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ABSTRACT

Hydrophilic interaction chromatography (HILIC) has recently gained attention as a powerful tool for the analysis
of nucleic acid-based therapeutics, offering high resolving power and excellent compatibility with mass spec-
trometry. However, the successful development of HILIC methods requires a clear understanding of the under-
lying retention mechanisms. Despite numerous studies, the respective contributions of hydrophilic partitioning,
polar interactions, and ionic interactions to oligonucleotide retention remain poorly understood.

In this work, the role of hydrogen bonding, dipole-dipole interactions, solvophobic effects, and ionic in-
teractions in governing oligonucleotide retention have been systematically investigated. A series of targeted
design-of-experiments studies, performed on a representative panel of samples to investigate the impact of
oligonucleotide structure on retention, provided a refined framework for interpreting HILIC separations of oli-
gonucleotides. All experiments were performed on an amide-bonded stationary phase, and the proposed
descriptor-based retention model applies specifically to this surface chemistry.

Our results demonstrate that solvophobic effects and hydrogen bonding are the dominant drivers of retention,
whereas hydrophilic partitioning contributes negligibly under practical conditions. This mechanistic insight has
important consequences for method development: introducing protic solvents into the mobile phase, conditions
that would disrupt the water-rich layer, substantially increases selectivity and enables the resolution of closely
related oligonucleotide species.

Altogether, these findings shift the conceptual basis of HILIC for nucleic acids from a hydrophilic partitioning/
interaction model toward a retention mechanism best described as a solvophobic-interaction-dominated HILIC
regime, in which protic solvents assist selectivity through H-bond competition. This new perspective provides a
more accurate foundation for designing, optimizing, and interpreting HILIC methods for oligonucleotide
analysis.

1. Introduction

[2-4]. Liquid chromatography plays a major role in meeting industrial
needs, with its high versatility, resolution power, and proven repro-

Therapeutic oligonucleotides have gained a central place in clinical
and pre-clinical pipelines, with hundreds of phases I to III products
currently under evaluation worldwide [1]. This massive arrival of newly
developed drugs has generated a significant demand for fast and effi-
cient techniques capable of assessing critical quality attributes such as
sequence identity, length distribution, and integrity, among others

ducibility [5].

Ion-pair reversed-phase liquid chromatography (IP-RPLC) is
currently the most widely used and best-established chromatographic
technique for the analytical separation of oligonucleotides, particularly
for impurity profiling and LC-MS-compatible analyses [6-9]. However,
ion-pairing reagents suppress signal in mass spectrometry and tend to
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contaminate chromatographic instruments due to nonspecific adsorp-
tion (especially strong ion-pairing reagents). Recently, hydrophilic
interaction liquid chromatography (HILIC) has emerged as a promising
complementary approach [10]. Without the need for ion-pairing re-
agents, HILIC offers a promising degree of resolution for large and small
nucleic acids [11,12], suitable compatibility with mass spectrometry
[13], and versatility regarding the separation of diastereomers [14,15].

Despite its increasing use for nucleic acid analysis, the fundamental
retention mechanism of oligonucleotides in HILIC remains poorly un-
derstood. The classical HILIC model was largely established on small
polar molecules. It is assumed that there is a combination of hydrophilic
partitioning between an aprotic organic-rich mobile phase and a water-
rich stationary layer, surface adsorption through polar interactions, and
ionic interactions when analytes and stationary phase are charged [16,
17]. These studies assume a substantial and stable water layer at the
stationary phase surface, which governs retention through partitioning.
However, growing evidence suggests that this framework does not fully
describe the behavior of large, highly charged biomolecules. Recent
quantitative work has shown that the relative contribution of hydro-
philic partitioning, adsorption, and electrostatic interactions is strongly
dependent on analyte structure and mobile-phase composition, and that
partitioning can even become negligible under certain conditions
[18-20]. Moreover, the majority of HILIC stationary phases have polar
ligands. There is increasing evidence that polar compounds can have
direct interaction with these groups [21].

For oligonucleotides and mRNA, which are large, flexible, and pol-
yanionic molecules, the relevance of a thick water layer as the dominant
retention driver becomes questionable. Typical elution compositions of
nucleic acids in HILIC are between 50 and 30% organic (acetonitrile);
that is, 50 to 70% water [12,14]. At this composition, it can be reasoned
that an isolated water layer is probably non-existent [22]. It has been
demonstrated that for bare silica HILIC there is little or no excess water
when the water content increases from 50% to 70% [23,24]. Therefore,
partitioning of large nucleic acids ranging from 20 A (20 nt) to 200 A
(5000 nt) seems physically impossible and could not explain the reten-
tion. Moreover, retention is still observed in solvent systems where the
existence of such a layer is intrinsically limited (e.g., MeOH-rich HILIC)
[25]. These discrepancies suggest that additional interactions, including
solvophobic effects and hydrogen bonding between nucleobases, protic
solvents, and the stationary phase, may play a more central role than
previously assumed. The complex retention mechanism of HILIC, which
depends on stationary phase chemistry, mobile phase composition and
analyte properties, makes the correct identification of the main factor
influencing the retention and the overall selectivity of a method chal-
lenging [21].

The aim of this study was to deconvolute and quantify the individual
contributions of hydrogen bonding, dipole-dipole interactions, sol-
vophobic effects, and electrostatic interactions to oligonucleotide
retention on amide-based HILIC column. By building a mechanistic
model based on experimental observations, the goal was to demonstrate
that oligonucleotide retention can be predicted from molecular de-
scriptors such as sequence, and from mobile phase descriptors such as H-
bond acidity and polarizability. This could change the way HILIC is
tuned regarding mobile phase composition and thus increase chances for
chromatographers to further improve their method performance.

