












Next, the “best match” was combined for a selective comprehensive 2D
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oligonucleotide (also RNA and DNA) strands contain both 5’ and 3’ ends. The 5’ end 

is linked to the 5’ position of the ribose 

. At the 3’ end, the ribose or deoxyribose carries 

a free OH group at the 3’ position. 

–

π π interaction between the 





workflows in process which they called “oligo stitching” 

to the 5’ end of the sequence targeted for amplification. Since the introduction of PCR 

–



3’ phosphoryl chloride of a 5’ benzyl protected T, using phenylphosphoryl dichloride 

In the late 1950’s, 

offered for the 5’ hydroxyl 

, this method prepared 3’ phosphates of the 5’

These 5’ 3’

to couple to the 5’ hydroxyl of another 3’



’s on, 

’ s phosphodiester method. And finally, 

oligonucleotides using a “popcorn” polymer consisting of a styrene

. Here, 2’

at the 4’ position of the base to the support material. The amide bond was then cleaved 

under basic condition. The 3’ hydroxyl of the 2’ deoxycytidine was protected with a 

benzoyl group and the 5’ position with a DMT group. After the removal of DMT, 



1970’s. Until now, the phosphorus always used to have the 



– –

• induced removal of the 5’

dichloroacetic acid or trichloroacetic acid solutions to free the 5’

•
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fixed primer regions at both 5’ and 3’ ends. 

RNA, the “chosen” RNA sequences are r
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•

•
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MOP linkage incorporated at position 2 or 3 from 5’



. The so called “5

C” chemistry by attaching a methyl group is a popular strategy for the 

Besides of the “5 C” chemistry, there are also other possibilities to modify the 

–

2’



–

withdrawing group on the 2’ carbon of ribose can induce the ribose to fold into a 

2’

. Via a 2’

–

modification. Other common modifications include 2’ methoxyethyl and 2’

a C3’

modification moieties like 2’ benzyl and 2’



The sugar residues can also contain modifications which “lock” the nucleotide into its 

C3’ conformation. By bridging the 2’ to the C4’ with a methylene 

DNA has three additional carbon atoms between C5’ and C3’ that enhance 

ugation to the 5’ end of the guide strand is often 



–
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empower the delivery capacity. siRNAs with a cholesterol conjugation to the 3’ end of 

the lipid moiety was conjugated to the 5’ end of the 





synthesis circle, the reactions start at the 3’ end and proceed to completion 

at the 5’ end. 

mechanisms will have nucleotides missing from the 5’ end terminating

mechanism contain the original 5’ end, but have lost its original 3’ end at the purine 

and may contain various 3’ terminal groups 





“100 mM TEAA” has been frequently used as “standard condition” for IP
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phase surface, more solvated salt ions accumulate in this layer will make it “thicker” 









compatible to each other. Sometimes, this “mismatch” can be compensated via 2D 





to transfer “analytes of interests” via 2D

D for further separation or, as mentioned above, for “desalting” to 

















D. This can cause “incompatibility issues”. For both LC







be possible. This “breakthrough” effect 

“breakthrough” is visualized 

process. Instead of “normal” valve switches between position A and B for effluent 

transfer, some “actions in between” can be implemented. This kind of active 





defined “orthogonality” for the separation 

science as follows: “orthogonality of two dimensions of separation exists when the 

independent” 

D, allowing isolating “new” peaks 



𝒕𝐧𝐨𝐫𝐦𝐚𝐥𝐢𝐳𝐞𝐝,𝐢 = 𝒕𝐑,𝐢−𝒕𝐦𝐢𝐧𝒕𝐦𝐚𝐱−𝒕𝐦𝐢𝐧    

“bins”. A hypothetical separation of 100 analytes can be divided into 10×10 = 100 bins. 

𝑶 = ∑ 𝒃𝒊𝒏𝒔− √𝑷𝒎𝒂𝒙𝟎.𝟔𝟑𝑷𝒎𝒂𝒙     
∑



𝐴0 = √𝑍−𝑍+𝑍1𝑍2

II enzyme to cleave 2’

5’ linkages to identify the location of the linkage in the isomer. The setup allowed the 









considered a “soft ionization” because after ionization, the original molecular mass 

. EI causes as “hard ionization” extensive fragmentation of 





solubility is determined by the solute’ s capacity to reorient solvent molecules (loss of 

γ

𝑉𝑜𝑛 ≈ 2 × 105(𝛾𝑟𝑐)1/2 ln(4𝑑𝑟𝑐 )



𝑄𝑅2 = 64𝜋2𝜀0𝛾𝑅𝑅3

ε



Newton’s second law of motion

𝐹 = 𝑄(𝐸 + 𝑣 × 𝐵)
𝐹 = 𝑚𝑎



for the ion’ 

(𝑚𝑄 ) 𝑎 = 𝐸 + 𝑣 × 𝐵
specifies the particle’ s velocity in space and time in terms of m/Q

of as “mass charge’” spectrometers. Consequently, the 





from the quadrupole’s 



𝐸𝑘𝑖𝑛 = 12 𝑚𝑣2





𝑣 = √2𝑉×𝑒𝑚/𝑧







defined “tracks”. And because of this circumstance, 



“undesired” charge states, 

of “cation adducts” 



from the 5’ end 

s originating from 3’ end are labelled as 
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a b s t r a c t 

Until today, ion-pair reversed-phase chromatography is still the dominating method for analytical char- 
acterization of synthetic oligonucleotides. Its hyphenation with mass spectrometry, however, has some 
drawbacks such as ion-suppression in electrospray ionization. To overcome this problem, we present 
in this work a multiple heart-cutting (MHC) two-dimensional liquid chromatography (2D-LC) method 
with ultra-violet (UV) and electrospray ionization (ESI) mass spectrometry (MS) detection. A reversed- 
phase/weak anion-exchange (RP/WAX) stationary phase in the first dimension ( 1 D) provides the selec- 
tivity for separation of structurally closely related oligonucleotide sequences and deletions (shortmers), 
respectively, using a mixed pH/triethylammonium phosphate buffer gradient at constant organic modifier 
content. Heart cuts of the oligonucleotide peaks are transferred to the second dimension ( 2 D) via a mul- 
tiple heart-cutting valve which is equipped with two loop decks. The 2 D RP column is used for desalting 
via a diverter valve. Active solvent modulation enables to refocus the oligonucleotide peak into a sharp 
zone by 2 D RP entirely free of non-volatile buffer com ponents and ion-pair agents. Oligonucleotides can 
thus be sensitively detected by ESI-QTOF-MS under MS-compatible conditions. 

© 2020 Elsevier B.V. All rights reserved. 

1. Introduction 

Synthetic oligonucleotide therapeutics are on the rise and have 
become a promising therapeutic concept for the regulation of gene 
expression. This class of synthetic nucleic acids comprises anti- 
sense oligonucleotides (ASOs), which are generally 12 to 30 nu- 
cleotides in length and chemically often phosphorothioates, ap- 
tamers, and oligonucleotides for RNA interference (RNAi). The lat- 
ter can be distinguished into short interfering RNA (siRNA) and mi- 
croRNA (miRNA) mimics with around 21 to 23 nucleotides. 

Oligonucleotides are mostly synthesized using phosphoramidite 
chemistry [1] . For pharmaceutical applications in humans and clin- 
ical trials, the products must be of high purity. However, oligonu- 
cleotide impurities with deleted or extended base sequences (N ±1, 
N ±2) (shortmers and longmers, respectively), base modifications 
(deaminations), depurination, and incomplete cleavage of protec- 
tion groups are commonly found in raw products of synthetic 
oligonucleotides [2] . The development and production of pharma- 
ceutical grade oligonucleotide therapeutics require adequate pu- 
rification methods and assays for their quality control [ 1 , 3–5 ]. 

∗ Corresponding author. 

E-mail address: michael.laemmerhofer@uni-tuebingen.de (M. Lämmerhofer). 

For both, ion-pair reversed-phase liquid chromatography (IP-RPLC) 
with triethylammonium acetate as ion-pairing agent is the state- 
of-the-art technology because oligonucleotides are only poorly re- 
tained by common RPLC [ 6 , 7 ]. 

