec-
tion volume of 0.5 pL.

2.4.2. Gradient conditions for standard oligonucleotide mixtures
Mobile phases for IP-RPLC analyses were composed of 14 mM
TEA, 160 mM HFIP in water, pH 8.1 (mobile phase A) and a mixture
of 50:50 mobile phase A and methanol (mobile phase B). The flow
rate was set at 0.3 mL/min and the column temperature at 60 °C.
Gradients were adapted to the samples as retention can be very
different based on the length of the oligonucleotides, therefore, a
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Table 1
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List of investigated oligonucleotides reporting short name, number of bases, sequence, molecular weight (MW), and modification type of each oligonucleotide. In the
sequence, phosphorothioate (PS) linkages are indicated by a *, 2’-0O-methoxyethyl modifications (MOE) by a _, and 5-methylcytosine modifications (5mC) by a m.

Short name Bases Sequence (5'-3') MW (g.mol-1) Modifications
dT15-35 (equimolar 15 TTT (TTT); TTT 4500.9 Not modified
mixture of dT15, dT20, 20 TTT (TTT)s TT 6021.9
dT25, dT30, and dT35) 25 TTT (TTT); T 7542.9
30 TTT (TTT)s TTT 9063.8
35 TTT (TTT);o TT 10584.8
dT40-100 (equimolar 40 TTT (TTT)12 T 12105.6 18189.8 Not modified
mixture of dT40, dT60, 60 TTT (TTT);s TTT 24273.7 30357.6
dT80, dT100) 80 TTT (TTT),s TT
100 TTT (TTT)3, T
rU15-30 (equimolar 15 UUU (UUU)3; UUU 4530.6 Not modified
mixture of rU15, rU20, 20 UUU (UUU)s UU 6061.4
rU30) 30 UUU (UUU)g UUU 9123.1
vola (reference) 20 A G CTT*mCTT*GT*mC'mC*A*G*mC T*T* T*A*T 7165.3 PS (19)
MOE (10)
mC (4)
vola-18mer 18 CTTmCT TG T*mC'mC A*G*mC T*T* T* A*T 6342.5 PS (17)
MOE (8)
mC (4)
vola-19mer 19 G CTT*mCT TG T* mC*mC*A*G*mC T* T* T*A* T 6761.9 PS (18)
MOE (9)
mC (4)
vola-22mer 22 A*A* A G C T T*mC T T*G T* mC*mC*A*G*mCT*T* T*A* T 7972.0 PS (21)
MOE (12)
mC (4)
vola-21mer 21 A*A* G C T T*mCT*T*G* T* mC*mC*A*G*mC* T*T*T*A*T 7568.6 PS (20)
MOE (11)
mC (4)
Vola-18PS 20 AG CTT*'mCT*T*G*T*mC ' mC*A*G* mC* T*T*T* A*T 7149.2 PS (18)
MOE (10)
mC (4)
Vola-17PS 20 AGCT*T*mC'T*T*G*T*mC* mC*A*G*mC* T* T*T*A*T 7133.1 PS (17)
MOE (10)
mC (4)
vola-9MOE 20 AGC T T'mCT*T*G* T*mC* mC*A*G*mC*T*T*T*A*T 7091.2 PS (19)
MOE (9)
mC (4)
vola-8MOE 20 A*GC T T*'mCT*T*G*T*mC* mC*A*G*mC*T*T*T*A*T 7017.1 PS (19)
MOE (8)
mC (4)
vola-3mC 20 AGCTTCT TG T*mCmC A*G*mC T* T* T*A* T 7151.2 PS (19)
MOE (10)
mC (3)
vola-2mC 20 AGCT T CTT*GT*C*'mC*A*G* mC T*T*T*A*T 7137.2 PS (19)
MOE (10)
mC (2)
vola-1mC 20 A G CT T CT*T*G*T*C* C*A*G*mC*T*T*T*A*T 7123.2 PS (19)
MOE (10)
mC (1)
vola-0mC 20 A*GCT T CTT*GT*C* C*A*G*C* T* T* T*A* T 7109.1 PS (19)
MOE (10)

gradient of 20-60%B in 10 min was used for dT15-35 and rU15-30,
while 30-70%B in 15 min was used for dT40-100.

Mobile phases for HILIC analyses were composed of 50 mM am-
monium acetate in water, pH 6.9 (mobile phase A, no adjustment
of pH) and acetonitrile (mobile phase B). The flow rate was set at
0.2 mL/min for ZIC-pHILIC column and 0.3 mL/min for the other
columns. The column temperature was set at 40 °C. For Syncronis
HILIC, Nucleodur HILIC and Nucleoshell HILIC columns, a gradient
of 70-50%B in 10 min was used for dT15-35 and rU15-30, while
a gradient of 65-45%B in 15 min was used for dT40-100. For OH5
and HILIC-Z columns, a gradient of 65-45%B in 10 min was used
for dT15-35 and rU15-30, while a gradient of 60-40%B in 15 min
was used for dT40-100. For ZIC-pHILIC, gradients of 60-40%B in
22.5 min, 55-35%B in 22.5 min and 55-35%B in 34 min were used
for dT15-35, rU15-30 and dT40-100, respectively. For Amide and
ZIC-cHILIC columns, a gradient of 55-35%B in 10 and 15 min, re-
spectively was used for dT15-35 and rU15-30, while a gradient of
50-30%B in respectively 15 and 22.5 min was used for dT40-100.
Elution was not achieved using the Z-HILIC column: the tested gra-

dient was 70-10%B followed by a 1-min washing step at 10%B. A
reversed gradient of 10-70%B washed out the oligonucleotides.

Oligonucleotides were concentrated at 5 pM in each mixture
and injection volume was 1 pL. Gradient conditions were opti-
mized during preliminary studies. All gradients were systematically
followed by an 8-min re-equilibration step performed at the initial
gradient conditions.

2.4.3. Chromatographic conditions for highly modified
oligonucleotides

Mobile phases for IP-RPLC analyses were composed of 14 mM
TEA, 160 mM HFIP in water, pH 8.1 (mobile phase A) and a mix-
ture of 50:50 mobile phase A and methanol (mobile phase B). The
flow rate was set at 0.3 mL/min and the column temperature at
60 °C. For all modified oligonucleotides evaluated in IP-RPLC mode,
a gradient of 40-60%B in 10 min was used.

Mobile phases for HILIC analyses were composed of 50 mM am-
monium acetate in water, pH 6.9 (mobile phase A, no adjustment
of pH) and acetonitrile (mobile phase B). The flow rate was set at
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Table 2

List of investigated chromatographic columns and their properties.