2. Experimental section
2.1. Chemicals and samples

RNase-free water, ammonium acetate, and toluene, were purchased
from Sigma-Aldrich (Buchs, Switzerland). LC-MS grade acetonitrile,
isopropanol, and methanol were purchased from Thermo Fisher Scien-
tific (Reinach, Switzerland). A Milli-Q™ water purification system from
Millipore (Bedford, MA, USA) was used to prepare HPLC mobile phases.
DNA LoBind tubes of 0.5 mL purchased from Eppendorf (Hamburg,
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Germany) were used to incubate the samples in an Incubator Thermo-
mixer Confort from Eppendorf. Polypropylene 100 uL vial inserts were
purchased from Macherey-Nagel (Duren, Germany).

Data treatment and statistical analysis were performed using Excel™
spreadsheet (version 16 in Excel 2021, Microsoft), Statistica™ software
(version 14.1.0, Tibco) and DryLab™ software (version 4.4.21, Molnar
Institute). Oligonucleotide samples described in Table 1 were purchased
from Eurogentec (Seraing, Belgium). They were composed of different
DNA sequences specifically selected to challenge the analytical method.
Their secondary structures were assessed using The Vienna RNA Web-
suite, available at http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RN
Afold.cgi [26].

2.2. Chromatographic conditions

The chromatographic measurements were performed on an ACQ-
UITY™ UPLC™ H-class System (Waters, Milford, MA, USA), equipped
with a 15 pl flow through needle injector, a quaternary solvent manager
(QSM) equipped with a 100 pl mixing chamber, a column manager, and
an ACQUITY Photodiode Array Detector. UV detection was set at a
wavelength of 260 nm. The column used for the DoEs was a Waters
ACQUITY Premier BEH™ Amide 130 A, 1.7 ym, 50 x 2.1 mm Column.
For the final optimization, it was a Waters ACQUITY Premier BEH
Amide 130 A, 1.7 pm, 150 x 2.1 mm Column. (The stationary phase
materials provided in these columns were not batch tested for oligonu-
cleotide separations, though historical manufacturing data was refer-
enced to assure representative performance was observed.
GTxResolve™ BEH Amide Columns are available with certification to
produce high recovery, low tailing separations of 10 to 100-mer oligo-
nucleotides.) Data acquisition and instrument control were performed
by Empower™ 3 Software (Waters).

The mobile phases were composed of various proportions of water,
acetonitrile (MeCN), methanol (MeOH), isopropanol (IPA), and ammo-
nium acetate, combined with different additives. Fixed parameters were
injector strong wash 10:90 MeCN:H»0 (v:v), weak wash 90:10 MeCN:
H20 (v:v), injection volume of 2 uL, injection solvent 80:20 MeCN:H20
(v:v), and gradient from 20 to 60% water. All these conditions were
tested in DoE described in later sections and supplementary information,
to specifically assess the role of H-bonding, dipole-dipole interactions,
solvophobic effect, and ionic interactions in the retention mechanism of
oligonucleotides.

3. Methodology and theory
3.1. Identifying the most important method factors (Screening)

To identify the dominant physicochemical interactions driving
oligonucleotide retention on amide-type HILIC column, we conducted a
structured first-stage screening in which four mechanistic contributors
were examined independently: (1) solvent-analyte hydrogen bonding,
(2) direct disruption of analyte-surface hydrogen bonds, (3) dipole-di-
pole interaction competition, and (4) solvophobic rejection of the ana-
lyte from organic-rich eluents. Because these mechanisms cannot be
isolated in a single solvent experiment, we employed protic modifiers,
hydrogen-bond disruptors, dipolar aprotic additives, and changes in
organic solvent type to probe each effect selectively.

Hydrogen bonding interactions were studied in two complementary
ways. First, we varied the proportion of MeOH replacing MeCN as
organic co-solvent. MeOH is a strong H-bond donor, and therefore its
presence primarily modifies solvent-analyte H-bond competition. Sec-
ond, urea was added at two concentration levels (20 and 80 mM) to
disrupt analyte-stationary-phase hydrogen bonding. Together, MeOH
and urea allow separation of solvent-mediated versus surface-mediated
H-bond interactions.

Dipole-dipole interactions were examined by adding cyrene, which
is a highly dipolar aprotic solvent that can compete for dipolar
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Table 1
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List of oligonucleotide samples used in this study, with their sequences and, where applicable, their PARCH descriptors. Special signs are used to indicate modifications
highlighted in bold: * for phosphorothioate, <> for 2’O-methylation on sugar, m- for additional methyl group on base.

First DoE (screening)

Name Sequence

Poly T - 20 5 TTT-TTT-TTT-TTT-TTT-TTT-TT 3’
Poly A - 20 5 AAA-AAA-AAA-AAA-AAA-AAA-AA 3’
Poly C - 20 5’ CCC-CCC-CCc-Cce-cee-cee-ce 3

Linear 5A-5T-5G-5C
Hairpin 5A-5T-5G-5C
Linear 2A-8T-6G-4C
Hairpin 2A-8T-6G-4C

5’ GTA-CAT-ATC-GGC-CCA-TTG-AG 3’
5’ AGT-CAT-GCG-TAC-ATG-CGA-CT 3’
5’ CCA-GTT-TTT-GAG-CCG-TGT-GT 3’
5’ CCA-GTT-TTT-TTG-GGC-ACT-GG 3’

Second DoE (H-bond vs solvophobic)

Name Sequence

Poly T - 20 5 TTT-TTT-TTT-TTT-TTT-TTT-TT 3’
Poly A - 20 5 AAA-AAA-AAA-AAA-AAA-AAA-AA 3’
Poly C - 20 5’ CCC-CCC-CCe-Cce-cee-cee-ce 3

Linear 5A-5T-5G-5C
Hairpin 5A-5T-5G-5C
Linear 2A-8T-6G-4C
Hairpin 2A-8T-6G-4C
Ds 10A-10T-10G-10C

