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ARTICLE INFO ABSTRACT

Keywords: Oligonucleotides are commonly analysed using one dimensional chromatography (1D-LC) to resolve and char-
Oligonucleotides acterise manufacturing impurities, structural isomers and (in respect to emerging oligonucleotide therapeutics)
I;DPL;PLC drug substance and drug product. Due to low selectivity and co-elution of closely related oligonucleotides using

1D-LC, analyte resolution is challenged. This leads to the requirement for improved analytical methods. Multi-
dimensional chromatography has demonstrated utility in a range of applications as it increases peak capacity
using orthogonal separations, however there are limited studies demonstrating the 2D-LC analysis of closely
related oligonucleotides. In this study we optimised OGN size and sequence based separations using a variety of
1D-LC methods and coupled these orthogonal modes of chromatography within a 2D-LC workflow. Theoretical
2D-LC workflows were evaluated for optimal orthogonality using the minimum convex hull metric. The most
orthogonal workflow identified in this study was ion-pair reversed phase using tributylammonium acetate (IP-
RP-TBuAA) coupled with strong anion exchange in conjunction with sodium perchlorate (SAX-NaClOy4) at high
mobile phase pH. We developed a heart-cut (IP-RP-TBuAA)-(SAX-NaClO4) 2D-LC method for analysis of closely
related size and sequence variant OGNs and OGN manufacturing impurities. The 2D-LC method resulted in an
increased orthogonality and a reduction in co-elution (or close elution). Application of a UV based reference
mapping strategy in conjunction with the 2D-LC method demonstrated a reduction in analytical complexity by
reducing the reliance on mass based detection methods.

Ion pair reversed phase HPLC
Anion exchange HPLC

1. Introduction.

Oligonucleotides (OGNs) are used in a wide range of biochemical
applications and OGN therapeutics are emerging as an important class of
pharmaceuticals that control gene expression, splicing or translation
events and bind to target ligands [1-6]. High performance liquid chro-
matography (HPLC) is widely used for the analysis of OGNs including
OGN therapeutics and their related manufacturing impurities. The
separation and characterisation of complex mixtures of OGNs and OGN
impurities poses a significant analytical challenge, as complex samples
or OGN manufacturing impurities are very closely related structures that
are difficult to resolve using chromatography [7,8]. Synthetic OGNs are
commonly manufactured by solid phase synthesis [9], resulting in the
creation of failure sequences such as shortmers, longmers or isomers
during manufacture [10-13]. These OGN impurities may differ from the
target OGN by as little as one nucleotide, hold alternative structural
conformations and their levels are important quality attributes to report
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as contributions to regulated OGN therapeutic safety and toxicology
studies [14,15].

The analysis of OGNs using 1D-LC has been developed using a range
of modes, such as anion exchange, ion-pair reversed-phase, hydrophilic
interaction and size exclusion chromatography [16-27]. Utilisation of
ion-pair reversed-phase (IP-RP) HPLC enables OGN separations based
upon both size (in nucleotides) and base sequence [27,28]. We have
previously used IP-RP HPLC for the analysis of OGNs in a wide variety of
applications and provided further insight into the mechanisms of OGN
separations [29-33]. The dominance of separation based upon size or
sequence can be manipulated by altering the hydrophobicity of the alkyl
amine ion-pair reagent (IPR) or addition of a fluorinated acidic alcohol,
such as hexafluoroisopropanol (HFIP), to the IP-RP mobile phase
[34,35]. Increasing the IPR hydrophobicity facilitates stronger in-
teractions between the IPR and stationary phase, blocking secondary
interactions between OGN nucleobases and the stationary phase and
increasing dynamic ion exchange processes [27]. HFIP also increases
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dynamic ion exchange by increasing IPR adsorption towards the sta-
tionary phase- thus increasing the concentration of IPR upon the sta-
tionary phase surface [35,36]. Increased dynamic ion exchange
processes and inhibition of secondary interactions between OGN bases
and the stationary phase result in OGN size dominant separations. OGN
separation mechanisms can also be manipulated by altering chromato-
graphic conditions, such as temperature and mobile phase velocity to
effect mass transfer processes [28]. Strong anion exchange (SAX) HPLC
also demonstrates both size and sequence dependent OGN separation
mechanisms. The OGN phosphodiester bonds each contribute to the net
anionic charge in a size dependent manner. Increased SAX mobile phase
pH further ionises tautomeric guanine and thymine nucleobases in
addition to the OGN phosphate backbone [20]. Increased ionisation of
OGN nucleobases results in increased base sequence dominant separa-
tion mechanisms under SAX chromatographic conditions.