Journal of Chromatography A 1690 (2023) 463785

Short name Mode Name Manufacturer  Surface Particle type Column Column Particle size Pore size (A)
chemistry Hardware dimensions (pm)
(mm)
C18 IP-RP Acquity Waters C18 Ethylene- MaxPeak™ 100 x 2.1 1.7 130
Premier bridged hybrid High
Oligonu- organic- Performance
cleotide BEH inorganic Surfaces
C18 particles
Amide HILIC Acquity Waters Amide Ethylene- MaxPeak™ 100 x 2.1 1.7 130
Premier BEH bridged hybrid High
Amide organic- Performance
inorganic Surfaces
particles
OH5 InfinityLab Agilent Poly-hydroxy  Core-shell Stainless-steel 100 x 2.1 2.7 120
Poroshell 120 fructan silica particles
HILIC-OH5
Z-HILIC Atlantis Waters Zwitterion Ethylene- MaxPeak™ 100 x 2.1 1.7 95
Premier BEH (sulfobetaine)  bridged hybrid High
Z-HILIC organic- Performance
inorganic Surfaces
particles
ZIC-cHILIC SeQuant Merck Zwitterion Fully-porous PEEK-lined 150 x 2.1 3 100
ZIC-cHILIC (phosphoryl- silica particles stainless-steel
choline) (Titanium
frits)
ZIC-pHILIC SeQuant Merck Zwitterion Porous PEEK-lined 150 x 2.1 5 n.a
ZIC-pHILIC (sulfobetaine)  polymer beads stainless-steel
(Titanium
frits)
Nucleodur Nucleodur Macherey- Zwitterion Fully-porous Stainless-steel 50 x 2 1.8 110
HILIC HILIC Nagel (sulfobetaine)  silica particles
Nucleoshell Nucleoshell Macherey- Zwitterion Core-shell Stainless-steel 100 x 3 2.7 90
HILIC HILIC Nagel (sulfobetaine) silica particles
HILIC-Z InfinityLab Agilent Zwitterion Core-shell PEEK-lined 100 x 2.1 2.7 100
Poroshell 120 (sulfobetaine) silica particles stainless-steel
HILIC-Z
Syncronis Syncronis Thermo Zwitterion Fully-porous Stainless-steel 100 x 2.1 1.7 100
HILIC HILIC Scientific (sulfobetaine)  silica particles

0.2 mL/min for ZIC-pHILIC column (due to limited mechanical sta-
bility) and 0.3 mL/min for the other columns. The column temper-
ature was set at 40 °C. For Syncronis HILIC and Nucleodur HILIC
columns, a gradient of 72-62%B in 10 and 5 min was used, re-
spectively. For OH5 and HILIC-Z columns, a gradient of 65-55%B
in 10 min was used. For Amide column, a gradient of 60-50%B in
10 min was used. For ZIC-cHILIC column, a gradient of 55-45%B in
15 min was used.

Oligonucleotides were concentrated at 2.5 pM in each mixture
and injection volume was 1 pL. Gradient conditions were opti-
mized during preliminary studies. All gradients were systematically
followed by an 8-min re-equilibration step performed at the initial
gradient conditions.

2.5. Chromatographic descriptors

The composition at elution, Ce, was determined according to the
following equation:

-G

C=G+ (tr — to —tp)

where C; and C; are the initial and final mobile phase compositions

(%), respectively, tg the gradient time (min), tg the retention time

(min) and tp the dwell time (min). The dwell time was estimated

by dividing the dwell volume, 100 pL, by the flow rate (uL/min).
Peak capacity, P, was calculated using the average peak width at

50% (Wsgy) and determined according to the following equation:

tc

P=1+ —" —
+ 1.7 x Wsoy

3. Results and discussion

3.1. Tanaka test for highlighting the main attributes of the
investigated columns

As zwitterionic HILIC columns have shown interest for the
analysis of oligonucleotides, several zwitterionic HILIC stationary
phases were selected for our comparison study [13]. This included
six sulfobetaine stationary phases from different manufacturers (i.e.
Z-HILIC from Waters, ZIC-pHILIC from Merck, Nucleodur HILIC and
Nucleoshell HILIC from Macherey-Nagel, HILIC-Z from Agilent and
Syncronis HILIC from Thermo Fisher Scientific) and one phospho-
rylcholine stationary phase from Merck (ZIC-cHILIC). Both OH5 and
Amide columns (from Agilent and Waters, respectively) were also
added to the study as HILIC reference materials. Detailed infor-
mation about the investigated columns is available in Table 1. To
properly compare column characteristics and highlight their differ-
ences, the well-accepted test scheme for HILIC columns (also called
Tanaka test) was performed [20]. As described by Kawachi et al., a
mobile phase containing 90:10 ACN/20 mM aqueous ammonium
acetate was used, and thirteen analytes were injected separately
and as mixtures on each column to interrogate different types of
selectivity.

However, it is important to keep in mind that the Tanaka
test utilized small molecule analytes that are very different from
oligonucleotides in terms of structure and complexity. This test
was a first indicator of the retention and selectivity behavior of
HILIC columns, but further investigation had to be performed with
oligonucleotides (Section 3.2).
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b. OH5 c. Z-HILIC

k(U) k(U) k(U)
a(Tb/Tp) a(CH3)  a(Tb/Tp) a(CH3)  a(Tb/Tp) a(CH3)
a(CX) 0 a(OH)  a(CX) a(OH)  a(CX) A a(OH)
a(AX) a(V/A) a(AX) a(V/A) a(AX) © a(V/A)
a(2d/3d) a(2d/3d) a(2d/3d)

d. ZIC-cHILIC

e. ZIC-pHILIC

f. Nucleodur HILIC

k(U) k(U) k(U)
a(Tb/Tp) a(CH3)  a(Tb/Tp) a(CH3)  a(TbiTp) a(CH3)
a(CX) a(OH)  a(CX) a(OH)  a(CX) a(OH)
a(AX) a(V/A) a(AX) a(V/A) a(AX) a(V/A)
a(2d/3d) a(2d/3d) a(2d/3d)

d. Nucleoshell HILIC

h. HILIC-Z

i. Syncronis HILIC

k(U) k(U) k(U)
a(Tb/Tp), a(CH3)  a(Tb/Tp) a(CH3) a(Tb/Tp) a(CH3)
1 1
a(CX) 0 a(OH) a(CX) a(OH)  a(CX) a(OH)
a(AX) a(V/A) a(AX) a(VIA) a(AX) a(V/A)
a(2d/3d) a(2d/3d) a(2d/3d)
k(U) Uridine retention factor a(2d/3d) Regio isomers selectivity
a(CH3) Methyl group selectivity a(AX) Anion exchange selectivity
a(OH) Hydroxy selectivity a(CX) Cation exchange selectivity
a(V/IA) Configurational isomers selectivity a(Tb/Tp) Acidic-basic nature of stationary phase

Fig. 1. Tanaka test: Radar plots of HILIC stationary phases. Each parameter was normalized by setting each average value for zwitterionic columns to 1.0, to discriminate
columns based on their comparison to the average responses of zwitterionic columns. Normalized data are reported in Table S1, while average values and raw data are

reported in Table S2 and Table S3, respectively.