5’ GTA-CAT-ATC-GGC-CCA-TTG-AG 3’
5’ AGT-CAT-GCG-TAC-ATG-CGA-CT 3’
5’ CCA-GTT-TTT-GAG-CCG-TGT-GT 3’
5’ CCA-GTT-TTT-TTG-GGC-ACT-GG 3’
5’ GTA-CAT-ATC-GGC-CCA-TTG-AG 3’

3’ CAT-GTA-TAG-CCG-GGT-AAC-TC 5’

Third DoE (test the model)

Name Sequence Descriptor
Poly T - 20 5 TTT-TTT-TTT-TTT-TTT-TTT-TT 3’ 76.4

Poly T - 40 5 TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-T 3’ 152.8
Linear 4A-5T-3G-8C 5" ACG-TCA-GCT-CAC-TTC-GTC-AC 3’ 70.7
Hairpin 4A-5T-3G-8C 5’ ATC-CGA-CCC-CAT-TCT-CGG-AT 3’ 35.2
Linear 6A-2T-7G-5C 5’ AGT-AGC-AGC-AGC-ATG-ACG-CG 3’ 69.4
Hairpin 6A-2T-7G-5C 5’ AGT-AGC-AAG-CGC-CGG-CTA-CT 3 31.9
Volanesorsen PO 5" AGC-TTC-TTG-TCC-AGC-TTT-AT 3’ 43.1
Fomivirsen PO 5 GCG-TTT-GCT-CTT-CTT-CTT-GCG 3' 77.1

Fourth DoE (mixture injection)

Name

Sequence

Linear 6A-2T-7G-5C
Hairpin 6A-2T-7G-5C
Hairpin 4A-5T-3G-8C

5’ AGT-AGC-AGC-AGC-ATG-ACG-CG 3’
5’ AGT-AGC-AAG-CGC-CGG-CTA-CT 3’
5’ ATC-CGA-CCC-CAT-TCT-CGG-AT 3’

Poly T - 20 5 TTT-TTT-TTT-TTT-TTT-TTT-TT 3’

Volanesorsen 3 mC

5" AG mC-TT mC-TTG-TCC-AG mC-TTT-AT 3’

interaction sites without contributing H-bond donation. Cyrene con-
centration varied between 0.1 and 1.0% (v/v) in both mobile phases.
Ammonium acetate concentration (25 and 75 mM) was included in the
same block of experiments because ionic strength partially screens
dipole interactions through modulation of the electrostatic environ-
ment. Note that, in this context, ammonium acetate does not function as
a primary retention driver, but rather as a dipole-scrambling agent,
making it a natural partner for cyrene within the same design block.

Solvophobic contributions were probed by replacing MeCN with IPA.
Compared to MeOH, IPA is considerably more hydrophobic and there-
fore strengthens solvophobic rejection of highly hydrated oligonucleo-
tides from the organic-rich bulk mobile phase. Although IPA is protic
and can participate in hydrogen bonding, its lower H-bond donor acidity
and strong solvent-solvent association result in comparatively weak
solvation of highly hydrated polyanions; as a consequence, its dominant
chromatographic effect for large oligonucleotides is solvophobic in na-
ture, driven by preferential exclusion from the bulk mobile phase [18,
27,28].

For this reason, IPA was used as the main solvophobic factor in a
dedicated branch of the screening.

Because MeOH and IPA act in different ways and cannot be mixed
simultaneously in the organic line due to the need to isolate their in-
dependent contributions, the screening was implemented as two sepa-
rate two-level fractional factorial designs. The first block (“MeOH-
branch”) contained MeOH as the co-solvent factor; the second block

(“IPA-branch”) contained IPA as the co-solvent factor. Each branch used
a 2% fractional factorial design (8 runs) comprising four factors: co-
solvent identity (MeOH or IPA), cyrene concentration, urea concentra-
tion, and ammonium acetate concentration. The 24 design provides a
Resolution IV aliasing, which ensures that all main effects can be esti-
mated even though selected two-factor interactions are confounded.
This level of resolution is ideal for a mechanistic screening approach
because the primary goal is to rank the effects rather than model cur-
vature or higher-order coupling.

The factor signs in each block were mapped using the classical
generator, such that the ammonium acetate level was determined from
the product of the co-solvent, cyrene, and urea signs. This strategy places
the ionic-strength factor into the role of the least impactful mechanism,
which is consistent with our prior expectations and minimizes the total
number of experimental runs. The resulting matrices for both the MeOH
and IPA branches consisted of 8 feasible mobile-phase compositions
each, using the same additive levels in mobile phases A and B, and run
under identical chromatographic conditions (10 min linear gradient
from 0-100% A, at F = 0.6 mL/min and at T = 60 °C). This two-branch
screening strategy enables unambiguous identification of the strongest
mechanistic contributors to retention while ensuring that each experi-
ment corresponds to a physically meaningful mobile-phase composition.
(Supplementary information Tables S1 and S2 list the applied conditions
for the screening designs.)
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3.2. Studying ternary co-solvent mixtures

Because MeOH emerged during screening as the primary mobile-
phase component that competes for H-bonds with oligonucleotides,
and since IPA produced the strongest solvophobic (but protic) signal, we
treated the organic modifier line as a ternary mixture (MeOH/IPA/
MeCN). This compositional viewpoint avoids treating MeCN as a passive
remainder and instead enables quantitative estimation of the intrinsic
contribution of each organic component and solvent interactions.
Mixture designs are appropriate here because changing one organic
component necessarily changes the other fractions. The Scheffé mixture
polynomials produce interpretable intrinsic and interaction coefficients
for the components. A simplex-lattice (degree 2) design has been
applied, augmented with duplicate vertex and midpoint measurements
(and centroid replicates), giving 14 runs.