1D-LC using both IP-RP and SAX approaches can resolve OGNs up to
59 nucleotides in size by a single nucleotide [16,37]. However, 1D-LC
remains challenged by close and co-elution of OGNs of similar size,
base composition and sequence [38]. This is further complicated by the
addition of chemical modifications to OGNs, which increases the
complexity of their molecular chemistry [39]. These challenges inhibit
the characterisation of complex OGN mixtures or analysis of
manufacturing batches containing impurity OGNs at low concentration
to the target OGN [40,41]. Improved chromatographic separations use
multidimensional orthogonal approaches to increase peak capacity and
resolution. Two-dimensional chromatography (2D-LC) resolves analytes
using orthogonal separations and has demonstrated utility in improving
analysis of a range of molecules, including peptides, polymers and
pharmaceuticals [42-46]. There are limited studies demonstrating 2D-
LC methods for the analysis of OGNs, however previous studies have
demonstrated improved resolution of homopolymeric OGNs using
comprehensive (hydrophilic interaction or HILIC) x(IP-RP) 2D-LC [47]
and offline comprehensive 2D-LC that interfaced either IP-RP or SAX
HPLC with capillary gel electrophoresis [48]. (IP-RP)-(IP-RP) 2D-LC has
also been used to resolve fluorophore dual labelled OGNs from modifi-
cation failures prior to analysis of length variants [49]. Roussis et al
applied 2D-LC-MS analysis to a range of OGNs [50]. 2D-LC methods
implementing RP, SAX and IP-RP facilitated the resolution of protected
and deprotected OGN impurities, phosphorothioated OGN synthesis
impurities from the target OGN product. Most recently, heart-cut (SAX/
IP-RP)-(HILIC) 2D-LC methods were developed for the analysis of anti-
sense OGN impurities [51].

In this study, initial work focussed on the optimisation of 1D-LC
separations for size or sequence dominant separations- based upon
OGN size in nucleotides or OGN base sequence respectively. The
orthogonality of theoretical 2D-LC workflows was analysed using the
minimum convex hull metric of orthogonality assessment [52]. The 2D-
LC workflow of (IP-RP-TBuAA)-(SAX) was further optimised and
developed for the analysis of closely related OGNs. A range of size and
sequence variant OGNs and a representative OGN manufacturing sample
(containing typical manufacturing impurities) were analysed using
heart-cut (IP-RP)-(SAX) 2D-LC. Typically OGNs and their associated
manufacturing impurities are characterised using HPLC coupled with
mass spectrometry (LC-MS) to identify analytes using their mass to
charge ratios. LC-MS based approaches require a high level of technical
expertise to analyse data in addition to high equipment costs. The 2D-L.C
method, developed in this work was optimised to characterise OGNs
using UV spectrophotometry in conjunction with OGN reference map-
ping to reduce the complexity of the analytical method. However, mass
spectrometry was utilised to establish the reference mapping strategy
during method development. The 2D-LC method demonstrated a
reduction in co-elution of OGNs and an increase in peak capacity in all
sample sets. The reference mapping strategy successfully characterised
OGNS in each sample using UV detection.
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2. Methods
2.1. Chemicals and reagents

Acetonitrile (MeCN, HPLC grade Fisher Scientific, UK), Triethy-
lammonium acetate buffer (1 M, pH 7, TEAA, Sigma Aldrich, UK),
Tributylamine 99% (TBA, Acros Organics, UK), Glacial Acetic Acid
(HPLC grade, J T Baker, UK), Sodium perchlorate monohydrate (NaClO4
97% Alpha Aesar, UK), Tristhydroxymethyl)aminomethane (99.9%,
Tris, Sigma Aldrich, UK), 1,1,1,3,3,3-Hexafluoro-2-propanol (99%,
HFIP, Sigma Aldrich, UK), Tetrasodium ethylenediaminetetraacetate
hydrate (99%, Nas EDTA, Sigma Aldrich, UK), Water (HPLC grade,
Fisher Scientific, UK), Sodium hydroxide (98%, NaOH, Sigma Aldrich,
UK). All oligonucleotides were synthesised by Eurofins Scientific (UK)
(see Table 1).

2.2. HPLC analysis

All mobile phases were prepared with HPLC grade solvents (Fisher
Scientific, UK). SAX mobile phases were prepared to correct pH using a
pH meter and NaOH. A stock solution of 100 mM TBuAA was prepared
by adding 6 ml tributylamine to 225 ml MeCN and 1.5 ml glacial acetic
acid under inert gas and adding water to 250 ml volume. This stock was
used when preparing IP-RP (TBuAA) mobile phases at lower concen-
tration. The stock was stored under inert gas to prevent oxidation of the
IPR.

OGN s were analysed using a Thermo Scientific (Dionex) U3000 RSLC
(U)HPLC. Configuration 1 was used for IP-RP (TBuAA), IP-RP (TEAA) and
SAX 1D-LC and all 2D-LC methods. Configuration 2 was used for HFIP
modified IP-RP (TEAA:HFIP) 1D-LC. IP-RP analysis was performed using
DNAPac RP columns (2.1 mm ID x 100 mm) and SAX HPLC analysis was
performed using a DNAPac PA200 Rs column (4.6 mm ID x 150 mm).
Chromatograms were recorded using a UV-Vis detector at 260 nm
wavelength. Viper MP35N biocompatible tubing was used at 0.1 mm ID
for IP-RP HPLC analysis (at 0.2 ml min~'! mobile phase velocity) and
0.18 mm ID for SAX HPLC analysis (at 0.8 ml min’l).