The type of ion-pairing agent utilized may significantly affect 
selectivities and is a prime variable for optimization; triethylamine 
(TEA), propylamine, tripropylamine, dibutylamine and hexylamine 
are some preferred choices [8–13] . The effect of stationary phases 
in IP-RPLC has been investigated as well [14–16] . While the ion- 
pairing agents in the mobile phase increase retention and im- 
prove selectivity, they are detrimental for ESI-MS detection lead- 
ing to reduced sensitivity due to ion suppression [ 1 , 9 , 17 , 21 , 22 ]. 
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) has been suggested as mo- 
bile phase additive, combined with TEA, to enhance sensitivity in 
LC-ESI-MS detection of oligonucleotides [ 2 , 18–22 ]. It has been re- 
ported that the type of ion-pairing reagent can significantly in- 
fluence the MS signal intensity [ 13 , 19 , 22 , 23 ], however, the prob- 
lem of ion suppression cannot be completely overcome. Therefore, 
suitable alternative methods with sufficient selectivity and bet- 
ter compatibility for MS detection are still in high demand. Hy- 
drophilic interaction liquid chromatography (HILIC) [25–30] and 
size-exclusion chromatography (SEC) [24] have been suggested as 
alternative separation technologies with better MS compatibility. 

https://doi.org/10.1016/j.chroma.2020.461338 
0021-9673/© 2020 Elsevier B.V. All rights reserved. 
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Table 1 

Overview of the oligonucleotides used in this study. 

Mixture Name Oligonucleotide Sequence Sample Name Molecular Formula Monoisotopic mass [m/z] Molecular weight [gmol −1 ] 

N-x Mixture 5’-GAATCTTACGAAATACCTGAGAG-3’ N C 226 H 282 N 92 O 132 P 22 7077.233 7080.70 
5’-GAATCTTACGAAATACCTGAGA_-3’ N-1 C 216 H 270 N 87 O 126 P 21 6748.181 6751.49 
5’-GAATCTTACGAAATACCTGAG__-3’ N-2 C 206 H 258 N 82 O 121 P 20 6435.123 6438.28 
5’-GAATCTTACGAAATACCTGA___-3’ N-3 C 196 H 246 N 77 O 115 P 19 6106.071 6109.07 

Oligomix I 

(Oligo I + II + III) 
Oligomix II 

(Oligo II + III + IV) 

5’-GAATCTTACGAA_TACCTGAGAA-3’ Oligo I C 216 H 270 N 87 O 126 P 21 6748.181 6751.49 
5’-GAATCTTA C GAA A TACCTGAGAA-3’ Oligo II C 226 H 282 N 92 O 131 P 22 7061.238 7064.70 
5’-GAATCTTAGGAATTACCTGAGAA-3’ Oligo III C 227 H 283 N 91 O 133 P 22 7092.232 7095.71 
5’-GAATCTTACGAA_AACCTGAGAA-3’ Oligo IV C 216 H 269 N 90 O 124 P 21 6757.192 6760.50 

Anion-exchange chromatography [ 31 , 32 ] and mixed-mode station- 
ary phases with both anion-exchange ligands combined with hy- 
drophobic moieties demonstrated excellent separation potential 
for structurally related oligonucleotides [ 22 , 23 , 33–36 ]. Neverthe- 
less, both plain and mixed-mode anion-exchange chromatography 
have also a major drawback: For efficient elution of multiply neg- 
atively charged oligonucleotides strong eluents containing suffi- 
ciently high concentrations of counterions are required in order to 
elute the analytes within reasonable run time. The use of phos- 
phate buffer allows efficient elution, however, makes the effluent 
MS-incompatible. 

For this reason, a desalting 2D-LC method was developed in this 
work which allows direct online coupling of MS-incompatible LC 
with ESI-MS. A few prior studies already documented the poten- 
tial of two-dimensional LC (2D-LC) for oligonucleotide separations 
[ 26 , 38 ]. Di- to deca-oligonucleotides were separated by compre- 
hensive HILIC × IP-RPLC by Li et al. [26] . Comprehensive RP × IP- 
RPLC was employed for MS characterization of modified oligonu- 
cleotide impurities while IP-RPLC ×IP-RPLC was not sufficiently or- 
thogonal [32] . A heart-cut configuration using IP-RPLC in both the 
first ( 1 D) and second dimension ( 2 D) (IP-RPLC – IP-RPLC) was used 
to confirm the identity of an n-1 impurity from a dye-conjugated 
oligonucleotide by a single quadrupole MS detector [38] . Antisense 
oligonucleotide impurities were characterized by MHC IP-RPLC and 
anion exchange chromatography, respectively, in 1 D and HILIC in 
the 2 D by orbitrap MS [39] . 2 D-HILIC was performed under ESI-MS 
compatible conditions. 

The aim of this work was to develop a 2D-LC setup which al- 
lows to combine an ESI-MS incompatible highly selective mixed- 
mode reversed-phase/weak anion exchange (RP/WAX) chromatog- 
raphy with non-selective but MS-compatible desalting RPLC for 
ESI-MS characterization of oligonucleotides. A multiple heart- 
cutting setup was selected., Structurally closely related oligonu- 
cleotides are separated in 1 D. After that, peaks of interests are au- 
tomatically transferred into 2 D where MS-incompatible phosphate 
buffer can be removed by using reversed-phase chromatography 
without the presence of ion-pairing reagents. The desalted 2 D- 
effluent can finally be investigated by MS. 

2. Experimental 

2.1. Materials 

The oligonucleotide test samples (see Table 1 ) were synthe- 
sized by Oligo Sigma (Merck, Munich, Germany) and purchased 
as desalted raw-products. Ortho-phosphoric acid (85% in H 2 O), 
ammonium hydroxide (ACS reagent, 28-30%) and ammonium ac- 
etate (LC-MS grade) were purchased from Sigma-Aldrich (Merck, 
Munich, Germany). HPLC-grade acetonitrile was from Honeywell 
(Munich, Germany). HPLC-MS-grade methanol was purchased from 

Roth (Karlsruhe, Germany). Ultrapure water was obtained by pu- 
rification of deionized water using Elga PurLab Ultra purification 
system (Celle, Germany). 

2.2. Synthesis of polymeric RP/WAX mixed-mode stationary phase 

(Poly-RP/WAX) 

The polymeric reversed-phase/weak anion exchanger mixed- 
mode stationary phase ( Fig. 1 ) was synthesized as described else- 
where [ 35–37 , 40 ]. Briefly, a poly(3-mercaptopropyl)methylsiloxane 
film was coated onto vinyl-silica (100 Å, 5 µm) which was then 
simultaneously crosslinked to the surface and in situ functional- 
ized with N -(10-undecenoyl)-3-aminoquinuclidine by solvent-less 
thiol-ene double click reaction [36] . The designated selector was 
prepared by reaction of N -10-undecenoic acid chloride with 3- 
aminoquinuclidine base [37] . 

2.3. Column packing 

The Poly-RP/WAX-modified silica was slurry packed into 
stainless-steel columns of dimensions 50 × 3.0 mm i d. at 11603 
psi (800 bar) and use of methanol as delivery solvent. 

2.4. Sample preparation 

Stock solutions of individual oligonucleotides with a concentra- 
tion of 100 µM were prepared in purified water and stored at 4 °C 
until use. The first oligonucleotide test mixture ( N-x Mixture, short- 

mer mixture ) contained 50 µM Oligo N as main product and Oligo 
N-1, N-2, N-3 (see Table 1 ) with a concentration of 10 µM each 
as impurities. The second oligonucleotide test mixture ( Oligomix I ) 
contained 33 µM of Oligo I, Oligo II and Oligo III (see Table 1 ). The 
third oligonucleotide test mixture ( Oligomix II ) contained 33 µM of 
Oligo IV, Oligo II and Oligo III (see Table 1 ). All mixtures were pre- 
pared in ultrapure water. 