For each mixture point, the organic line composition (x) was mapped
into mobile phase B as follows: mobile phase B is fixed at 20% water and
80% organic. The organic portion was allocated according to the sim-
plex coordinates, so for example the MeOH vertex corresponds to B =
20% water + 80% MeOH, while the centroid corresponds to B = 20%
water + (80% x 0.3333) MeOH/IPA/MeCN each. Mobile Phase A was a
buffered aqueous phase with the same ammonium acetate concentration
as B (this maintains constant ionic strength during the gradient). All runs
used an identical linear gradient profile (10 min, 0 - 100% B), at F= 0.3
mL/min and at T = 30 °C. The low temperature and reduced flowrate
were set to avoid the denaturation of double stranded samples and
overpressure issues. (Supplementary information Table S3 lists the
applied conditions for the mixture design.)

3.3. Decoupling H-bond and solvophobic effects

To decouple retention mechanisms, solvent compositions were
expressed not only in volumetric fractions, but also through physico-
chemical descriptors of the solvents. The following descriptors were
considered: (1) H-bond donor acidity (a), via Kamlet-Taft parameter,
reflecting solvent ability to donate H-bonds and (2) polarizability (z*)
parameter to estimate the solvophobic nature of the mobile phase. The
descriptor values considered were: @ = 0.98 (MeOH), 0.19 (MeCN), 0.76
(IPA) and 1.17 (water), while z* = 0.60 (MeOH), 0.75 (MeCN), 0.48
(IPA) and 1.09 (water) [29]. Alternative descriptors such as refractivity
(R) or McGowan volume (Vx) were also considered, however, these
primarily describe dispersion interactions and molecular size effects,
which are known to play a secondary role in HILIC retention compared
to polarity-driven solvation and hydrogen bonding interactions,
particularly for large, highly hydrated polyanionic analytes such as ol-
igonucleotides [16,19]. The Kamlet-Taft #* parameter reflects solvent
dipolarity/polarizability rather than molecular size, making it more
appropriate for modeling solvophobic contributions.

For a given organic mobile phase composition, the mixture
descriptor (Syp) was calculated as a weighted average:

Smp :fwsw +forgzxisi (1)
i

where f,, is the water fraction and f,, is the organic fraction in the
mobile phase, x; is the fraction of solvent i in the organic mixture
(MeOH, IPA, MeCN, with > ,x; = 1), S, is the descriptor value for water
and S; is the descriptor value for organic solvent i. Therefore, for de-
scriptors a and z*, the following expressions can be written for the
organic rich mobile phase which included 20% water:

app = 0.2:1.17 + 0.80(Xnmeor0.98 + Xarecn+0.19 + Xppa -0.76) (2)
yp = 0.2:1.09 + 0.80(Xnre0r0.60 + Xprecn+0.75 + Xipa-0.48) 3)

The resulting app and myp values represent effective, composition-de-
pendent solvent descriptors obtained by linear averaging. Although
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non-additive solvent effects may occur, these parameters are intended to
capture relative trends within the constrained solvent space explored
here rather than exact microscopic solvation energies.

In addition to solvent (mobile phase) descriptors, solute specific
descriptors can be considered too. The ONs can be characterized by
various descriptors, such as the H-bonding potential of their bases or
their nucleotide hydropathy. In this study we considered the sequence-
averaged PARCH (Protocol for Assigning a Residue’s Character on a
Hydropathy index), developed to quantify nucleotide hydropathy, as an
analyte-specific descriptor of solvation and solvophobic behavior [30].
PARCH values were calculated as weighted averages of backbone and
base contributions, corrected for structural accessibility. Considering
the resulting PARCH;, descriptors the following multivariate retention
model has been proposed:

In kapp = ﬁO + ﬂH(XMp + ,ﬁs”MP -+ /}PPARCHseq + € (4)

where kqpp is the apparent retention factor, §, represents the system-
dependent baseline retention, f; is regression coefficient for solvent
H-bond donor acidity, fs is coefficient for solvophobic descriptor, and j,
is coefficient for ON hydropathy (sequence), and ¢ is residual error
(accounts for unmodeled variability (instrumental noise, descriptor
uncertainty, and neglected minor mechanisms)). This model enables
decomposition of the total apparent retention into solvent-dependent
and solute-dependent global hydropathy effects. Note that in this
PARCH formalism, the weighting factors applied to backbone and base
contributions reflect their intrinsic chemical hydropathy, not their
accessibility. The accessibility factor independently accounts for struc-
tural masking due to folding or duplex formation. Thus, intrinsic po-
larity (chemical nature) and exposure (geometry) are treated as
orthogonal contributions, avoiding double counting of hydration effects.

Eq. (4) follows the logic of Quantitative Structure Retention Rela-
tionship (QSRR) models, expressing retention as a linear combination of
solvent and solute descriptors. The term ‘apparent’ retention factor
(kqpp) reflects that measurements were made under gradient conditions,
where k values are estimated from elution composition rather than
isocratic experiments. Using In k;, instead of gradient time avoids
confounding solvent strength and gradient slope effects. Stationary
phase contributions were not parameterized explicitly because all ex-
periments used BEH Amide column, thus, their effect is assumed con-
stant and absorbed into the intercept fo. Extending the model to other
HILIC chemistries would require adding stationary phase descriptors
and interaction terms.

Because the absolute values of the three descriptors used in the
model differ substantially in magnitude, the regression operates as if the
predictors were implicitly centered. In particular, PARCH;, values are
one to two orders of magnitude larger than the solvent descriptors,
which forces the fitting procedure to adjust the intercept so that the
average predicted In kg, matches the experimental mean. As a result,
the intercept o does not correspond to a physically meaningful retention
value, but it serves as a mathematical offset that anchors the regression
surface on the vertical In k scale. The solvent-dependent (By, fs) and
sequence-dependent (fp) terms then describe the true mechanistic
contributions, while fo simply compensates for the different numerical
scales of the descriptors. This behavior is common in multivariate
models combining molecular descriptors with heterogeneous magni-
tudes and does not affect the interpretability of the mechanistic
coefficients.