Based on relative retention of key analyte pairs, different selec-
tivity values were calculated: relative retention of 5-methyluridine
vs. uridine (U) for methyl group selectivity (o(CH3)), relative
retention of uridine vs. 2’-deoxyuridine for hydroxy selectivity
(x¢(OH)), relative retention of adenosine vs. vidarabine for con-
figurational isomers selectivity («(V/A)), relative retention of 2’-
deoxyguanosine vs. 3’-deoxyguanosine for regio isomers selectiv-
ity («(2d/3d)), relative retention of sodium p-toluenesulfonate vs.
uridine for anion exchange selectivity («(AX)), relative retention of
N,N,N-trimethylphenylammonium vs. uridine for cation exchange
selectivity («(CX)), relative retention of theobromine vs. theo-
phylline for surface acidity («(Tb/Tp)), in addition to the retention
factor of uridine (k(U)).

For each parameter, the average response of the zwitterionic
columns was taken as the reference value (1) to obtain normal-

ized values for each HILIC column. Normalized data for each col-
umn have been reported in Table S1 and summarized in Fig. 1 as
radar-shaped representations. Non-normalized values for each pa-
rameter and corresponding raw data were reported in Tables S2
and S3, respectively.

First, surface acidity of stationary phases was measured from
the relative retention of theobromine vs. theophylline, with the
highest «(Tb/Tp) values showing greatest local acidity. As expected,
no selectivity between these two xanthine derivatives was ob-
served for most zwitterionic columns, being neutral stationary
phases, even if Nucleoshell HILIC and ZIC-cHILIC columns resulted
in little selectivity. This could be traced back by the order of the
charged groups at the phase surface. Despite the 1:1 ratio of oppo-
sitely charged functional groups of zwitterionic columns, sulfobe-
taine phases such as Nucleoshell HILIC exhibit negatively charged
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sulfonic groups at the outer surface, that give a slightly acidic na-
ture to the stationary phase surface. Conversely, positively charged
choline groups of the ZIC-cHILIC column (oriented at the end of
the zwitterionic groups) give a slightly basic nature to the sta-
tionary phase surface. Acidic nature of amide and OH5 stationary
phases have also been reported with «(Tb/Tp) values of 1.22 and
1.30 (Table S2).

Based on the retention factor of uridine (k(U)), hydrophilicity
and therefore retentivity of HILIC stationary phases can also be es-
timated. With normalized k(U) values (kN(U)) comprised between
137 and 1.65, ZIC-cHILIC, ZIC-pHILIC and Z-HILIC columns were
among the most retentive materials with greater hydrophilic in-
teractions of uridine with zwitterionic phases.

Besides polar interactions, hydrophilic partitioning contributes
to the HILIC mechanism. Indeed, it was found that «(OH) can be
used to estimate the thickness of the adsorbed water layer and
thus represents partitioning [21]. In any case, «(OH) values were
greater than 1, with the greatest values for Z-HILIC, ZIC-cHILIC and
ZIC-pHILIC columns (Table S2). It highlights selectivity towards hy-
drophilic groups, which is an important parameter to separate DNA
vs. RNA oligonucleotides that differ by hydroxy moieties, for in-
stance. Despite having hydroxy selectivity, small differences were
observed between columns, with maximum 22% deviation from
the average response (0.80<oN(OH)<1.22). Therefore, this selectiv-
ity parameter cannot be used to discriminate columns based on
their ability to partition.

Finally, as polar molecules are often ionic, electrostatic interac-
tions also participate to the overall retention mechanism in HILIC.
Interestingly, our results confirmed that one cannot characterize
stationary phases by low or high ion-exchange interactions based
on their functionalization, but some trends were still observed [22]

First, HILIC columns can be classified by their cation-exchange
(CX) activity expressed by «(CX) values, with ZIC-cHILIC showing
the smallest CX activity with an «(CX) value of 0.37. Due to the
relation between ion-exchange capabilities and surface acidity, we
can say that the exposed sulfonic groups at the surface of sulfo-
betaine phases induce their CX retention behavior, contrary to the
negative charge of the phosphorylcholine group (ZIC-cHILIC) that
is not exposed. CX phenomenon can also be enhanced in the pres-
ence of residual silanols functionality, and can therefore be miti-
gated for hybrid silica particles whose silanol activity is reduced
[23-25]. This was confirmed by the low aN(CX) values for these
columns (0.47 for Amide, 0.26 for Z-HILIC, Table S1).

In the case of oligonucleotides, that are negatively charged com-
pounds, CX interactions contribute to a lesser extent to the overall
retention mechanism as opposed to anion exchange (AX) interac-
tions. Therefore, besides k(U), «(AX) is also an important param-
eter to consider for explaining retention and selectivity of anionic
compounds. Z-HILIC, HILIC-Z, ZIC-cHILIC, and ZIC-pHILIC columns
resulted in the highest AX selectivities with aN(AX) values of 1.77,
1.28, 118, and 1.17, respectively (Table S1). Compared to these
columns, other columns have moderate to low AX capacities.

Then, based on the k(U) and «(AX) values, columns may be cat-
egorized by their relative ability to retain negatively charged ana-
lytes. Z-HILIC, ZIC-pHILIC, ZIC-cHILIC are expected to be the most
retentive materials, followed by HILIC-Z, and finally Amide, Syn-
cronis HILIC, Nucleodur HILIC, OH5, and Nucleoshell HILIC columns
that should be the less retentive materials.