2.5. Instrumentation 

The instrumentation used in this work for the multiple heart- 
cutting 2D-LC-MS experiments is schematically shown in Fig. 2 . 
The Agilent 1290 Infinity II 2D-LC Solution from Agilent Tech- 
nologies (Waldbronn, Germany) consisted of a (quaternary gradi- 
ent) Flexible Pump (G7104A), Multisampler (G7167B) and Variable 
Wavelength Detector (VWD) (G7114B) with 14 µL flow cell (G1314- 
60186) and a pressure relief device (pressure release kit, G4236- 
60010) between 1 D UV-detector and 2D-interface for the first di- 
mension ( 1 D) of LC. The sampling frequency of VWD in 1 D was 5 
Hz. The 2 D LC consisted of a (binary gradient) High-Speed Pump 
(G7120A) and a Diode Array Detector (DAD) (G7117B) with 1 µL 
flow cell (G4212-60 0 08). The sampling frequency of DAD in 2 D 

was 80 Hz. Both 1 D and 2 D columns were accommodated in two 
separate Infinity column compartments (G7116B). The two dimen- 
sions were connected by a valve drive (G1170A) equipped with 
5-position/10-port 2D-LC ASM valve (#5067-4266) connected to 
two 6-position/14-port valve heads (#5067-4142) (Multiple heart- 
cutting (MHC) valves) carrying six 40 µL loops each. Experiments 
utilizing active solvent modulation (ASM) were performed with the 
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Polar embedded groups

Hydrophobic domain 

H+

Weak-anion exchanger site

caused by tertiary N-atom

Fig. 1. Chemical structure and interaction sites of the stable-bond polymeric reversed-phase/weak anion-exchange mixed mode (Poly-RP/WAX) stationary phase which was 
used in this study. 

Fig. 2. Scheme of 2D-LC-ESI-QTOF-MS setup with an active solvent modulation (ASM) valve connected to two multiple heart-cutting (deck A and B) valves. Peaks of interest 
from the 1 D-separation can be stored in the loops of deck A and B (each one equipped with six 40 µL sampling loops) and transferred into 2 D for analysis under ESI-MS 
friendly conditions. The MS-incompatible components from 1 D can be removed by RPLC using a C18 column, transferring the first part of the 2 D chromatogram to waste 
with a diverter valve installed after the 2 D column. Finally, the diverter valve directs the effluent from 2 D RPLC with the desalted analytes of interest into the ion source for 
MS identification. 

ASM factor 5 (split ratio of loop to ASM = 1:4) with a restriction 
capillary (85 × 0.12 mm, 0.96 µL, #550 0-130 0). The 2D-LC exper- 
iment was controlled by Agilent OpenLAB CDS ChemStation Rev. 
C.01.10 with 2D-LC add-on software. 

In the MHC 2D-LC experiments with MS detection, an Agilent 
2-position/6-port valve head (pressure limit: 800 bar, #5067-4282) 
driven by a valve drive (G1170A) was used as diverter valve to de- 
liver the MS incompatible components of the early part of the 2 D 

chromatogram into the waste. After 0.81 minutes, the 2 D effluent 
was switched to a Sciex TripleTOF 5600 + QTOF mass spectrometer 

which was equipped with a Duospray ion source (operated in ESI 
mode). The TripleTOF MS instrument was connected to the 2D-LC 
system using the contact closure connection for peripheral devices 
from Sciex and was controlled with Analyst TF 1.7 software (AB 
Sciex, Darmstadt, Germany). 

For 2 D method development, an Agilent 1290 Infinity UHPLC 
and an Agilent 1260 Infinity II HPLC system were additionally used. 
For the detection of phosphate buffers, the Agilent 1260 Infinity II 
HPLC system was coupled to a Corona Veo Charged Aerosol Detec- 
tor (CAD) of Thermo Fisher Scientific (Germering, Germany). 
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2.6. LC-MS conditions and general working procedures 

LC conditions for 1 D and 2 D are specified in detail in Table 2 
and Figure captions, respectively. In general, TEAP and AP buffers 
for the 1 D separation were prepared from aqueous phosphoric acid 
solutions of specified molar concentration and the pH adjusted us- 
ing triethylamine and ammonium hydroxide, respectively, prior to 
mixing with acetonitrile or methanol. The peaks of interest from 

the 1 D separation, containing MS-incompatible phosphate buffer, 
were parked in the 40 µL loops installed on the two loop decks A 

and B of the MHC valve until 2 D analysis by an MS-compatible RP 
separation system using ZORBAX Eclipse Plus C18 RRHD column 
(1.8 µm particle size, 100 Å pore size, 50 × 2.1 mm i.d.) of Agi- 
lent Technologies without ion-pair in 2 D eluent. 2 D eluents were 
prepared by dissolving 10 mM ammonium acetate in water (MP A) 
and methanol (MP B) without adjusting the pH value. 

In the first part of the 2 D separation, the MS diverter valve 
directed 2 D effluent containing the MS incompatible components 
of the 1 D eluent to waste. After 0.81 min the position of the di- 
verter valve was switched to direct the 2 D flow with the desalted 
oligonucleotide peak into the ESI-QTOF-MS system without con- 
taminating the ion source. Mass spectrometric detection was per- 
formed in negative polarity mode with an ESI source. The data for 
the TOF full scan MS experiment were acquired in a scan range 
of m/z 30 0-20 0 0. The MS parameters for nebulizer gas, heater gas, 
curtain gas, source temperature, ion spray voltage, declustering po- 
tential and collision energy were set as follows: 30 psi, 50 psi, 40 
psi, 450 °C, -4500 V, -50 V, -10 V. Accumulation time was 250 ms 
and period cycle time 275 ms. 

3. Results and discussion 

3.1. RP/WAX mixed-mode chromatography for 1 D-separation 

In prior work, we have documented that mixed-mode RP/WAX 

chromatography provides improved selectivity for structurally 
closely related oligonucleotides over both IP-RPLC with triethy- 
lammonium acetate eluent and plain anion-exchange chromatog- 
raphy [35] . This peculiar chromatographic mode exhibited excep- 
tional selectivity for oligonucleotides differing in length (short- 
mers N-1, N-2, N-3), single nucleotide exchanges at the 5’ and 
3’ ends as well as in the middle of the sequence. Furthermore, 
the RP/WAX mixed-mode material offered unique flexibility to op- 
timize separations using one parameter organic modifier, buffer 
concentration and pH gradients as well as two and three param- 
eter mixed gradients for efficient elution. The specific selectiv- 
ity profiles may be the result of chemoaffinity-type simultane- 
ous multiple interactions arising from ionic interactions between 
negatively charged oligonucleotides and positively charged quinu- 
clidinium moiety, hydrophobic interactions as well as hydrophilic 
(dipole-dipole, hydrogen bonding) interactions with embedded po- 
lar groups ( Fig. 1 ). The Poly-RP/WAX mixed-mode phase utilized 
in the present study features improved stability [ 35 , 36 ]. Fig. 3 A 

shows the separation of the test mixture with Oligo I, II , and III 
on a 50 mm long Poly-RP/WAX column. Triethylammonium phos- 
phate (TEAP) was utilized in Fig. 3 A and ammonium phosphate 
buffer (AP) in Fig. 3 B, both with a constant acetonitrile content of 
20% (v/v) as organic modifier. Retention in anion-exchange chro- 
matography increases with increasing effective charge numbers i.e. 
oligonucleotide length. Strong retention is observed due to mul- 
tiple negative charges. Thus, a two-parameter mixed buffer con- 
centration/pH gradient was employed for efficient elution. Phos- 
phate is a strong counterion (in contrast to volatile formate and 
acetate) and in accordance to an increasing elution strength in the 
anion-exchange process its concentration was increased from 50 
mM to 100 mM during the gradient. Superimposed was a pH gra- 

Fig. 3. 1 D chromatograms of the Oligomix I on Poly-RP/WAX. Experimental condi- 
tions (see Table 2 ): (A) Method A2. (B) Method A3. UV detection at 254 nm. 

dient from 6.8 to 7.8. Due to reduced ionization of the quinucli- 
dine ring and increasing ionization of residual silanols at higher pH 

the net positive surface charge decreases in the course of the pH 

gradient [35] . Thereby, the anion-exchange process gets attenuated 
and the oligonucleotides elute. It can be seen that the three struc- 
turally closely related oligonucleotide sequences are baseline sep- 
arated both with TEAP and AP. However, TEAP exhibited stronger 
elution strength while with AP the concentration needed to be 
increased significantly to elute the oligonucleotides in about the 
same time. Ion-pairing with TEA seems to reduce ionic interactions 
with the stationary phase. These separations confirm the practical 
utility of the poly-RP/WAX phase. 

Although the separation is dominated by an anion-exchange 
process, the organic modifier plays a crucial role [35] . In this work, 
we also tested methanol as organic modifier besides acetonitrile 
( Fig. 4 ). It has lower elution strength in the 2 D-desalting RPLC and 
could therefore be of advantage. In general, it showed good selec- 
tivity as organic modifier, like acetonitrile. However, because of its 
lower elution strength, the peaks are broader and an elution in ac- 
ceptable time range could only be achieved under isocratic condi- 
tion with 100% of stronger elution solvent (100% B). Therefore, fur- 
ther separations were performed with acetonitrile to ensure higher 
analyte concentrations in the transferred cuts. 