Each nucleotide has two PARCH components: BB (backbone, phos-
phate and sugar atoms) and NB (base, nitrogenous base atoms). Higher
PARCH values correspond to greater hydrophilicity (water accessi-
bility). Typical DNA averages BB values ~ 4.3 + 1.4, and NB values ~
0.6 + 0.7, while typical RNA averages BB values ~ 5.0 + 1.5, and NB =~
0.4 £ 0.4. Thus, the backbone dominates the hydrophilic (polar) in-
teractions, while the bases contribute to hydrophobic stacking. Since
HILIC retention depends on both solute-solvent polarity and H-bonding,
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PARCH provides a quantitative, structure-dependent hydrophilicity
descriptor that naturally captures both hydrogen bonding potential and
solvophobic accessibility.

For a sequence of N nucleotides, PARCHy, can be determined from:

N
PARCHseq = Z a; [WBBPARCHBBJ‘ + WNBPARCHNBJ'] (5)

j=1

where f; is the fraction of base j in the sequence, wpg and wyp are weights
for backbone vs base (recommended 0.8: 0.2; backbone dominates hy-
dration), and g; is the accessibility factor (1.0 for fully exposed and stem-
loop structures, and 0.1 for duplex structures).

Retention has been measured for various ON samples, at various
ternary co-solvent mixtures (MeOH/IPA/MeCN + water). For each
chromatographic run, we calculated the effective mobile-phase H-bond
donor acidity (amp,f) and effective dipolarity/polarizability (7*yp,ef)
corresponding to the solvent composition at the analyte’s elution point.
These values, together with the sequence-dependent PARCHgyq
descriptor, were used as fixed predictor variables in a global multivar-
iate regression model of the form given in Eq. (4). The regression co-
efficients fo, fy, fs, and fp were estimated simultaneously by ordinary
least-squares optimization, by minimizing the sum of squared residuals
between experimentally measured In kg, and model-predicted In kgp,
over the full data set. The minimization was performed using the Excel
Solver add-in (GRG non-linear algorithm), with all g coefficients treated
as free parameters and no constraints imposed. Convergence was ach-
ieved when further changes in the coefficients did not reduce the re-
sidual sum of squares. All experiments were performed at low (T = 30
°C) and high (T = 80 °C) temperatures.

4. Results and discussion
4.1. Identification of the main factors driving ON retention

The two Resolution-IV fractional-factorial screening designs
revealed a remarkably consistent picture across all tested oligonucleo-
tides (Supplementary information Figure S1 shows the obtained Pareto
charts including factor significance limits). In the MeOH-MeCN branch,
the standardized effect estimates showed that the MeOH factor domi-
nated retention by a wide margin, exceeding the significance threshold
in all cases. This strong positive effect indicates that replacing MeCN
with MeOH substantially reduces ON retention, consistent with
competitive solvation and H-bond displacement at the stationary phase.
In contrast, urea and cyrene produced no statistically significant effects,
while ammonium acetate showed no systematic or reproducible statis-
tically significant contribution across analytes and screening blocks.

The IPA-MeCN block showed a similar pattern. IPA exhibited a
significant and reproducible effect on retention, but with a smaller
magnitude than MeOH, aligning with its weaker H-bond acidity and
stronger solvophobicity. Again, urea, cyrene and ammonium acetate
remained below the p = 0.05 threshold, confirming that these factors are
secondary or negligible under typical elution conditions. The fact that
results were comparable for homopolymers and heteropolymers (linear
and hairpin 20-mer) suggests that the dominance of the co-solvent factor
persists even when secondary structure varies. Overall, the screening
DoE clearly demonstrated that organic co-solvent character (a combi-
nation of solvophobicity and protic H-bond competition) is the primary
driver for ON retention in HILIC.

Although urea, cyrene, and ammonium acetate are often referred to
as influential modifiers in HILIC, their effects are strongly concentration-
and composition-dependent. In our study, these additives were evalu-
ated under mobile-phase conditions typical for oligonucleotide analysis
(30-50% water, moderate salt content), where solvophobicity and
protic competition were hypothesized to be the dominant retention
drivers and were subsequently assessed experimentally.

Within this constrained and application-relevant design space, the
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tested ranges of urea (20-80 mM), cyrene (0.1-1% v/v), and ammonium
acetate (25-75 mM) are sufficient to detect meaningful effects, yet their
impact remains statistically insignificant because they are over-
shadowed by the much larger retention changes produced by MeOH/IPA
substitution. Increasing their ranges further would lead to unrealistic or
impractical mobile phases (e.g., excessive urea precipitation, phase
instability, or MS incompatibility). Therefore, our results indicate that
under realistic analytical conditions, these additives contribute only
second-order effects compared to solvent-controlled solvophobic and H-
bond-competition mechanisms.

It should also be noted that the present model was established using
relatively short oligonucleotides (20-mer), and the influence of mobile-
phase additives may become more pronounced for longer sequences or
for molecules exhibiting more complex secondary or tertiary structures.
For instance, larger oligonucleotides (e.g., >100-mers) or structured
RNAs may present additional interaction modes with the stationary
phase that were not captured in the current screening design. The
applicability of the present model to larger and structurally more com-
plex RNAs remains to be systematically evaluated and will be the subject
of future investigations.