Configuration 1: Thermo Scientific (Dionex) U3000 (U)HPLC with the
following modules: SRD-3600 degasser, DGP-3600RS dual ternary pump
system, WPS-3000TFC autosampler with fractionation valve, TCC-
3000SD fan assisted column oven with 2* multi switch valves and a
VWD-3400RS UV-VIS multi wavelength detector.

Configuration 2: Thermo Scientific (Dionex) U3000 (U)HPLC with the
following modules: LPG-3400RS quaternary pump system, WPS-
3000TBFC autosampler with fractionation valve, TCC-3000RS fan
assisted column oven and a VWD-3400RS UV-VIS multi wavelength
detector.

2.3. HPLC mobile phases

2.3.1. HFIP modified IP-RP (TEAA:HFIP) HPLC

Mobile phase A: 100 mM TEAA, 40 mM HFIP, 0.1 mM Nay4 EDTA.
HFIP modified IP-RP (TEAA:HFIP). Mobile phase B: 100 mM TEAA, 40
mM HFIP, 0.1 mM Nay4 EDTA, 25% "/, MeCN.

2.3.2. IP-RP (TBuAA) HPLC

Mobile phase C: 5 mM TBuAA, 0.1 uM Na4 EDTA, 10% "/, MeCN. IP-
RP (TBuAA) Mobile phase D: 5 mM TBuAA, 0.1 uM Nay EDTA, 80% v/,
MeCN.

2.3.3. IP-RP (TEAA) HPLC
Mobile phase E: 100 mM TEAA, 0.1 mM Na4 EDTA. IP-RP (TEAA)
Mobile phase F: 100 mM TEAA, 0.1 mM Nay EDTA, 25% "/, MeCN.

2.3.4. SAX HPLC
Mobile phase G: 20 mM Tris pH 11.5, 20% "/, MeCN. SAX Mobile
phase H: 20 mM Tris, 400 mM NaClO4 pH 11.5, 20% "/, MeCN.
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Table 1
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Model DNA OGNs used for the evaluation of size and sequence dependent separations and development of 2D-LC analytical methods. OGNs are described by
size in nucleotides (nt), base sequence and monoisotopic mass in daltons (Da). Size and sequence variant OGNs in test set 1 are highlighted in blue and OGNs in test set
2 are highlighted in green. A “** indicated a phosphorothioate bond.

OGN Desgg:tion Sequence L?:gth Mass (Da)

19-mer i CTA GTT ATT GCT CAG CGG T 19 5807.0
19-mer ii CGC CAT CCA CGC TGT TTT G 19 5728.0
19-mer i ATT AGG ACA AGG CTG GTG G 19 5930.0
19-mer iv AGA GTT TGA TCA TGG CTC A 19 5840.0
20-mer | GGG ATG TTT AAT ACC ACT AC 20 6113.1
20-mer ii CCC TCA TAG TTA GCG TAA CG 20 6074.0
20-mer jii TTG CTG TTG CAC AGT GAT TC 20 6111.0
Size & 20-meriv | GGC AGC AGC CAC AGG TAA GA 20 6182.1
Sgg“mee”r‘;e 21-mer | GCC TGA ACA CCA TAT CCA TCC 21 6292.1
21-merii | ACC GTAAGT AGC ATC ACC TTC 21 6347.1
21-merii | GAC TGG TTC CAA TTG ACA AGC 21 6427.1
21-meriv | CGT TCG ACC CCG CCT CGA TCC 21 6276.1
22-meri | CTT TTC GGT TAG AGC GGATGTG | 22 6809.1
22-merii | TAC GGT TAC CTT GTTACGACTT | 22 6688.1
22-merii | TGG TCT TGT TAG AATTTGTTAC | 22 6758.1
22-meriv | TCC GGATTATTCATACCGTCCC | 22 6618.1
FLP CTC AAA TAT ACT TAC GAT TA 20 6056.1
20-maenr dOGN N-1 TCA AAT ATA CTT ACG ATT A 19 5767.0
associated N-2 CAA ATA TAC TTA CGA TTA 18 5463.0
m?;;ffﬁfiigng N-3 AAA TAT ACT TAC GAT TA 17 5173.9
N+1 CTC AAA TAT ACT TTA CGA TTA 21 6360.1
FLp | T AR e CTTACT g0 6359.6
" TG AT AT CTT ACG | 1o coor

Thioated 20- C*A*A* A*T* A*ATI AIC:A T*T*A* C*G*A*
mer OG_N and N-2 T*T*A 18 5734.6
mafacuing| N3 | ANATATACTTACGAT | | g0

impurities TA
=0 CT"C* AA'A" AT A'CTT  T'AC | o 63436
G*A*T* T*A

N1 p=o | TCATAAT AT CTTATCT | 49 6038.6

Gradient 1: Mobile phase A and B. Linear gradient: 20-35% B in 1

min; 35-70% B in 14.1 min; 70-100% B in 3 min. Flow rate: 0.2 ml
min~L.