3.2. Development of the 2 D RPLC method 

The developed 1 D separation system was deemed to be a good 
model to develop and document the utility of a desalting 2D-LC 
method because it contains both positively charged ion-pair agent 
and negatively charged involatile buffer anion. The use of phos- 
phate buffer as counter ion and triethylamine as ion-pairing agent 
in the 1 D separation preclude a direct coupling to ESI-MS. Hence, 
the 2 D of the 2D-LC setup ( Fig. 2 ) was devised as an on-line de- 
salting tool to remove the MS-incompatible TEAP buffer from the 
1 D fractions (cuts). Due to the low retention of oligonucleotides in 
RPLC, some optimization experiments had to be performed. 

To mimic conditions as given by a real 2D-LC run, the oligonu- 
cleotide samples were prepared in 1 D eluent (i.e. 100 mM TEAP, 
20% ACN, pH 8). A small column screen with a limited number 
of distinct RP phases was carried out to evaluate their retention 
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Fig. 4. Separation of the Oligomix I on Poly-RP/WAX with ACN (A) and MeOH (B) 
as organic modifiers. Experimental conditions (see Table 2 ): (A) Method A1. (B) 
Method B. UV detection at 254 nm. 

Fig. 5. Chromatograms of Oligo I using different types of C18 columns. Experimen- 
tal conditions (see Table 2 ): (A) Method F. (B) Method G. (C) Method H.. UV detec- 
tion at 254 nm (black trace) and CAD (red trace). 

capability for oligonucleotides. For effective desalting the oligonu- 
cleotides must be sufficiently retained while the phosphate buffer 
should elute in the void volume. In general, it turned out to be 
challenging to separate the oligonucleotides from the phosphate 
buffer since both are inherently polar compounds. Fig. 5 shows 
selected results. An Acquity CSH C18 column was initially exam- 
ined because it was expected that the underlying cationic charged 
polymer layer exerts some weak electrostatic forces to retain the 
oligonucleotides under low organic modifier conditions. However, 
both with 5% (v/v) ACN and MeOH as organic modifier in the elu- 
ent, the tested oligonucleotides eluted together with phosphate 
buffer with t 0 ( Fig. 5 A). An Agilent Zorbax Bonus-RP column was 
evaluated but no suitable conditions could be found. No reten- 
tion, on the other hand, could be achieved with a hydrophobic 
YMC Triart C18 ExRS either. The same was observed with ZOR- 

BAX Eclipse Plus C18 RRHD when 5% (v/v) of acetonitrile was used 
as organic modifier; the oligonucleotide eluted with t 0 unresolved 
from phosphate ( Fig. 5 B). However, when acetonitrile was replaced 
by methanol as organic modifier, the ZORBAX Eclipse Plus C18 
RRHD column provided sufficient retention for the oligonucleotide 
(see Fig. 5 C, black trace). In order to document the selectivity be- 
tween oligonucleotide and phosphate buffer, a charged aerosol de- 
tector was connected in series to UV in order to detect the non- 
volatile phosphate. It can be seen in Fig. 5 C, red trace that phos- 
phate eluted with t 0 in the early part of the chromatogram with 
sufficient selectivity to avoid interference with oligonucleotide de- 
tection by ESI-MS. This peculiar retention behaviour enables Ag- 
ilent Zorbax Eclipse Plus C18 RRHD to be used in 2 D as on-line 
desalting column. 

3.3. Multiple heart-cutting RP/WAX-RP 2D-LC-UV 

The two separately developed 1 D and 2 D methods were then 
combined in a MHC 2D-LC-UV method: The 1 D RP/WAX separa- 
tion provides the selectivity between structurally closely related 
oligonucleotides and 2 D RPLC is used to remove the nonvolatile 
TEAP salt from the 1 D effluent prior to ESI-MS. For the online cou- 
pling of the two LC methods, some additional factors need to be 
considered and optimized. In a MHC 2D-LC experiment, the analy- 
sis time of the 2 D is less critical as it is decoupled from sampling 
in the 1 D (through the possibility of storing fractions in loops un- 
til the 2 D LC system is available), but adds to the total analysis 
time of the 2D-LC method. To keep it short, fast 2 D separations are 
preferable, in particular in the present case in which the 2 D is just 
used for desalting. The 2 D analysis of the 1 D fractions starts im- 
mediately after the first cut and the following cuts are analyzed 
subsequently in the 2 D. An important factor is the compatibility 
of the 1 D effluent with 2 D separation. The cuts are sampled from 
1 D eluent which represents the sample matrix and injection sol- 
vent, respectively, in the 2 D LC system. Due to transfer of large 
volumes (cuts with 40 µL loops) peak broadening, peak splitting 
and breakthrough may easily occur if the elution strength of 1 D 

mobile phase in the 2 D phase system is significantly higher than 
that of the 2 D eluent. Since refocusing of oligonucleotides is not 
extremely efficient on RP due to their hydrophilicity, mobile phase 
compatibility is of utmost importance. 

ACN leads to an immediate elution of oligonucleotides on the 
C18 column, even at very low concentrations ( Fig. 5 B). Thus, ini- 
tially MeOH was tested as organic modifier in both dimensions. 
The 1 D eluent contained 20% MeOH and elution on the 1 D RP/WAX 

column was performed under isocratic condition with 100% B (20% 
MeOH, 100 mM TEAP, pH 7.8). In 2 D, desalting started with 5% 
(v/v) MeOH in the eluent on the Agilent Zorbax Eclipse Plus C18 
RRHD column. The oligonucleotides were then eluted with a steep 
MeOH gradient (5-80% MeOH) (see Suppl. Fig. S1 and S2). Unfor- 
tunately, with MeOH as organic modifier poor peak shapes were 
observed in both 1 D and 2 D. Peaks were broad in 1 D resulting 
in partly worse resolution and stronger dilution of the transferred 
fractions which is disadvantageous in terms of sensitivity in MS 
detection. Further, peak shapes were suboptimal in the 2 D chro- 
matogram and in some cuts a breakthrough of the oligonucleotides 
was observed (Suppl. Fig. S1 and S2). Hence, ACN was tested as 
modifier in the 1 D eluent at constant 20% with mixed pH/TEAP 
gradient and MeOH as organic modifier of 2 D. The considerable 
amount of ACN which was transferred into 2 D was counterbal- 
anced by using Active Solvent Modulation (ASM) [41] . ASM di- 
lutes the sample from 1 D with weak 2 D eluent. Indeed, the di- 
lution of 1 D effluent with weak solvent prior to transfer into 2 D 

turned out to be crucial to suppress breakthrough effects. Addi- 
tionally, the duration of re-equilibration must also be taken in ac- 
count. As can be seen in Fig. 6 , the 2 D column was perfectly equi- 
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Fig. 6. Multiple Heart Cutting 2D-LC chromatograms of N-x Mixture demonstrating 
the relevance of 2 D equilibration time: (A) 1 D separation of the synthetic oligonu- 
cleotides on Poly-RP/WAX with indicated sampling times (always 14.4 sec) in light 
blue, (B-E) 2 D analysis of the heart cuts by RPLC. Experimental conditions (see 
Table 2 ): (A) Method A1. (B-E) Method C. UV detection at 254 nm. Sampling ta- 
ble: Cut #1: 1 D cut start at 5.86 min, 2 D run start at 6.11 min; Cut #2: 1 D cut start 
at 7.25 min, 2 D run start at 9.81 min; Cut #3: 1 D cut start at 8.03 min, 2 D run start 
at 15.36 min; Cut #4: 1 D cut start at 9.78 min, 2 D run start at 13.51 min.(For inter- 
pretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

librated for cut 1 and cut 2 ( Fig. 6 B-C) without breakthrough. How- 
ever, breakthrough of oligonucleotides was observed for cut 3 and 
cut 4 ( Fig. 6 D-E), although also ASM was used. It clearly indi- 
cates that the duration of re-equilibration of the 2 D column was 
not sufficient. At this point, it should also be mentioned that the 
oligonucleotides show retention under the given RP conditions, but 
no selectivity between different oligonucleotides can be observed 
without ion-pairing reagent in the 2 D eluent. In order to preclude 
breakthroughs, the re-equilibration time of 2 D was extended from 

0.5 min to 2.0 min. As can be seen from Suppl. Fig. 3 , this ex- 
tension of re-equilibration in combination with ASM was leading 
to some improvements of the results. However, cut 4 still revealed 
a breakthrough of oligonucleotide. The problem of oligonucleotide 
breakthrough could be entirely solved with a further extension to 
5 min re-equilibration (see Fig. 7 ). Under these conditions, all 4 
cuts resulted in a sharp oligonucleotide peak (at 1.04 min) suffi- 
ciently retained and resolved from the phosphate buffer peak at 
t 0 in 

2 D. This method was deemed to be suitable for hyphenation 
with ESI-MS. 

3.4. Hyphenation of MHC 2D-LC-UV with ESI-MS 

The optimized MHC RP/WAX-RP 2D-LC-UV method was then 
coupled to ESI-QTOF-MS. Via the diverter valve, the salt plug at 
the beginning of each 2 D run was directed to waste (see Fig. 2 ). 
After 0.81 min, the diverter was switched to MS and the desalted 
oligonucleotide samples could reach the ESI ion source prevent- 
ing the contamination with phosphate buffer. In this study, the 
Oligomix II composed of Oligo II, III and IV was used to document 
the practical utility of the MHC 2D-LC-UV-ESI-MS workflow. 