The results also showed that other selectivity parameters exist
and may interfere in the global selectivity behavior of the HILIC
columns. The relative retention of 5-methyluridine and uridine
(a¢(CH3)) is a measure of the methyl group selectivity and pro-
vides information on the hydrophobic character of the stationary
phases that is needed to discriminate a methylated impurity to
its original oligonucleotide, for instance. Based on this test, selec-
tivity for hydrophobic groups was observed for all columns with
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o(CH3) values greater than 1 (Table S2). Again, Z-HILIC, ZIC-cHILIC
and ZIC-pHILIC columns proved to have the highest «(CH3) values,
but little differences between columns were observed (deviation of
22% from the average value). ZIC-cHILIC also exhibited better con-
figurational and regio isomers selectivities («(V/A) and «(2d/3d))
than the other columns. Finally, if we look at the overall selec-
tivity profile given by radar plots (Fig. 1), some columns showed
very similar chromatographic behavior. A high degree of similar-
ity was indeed observed between Nucleodur HILIC and Nucleoshell
HILIC (both from Macherey-Nagel). This was expected as they only
differ by their particle morphology, having fully-porous vs. core-
shell particles. Syncronis HILIC was also found to be very similar
to Macherey-Nagel columns. ZIC-pHILIC and ZIC-cHILIC also exhib-
ited quite close selectivity properties. Slightly higher selectivities
were obtained for ZIC-cHILIC in terms of isomers selectivity and
anion exchange selectivity (1.67 vs. 1.42, 0.37 vs. 0.36, respectively).
ZIC-pHILIC offered better selectivities in terms of cation exchange
interactions, methyl group and hydroxy group selectivities (0.80 vs.
0.37, 1.69 vs. 1.47, 2.03 vs. 1.90, respectively). On the other hand, re-
tention and selectivity behavior of the HILIC-Z column were found
to be very close to the average response provided by the other
zwitterionic columns.

3.2. Evaluation of the zwitterionic columns with model ONs

Next to the evaluation of various HILIC stationary phases with
small molecules, these columns were also tested with model
oligonucleotides composed of 15 to 100 nucleobases, correspond-
ing to molecular weights in the range of 4’500 to 30’000 Da. Both
model DNA (poly-deoxythymidylic acid sequence, dT) and RNA
(poly-uridylic acid sequence, dU) oligonucleotides were tested. The
corresponding chromatograms have been reported in Fig. 2 (dT15-
35 mixture), Fig. 3 (dT40-100 mixture) and Fig. S2 (rU15-30 mix-
ture). The data obtained with the different zwitterionic stationary
phases (i.e. Z-HILIC, ZIC-cHILIC, ZIC-pHILIC, Nucleodur HILIC, Nu-
cleoshell HILIC, HILIC-Z and Syncronis HILIC) were systematically
compared with two other reference HILIC chemistries (Amide and
OH5), and also a C18 column used under IP-RPLC conditions. All
the figures of merit obtained for the different mixtures of DNA
and RNA ONs on these 10 different columns were summarized in
Table 3.

3.2.1. Evaluation with model DNA ONs: dT15 to dT35

Fig. 2 shows the chromatograms obtained for the mixture com-
posed of dT15, dT20, dT25, dT30 and dT35 (five peaks). As illus-
trated, the different dT species can be eluted under all conditions,
except on the Z-HILIC, which was found to be too retentive for
this sample. As highlighted in Section 3.1, this behavior can be at-
tributed to its high ion exchange character o(AX) and important
hydrophilicity k(U), which are both responsible for the retention
of ONs. The Z-HILIC column was able to analyze the small model
molecules (Tanaka test) but was unsuitable for large ONs possess-
ing a significant number of polar groups and negative charges. As
reported in Table 3, three figures of merit were considered to com-
pare the remaining nine columns, namely the composition at elu-
tion for dT20 (Ce), the selectivity (o) between dT15 and dT20, and
the peak capacity (P, calculated by considering the peak widths of
the five most intense peaks).

In terms of retention, the less retentive HILIC stationary phases
were the Nucleodur HILIC (highest Ce of 63.6%ACN), the Syn-
cronis HILIC (Ce of 61.6%ACN), and the Nucleoshell HILIC (C. of
59.4%ACN). On the contrary, the most retentive columns were the
Amide (lowest C. of 43.9%ACN), the ZIC-cHILIC (Ce of 45.8%ACN),
and the ZIC-pHILIC (C. of 47.9%ACN). The remaining two HILIC
columns (OH5 and HILIC-Z) showed an intermediate retention be-
havior. Except for the Amide and OH5 columns that were more re-
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Fig. 2. Chromatograms of dT15-35 mixture obtained by using the C18 column (a), the amide column (b), the OH5 column (c) and the zwitterionic columns (d - j). For
chromatographic conditions and specifications on the columns, please refer to Section 2.4.2 and Table 2, respectively.

Table 3

For each column, chromatographic descriptors for standard ON mixtures are reported, namely % of organic mobile phase composition at the elution (C.) for dT20, dT60
and rU20; selectivities between dT15/dT20, dT40/dT60 and rU15/rU20 («); and peak capacities for each mixture (P, calculated using the average peak width @50%).
Corresponding chromatograms are provided in Fig. 2 (dT15-35 mixture), Fig. 3 (dT40-100 mixture) and Fig. S2 (rU15-30 mixture).

Descriptors C18 Amide OH5 ZIC-cHILIC  ZIC-pHILIC  Nucleodur HILIC  Nucleoshell HILIC ~ HILIC-Z  Syncronis HILIC
to 0.810 0.470 0451 0.630 0.571 0.237 0.813 0.411 0.484
Descriptors for Ce (%) for dT20  35.5 439 53.8 45.8 47.9 63.6 59.4 54.9 61.6
dT15-35 «(dT15/dT20) 1.18 1.33 1.20 1.36 1.35 1.29 1.12 1.22 1.15
P 197 94 94 35 23 107 126 102 131
Descriptors for Ce (%) for dT60  35.2 37.8 49.7 38.2 41.1 61.0 58.9 51.7 59.9
dT40-100 «(dT40/dT60) 1.13 1.22 1.20 1.33 1.22 1.38 1.17 1.18 1.18
P 140 70 54 20* 20 108 122 88 116
Descriptors for Ce (%) for rU20 26.4 38.2 53.1 42.0 34.7 62.3 58.2 53.3 60.5
rU15-30 a(ru15/ru20) 1.54 1.21 1.19 1.27 1.20 1.21 1.11 1.17 1.13
P 215 91 97 33 26+ 96 109 99 113

* Based on dT40 only (wdT60 to wdT100 could not be calculated)
= Based on dT40 and dT60 only (wi™ and wdT0 could not be calculated)
=+ Based on rU15 only (w20 to w™30 could not be calculated)
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Fig. 3. Chromatograms of dT40-100 mixture obtained by using the C18 column (a), the amide column (b), the OH5 column (c) and the zwitterionic columns (d - j). For
chromatographic conditions and specifications on the columns, please refer to Section 2.4.2 and Table 2, respectively.

tentive than expected, these results are in line with the observa-
tions made in Fig. 1 with small molecules for k(U) and «(AX), as
these are the two most important features to explain the retention
of ONs (negatively charged, polar molecules).