4.2. Mixture design analysis of MeOH, IPA, and MeCN contributions

To distinguish the individual and combined effects of MeOH, IPA,
and MeCN on oligonucleotide retention, a simplex-lattice mixture
design was applied, comprising 14 experimental points including vertex
conditions, binary midpoints, and centroid replicates. This design
allowed the systematic and statistically efficient exploration of solvent
composition while maintaining a constant aqueous fraction and buffer
concentration. The resulting retention data for six oligonucleotides
(three homopolymers, dA20, dT20, dC20 and a heteropolymer in linear,
hairpin, and double-stranded forms) showed clear and consistent trends
that expose the mechanistic role of each organic modifier.

Fig. 1 shows the mixture-design contour plots illustrating how the
combined proportions of MeOH, IPA, and MeCN modulate oligonucle-
otide retention. For most analytes, MeCN results in the highest retention,
whereas MeOH systematically yields the lowest retention. IPA exhibits
analyte-dependent behavior, often showing retention intermediate be-
tween MeOH and MeCN, but in some cases closely resembling MeCN.
These trends reflect the differing contributions of solvophobicity and
hydrogen bonding in the mobile phase: MeCN, being aprotic and rela-
tively weakly solvating, enhances solute desolvation, while IPA,
although protic, possesses a high hydrophobic surface area and strong
cohesive interactions, contributing to a measurable solvophobic effect
[27,28]. In contrast, MeOH, with its high H-bond donor activity and
strong solvation capability, yielded markedly lower retention. These
experimentally observed trends agree with the energetic ordering of
donor acidity, cohesive energy density, and solvation properties asso-
ciated with the three solvents.

The mixture design analysis further revealed strong curvature in the
response surfaces, particularly along the MeOH-MeCN and IPA-MeCN
edges, confirming the presence of non-linear mixing effects. For most
oligonucleotides, the retention increases upon replacing MeOH with
MeCN was greater than expected from linear interpolation, illustrating a
synergistic enhancement of solvophobicity as the mixture shifts toward
a less protic, more weakly solvating environment. The centroid repli-
cates displayed excellent reproducibility, allowing reliable estimation of
quadratic terms and validating the statistical robustness of the design.
The small residuals observed in the model fits indicate that the chosen
mixture model adequately captured the dominant solvent-dependent
retention mechanisms.

The mixture-design data did not show a simple, monotonic ordering
of retention among the homopolymer analytes (dT20, dA20, dC20).
Instead, their relative retention varied with mobile-phase composition,
demonstrating that base identity alone is not the primary determinant of
their retention under these conditions. This observation is consistent
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with our earlier screening results, which showed that MeOH (H-bond
competition) and IPA (solvophobic strength) dominate the retention
mechanism, while intrinsic differences in nucleobase hydrophilicity
contribute less significantly.

Similarly, no universal trend was observed between secondary
structure forms of the heteropolymer (i.e. linear, hairpin, duplex). The
hairpin and duplex oligonucleotides did not consistently elute earlier
than the linear form. Instead, their relative retention changed across the
solvent space, indicating that structural compaction and partial shield-
ing of nucleobases do not translate directly into a uniform reduction of
retention. In some mixture regions, the hairpin or duplex even exhibited
slightly increased retention, likely due to altered desolvation energies
and different exposure of the charged phosphate backbone. These ob-
servations suggest that oligonucleotide HILIC behavior is governed
mostly by solvent-controlled desolvation and competition effects rather
than conventional hydrophilic partitioning or base-specific polarity.
(Supplementary information Figure S2 and Table S4 show the detailed
results of the mixture designs).

4.3. Retention modeling using combined solvent descriptors and PARCH
hydropathy

To rationalize how solvent properties and oligonucleotide structural
features jointly determine retention, a multivariate model was evaluated
incorporating solvent H-bond donor acidity, mobile phase polariz-
ability, and the sequence-dependent PARCH hydropathy scale. The
resulting regression equation reproduced the experimentally measured
In kqpp values with high accuracy across all analytes and all mobile-phase
compositions. The global model (at T = 30 °C) yielded fo = 2.8609, iy =
0.0487, s = 0.1680, and pparcy = 0.0272, with an exceptionally small
residual error (<0.012), indicating that the combined descriptors cap-
ture the major mechanistic contributions to ON retention. The overall fit
was excellent (R? = 0.938), demonstrating that ~94% of the variance in
retention can be explained using only three physically meaningful pre-
dictors. The standard error of the regression (0.052, expressed in In kapp)
corresponds to a relative prediction uncertainty of approximately 5-6%

in kapp, based on conversion from logarithmic to fractional error.

Inspection of the regression coefficients shows that solvophobicity,
represented by the polarizability term 7 *yp, is the dominant contributor
to retention. The H-bond donor acidity of the mobile phase also con-
tributes positively, but to a smaller extent, suggesting that protic mod-
ifiers influence retention by modulating solute solvation. The PARCH
descriptor remains statistically significant, indicating that hydropathy
captures physicochemical features that go beyond simple H-bond
donor/acceptor counting. PARCH reflects the solvent-accessible polar
surface and hydration propensity of the entire oligonucleotide, thus
determining a broader solvation footprint.

To further probe the ability of PARCH to predict retention trends, the
experimentally measured In kg, values were examined as a function of
PARCHye, under three representative mobile-phase compositions (10%
MeOH/20% IPA/50% MeCN, 50% MeOH/10% IPA/20% MeCN and
20% MeOH/50% IPA/10% MeCN). In all cases, highly significant cor-
relations were obtained, with R? values ranging between 0.76 and 0.85.
This confirms that oligonucleotide hydropathy assessed via PARCH is an
appropriate predictor of retention, independent of solvent polarity or
protic character. The strongest dependence was observed in the solvent
mixture containing the highest fraction of MeCN, where the eluotropic
strength is lower and solvophobic interactions dominate. Under these
conditions, oligonucleotides with lower PARCH (i.e., less strongly sol-
vated by the mobile phase) exhibited markedly stronger retention. Even
in more protic mobile phases containing high MeOH or IPA, the reten-
tion vs PARCH correlation remained statistically significant, suggesting
that the solvophobic component of HILIC retention is closely linked to
the solute’s intrinsic hydropathy and solvation energy. Fig. 2 shows the
regression of the retention model and the correlation between ON
retention and PARCH values observed at T = 30 °C. (Supplementary
information Table S5 shows the detailed statistical results obtained at
low temperature).