Fig. 8 A shows the 1 D separation of the Oligomix II on RP/WAX 

with TEAP buffer using method A ( Table 2 ). A heart cut with a 
sampling time of 14.4 seconds was taken on each oligonucleotide 

Fig. 7. Multiple Heart-Cutting 2D-LC chromatograms of N-x Mixture with ASM and 
optimized conditions concerning column equilibration time: (A) Mixed-mode sepa- 
ration of oligonucleotides on Poly-RP/WAX in 1 D, sampling time (always 14.4 sec) 
for 2 D analysis indicated in light blue; conditions as specified in Table 2 , Method 
A1, (B-E) 2 D chromatograms of the sampled oligonucleotides; experimental condi- 
tions can be found in Table 2 , Method E. UV detection at 254 nm. Sampling table: 
Cut #1: 1 D cut start at 5.83 min, 2 D run start at 6.08 min; Cut #2: 1 D cut start 
at 7.25 min, 2 D run start at 31.48 min; Cut #3: 1 D cut start at 8.03 min, 2 D run 
start at 25.13 min; Cut #4: 1 D cut start at 9.78 min, 2 D run start at 18.78 min. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 

peak in 1 D. It is evident that only a fraction of the peak is trans- 
ferred to the 2 D separation which is suboptimal in terms of overall 
sensitivity of the assay. However, the 2 D RPLC separation provided 
sharp peaks of each of the oligonucleotides ( Figs. 8 B, 8 C, and 8 D). 
Cut 1 was sampled into loop #1 of deck A and immediately anal- 
ysed after its collection. While the analysis of cut 1 was running in 
the 2 D, cut 2 and cut 3 were collected into loop #1 and #2 of deck 
B, respectively. They were then analysed subsequently in reversed 
order after the finished 2 D analysis of cut 1 ( 2 D analysis start of 
cut #3 at 21.35 min and of cut #2 at 27.2 min). The entire MHC 
2D-LC-UV-ESI-MS analysis was finished after around 35 min. 

Oligonucleotides are negatively charged and hence they were 
analysed in negative ion mode. The negative ESI TOF-MS spectra of 
all three oligonucleotide samples feature two different preferential 
charge states, viz. 4- and 5- (see Fig. 8 E, 8 F, 8 G). It is in agree- 
ment with literature reports [42] . Those charge states have the 
general formula [M-nH] n − with M being the monoisotopic mass 
calculated from the sequence. However, for the present oligonu- 
cleotides the most intensive ions are no longer the ions with m/z 
corresponding to the monoisotopic masses. In general, with the 
ESI-TOF-MS results of the current MHC 2D-LC assay, the oligonu- 
cleotide structures can be characterized in detail. However, the cur- 
rent ESI-MS spectra show a more complex pattern for each 4- and 
5- charge state. When we zoom in, we see in each peak group 
of the MS spectra a substructure of NH 4 adducts of the general 
formula [M-mH + mNH 4 -nH] 

n- [42] (see Suppl. Fig. S4-S9). These 
NH 4 adducts result from the ammonium acetate buffer used in the 
2 D separation. It proves that the desalting was successful because 
otherwise triethylammonium adducts would have been expected. 
On the other hand, the splitting of the signal into distinct charge 
states and different adducts is clearly disadvantageous due to the 
lower MS detection sensitivity [43] . However, as can be seen from 
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Fig. 8. Multiple Heart-Cutting 2D-LC with hyphenation to ESI-QTOF-MS in negative mode. (A) 1 D separation on Poly-RP/WAX. (B-D) 2 D RPLC-UV chromatograms of cuts #1- 
3. (E-G) TOF-MS spectra of oligonucleotide peaks from 2 D RPLC analysis. (H-J) EICs of most abundant m/z of each peak group (4- and 5-) from MS spectra. Chromatographic 
conditions: (A) see Table 2 , Method A1. (B-G) see Table 2 , Method E. Diverter valve switch time: always after 0.81 min. MHC sampling table (B-D): Sampling time always 14.4 
sec; Cut #1: 1 D cut start at 8.4 min, 2 D run start at 8.65 min; Cut #2: 1 D cut start at 9.92 min, 2 D run start at 27.7 min; Cut #3: 1 D cut start at 12.24 min, 2 D run start at 
21.35 min. (E-G) for detailed MS spectra see suppl. Figs. S4-S9. (H): EICs of m/z 1350.8148 ( ±10 mDa) (most abundant signal of [M-5H] 5 − peak group) and of m/z 1688.7715 
( ±10 mDa) (most abundant signal of [M-4H] 4 − peak group); (I): EICs of m/z 1411.8770 ( ±10 mDa) (most abundant signal of [M-5H] 5 − peak group) and m/z 1765.0850 ( ±10 
mDa) (most abundant signal of [M-4H] 4 − peak group); (J): EICs of m/z 1418.0797 ( ±10 mDa) (most abundant signal of [M-5H] 5 − peak group) and m/z 1772.8049 ( ±10 mDa) 
(most abundant signal of [M-4H] 4 − peak group). 

Fig. 8 H, 8 I and 8 J extracted ion chromatograms (EICs) have a nice 
peak shape and are detected with good signal-to-noise which con- 
firms the successful MHC 2D-LC-UV-ESI-MS analysis of the present 
oligonucleotide mixture. Interestingly, the EIC generated from the 
higher 5- charge state was always more sensitive than the EIC of 
the most abundant m/z of the 4- charge state. A dilution series 
of Oligo IV in the range of 100 to 10 0 0 nM was analysed by the 
2 D method with ESI-MS detection using the EIC of m/z 1350.8148 
for generation of the chromatograms. The calibration function was 
highly linear (R 2 = 0.9977) (see Suppl. Fig. S10). The LOD (S/N = 3) 
was determined to be 124 nM with the current method corre- 
sponding to 838.3 fg/µL. So, in general, the method has good po- 
tential although there are some factors to be optimized like 1 D ef- 
ficiency and/or loop size of modulator, mobile phase conditions in 
the second dimension in view of enhanced detection sensitivities, 
amongst others. 