In terms of selectivity between dT15 and dT20, the best re-
sults were obtained for the three most retentive stationary phases
(Amide, ZIC-pHILIC and ZIC-cHILIC with « between 1.33 and 1.36),
while the lowest selectivity values were reached for the two
columns providing intermediate retention (OH5 and HILIC-Z, with
o between 1.20 and 1.22). Interestingly, selectivity was generally
better in HILIC vs. IP-RPLC (« of only 1.18), whatever the HILIC col-
umn employed. Finally, only the ZIC-cHILIC and ZIC-pHILIC offered
higher selectivity than the reference HILIC material (Amide).

Next, peak capacity was also evaluated for the different station-
ary phases. To have comparable results among all the tested con-

[oe]

ditions, it is important to notice that the gradient was always ad-
justed to the column dimensions (geometrical scaling of the gradi-
ent between columns of different lengths). IP-RPLC with C18 col-
umn packed with fully porous 1.7 pum particles largely outper-
formed the HILIC conditions, with a P value of 197. In the case of
HILIC conditions, peak capacity was between 94 and 131, except
for the ZIC-cHILIC and ZIC-pHILIC, which offered a P value of only
35 and 23, respectively. This behavior is clearly visible in Fig. 2,
where the dT peaks are much broader on these two columns com-
pared to the other conditions. This performance can be due to the
fact that these columns are packed with 3 or 5 pm fully porous
particles, therefore offering limited kinetic performance. An addi-
tional restriction of the ZIC-pHILIC is its limited mechanical sta-
bility (upper pressure limit of only 200 bar), due to its polymeric
nature. Remarkably, the two non-zwitterionic columns (Amide and
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OH5) offered a peak capacity of only 94, which was also quite low
compared to the Nucleoshell HILIC (P = 126) and Syncronis HILIC
(P = 131). The very good peak capacity obtained on the Nucle-
oshell HILIC can be attributed to the particle morphology (core-
shell type particles of 2.7 pm). However, the OH5 and HILIC-Z, also
composed of core-shell particles, and the Syncronis HILIC made of
fully-porous particles, do not offer the same level of performance.
Finally, despite the higher selectivity observed on the ZIC-
cHILIC and ZIC-pHILIC columns, the overall resolution was unsat-
isfactory on these two columns, due to the low kinetic perfor-
mance. The best resolution was achieved on the Amide column un-
der HILIC conditions (high selectivity and reasonable peak capac-
ity), while the resolution obtained under IP-RPLC mode with the
C18 column was lower (excellent peak capacity, but limited selec-
tivity). Among the zwitterionic stationary phases, the HILIC-Z and
Nucleodur HILIC were found to be the most promising ones.

3.2.2. Evaluation with model DNA ONs: dT40 to dT100

Fig. 3 shows the chromatograms obtained for the mixture com-
posed of dT40, dT60, dT80 and dT100 (four peaks). Here again, the
Z-HILIC was found to be unsuitable for this sample (no elution of
the different species). In terms of retention, the trends were ex-
actly the same as for the dT15-35 mixture. This behavior is logical,
as the chemical nature of the ONs was not changed, only the size
was increased. However, the %ACN required to elute dT60 in HILIC
conditions was in average 4% lower than the one required to elute
dT20.

In the case of dT40 to dT100, selectivity was the lowest on the
C18 column under IP-RPLC mode (o was equal to 1.13 between
dT40 and dT60), while it was the highest on the Nucleodur HILIC
(¢ = 1.38) and ZIC-cHILIC (o« = 1.33). The six remaining HILIC
columns showed very close selectivity values comprised at an in-
termediate level, between 1.17 and 1.22.

Last, peak capacities were also evaluated, and values ranged be-
tween 20 and 140. The ZIC-cHILIC and ZIC-pHILIC offered the low-
est peak capacity and were clearly not adapted for the analysis
of large ONs, as illustrated in Fig. 3e-f, where very broad peaks
were observed. The amide and OH5 stationary phases also possess
a limited peak capacity of 70 and 54, respectively. Here again, the
C18 operating under IP-RPLC mode provided the highest P value of
140, but two zwitterionic HILIC columns (i.e. Nucleoshell HILIC and
Syncronis HILIC) were quite close, with P of 116 and 122. Surpris-
ingly, we found no direct correlation between peak capacity and
pore size, despite the fact that the dT40 to dT100 have molecular
weights comprised between 12 and 30 kDa. Indeed, for the tested
columns, pore size varies from 90 to 130 A, but the largest pores
do not give necessarily the highest peak capacity. However, the dif-
ferences in pore sizes were quite minor, and it would be interest-
ing to test much larger pore sizes of 300 to 1000 A with these
large ONs, to evaluate the real impact of pore size on kinetic per-
formance [26]

For larger ONs, HILIC mode allowed to obtain much better over-
all resolution compared to IP-RPLC, as reported in Fig. 3. The Z-
HILIC, ZIC-cHILIC, and ZIC-pHILIC columns were clearly unsuitable
for the analysis of such large ONs. However, other zwitterionic
HILIC columns were found to be particularly promising. Indeed,
compared to the amide and OH5 HILIC phases, zwitterionic HILIC
columns (Nucleodur HILIC, Nucleoshell HILIC, HILIC-Z, and Syncro-
nis HILIC) clearly offered higher peak capacities.

3.2.3. Evaluation with model RNA ONs: rU15 to rU30

Fig. S2 shows the separation of model RNA ONs (rU15, rU20,
rU30) having sizes comprised between 4.5 and 9.1 kDa. The main
difference between poly dT previously analyzed and poly rU ana-
lyzed in Fig. S2 lies in the presence of an additional hydroxyl group
on the sugar unit for poly rU, in replacement of a hydrogen atom.
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In addition, an additional methyl group is located on the thymine
vs. uracil. Also in this case, Z-HILIC was found to be unsuitable for
the analysis of RNA ONs (no peak observed).

In terms of retention, the analytical conditions to elute rU20
required in average 4% more water in HILIC conditions compared
to dT20. The ZIC-pHILIC was an outlier, much more retentive to-
wards rU20, requiring at least 13% more water in the mobile
phase, compared to dT20. The retention under IP-RPLC conditions
was also quite different, with a reduction of ACN by 9% com-
pared to dT20. The IP-RPLC behavior can be attributed to the pres-
ence of additional methyl groups on the dT vs. rU species, lead-
ing to stronger hydrophobic interactions, while the difference ob-
served under HILIC conditions might be related to the presence
of hydroxyl group on rU vs. dT, leading to more H-bonds and hy-
drophilic partitioning.