Overall, these results demonstrate that the PARCH descriptor pro-
vides a valuable sequence- and structure-sensitive measure of analyte
hydropathy that can be combined effectively with solvent acidity and
polarizability ~descriptors to obtain a quantitative model of
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oligonucleotide retention.

4.4. Effect of temperature

Increasing the column temperature from 30 °C to 80 °C produced
systematic and mechanistically meaningful changes in the regression
coefficients of the combined retention model. The intercept (o)
decreased only slightly (from 2.86 to 2.80), indicating that the baseline
retention level of the chromatographic system is only weakly
temperature-dependent under the applied gradient conditions.

The coefficient fy remained essentially unchanged between 30 °C
(0.0487) and 80 °C (0.0497). This suggests that the contribution of
solvent-analyte H-bond interactions is only weakly temperature-
dependent within this range, consistent with the relatively low
enthalpy of H-bond disruption in mixed MeCN/alcohol eluents. In other
words, although temperature accelerates all kinetic processes, the rela-
tive ability of MeOH or IPA to compete for oligonucleotide H-bonding
sites remains largely invariant at elevated temperature.

In contrast, the fs increased significantly with temperature (from
0.168 to 0.209). This change indicates that solvophobic rejection from
the ACN-rich mobile phase becomes a stronger determinant of retention
at high temperature. This is consistent with the expected thermody-
namics, solvophobic (desolvation-driven) interactions have a positive
heat capacity contribution, and therefore their free energy penalty be-
comes larger at elevated temperature. Higher temperatures weaken
structured solvation around polar analytes and simultaneously enhance
differences in solvation between MeCN, MeOH, IPA, and the stationary
phase surface. As a result, oligonucleotides are even more strongly
“pushed” toward the hydrophilic surface at 80 °C, increasing the
apparent contribution of myp to retention.

The most notable temperature effect was observed for the oligonu-
cleotide sequence-dependent descriptor, which decreased by nearly
50%, from 0.0272 at 30 °C to 0.0147 at 80 °C. This suggests that the
structural contribution of the solute, which reflects the accessible hy-
drophilic surface and hydration penalty of the oligonucleotide, becomes
less influential at elevated temperature. Physically, this can be attrib-
uted to two effects:

(1) higher temperatures weaken ordered hydration shells surround-
ing the oligonucleotide backbone and bases, reducing differences
between analytes of varying PARCH values, and

(2) internal secondary structures (hairpins, duplexes) partly “loosen”
at high temperature, increasing conformational averaging and
reducing the effective contrast between sequences with different

accessibility patterns. Consequently, at 80 °C the retention be-
comes more strongly governed by solvent-controlled interactions
(#s) and somewhat less by intrinsic solute hydropathy (fparcm)- It
is important to note that temperature may influence the confor-
mational stability of structured oligonucleotides, particularly
double-stranded species. Duplex melting or partial strand desta-
bilization can occur at elevated temperatures, depending on
sequence length, GC content, and ionic strength. Such structural
transitions modify the solvent accessibility of nucleobases and the
phosphate backbone, which in turn affects the effective hydrop-
athy captured by the PARCH descriptor. Consequently, for duplex
oligonucleotides analyzed near or above their melting tempera-
ture, the descriptor may represent a temperature-averaged
structural state rather than a strictly defined duplex configura-
tion. This effect may contribute to the reduced magnitude of the
sequence-dependent coefficient observed at higher temperatures.

Overall, these results show that temperature selectively amplifies
solvophobic interactions while reducing sequence-dependent hydration
effects, whereas H-bond competition between mobile phase and solute
remains nearly unchanged. Fig. 3 shows the retention model and the
correlation between In k and PARCH values observed at T = 80 °C.
(Supplementary information Table S6 shows the detailed statistical re-
sults obtained at elevated temperature).

4.5. Interpretation of PARCH in relation to HILIC retention

Although PARCH was originally introduced as a generalized measure
of peptide, protein and nucleic-acid hydropathy [30], in our HILIC
system its correlation with oligonucleotide retention must be interpreted
without invoking classical hydrophilic partitioning. At the elution con-
ditions used here (30-50% MeCN), an immobilized water layer is not
present. In classical HILIC conditions, when MeCN fraction > 65-70%
the immobilized water rich layer is about 0.5-2 nm thick corresponding
to 2 — 8 molecular layers 2°. A 20-mer oligonucleotide is ~7 nm long
(2-3 nm coiled hydrodynamic thickness) thus cannot penetrate into the
immobilized solvent layer. Thus, classical hydrophilic partitioning is
unlikely here. Instead, PARCH acts as a solute structural descriptor that
captures how strongly a given oligonucleotide is repelled from the
acetonitrile-rich mobile phase and subsequently attracted to the polar
stationary phase. Oligonucleotides with higher PARCH values possess a
larger accessible polar surface and more H-bond capable functional
groups. In a mixed MeOH/IPA/MeCN environment, these highly polar
sequences experience particularly poor solvation in the MeCN-rich bulk
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phase, which enhances the solvophobic driving force that pushes them
toward the surface of the stationary phase. Once at the surface, the same
polar groups facilitate extensive direct hydrogen bonding and dipolar
interactions with the amide ligands. Thus, the observed positive corre-
lation between PARCH and retention reflects a two-step mechanism:
strong solvophobic expulsion from the MeCN-rich eluent followed by
compensating, energetically favorable interactions with the hydrophilic
stationary phase through hydrogen bonds. The PARCH descriptor
therefore does not measure hydrophilic partitioning but rather quan-
tifies the overall polarity-driven tendency of an oligonucleotide to
engage in surface interactions once it is rejected from the bulk mobile
phase. This interpretation is fully consistent with the absence of a stable
water layer at low MeCN content and with the systematically higher
retention observed for larger, more polar, and more hydrated oligonu-
cleotide sequences.