4 Conclusion 

A multiple heart-cutting 2D-LC system making use of selective 
RP/WAX mixed-mode chromatography in 1 D and MS compatible 
RPLC without ion-pairing agents in 2 D as well as UV detection af- 
ter 1 D and 2 D separations and ESI-MS detection hyphenated in-line 
with 2 D UV detector via a diverter valve has been successfully es- 
tablished for the mass spectrometric characterization of oligonu- 
cleotides. Active solvent modulation is required to avoid break- 
through of oligonucleotide due to the organic modifier (acetoni- 
trile) in the 1 D eluent. Also, the re-equilibration time of the 2 D 

column turned out to be a critical factor. With this MHC 2D-LC as- 
say, the oligonucleotides can be sensitively detected by ESI-MS in 
absence of ion-pairing agent. Negative mode ESI-QTOF-MS revealed 
4- and 5- charge species each split into signals of different NH 4 

adducts. In spite of it, EICs from 2 D RP-ESI-MS allowed oligonu- 
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cleotide detection down to around 124 nM. Since only a heart cut 
(i.e. a fraction) and not the entire peak was transferred from the 
1 D into the 2 D, in which efficient refocussing occurred, some sen- 
sitivity was still sacrificed in the current MHC-2D-LC setup. Hence, 
to achieve the full sensitivity of the 2 D RP-ESI-MS also in the MHC 
2D-LC setup requires some further optimizations. 2 D eluent com- 
position should be optimized in view of optimal ESI-MS sensitivity, 
a larger volume and/or entire 1 D peak should be transferred to the 
2 D, and efficiency in the first dimension is worth to be optimized 
as well, in order to reduce the dilution of the oligonucleotide sam- 
ple in the 1 D peak. Overall, the current MHC 2D-LC-ESI-MS shows 
great potential of sensitive mass spectrometric characterization of 
oligonucleotide samples. Its applicability to therapeutic oligonu- 
cleotides including those with phosphorothioated backbones will 
be evaluated next. For pharmaceutical analysis some other factors 
like availability of commercial (replacement) columns, precise con- 
trol of complicated gradient conditions and method robustness, 
run-to-run repeatability and reproducibility of complicated sepa- 
ration conditions may be an issue. In this context, the potential 
of using IP-RPLC as 1 D separation principle is currently investi- 
gated with a real oligonucleotide therapeutics. The sharper peaks 
in 1 D should allow to transfer higher concentrations of oligonu- 
cleotides into the 2 D desalting RPLC separation and such a method 
is also less complicated. Orthogonality of RP/WAX mixed-mode 
chromatography and IP-RPLC, however, may be of particular in- 
terest and will be evaluated along with their coupling in a 2D-LC 
setup for achieving maximal selectivity to separate more complex 
oligonucleotide pharmaceuticals. 
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a b s t r a c t 

A short RNA with the sequence of the antisense strand of Patisiran has been selected as test material 
for the investigation of its common impurities using three different two-dimensional liquid chromatog- 
raphy (2D-LC) platforms. On the one hand, a quinine (QN) carbamate-based weak anion-exchange (AX) 
stationary phase (QN-AX) and a classical C18 reversed phase (RP) stationary phase in ion-pair (IP) mode 
with tripropylammonium acetate, respectively, have been used in the first dimension ( 1 D) to provide 
the selectivity for impurities formed during the synthesis of the RNA. In the next step, certain peaks of 
interest from 1 D have been transferred by multiple-heart-cutting (MHC) into a 2 D in which an ESI-MS- 
compatible non-ionpairing RP method has been used for desalting via a diverter valve to remove non- 
volatile phosphate buffer components and ion-pair agents, respectively. Thus, a sensitive electrospray- 
ionization quadrupole time of flight mass spectrometry (ESI-TOF-MS) analysis of resolved impurity peaks 
of the siRNA has become possible under MS-friendly conditions. With both 2D-LC setups, peak purity of 
the ON has been evaluated by selective comprehensive (high resolution) sampling of the main peak. In 
a third MHC 2D-LC approach, the QN-AX LC mode was online coupled with the IP-RPLC in the 2 D us- 
ing UV detection. It allows the separation of additional impurities which coeluted in the first dimension. 
The potential of these methods for comprehensive impurity profiling of ON therapeutics is illustrated and 
discussed. 

© 2021 Elsevier B.V. All rights reserved. 

1. Introduction 

In August 2018, the oligonucleotide therapeutics Patisiran 
(tradename: Onpattro, Alnylam Pharmaceuticals) was approved by 
the U.S. Food & Drug Administration (FDA) as the first small- 
interfering ribonucleic acid-based (siRNA) drug for the treatment 
of hereditary transthyretin-mediated amyloidosis [1] . Apart from 

siRNA, several other classes of nucleic acids are being investigated 
for therapeutic applications and a further growth of this class of 
next generation drugs can be expected [2–6] . For their character- 
ization, sophisticated LC-MS methods for advanced investigation 
of oligonucleotides are on high demand. Especially the detection 
of impurities in therapeutic oligonucleotides is of great relevance. 
The common impurities in synthetic oligonucleotides are short- 
mers, such as n-1, n-2 nucleotides and so forth [7–9] . Other com- 
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mon impurities are oxidized compounds of guanine or deamina- 
tion and depurination of nucleobases [10] . Furthermore, impurities 
originating from therapeutic ONs with incompletely cleaved pro- 
tective groups also often represent a separation challenge for the 
LC analysis of oligonucleotides [11] . Over the years, many chro- 
matographic strategies have been developed to investigate these 
impurities [ 10 , 12 ]. One of the most commonly used LC modes for 
oligonucleotide analysis is IP-RP liquid chromatography. In this LC 
mode, a wide range of ion-pairing agents can be applied depend- 
ing on samples and analytical questions [13–15] . Particularly the 
use of 1,1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as additive in com- 
bination with triethylamine (TEA) has become the golden-standard 
method for many LC-MS experiments with oligonucleotides [16–
19] . In one application double-stranded siRNA was successfully 
separated from phospholipids, cholesterol and another short-chain 
lipid in lipid nanoparticles (LNP) using IR-RP chromatography [20] . 

Besides IP-RP, there are several alternatives for the separa- 
tion of oligonucleotides and similar samples. Since the 70 s, 
many distinct approaches employing anion exchange chromatog- 
raphy (AEX) based on the differences in local charge distribu- 

https://doi.org/10.1016/j.chroma.2021.462065 
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tion of oligonucleotides and DNAs have been reported [21–25] . 
On the other hand, mixed-mode chromatography (MMC) using 
more than one principle of interaction between the stationary 
phase and analytes has demonstrated great potential for separa- 
tions of oligonucleotides. Biba et al. were able to separate phos- 
phodiester oligonucleotides (PO –ON) with a NaCl gradient us- 
ing commercial Scherzo columns [26] . A mixed-mode reversed- 
phase/weak anion-exchange (WAX) stationary phase based on an 
N’ -(10-undecenoyl) −3-aminoquinuclidine as chromatographic lig- 
and immobilized on silica enabled successful separations of struc- 
turally closely related PO –ONs (n-1 shortmers, single nucleotide 
variants), with improved selectivity over IP-RP and plain WAX 

[27] . Hydrophilic interaction liquid chromatography (HILIC) was 
promoted for oligonucleotide separations because of its advantage 
of being more MS-friendly [28–30] . Besides the stationary phase 
chemistry, the pore size of the chromatographic material does have 
a significant impact on the separation performance of ON short- 
mers [31] . 

Since none of the chromatography techniques described above 
provides full separation of all impurities, they have been combined 
in 2D-LC to yield enhanced performance of oligonucleotide sep- 
arations in acceptable analysis times. A first comprehensive on- 
line 2D-LC-MS method (HILIC × IP-RP) for PO –ONs was presented 
by Li et al. in 2012 [32] . Zhang and coworkers combined IR-RP 
and HILIC in a 2D-LC-MS setup to characterize impurities in an- 
tisense oligonucleotides [28] . Roussis et al. used 1 D AEX and 2 D 

IP-RP to develop a MHC-2D-LC/MS method to characterize PO- and 
PS-ON impurities [33] . In our recent work, we coupled ESI-MS- 
incompatible mixed-mode RP/WAX chromatography with RP-LC in 
a multiple heart cutting 2D-LC approach to allow sensitive detec- 
tion of ONs by ESI-TOF-MS [34] . 

In this work, we investigate the potential of MHC and selec- 
tive comprehensive 2D-LC for the impurity analysis of RNA-based 
therapeutics using the siRNA pharmaceutical Patisiran as test com- 
pound. To this end, RNA with the sequence of the antisense strand 
of Patisiran is investigated with a 2D-LC method consisting of 1 D 

AEX using a commercial Chiralpak QN-AX column based on a qui- 
nine carbamate selector with a mixed pH/triethylammonium phos- 
phate (TEAP) buffer gradient. This column is commonly used for 
enantiomer separation of acidic chiral compounds and revealed 
also interesting selectivities for plasmid DNA isoforms and topoiso- 
mers, respectively [ 35 , 36 ]. Furthermore, a classical ion-pairing RP 
chromatography with tripropylammonium acetate (TPAA) as ion- 
pairing reagent using a C18 column is evaluated as 1 D in a MHC 
and selective comprehensive 2D-LC approach. With a similar 2D- 
LC-MS setup as described in our recent work i.e. using a C18 de- 
salting step in the 2 D, a sensitive ESI-MS detection and character- 
ization of impurity peaks is enabled [34] . Finally, the potential of 
WAX chromatography with QN-AX as 1 D and IP-RPLC with TPAA as 
2 D in a MHC and high-resolution sampling (selective comprehen- 
sive) 2D-LC-UV approach, respectively, for the impurity profiling of 
the Patisiran antisense strand is documented. 