Besides retention, selectivity between rU15 and rU20 was also
evaluated. Similarly to what was observed for dT15 and dT20, the
selectivity was slightly lower for the Syncronis HILIC (¢ = 1.13)
and the Nucleoshell HILIC (¢ = 1.11), compared to the other HILIC
columns. All the other HILIC columns had very close selectivity val-
ues comprised between 1.17 and 1.27. This means that the presence
of an additional hydroxyl group on the sugar moiety does not im-
pact so much selectivity between rU species. On the other hand,
the selectivity rU15/rU20 was much higher (¢ = 1.54) under IP-
RPLC (C18 column), and this was not the case for dT15/dT20. So,
it appears that the presence of additional methyl groups is prob-
ably responsible for the higher selectivity due to more significant
changes in hydrophobicity between rU species.

Finally, peak capacity was again very low for the ZIC-cHILIC and
ZIC-pHILIC (P of 26 and 33, respectively), while it varied between
91 and 113 for the other HILIC stationary phases and was as high
as 215 for IP-RPLC conditions. These results are quite comparable
to what we observed for dT15-35 and can be attributed to the
same reasons.

3.3. Evaluation of the zwitterionic columns with chemically modified
20-mer ONs

Next to the model DNA and RNA oligonucleotides of various
lengths, we have focused our attention on chemically modified
20-mer ONs, which are far more representative of commercially
available products [5]. The mobile phases employed in IP-RPLC
and HILIC modes were strictly identical to Section 3.2. Three HILIC
columns were discarded from the pool, namely the Z-HILIC that
does not allow the elution of ONs, the ZIC-pHILIC that has a very
similar behavior and always provides lower performance than the
ZIC-cHILIC, and the Nucleoshell HILIC that provides comparable
chromatographic behavior as the Nucleodur HILIC, but with lower
selectivity. The gradient profiles were also adjusted case by case to
systematically maximize performance. Table 1 describes the differ-
ent ONs that were considered for this part of the work.

As reported in Table 1, our reference ON (vola) is quite com-
plex, with several chemical modifications to improve drug-like
properties, namely the presence of 19 phosphorothioate (PS) link-
ages instead of phosphodiester (PO) linkages, 10 different 2’-O-
methoxyethyl (MOE) modifications on sugar units located at the
beginning and the end of the sequence, and methylation of all the
cytosine (mC), except the first one, as previously mentioned.

Different variants of this reference material were synthesized,
having different lengths (number of nucleotides varying between
18 and 22), number of methylated cytosine (from 0 to 4), number
of PS linkages (comprised between 17 and 21), and MOE modifi-
cations (ranging from 8 to 12). The goal was to assess whether
IP-RPLC or HILIC conditions allow the separation of these differ-
ent species with known modifications. All the corresponding chro-
matograms were reported in Fig. 4 (vola vs. ONs having different
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Fig. 4. Comparison of columns used for the analysis of vola (reference) and derived oligonucleotides that differ in terms of sequence length. Overlaid chromatograms
obtained on C18 and 6 HILIC columns (1 amide, 1 OH5 and 4 zwitterionic columns, namely ZIC-cHILIC, Nucleodur HILIC, HILIC-Z, and Syncronis HILIC) related to vola-18mer
(darkest blue trace), vola-19mer (dark blue trace), vola (black trace), vola-21mer (light blue trace), and vola-22mer (lightest blue trace).
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Fig. 5. Comparison of columns used for the analysis of vola (reference) and derived oligonucleotides that differ in terms of number of 5-methylcytosine modifications.
Overlaid chromatograms obtained on C18 and 6 HILIC columns (1 amide, 1 OH5 and 4 zwitterionic columns, namely ZIC-cHILIC, Nucleodur HILIC, HILIC-Z, and Syncronis
HILIC) related to vola (black trace), vola-3C (darkest gray trace), vola-2C (dark orange trace), vola-1C (orange trace), and vola-0C (light orange trace).

lengths), Fig. 5 (vola vs. ONs having different number of methy-
lated cytosine), Fig. 6 (vola vs. ONs having different number of PS
linkages), and Fig. 7 (vola vs. ONs having different number of MOE
modifications), while the corresponding figures of merit were in-
cluded in Table 4.

3.3.1. Analysis of ONs having different lengths

Fig. 4 shows the results obtained for the analysis of ONs having
different lengths (number of nucleobases comprised between 18
and 22) with the seven different analytical conditions in IP-RPLC
and HILIC modes. As illustrated, it appears that the C18 under IP-
RPLC provided the best selectivity (in average o was equal to 1.19),
which is not surprising, as this chromatographic mode has been
found to be ideal to separate ONs of varying lengths, due to the ad-
dition of one TEA molecule per nucleotide, leading to enhanced hy-
drophobicity [27]. Besides this column, HILIC also showed compa-
rable selectivity confirming its promising use for the separation of
MOE modified oligonucleotides and their length-based impurities
[13]. The ZIC-cHILIC provided a relatively good selectivity of 1.15 in
average, while the amide column (current reference in HILIC mode)
was the worst one (o = 1.06 in average). Compared to previous ex-

10

periments (Sections 3.1. and 3.2.), it is important to notice that the
kinetic performance was strongly reduced, and average peak ca-
pacity varied from only 13 (ZIC-cHILIC) to 25 (Amide). These val-
ues are far from the ones obtained with model ONs (P up to 215
when using IP-RPLC, while the highest value using HILIC was only
131). The low P values can be explained by the presence of di-
astereoisomers (due to the presence of several PS linkages), and a
partial diastereoisomeric separation [28]. Indeed, a partial separa-
tion of phosphorothioate oligonucleotide diastereoisomers resulted
in wider peaks compared to phosphodiester oligonucleotides of the
same sequence [29,30]

In the end, the ZIC-cHILIC was very promising in terms of selec-
tivity but suffers from poor kinetic performance. Therefore, the C18
column under IP-RPLC mode remains the most suitable column to
separate these congeneric species (i.e. n-2, n-1, n, n+1 and n+2).

3.3.2. Analysis of ONs having different number of methylated cytosine

Fig. 5 shows the separation of the different ON species having
a number of mC comprised between 0 and 4. In this case, the sep-
aration was harder to achieve, as selectivity varied in average be-
tween 1.01 (HILIC-Z and Amide) and 1.06 (C18, ZIC-cHILIC and Nu-
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Fig. 6. Comparison of columns used for the analysis of vola (reference) and derived oligonucleotides that differ in terms of backbone composition (phosphodiester impurities).
Overlaid chromatograms obtained on C18 and 6 HILIC columns (1 amide, 1 OH5 and 4 zwitterionic columns, namely ZIC-cHILIC, Nucleodur HILIC, HILIC-Z, and Syncronis
HILIC) related to vola (black trace), vola-18PS (dark green), and vola-17PS (light green).