Gradient 2: Mobile phase C and D. Linear gradient: 22.5-25% B in 1
min; 25-90% B in 14.1 min; 70-100% B in 3 min. Flow rate: 0.2 ml

min~ L.

Gradient 3: Mobile phase E and F. Linear gradient: 20-35% B in 1
min; 35-50% B in 14.1 min; 50-100% B in 3 min. Flow rate: 0.2 ml
min~ >,

Gradient 4: Mobile phase G and H. Linear gradient: 20-40% B in 7.7
min; 40-80% B in 3.4 min. Flow rate: 0.8 ml min~ L.

Gradient 5: Mobile phase C and D. Linear gradient: 27.5-35% B in 1
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min; 35-70% B in 14.1 min; 70-100% B in 3 min. Flow rate: 0.2 ml
min~L.

Gradient 6: Mobile phase C and D. Linear gradient: 20-35% B in 0.5
min; 35-70% B in 7.05 min; 70-100% B in 1.5 min. Flow rate: 0.2 ml

min~ .

2.4. LC-MS analysis

IP-RP (TBuAA) HPLC used for LC-MS analysis on HPLC configuration

Journal of Chromatography B 1227 (2023) 123812

1. OGNs were separated using gradient 6 at 30 °C. The HPLC was con-
nected to the mass spectrometer via viper (0.1 mm ID) MP35N tubing
into the electrospray ionisation (ESI) source. MS analysis was performed
on a Bruker Daltronics MaXis Q-TOF MS in negative mode. The instru-
ment settings were; capillary voltage of 3500 V with endplate offset of
500 V. Ionisation at 350 °C, nebuliser pressure at 35 psi and dry gas
delivered at 10 1 min~!. Data was acquired over 15 min and analysed
using Bruker Compass software (version 1.3, Bruker Daltonics).

a b
4 HFIP modified IP-RP (TEA:HFIP) 1 IP-RP (TBUAA)
S 907 5 160
£ 803 < 140§ | 19-meri ——
Y 70_5 o 120 F | 20-meri ——
g 607 S 1007 | 21-merii——
S 50 g E G
2 ] 8 go 1 L.22-merii
c 407 s E
@ E 2 60 7
2 30 7 o E
20 < 40
10 7 20
0 7 0
6 7 8 9 10 9 10 11 12
c Time (miniites) d Time (minutes)
~  1IP-RP (TEAA) 5 _ 1SAX
2 1407 2 707
£ 1207 ﬁ % 60 3
8 1007 S 507
§ 807 £ 407
2 607 2 307
<
< 407 20 7
20 7 10
0 0 7
5 6 7 8 9 35 45 55
Time (minutes) Time (minutes)
e
1 A |P-RP (TEA:HFIP) R2=0.475
c 0.9 ¢ IP-RP (TBUAA) —--m-m- R2= 0.952 /‘
o 0.8 ¢ IP-RP (TEAA) s R2=0.284 -7 a
§ 07 mSAX = —_——— R2=0.019 -7
[0
o
©
(0]
0
g :
S i
]
O A4 +- L
19 20 21 22

OGN length (nucleotides)

Fig. 1. 19-22-mer size and sequence OGN variant analysis using IP-RP (TEAA/ TEAA:HFIP/ TBuAA) and SAX HPLC to evaluate size and sequence dominant
separations. a: HFIP modified IP-RP (TEAA:HFIP) analysis of 30 picomole samples (overlaid) using gradient 1 (methods) at 70 °C. b: IP-RP (TBuAA) analysis of 50
picomole samples (overlaid) using gradient 2 at 60 °C. c¢: IP-RP (TEAA) analysis of 50 picomole samples (overlaid) using gradient 3 at 30 °C. d: SAX analysis of 30
picomole samples (overlaid) using gradient 4 at 30 °C. OGN legend shown inset in b. e: Linear regression analysis between OGN length (nucleotides) and normalised
retention value. The coefficient of determination (R?) is shown for each HPLC condition demonstrating correlation between size and retention. 19-22-mer size and
sequence variant OGNs were analysed using the four HPLC conditions (IP-RP using TEAA/ TEAA:HFIP/ TBuAA or SAX) outlined in Fig. 1 a-d. Normalised retention

values for all OGNs are shown in Supplementary Table 1.
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2.5. Calculations

Analyte retention times were normalised using Equation (1) [53], to
negate void separation space and normalise retention across different
chromatographic gradients. These values were used for calculation of
correlation between OGN length (nucleotides) and retention. 2D-LC
orthogonality was calculated by plotting normalised retention values
against each other in a 2D scatter plot and analysing the minimum
convex hull area of the separation space [52]. The minimum convex hull
area was calculated using a shoelace algorithm in Python 2.7, followed
by conversion to percentage area.