2. Experimental 

2.1. Materials 

The antisense strand of Patisiran (see Fig. 1 A) and the DNA 

oligonucleotide (GAA TCT TAC GAA ATA CCT GAG AG) used for the 
determination of LODs were synthesized by Oligo Sigma (Merck, 
Munich, Germany) and purchased as desalted raw product. Since 
this oligonucleotide was synthesized as analytical standard and not 
purified, its quality does not represent that of a typical Patisirin 
API. Thus, it is reasonable to assume that the impurity profile of 
the present ON standard does not match the one of Patisiran in 
real pharmaceutical products, however, serves as a useful model. 

Fig. 1. 1 D Chiralpak QN-AX HPLC-UV chromatogram of Patisiran with various flow 

rates (A: 0.2 ml/min; B: 0.6 ml/min; C: 0.8 ml/min) and a pH gradient from 5.8 to 
7.8. Inserts represent zoom-in from the same chromatogram . Gradient: 0–100% B 
in 20 min, 10 min at 100% B. Further LC-conditions see chapter 2.5 and supplemen- 
tary material. dT, desoxythymidine (DNA nucleotide in RNA strand); mU, O -Methyl- 
Uridine. 

Ortho phosphoric acid (85% in H 2 O), acetic acid (ACS reagent, 
≥ 99.8%), triethylamine ( ≥ 99%), tripropylamine ( ≥ 98%), ammo- 
nium hydroxide (ACS reagent, 28–30%) and ammonium acetate 
(LC-MS grade) were purchased from Sigma-Aldrich (Merck, Mu- 
nich, Germany). HPLC-grade acetonitrile was delivered by Honey- 
well (Munich, Germany). HPLC-MS-grade methanol was purchased 
from Carl Roth (Karlsruhe, Germany). Ultrapure water was obtained 
by purification of deionized water using Elga PurLab Ultra purifi- 
cation system (Celle, Germany). For the 1 D-separation, two differ- 
ent columns have been used. The quinine carbamate-based Chiral- 
pak QN-AX anion-exchange column (150 × 4 mm i.d., 5 µm par- 
ticle size, 120 Å) is available from Chiral Technologies Europe (Il- 
lkirch, France). A wider pore size (e.g. 300 Å) might be preferable 
for ONs [31] . Unfortunately, a QN-AX column with this pore size 
is commercially not available yet. The IP-RP chromatography was 
performed using Acquity UPLC Oligonucleotide BEH C18 column by 
Waters (50 × 2.1 mm i.d., 1.7 µm particle size, 130 Å pore size). In 
the second dimension, a ZORBAX Eclipse Plus C18 RRHD column 
from Agilent Technologies (50 × 2.1 mm i.d., 1.8 µm particle size, 
100 Å pore size) was applied to remove the MS-incompatible com- 
ponents of the 1 D-effluents. 

2.2. Sample preparation 

A stock solution of Patisiran antisense strand with a concentra- 
tion of 100 µM was prepared in purified water and stored at 4 °C 
until use. For all the analyses, the final concentration of Patisiran 
was 50 µM by diluting the stock solution with ultrapure water. 

2.4. Instrumentation 

A scheme of the MHC 2D-LC-MS setup can be found in our last 
report, Fig. 2 [34] ). In general, it is based on the Agilent 1290 Infin- 
ity II 2D-LC Solution from Agilent Technologies (Waldbronn, Ger- 
many) which consisted of a (quaternary gradient) Flexible pump 
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Fig. 2. 1 D IP-RP UV chromatogram of Patisiran using TPAA as ion pairing reagent 
with a linear gradient within 10 or 20 min. Inserts represent zoom-in from the 
same chromatogram. Gradient: 0–100% B in 10 or 20 min. Further LC-conditions 
see chapter 2.5 and supplementary materials. 

(G7104A), Multisampler (G7167B) and Variable Wavelength Detec- 
tor (VWD) (G7114B) with 14 µL flow cell (G1314–60,186) and a 
pressure relief device (pressure release kit, G4236–60,010) between 
the VWD of the 1 D and 2D-interface. The sampling frequency of 
the VWD in the 1 D was 5 Hz. For the 2 D-LC, a (binary gradi- 
ent) High Speed Pump (G7120A) and a Diode Array Detector (DAD) 
(G7117B) with 1 µL flow cell (G4212–60,008) were employed. The 
sampling frequency of the DAD in the 2 D was 80 Hz. Both 1 D 

and 2 D columns were connected to two separate Infinity column 
compartments (G7116B). Both dimensions were attached by a valve 
drive (G1170A) equipped with 5-position/10-port 2D-LC active sol- 
vent modulation (ASM) valve (#50 67–426 6) coupled to two 6- 
position/14-port valve heads (#5067–4142, MHC valves) carrying 
six 40 µL loops each. The ASM valve was equipped with a restric- 
tion capillary (85 × 0.12 mm, 0.96 µL, #550 0–130 0). Experiments 
utilizing ASM were performed with an ASM factor of 5 (split ra- 
tio of loop to ASM = 1:4). The 2D-LC experiment was controlled 
by Agilent OpenLAB CDS ChemStation Rev. C.01.10 with 2D-LC add- 
on software. The contour plot ( Fig. 9 ) was created using GC image 
LCxLC HRMS V2.7 Edition Software (GC Image, Lincoln, Nebraska, 
USA). 

For the MS detection, the incompatible components of the 1 D 

eluting with t 0 in the 
2 D chromatogram must be removed to 

avoid further contamination of the ion source. Thus, an Agilent 
2-position/6-port valve head (#5067–4282) controlled by a valve 
drive (G1170A) was used as diverter valve. After 0.81 min, the 
buffer-free effluent was directed into a Sciex TripleTOF 5600 + 

QTOF mass spectrometer with a Duospray ion source (operated 
in negative ESI mode). 2D-LC and TripleTOF MS instruments were 
coupled using the contact closure connection for peripheral devices 
from Sciex and the MS instrument was controlled with Analyst TF 
1.7 software (AB Sciex, Darmstadt, Germany). 

2.5. LC-MS conditions 

Anion-exchange chromatography in the 1 D was per- 
formed using the Chiralpak QN-AX column with a mixed 
pH/triethylammonium phosphate (TEAP) buffer gradient. Mo- 
bile phase A (MPA) consisted of 80/20 (v/v) water/acetonitrile 
(ACN) with 100 mM TEAP at pH 4.8. Mobile phase B (MPB) was 
composed of 80/20 (v/v) water/ACN with 200 mM TEAP at pH 

7.8. Ion-pairing reversed-phase chromatography in 1 D was carried 
out using an Acquity UPLC Oligonucleotide BEH C18 with an ACN 

gradient. MPA consisted of 100 mM tripropylammonium acetate 
(TPAA) in water as ion-pairing reagent at pH 7. MPB was 100% 
acetonitrile. For further description, see supplementary materials. 

For the online desalting in the 2 D, a ZORBAX Eclipse Plus C18 
RRHD column was used with a methanol (MeOH) gradient. MPA 

consisted of an aqueous solution of 10 mM ammonium acetate 
(AA), pH value not adjusted. MPB was MeOH with 10 mM AA, pH 

value not adjusted. The used 2D-LC setup has been described in 
our recent report [34] . For all measurements, the injection volume 
was 5 µL. The wavelength of the UV-detection in all figures was 
by 254 nm. For detailed description regarding the LC conditions, 
please see supplementary materials. 

Mass spectrometric detection was performed in negative polar- 
ity mode with an ESI source. The scan range for the TOF full scan 
MS experiment was 30 0–20 0 0 m/z . The MS parameters for neb- 
ulizer gas, heater gas, curtain gas, source temperature, ion spray 
voltage, declustering potential and collision energy were set as fol- 
lows: 70 psi, 70 psi, 40 psi, 50 0 °C, −450 0 V, −250 V, −20 V. The 
data processing was accomplished by using PeakView (AB Sciex, 
Darmstadt, Germany). The deconvolution of the oligonucleotide 
spectra was performed with Bio Tool Kit add-on in PeakView. For 
further details of MS-data processing, see supplementary materials. 