Although this study was conducted on BEH Amide stationary phase,
the observed ranking of mechanistic contributions (solvophobicity >
hydrogen bonding > ionic interactions) is expected to remain qualita-
tively similar for amide-type and weakly charged HILIC stationary
phases operated under buffered conditions typical for oligonucleotide
analysis. The absolute magnitude of these effects may vary depending on
surface functionality and ligand polarity.

4.6. Proposal for method optimization

Based on the screening results, it became evident that MeOH and
MeCN exert markedly different influences on oligonucleotide retention,
suggesting that controlled blending of these two co-solvents offers a
powerful means for method development. In particular, the strong sol-
vophobic and mild H-bonding characteristics of MeCN contrast sharply
with the pronounced H-bond competition and weaker solvophobicity of
MeOH, leading to distinct and often opposite retention trends. Conse-
quently, optimizing a ternary mobile phase composed of MeOH/MeCN/
water provides a considerably broader and more flexible design space
than relying on either co-solvent alone.

To explore this potential, we performed a two-factor optimization
involving gradient steepness (tG) and a ternary organic composition (tC)
using a linear-solvent-strength (LSS)-based semi-empirical model
(DryLab). Gradient time varied between 10 and 20 min (tGI and tG2),
while the organic modifier fraction was tested at three distinct compo-
sitions: 100% MeCN, 50% MeCN/50% MeOH, and 100% MeOH. All
experiments were conducted at F = 0.3 mL/min and T = 30 °C on a short
50 x 2.1 mm column. A representative mixture of five 20-mer oligo-
nucleotides (including linear and hairpin isomers of the same sequence,

a second heteropolymer, a homopolymer, and a mimetic ON standard
for Volanesorsen with 3 mC) was used as the calibration test sample.

It is important to note that the DryLab-based optimization shown
here is independent of the descriptor-based statistical model proposed
earlier. The DryLab approach uses a semi-empirical framework for
gradient prediction and was included only to illustrate the practical
benefit of using MeOH-rich mobile phases for selectivity improvement,
not to validate or extend the mechanistic interpretation.

Resolution maps generated using DryLab software revealed pro-
nounced elution-order changes as the MeOH/MeCN ratio was varied,
highlighting strong solvent-dependent selectivity effects. The map
(Fig. 4) indicated that MeOH-rich conditions provided the highest res-
olution and robust conditions. The solvent strength parameters (S) of the
fitted LSS models suggested that as MeOH concentration increases, the
solute retention becomes less sensitive to mobile phase composition.
Lower S values were obtained in MeOH compared to MeCN rich mobile
phases. (Supplementary information Table S7 lists the obtained model
parameters.)

In practice, lower S values (i.e. S < 10) indicate that a longer effec-
tive column length can be utilized to improve the separation efficiency
[31]. Therefore, we transferred our optimized method to a longer col-
umn format to further improve the separation. Fig. 5 shows the pre-
dicted and the experimentally observed chromatograms for both 50 x
2.1 mm and 150 x 2.1 mm columns. High prediction accuracy was
observed. This example suggests that despite the common practice of
using only MeCN as the preferred solvent in HILIC, it is probably not the
best choice. Oligonucleotide separations can benefit from protic
co-solvents, especially from MeOH.

5. Conclusion

HILIC has become increasingly popular for the analysis of nucleic
acids, yet its retention mechanism is poorly understood. For the first
time, this work investigated the various interactions that take place on
amide-based HILIC columns, in realistic conditions for the analysis of
oligonucleotides. Hydrogen bonding, dipole-dipole interactions, sol-
vophobic effects, and ionic interactions were evaluated through design-
of-experiments studies and samples specifically chosen to challenge the
conventional HILIC retention mechanism, based on hydrophilic
partitioning.

Our results suggest that partitioning is not a dominant mechanism in
oligonucleotide HILIC retention. Moreover, retention is still observed
when protic-rich mobile phases are used, despite their incompatibility
with the formation of the water-rich stationary layer. In contrast, our
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the experimentally measured chromatograms. Peaks: hairpin 4A-5T-3G-8C (1), Volanesorsen 3 mC (2), hairpin 6A-2T-7G-5C (3), linear 6A-2T-7G-5C (4), dT-20 (5).
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data provide evidence for solvophobic effects and H-bonding to be the
primary factors in oligonucleotide retention. This retention mechanism
is therefore best described as “solvophobic-dominated HILIC”.

These findings have important implications for future method
development. Indeed, the use of protic co-solvents can tune the selec-
tivity of a HILIC separation and help resolve closely related species. We
were able to obtain a baseline separation of five sequence variants of 20-
mer oligonucleotides using a 100% to 87% mobile phase B in 15 min
that was composed of a ternary mixture of 20% H,0, 76% MeOH, and
4% MeCN, a result that was not achievable with a traditional pure
acetonitrile-based mobile phase. These results highlight that MeOH/

MeCN mixtures (or even MeOH rich mobile phases), rather than MeCN
alone, provide a more flexible and effective organic mobile phase
composition for optimizing HILIC separations of oligonucleotides.

Our findings support the view that modern HILIC should be regarded
not as a single hydrophilic partitioning mechanism, but as a spectrum of
interaction-dominated retention regimes whose balance depends on
analyte size, charge, and solvent environment.

Further exploration of other column chemistries and ligand densities
is needed to incorporate descriptors of stationary phase characteristics
in the retention model.
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