Rti(norm) = _Rii = Rt min_ - (@D)]
Rt max — Rt min

where Rt max and Rt min represent the last and first retention times of

analytes and Rti (norm) values result in integers between 0 and 1.

Peak capacity (n.) per dimension was calculated using Equation (2).
Where Tg is the time of the elution gradient and W is average peak width.
Multidimensional theoretical peak capacity was calculated by multi-
plying dimensional peak capacities: (n¢.+ n.) = Total peak capacity (nt).

Tg

Peak capacity = W (2)

3. Results and discussion
3.1. 1D-LC analysis of oligonucleotides using IP-RP and SAX HPLC

Initial work focussed on the optimization of size and sequence
dependent OGN separations using a range of 1D-LC methods prior to the
coupling of these orthogonal modes of chromatography within a 2D-LC
workflow. OGNs varying in size and sequence were analysed in four
different chromatographic conditions to evaluate retention behaviour.
19-22-mer size and sequence variants (see Table 1) were analysed using
IP-RP using a range of conditions including tributylammonium acetate
(TBuAA), triethylammonium acetate (TEAA), hexafluoroisopropanol
modified IPRP (TEAA:HFIP) and SAX 1D-LC. Analysis of a small subset
of the OGN variants that were analysed is shown in each mode in Fig. 1a-
d to demonstrate changes in selectivity between the four chromato-
graphic conditions. The retention times of all size and sequence variant
OGNs within each 1D-LC analysis were normalised using Equation (1)
(see Supplementary Table 1) and normalised retention values were
plotted against OGN size (in nucleotides) to assess correlation between
retention and size (see Fig. 1e). A high correlation (expressed using the
coefficient of determination or R? value) between retention and OGN
size indicates the presence of size dominant separation mechanisms. A
low correlation between OGN size and retention indicates OGN base

f \
Qors{
T , .
I p
(%) K‘\\ . . ///
Q 025 e .
0 ‘ |
9 0.25 05 0.75 ;

D IP-RP (TBuAA) HPLC

Fig. 2. Orthogonality analysis of 2D HPLC workflows. Minimum convex
hull area of 2D separation space for (IP-RP-TBuAA)-(SAX) 2D-LC workflow.
Normalised retention values for 19-22-mer size and sequence variant OGNs
were plotted with D in the x-axis and ?D on the y axis. IP-RP (TbuAA) was used
to analyse 50 picomole samples using gradient 2 at 60 °C (x-axis). SAX was used
to analyse 30 picomole samples using gradient 4 at 30 °C (y-axis). Normalised
retention values for all OGNs shown in Supplementary Table 1.
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sequence dominant separation mechanisms. The results of Fig. 1e show
that the most size dependent separation for these OGNs occurs when
using IP-RP in conjunction with TBuAA with an associated R? value of
0.952. This observation is consistent with previous studies that
demonstrated strongly size dependent separation mechanisms when IP-
RP is used in conjunction with hydrophobic ion-pair reagents [27].
Strong IP-RP HPLC using TBuAA is typically employed for the analysis of
phosphorothioated OGNs and chemically modified OGN therapeutics
due to its predominant size based separation mechanism. Hydrophobic
IPRs with long/branched alkyl chains (otherwise known as strong IPRs),
such as TBuAA, saturate the stationary phase to a higher degree than an
IPR with a lower hydrophobicity (such as TEAA); due to stronger
adsorption of the more hydrophobic IPR towards the stationary phase.
Increased saturation prevents the occurrence of secondary interactions
between the OGN nucleobases and the stationary phase. IP-RP in
conjunction with the weaker IP reagent TEAA demonstrates increased
sequence based separation mechanisms in comparison with TBuAA (see
Fig. 1). It is important to state that broad peak widths are observed for
chemically modified OGN therapeutics using TEAA alone.

The results from Fig. 1 show that addition of 40 mM HFIP to the IP-
RP (in conjunction with TEAA) mobile phase reduces OGN sequence
dependent separations and increases the R? value from 0.284 (using
TEAA alone) to 0.475. Appfel et al., hypothesized that modifying the
mobile phase with an acidic alcohol, such as HFIP, facilitated increased
IPR saturation on the stationary phase [36]. The addition of HFIP as a
counter ion to the alkylamine in IP-RP HPLC has been widely employed
for OGN LC-MS separations [28,51,54,55]. It is important to note that
the conditions stated within this work employ HFIP to affect TEAA
partitioning and do not use HFIP as the counter ion in lieu of the acetate
counter ion. The use of HFIP within this work is to increase the layer of
IPR on the stationary phase. The results also show that the selectivity
and resolution of closely eluting OGNs is altered when HFIP is added to
the mobile phase. This can be seen by comparing resolution of 19-mer i
and 20-mer i OGNs (see Fig. 1a/c). In addition, longmers formed during
synthesis of the OGNs are also further resolved when 40 mM HFIP is
added to the mobile phase (see Fig. 1a). SAX conditions demonstrated
the lowest correlation between retention and OGN size with an R? value
of 0.019. SAX chromatography is known to be a sequence dominant
chromatographic mode for the analysis of OGNs- consistent with this
data. Increased mobile phase pH (pH 11.5) further ionises tautomeric
guanine and thymine OGN nucleobases to allow stronger nucleobase
interactions with the stationary phase [20], which increases the de-
pendency on base sequence for separation.