Amide

c18
2 34 5 6

Time (min) Time (min)
Nucleodur HILIC
vola
e V0la-9MOE
vola-8MOE
1 1.5 25
Time (min)

3 4 5 6 72
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HILIC-Z Syncronis HILIC
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Fig. 7. Comparison of columns used for the analysis of vola (reference) and derived oligonucleotides that differ in terms of number of 2’-0O-MOE modifications. Overlaid
chromatograms obtained on C18 and 6 HILIC columns (1 amide, 1 OH5 and 4 zwitterionic columns, namely ZIC-cHILIC, Nucleodur HILIC, HILIC-Z, and Syncronis HILIC)

related to vola (black trace), vola-9MOE (dark purple), and vola-8MOE (light purple).

cleodur HILIC). The only difference between the products was the
addition of one or several methyl groups on the cytosine residues.
The addition of a lipophilic group has obviously a very limited
impact on the hydrophilic partitioning, so the HILIC behavior re-
mains highly comparable between the five different species, and
only the reference material with 4 mC was slightly separated from
the other species. In IP-RPLC mode, a larger effect should be ex-
pected, as the hydrophobicity of the product is probably enhanced
by the addition of one or several methyl groups. However, due to
the steric hindrance and possible conformational changes (folding),
it is possible that this additional methyl group cannot interact suf-
ficiently with the C18 stationary phase to create hydrophobic re-
tention, leading also to very low selectivity under IP-RPLC mode. In
terms of peak capacity, the values were fully comparable to what
was reported in Fig. 4, with P values ranging from 14 (ZIC-cHILIC)
to 27 (Amide).

3.3.3. Analysis of ONs having different number of PS linkages
Fig. 6 shows the separation of ONs with various number of PS
linkages, comprised between 17 and 19. The average selectivity was

1

again very low, with « values ranging from 1.03 (C18 column) to
1.08 (Amide and HILIC-Z), while the OH5 column offered much
higher average selectivity of 1.15. With this column, an interest-
ing separation was obtained between the species with 17 (vola-
17PS) and 19 PS linkages (reference vola), but the separation of
species with only one PS linkage difference remains very critical.
In general, the ON with 19 PS linkages (reference vola) was bet-
ter resolved from the two other species. To better understand this
chromatographic behavior, it is important to keep in mind that
the chemical properties of a PS molecule are different from its PO
counterpart. Indeed, due to the close electronegativity of P and S
atoms, PS are also less hydrophilic than PO linkages and therefore
exhibit more complex secondary structure [31]. Because of these
changes in the secondary structure, it is probable that the PS link-
ages are hidden in the structure of the ON, so the chemical interac-
tions between PS groups and the column itself might be quite lim-
ited, leading to negligible differences in terms of chromatographic
behavior whatever the mode (IP-RPLC and HILIC).

Even though the number of diastereoisomers is reduced when
moving from 19 (219 diastereoisomers), to 17 PS linkages (217 di-
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Table 4
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For each selected column, chromatographic descriptors for highly modified ONs are reported, namely % of organic mobile phase composition at the elution
(Ce); selectivities between the oligonucleotide and vola (reference); and peak capacities (P, calculated using the peak width @50% for each oligonucleotide).
Corresponding chromatograms are provided in Fig. 4 (vola-18/19/21/22mer), Fig. 5 (vola-3/2/1/0mC), Fig. 6 (vola-18/17PS), and Fig. 7 (vola-8/9MOE).

C18 Amide OH5 ZIC-cHILIC Nucleodur HILIC HILIC-Z Syncronis HILIC
to 0.810 0.470 0.451 0.630 0.237 0.411 0.484
vola (reference) Ce (%) 23.2 55.9 62.1 50.5 68.2 61.2 67.7
P 20 26 21 13 19 18 20
vola-18mer Ce (%) 22.6 56.6 62.7 51.5 68.7 61.9 68.3
O jvola 1.24 1.17 1.23 1.24 1.14 1.19 1.13
P 25 34 44 22 30 36 40
vola-19mer Ce (%) 22.7 55.9 62.3 50.6 68.3 61.3 67.9
O vola 1.18 1.00 1.07 1.02 1.03 1.02 1.03
24 33 31 16 26 23 29
vola-22mer Ce (%) 24.0 55.7 61.7 49.5 67.9 60.5 67.4
@ jvola 1.22 1.06 1.14 1.23 1.07 1.16 1.08
P 18 13 10 6 10 8 9
vola-21mer Ce (%) 23.7 55.9 61.9 50.1 68.2 60.9 67.7
O vola 1.13 1.02 1.06 1.10 1.01 1.06 1.02
P 18 18 13 9 12 11 13
vola-18PS Ce (%) 23.1 55.6 61.7 50.3 68.0 60.9 67.5
A jyola 1.03 1.07 1.11 1.06 1.04 1.08 1.06
19 22 16 13 16 16 17
vola-17PS Ce (%) 23.2 55.5 61.5 50.2 68.0 60.8 67.4
®pvola 1.02 1.10 1.18 1.07 1.05 1.09 1.07
19 24 17 13 16 16 17
vola-9MOE Ce (%) 22.6 55.6 61.9 50.1 68.2 60.9 67.6
@ jvola 1.20 1.08 1.05 1.10 1.01 1.07 1.02
P 21 29 23 15 21 20 22
vola-8MOE Ce (%) 222 55.2 61.7 49.8 67.9 60.6 67.4
@ jvola 1.40 1.17 1.12 1.16 1.06 1.14 1.07
27 36 35 18 32 30 38
vola-3mC Ce (%) 23.1 56.0 62.2 50.4 68.4 61.2 67.9
A jvola 1.03 1.00 1.04 1.04 1.06 1.01 1.04
20 27 22 14 20 19 21
vola-2mC Ce (%) 23.1 55.9 62.2 50.3 68.5 61.2 67.9
@ jvola 1.05 1.01 1.04 1.06 1.06 1.00 1.04
P 19 26 22 14 20 18 21
vola-1mC Ce (%) 23.0 55.9 62.3 50.2 68.5 61.2 67.9
O jvola 1.07 1.02 1.05 1.07 1.07 1.00 1.05
P 19 27 22 14 20 19 21
vola-0mC Ce (%) 229 55.8 62.3 50.2 68.5 61.2 67.9
O jvola 1.09 1.03 1.06 1.07 1.07 1.01 1.05
19 29 28 16 25 25 26

astereoisomers), the difference in terms of number of diastereoiso-
mers was too limited to significantly impact peak capacity, which
still varies from 13 (ZIC-cHILIC) to 24 (amide). However, it has been
recently demonstrated that suppression of diastereoisomeric sepa-
ration can be obtained in IP-RPLC mode when using ion-pairing
amines with moderate hydrophobicity (i.e. DPAA, DBAA or HAA),
leading to the separation of ONs with different number of PS link-
ages [29]. Most probably, a different HILIC mobile phase compo-
sition could also lead to better separation of ONs with different
degree of PS linkages.