3.1.1. Analysis of phosphorothioate oligonucleotides

Further work was performed to optimise 1D LC separations for the
analysis of phosphorothioate OGNs and their associated manufacturing
impurities (see Table 1). An additional challenge is presented to develop
orthogonal 2D LC workflows for the analysis of phosphorothioate OGNs
in that sequence based separations result in low resolution separations
due to the large number of diastereoisomers present in phosphor-
othioate OGNs. Phosphorothioate OGNs could not be eluted from the
SAX column using NaCl (data not shown) therefore optimisation was
performed using NaClO4 at high pH as our SAX sequence based condi-
tions for both phosphorothioate and unmodified OGNs (avoiding the
highly corrosive effects of using NaBr on the LC system). The results are
shown in Fig. 3 and demonstrate that peak width increased and selec-
tivity decreased when analysing phosphorothioate OGNs using SAX
HPLC. In addition, HFIP modified IP-RP HPLC conditions facilitated
improved sequence based separations due to the decrease in peak width
from that observed in SAX. This observation demonstrates that the OGN
chemistry affects the separation dramatically in different modes of
HPLC, furthermore, all conditions apart from TEAA IP-RP HPLC are
suitable for OGN therapeutics with higher levels of chemical
modification.
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Fig. 3. Separation of a phosphorothioated OGN and associated impurities using SAX, strong IP-RP and HFIP modified IP-RP HPLC conditions. a: SAX HPLC
using gradient 4, 30 picomole samples (overlaid) analysed at 30 °C. b: Strong IP-RP HPLC using gradient 2, 50 picomole samples (overlaid) analysed at 50 °C. c: HFIP
modified IP-RP HPLC using gradient 1, 30 picomole samples (overlaid) analysed at 75 °C.
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3.2. Orthogonality of 2D-LC workflows

The aim of developing a 2D-LC analytical method is to capitalise on
orthogonal separation mechanisms that increase peak capacity by
reducing co-elution and increasing resolution. For this work, the basis of
orthogonality depends on separation mechanisms that are dominated
either by OGN size or OGN base sequence and composition. A 2D-LC
workflow that separates by size in one dimension and sequence in
another would increase peak capacity by utilising orthogonal dimen-
sional selectivities. Although aimed at comprehensive 2D-LC methods,
metrics can also be used as a measure of orthogonality for heart-cut
approaches. A simple metric outlined by Rutan et al, is the minimum
convex hull method [52]. Normalised retention values of each separa-
tion dimension are plotted against each other in a 2D separation space
and the area enclosed by outlying values is calculated. This gives an
indication of the area of separation space occupied by analytes.

The orthogonality of four alternative theoretical 2D-LC workflows
was analysed using the minimum convex hull method. (IP-RP-TBuAA)-
(SAX), (IP-RP-TBuAA)-(IP-RP-TEAA), (IP-RP-TBuAA)-(IP-RP-TEAA:
HFIP) and (SAX)-(IP-RP-TEAA:HFIP) 2D-LC minimum convex hull
orthogonality values are shown in Supplementary Table 2. The results
show that the most orthogonal workflow was (IP-RP-TBuAA)-(SAX) 2D-
LC with orthogonality value of 66%. These results are consistent with
previous analysis of OGNs using 1D LC and demonstrate, as expected,
that coupling of a HPLC mode that is the most size dominant separation
(IP-RP-TBuAA) with the mode that has the highest sequence based
separation (SAX) would result in highest orthogonality value. The least
orthogonal 2D-LC workflow was (IP-RP-TBuAA)-(IP-RP-TEAA:HFIP)
with an orthogonality value of 38%. The minimum convex hull plot for
(IP-RP-TBuAA)-(SAX) 2D-LC is shown in Fig. 2 (see Supplementary
Fig. 1 for minimum convex hull plots for (IP-RP-TBuAA)-(IP-RP-TEAA),
(IP-RP-TBuAA)-(IP-RP-TEAA:HFIP) and (SAX)-(IP-RP-TEAA:HFIP).

Total peak capacity is an estimate of the maximum number of
resolved analytes across the multidimensional separation space. The
actual amount of compounds able to be resolved is lower due to sepa-
ration exclusion zones, random peak placement and peak overlap
[46,56-60]. The theoretical total peak capacity of the proposed (IP-RP-
TBuAA)-(SAX) 2D-LC method increased by 2 magnitudes in comparison
with the peak capacities of either IP-RP using TBuAA 1D-LC or SAX 1D-
LC alone. To avoid challenges of peak overlap and low resolution, the
most orthogonal workflow was chosen for further method development.

3.3. 2D-LC analysis of oligonucleotides

The HPLC equipment was set up for a multiple heart-cut 2D-LC flow
path (see Fig. 4). The 2D-LC flow is enabled by the addition of multi-
switch 6 port valves (MSV) in the flow path. The sample is introduced

Table 2
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to the 1st dimension analysis via a sampling needle (attached to a
fractionation valve) and bridge to the sample loop (attached to a 6 port
injection valve). The injection valve (IV) injects the sample onto the 1st
dimension column using 1st dimension mobile phase flow from one of
two ternary pumps. Upon leaving the UV detector, the fractionation
valve (FV) switches position to direct effluent back through the sampling
needle into empty micro vials within the autosampler. The MSVs switch
position to allow 2nd dimension mobile phase (from a second ternary
pump) to flow through the 2nd dimension column re-analyse fractions in
a 2nd dimension separation.

Initially, 2nd dimension retention was feasibility tested in an offline
method to test compatibility between the eluting conditions of the 1st
dimension and the starting conditions of the 2nd dimension. OGNs
eluted in approximately 42.5% MeCN in the 1st dimension and were
retained in the 2nd dimension. Further development of the method
required the optimisation of a UV based detection method for OGNs
within the sample set. Aiming to develop a reference mapping strategy,
reference oligonucleotides were analysed concurrently to the size and
sequence variant OGNs in the 2nd dimension. Reference OGNs were
prepared in a diluent matching the eluting conditions of the 1st
dimension analysis to avoid retention time shifts due to differences in
diluent/eluent between references and samples in the separation. The
reference mapping approach was confirmed with comparative MS
analysis of the 1st dimension fractions, which were analysed by LC-MS
using IP-RP in conjunction with TBuAA.

1D-LC analysis of OGNs in test set 1 (highlighted in Table 1)
demonstrated co-elution between OGNs in both SAX and IP-RP (TBuAA)
conditions, indicating difficulty in the characterisation of these OGNs.
The test mixture was analysed using heart-cut (IP-RP-TBuAA)-(SAX) 2D-
LC where OGNs were characterised with reference OGNs in the 2nd
dimension (see Fig. 5). To overcome challenges of loss of sensitivity due
to dilution within the 2D-LC method, the 1st dimension column was
overloaded with sample. This approach reduced resolution of OGNs in
the 1st dimension but did not affect resolution in the 2nd dimension of
the 2D-LC method.

The 2D-LC method overcame co-elution of OGNs in the 1st dimen-
sion by orthogonal resolution in the 2nd dimension, exemplified by
assessment of OGNs 19-mer i and iii in the 1st dimension. The two OGNs
from D fractions 1 and 2 resolve in the SAX 2nd dimension separation,
whereas they co-elute under a single peak in the 1st dimension. 19-mer
iii OGN co-elutes with the 22-mer ii OGN using SAX 1D-LC (see Fig. 5),
which is avoided by using size based separation in a 1st dimension using
IP-RP (TBuAA). Therefore, in the 2D-LC method, 22-mer ii elutes in
fractions 4-6 away from 19-mer iii in earlier fractions (1 and 2). The 20-
mer i and 21-mer iv OGNs closely elute using IP-RP (TBuAA) 1D-LC
conditions. Using a 2D-LC method, these OGNs are further resolved in
fractions 2-3 of the 2nd dimension. Further demonstration of improved

LC-MS identification of 19-22-mer size and sequence variant OGN masses in each fraction of the 1st dimension analysis. IP-RP in conjunction with TBuAA was
used to separate OGNs and extract 6 fractions using gradient 6 at 30 °C. Mass spectrometry OGN identification was performed by identification of 4° charge state ion

monoisotopic masses.

Fraction = OGN Observed Monoisotopic OGN Theoretical Monoisotopic ~ Observed Monoisotopic m/z of Theoretical Monoisotopic m/z of  Identity
Mass (Da) Mass (Da) [M—4H] 4 [M—4H] 4 Assignment
1 5807.204 5806.980 1450.793 1450.737 19-mer i
5930.248 5930.022 1481.554 1481.497 19-mer iii
2 6113.284 6113.054 1527.313 1527.255 20-mer i
5807.204 5806.980 1450.793 1450.737 19-mer i
6276.288 6276.056 1568.064 1568.006 21-mer iv
5930.252 5930.022 1481.555 1481.497 19-mer iii
3 6113.288 6113.054 1527.314 1527.255 20-mer i
6276.284 6276.056 1568.063 1568.006 21-mer iv
4 6618.372 6618.117 1653.585 1653.521 22-mer iv
6688.360 6688.123 1671.082 1671.023 22-mer ii
5 6688.372 6688.123 1671.085 1671.023 22-mer ii
6618.372 6618.117 1653.585 1653.521 22-mer iv
6 6688.368 6688.123 1671.084 1671.023 22-mer ii
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characterisation of OGNs in a second test set using of orthogonal sepa- mapping strategy to identify OGNs within the mixture (see Table 2 and
rations within the 2D-LC method is shown in Supplementary Fig. 2. LC- Supplementary Table 3). The LC-MS results complement the reference
MS analysis was also performed to confirm the ability of reference mapping data. Optimisation of the UV based reference mapping strategy
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reduces the requirement for complex detection methods, such as routine
use of MS. The key benefits of this are a reduction in analytical
complexity, equipment usage and the ability to implement the method
into manufacturing processes with reduced requirements on technical
expertise.