3.3.4. Analysis of ONs having different number of MOE modifications

Finally, Fig. 7 shows the separation of ONs having a different
number of 2’-0-methoxyethyl (MOE) sugar moieties modifications
comprised between 8 and 10.

As reported in Table 4, the retention, expressed as Ce, was
slightly higher when increasing the number of MOE modifications
in IP-RPLC (higher C. was required for the species containing the
largest number of MOE modifications), meaning that the overall
hydrophobicity of the product was slightly increasing with the
number of MOE. In HILIC, the behavior was opposite, with a higher
C. for the species containing the largest number of MOE modifica-
tions, meaning that those species were less retained. This is logi-
cal, as more hydrophobic substances should be less retained under
HILIC conditions.

The replacement of the hydrophilic 2’-hydroxyl group by 2’-
O-methoxyethyl group increases the product hydrophobicity. Since

12

hydrophobicity increased with the number of MOE, these species
were well separated from the reference sample (vola) under IP-
RPLC conditions, providing an « value of 1.20 for vola-9MOE and
1.40 for vola-8MOE. On the other hand, the average selectivity was
lower in HILIC, and comprised between 1.04 (Nucleodur HILIC) and
1.13 (ZIC-cHILIC and Amide).

Interestingly, the peak capacity decreased with an increasing
number of MOE modifications. Indeed, the average P values for all
the seven conditions were equal to 31, 22 and 20 for vola-8MOE,
vola-9MOE, and reference vola (containing 10 MOE modifications),
respectively. This confirms that peak broadening was not only due
to the presence of diastereoisomers related to the presence of PS
linkages, but also to the presence of a significant number of MOE
modifications.

4. Conclusions

Given the increasing interest for HILIC as complementary
chromatographic approach to IP-RPLC for the characterization of
oligonucleotides and their related impurities, the potential of zwit-
terionic HILIC was evaluated. For the first time, a systematic com-
parison between seven zwitterionic stationary phases (six sulfobe-
taine, one phosphorylcholine) and reference materials (i.e. amide,
OH5 and C18) was conducted and applied to oligonucleotide anal-
ysis to prove complementarity of these stationary phases.

The columns characterization, performed through the Tanaka
test by using a set of small molecules, highlighted the key re-
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tention and selectivity features that were specific for each HILIC
stationary phase. In addition, it allowed to underline key differ-
ences for zwitterionic stationary phases sharing the same func-
tional groups (sulfobetaine). Columns could be classified by their
ability to retain oligonucleotides, that was estimated based on po-
lar and anion-exchange characters. Indeed, under the reported test
conditions, hydrophilic partitioning was not considered as an es-
sential contributor to retention. As reported by McCalley et al.,
the water-rich layer involved in the hydrophilic partitioning is only
present when the amount of water in the mobile phase is on the
maximum equal to 35% [32]. In the current study, the amount of
water for eluting ONs was generally comprised between 30% and
70%, depending on samples and columns. Under such conditions,
the formation of the water layer to observe hydrophilic partition-
ing is hampered and therefore retention is mostly evaluated as
driven by surface adsorption and electrostatic interactions.

Based on the Tanaka test, Z-HILIC, ZIC-cHILIC, ZIC-pHILIC and
Amide were predicted to be the most retentive columns, followed
by OH5 and HILIC-Z, then Syncronis HILIC, Nucleodur HILIC and
Nucleoshell HILIC columns. Overall, similar selectivity profiles were
obtained for Syncronis HILIC, Nucleodur HILIC and Nucleoshell
HILIC, as well as for ZIC-cHILIC and ZIC-pHILIC.

Then, the HILIC stationary phases were screened for oligonu-
cleotide analysis and results mostly confirmed the prior predic-
tions. Z-HILIC column was even found to be too retentive for the
analysis of highly polar, negatively charged compounds. Peak ca-
pacities and selectivities were discussed to evaluate overall reso-
lution and were compared to the chromatographic performance of
the C18 column operated in IP-RPLC mode. Despite very good se-
lectivities, ZIC-cHILIC and ZIC-pHILIC provided low peak capacities
that compromise their use for oligonucleotide separations. How-
ever, it is noteworthy that the other HILIC columns offered good
selectivities and even better resolutions than the C18 column for
unmodified oligonucleotides separations.

Therefore, when analyzing unmodified ONs, zwitterionic
columns were particularly promising, with some of them (Nucle-
oshell HILIC and Syncronis HILIC) providing higher peak capacities
than the Amide and OH5 columns, especially in the case of large
ONs (> 40-mer) analysis.

Finally, separations between a highly chemically modified 20-
mer ON and its closely related impurities were carried out on the
different stationary phases. In this case, kinetic performances and
selectivities were notably decreased as compared to unmodified
ONs separations, due to the highly modified sequences that only
differ from one another by one or several minor modifications,
and the partial diastereoisomeric separation of highly PS-modified
oligonucleotides. The complementary of HILIC and IP-RPLC condi-
tions was again demonstrated despite the smaller differences be-
tween columns. Good selectivities between ONs varying by one or
two nucleotides were achieved on the ZIC-cHILIC column, while IP-
RPLC remains the reference approach for length-based separations
of oligonucleotides. The opposite trend was observed for the sepa-
ration of phosphodiester impurities in phosphorothioate ONs. HILIC
separations showed a slight improvement in selectivity as com-
pared to IP-RPLC separation. Nevertheless, the addition of methyl
groups on cytosine residues proved to have a limited impact on re-
tention and therefore their separation resulted in limited selectiv-
ities. Considering methoxyethyl-modified oligonucleotides, IP-RPLC
gave the best selectivity for these variants.

Therefore, when analyzing highly chemically-modified ONs,
zwitterionic columns were not able to provide better selectivities
as compared to the reference approaches (IP-RPLC or amide-/poly-
hydroxy fructan-bonded HILIC phases).

This contribution opens the possibility to expand the existing
portfolio of chromatographic techniques to characterize oligonu-
cleotides. By understanding column characteristics, zwitterionic
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HILIC columns have proved to be complementary to other HILIC
materials when analyzing unmodified oligonucleotides, supporting
the IP-RPLC analysis of oligonucleotides.
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