The 2D-LC method was also performed using a 20-mer OGN mixed
with its associated OGN manufacturing impurities added at 1.5% con-
centration (see Fig. 6). In the 1st dimension, a number of the OGN
manufacturing impurities at low concentration typically co-elute under
or closely elute near the main peak of the full-length product OGN,
which would affect characterisation of these impurities using 1D-LC
with UV analysis alone. The results show that using the 2D-LC
method, the shortmer and longmer impurities were identified using
the reference mapping strategy. Utilisation of an orthogonal 2D-LC
method also enabled the separation of other impurities, including im-
purities that would otherwise co-elute with the full length oligonucle-
otide product (FLP) in 1D-LC conditions. This was demonstrated in Fig. 6
where an impurity co-eluting under the FLP peak in Fraction 3 of the IP-
RP D is prevented from co-eluting with the N + 1 peak at 5.9 min Rt in
the 2D SAX separation (highlighted with a red asterix). Separation of
analytes that would co-elute in SAX HPLC using this 2D-LC workflow
increased the accuracy of characterisation of the N + 1 impurity; iden-
tified in Fractions 6 and 7. Reduction in co-elution events was enabled
by using an orthogonal size dependent separation in the 1st dimension,
followed by a sequence dependent separation in the 2nd dimension.

A high amount of acetonitrile was required to elute phosphor-
othioate OGNs from the 1st dimension IP-RP TBuAA column, which
impeded retention in the 2nd dimension SAX HPLC separation (data not
shown). Therefore alternative 2D-LC workflows using (SAX)-(IP-RP-

Journal of Chromatography B 1227 (2023) 123812

4. Conclusions

In this study we optimized size and sequence based OGN separations
using a variety of 1D-LC methods and coupled orthogonal modes of
chromatography within a 2D-LC workflow. A heart-cut (IP-RP-TBuAA)-
(SAX-NaClO4) 2D-LC method in conjunction with UV detection was
developed to overcome challenges of co-elution and low selectivity of
OGN size and sequence variants and improve the characterisation of
OGN manufacturing impurities (shortmer and longmer failed se-
quences). The results show that the (IP-RP- SAX) 2D-LC method reduced
co-elution and increased selectivity of closely-related OGNs. This
approach also facilitated improved separation of unmodified synthetic
OGNs and their respective OGN impurities. The benefit of adopting this
2D-LC approach is that the application of a UV based reference mapping
strategy using reference OGNs enabled the reduction of analytical
complexity by reducing the reliance on mass based detection methods.
The development of 2D-LC methods that do not rely upon MS based
detection have a number of potential advantages including; reduction in
analytical complexity, reducing the use of expensive instrumentation,
enabling increased throughput with simple operation/data analysis and
an increase in the ease of operation for manufacturing staff. This 2D-LC
chromatographic method was developed using a self-designed system,
highlighting reduced requirement for specialist, expensive 2D-LC
equipment and is a demonstration of the application of multidimen-
sional chromatography using HPLC equipment more commonly found
within the laboratory. As this approach is based upon qualitative
detection, the 2D-LC method is best placed in a chemical or
manufacturing development environment to aid in the optimisation of
synthesis or process design enabling LC based OGN impurity tracking.

TBuAA) or (IP-RP-TEAA/HFIP)-(SAX) are potential alternative The orthogonality of the method is estimated to remain high for un-
approaches. modified OGNs and OGNs with low levels of chemical modification. The
2D-LC method developed in this study also has further potential appli-
cations where complex mixtures of OGNs require analysis, for example,
a . Fig. 6. 2D-LC analysis of OGN and asso-
D IP-RP ciated manufacturing impurities. a: (IP-
=600 TBUAA RP-TBuAA)-(SAX) 2D-LC of 1000 picomole
<D( (TBuAA) spiked OGN sample with 1.5% added con-
g centration OGN impurities using gradient 5
8 400 at 50 °C ('D) and Gradient 4 at ambient
% temperature D) alongside reference OGNs
2 at 10 picomole sample amount. Red asterix
2 200 above peak in Fraction 3 indicates co-eluting
2 impurity. (For interpretation of the refer-
0 - N ences to colour in this figure legend, the
1i2i314i56i7 ;f:iz )13 referred to the web version of this
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within RNase mapping or resolution of oligonucleotides with single
nucleotide polymorphisms. Furthermore, the 2D-LC method could also
be utilised symbiotically with 1D-LC-MS approaches to confirm or align
with quantitative 1D-LC data.
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