3. Results and discussion 

3.1. LC-UV experiments for optimization of the separation in the first 

dimension 

3.1.1. Anion exchange chromatography with Chiralpak QN-AX 

stationary phase 

For effective ON im purity profiling, the 1 D should provide suffi- 
cient selectivity to separate the impurities from the main ON prod- 
uct into pure zones, in order to allow the interference-free char- 
acterization by ESI-MS analysis. IP-RP, anion-exchange and mixed- 
mode chromatography are common options. A chiral weak an- 
ion exchange material, Chiralpak QN-AX, has also great poten- 
tial for achieving orthogonal selectivities to the former. This qui- 
nine carbamate-based ligand, commonly used in enantiomer sep- 
arations of acidic chiral compounds [ 35 , 37–41 ], exhibits mixed- 
mode chromatography character (RP/WAX with capability of mul- 
tiple affinity-type interactions involving hydrogen bond interac- 
tions) and has been successfully used for separation of struc- 
turally closely related nucleic acid-type analytes such as pDNA 

isoforms and topoisomers [36] . Its chromatographic potential for 
the separation of oligonucleotides has not been exploited yet. In 
a preliminary experiment, Chiralpak QN-AX was compared to a 
poly(RP/WAX) column and its oxidized version with sulfonic acid 
endcappings for ON impurity separation (see suppl. Material. Fig. 
25). All exhibited resolving power for the siRNA impurities. Further 
experiments were then performed with the commcercially avail- 
able Chiralpak QN-AX. Next, initial experiments focused on finding 
suitable elution conditions for the antisense strand of Patisiran and 
its impurities from the Chiralpak QN-AX column within an accept- 
able analysis time (about 30 min). Oligonucleotides are multiply 
negatively charged and hence may exert strong retention on anion- 
exchange materials as in ion-exchange chromatography k usually 
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increases exponentially with the effective charge number z eff of the 
analyte [42] . For this reason, high concentrations of counterions 
may be necessary for efficient elution. On the other hand, it has 
been shown that the ζ -potential and anion-exchange capacity, re- 
spectively, of QN-AX is significantly reduced above pH 6 due to de- 
creasing dissociation of the WAX site (i.e. of the tertiary amine of 
the quinuclidine ring) as well as increasing dissociation of residual 
silanols [ 43 , 44 ]. Above pH 8, the surface charge turns to negative 
ζ -potentials allowing efficient elution by repulsive charge-inducted 
desorption. 

In the first screening attempt, two different mixed pH/TEAP 
buffer gradients have been tested. While in both cases the TEAP 
gradient was from 100 to 200 mM, the pH-range was different i.e. 
from 6.8 to 7.8 (see Fig. S1A) and from 5.8 to 7.8 (see Fig.S1B). 
From the chromatograms it is obvious that a lower start pH of 5.8 
is beneficial for the resolution of impurity peaks as compared to 
an initial pH of 6.8. 

In the next step, the flow rate of the gradient was adjusted to 
achieve a better peak capacity (PC) which was calculated in accor- 
dance to Eq. (1) 

P C = 
t ω − t α

w 
∼

t G − t 0 
4 ·w 1 / 2 
2 . 355 

(1) 

wherein t α and t ω are the retention times of the first and last peak, 
w and w 1/2 the peak width at the base and at half height, t G and 
t 0 the gradient time and void time [ 45 , 46 ]. As expected, with in- 
creasing flow rate the average PC of all detected peaks has contin- 
uously increased (PC1, flow rate 0.2 ml/min: 26.8; PC2, flow rate 
0.6 ml/min: 53.6; PC3, flow rate 0.8 ml/min: 63.5) and the chro- 
matographic performance of QN-AX columns has become superior 
revealing an increasing number of impurity peaks resolved from 

the main peak of Patisiran antisense strand (see Fig. 1 and Sup- 
plementary Material, Fig. S2-S4 for more detailed data, a third op- 
timization series with different initial pH values is shown in Fig. 
S5). 

The final 1 D method for QN-AX in our 2D-LC experiment has 
been established as described in chapter 2.5 with a mixed pH 

(from 4.8 to 7.8)/TEAP (from 100 mM to 200 mM) gradient with 
constant organic modifier of 20% ACN employing a flow rate of 
0.8 ml/min (linear flow velocity: 6.4 cm/min). 

3.1.2. Ion-pairing reversed phase chromatography with 

Oligonucleotide BEH C18 stationary phase 

The method development for the ion-paring RP chromatogra- 
phy in 1 D was straightforward and followed established procedures 
[ 15 , 47 ]. Here, tripropylammonium acetate (TPAA) was selected as 
ion-pairing reagent leading to a much stronger hydrophobic in- 
teraction between the stationary phase and the ion-paired ana- 
lytes, thus stronger retention and better resolution. When TPAA 

was present in both mobile phase A and B leading to a final con- 
tent of ACN at 20%, the retention was strong and analysis times 
rather long. Furthermore, with a 20 min gradient, the peak capac- 
ity of the main peak was around 22. The main peak could only 
be eluted with extended elution step at 100% MPB (consisting of 
20% ACN, see Suppl. Fig. S6). For this reason, TPAA was only in- 
cluded in A, resulting in short analysis time at little expense of 
resolution. As illustrated in Fig. 2 , both 10 min and 20 min gradi- 
ents provided reasonable selectivity for the impurities. At the same 
time, the peak shape was significantly improved and the number 
of distinguishable impurities was greatly increased (Suppl. Fig. S7). 
Twenty seven (27) peaks were separated within a gradient time of 
20 min. The main peak could be eluted after 7.8 min with about 
35% of ACN. Furthermore, the peak capacity of the main peak could 
be increased to 126. In case of triethylammonium acetate, about 
the same number (30) of peaks could be detected, but with a fac- 

tor 2 longer gradient time of 40 min and lower resolution (Suppl. 
Fig. S8). 

3.2. MHC-2D-LC-ESI-MS analysis of the impurities 

Both 1 D methods lead to separation of the majority of impuri- 
ties from the main peak. Unfortunately, both use MS-incompatible 
components in their mobile phases which must be removed be- 
fore entering the ESI ion source. Therefore, an RP column is used 
in the 2 D for desalting and removal of ion-pairing agent, respec- 
tively, via a diverter valve. ASM enables to refocus the oligonu- 
cleotide peaks into a sharp zone which is then upon its elution in 
the 2 D completely free of non-volatile buffer components and ion- 
pair agent, respectively, that are present in the 1 D mobile phase 
[ 34 , 48 ]. Without ion-pairing reagents in 2 D-RPLC eluent, no fur- 
ther selectivity between different ONs is achieved and hence all 
ONs from different cuts elute at the same retention time. While 
this may be seen as a disadvantage from viewpoint of selectivity, 
it assures identical ionization conditions in the ESI source which 
makes the ON signals better comparable. For detection, full scan 
TOF-MS experiments are selected for data acquisition (for further 
details on the employed MS conditions as well as for data process- 
ing see chapter 2.5 and supplementary materials). For this study, 
two types of experiments have been performed: MHC on impuri- 
ties and high-resolution sampling on the main peak, using the two 
different 1 D methods described above. Table 1 gives a summarizing 
overview of all detected oligonucleotide species. In general, two se- 
ries of shortmers from 3 ′ and 5 ′ end have been detected and iden- 
tified. For both 1 D methods, the retention time depends directly 
on the length of the oligonucleotide species. With the described 
data processing for MS, the structures of the impurities were deter- 
mined. On Fig. S26 in the supplementary materials, the structures 
of some detected species from this study are illustrated. At first 
sight, the molecular formula deriving from the presumed struc- 
tures show a reasonable mass accuracy allowing structural annota- 
tion ( Table 1 ). However, it is important to emphasize that TOF-MS 
does not provide a full characterization of the oligonucleotide im- 
purities but MS/MS experiments are needed to provide sequence 
information of the impurities. The suggested impurity structures 
listed in Table 1 are therefore tentative. 

3.2.1. Mixed-mode chromatography with Chiralpak QN-AX in 1 D 

3.2.1.1. Impurities analysis by MHC. In Fig. 3 , the exemplary 2D- 
chromatograms of three detected ON species with various lengths 
obtained by QN-AX in the 1 D and RPLC in the 2 D using ESI-TOF-MS 
for detection are shown. As mentioned, all ONs eluted in the 2 D- 
RPLC at the same retention time. Only a single re-focussed peak 
was visible in the UV-chromatogram followed by some weak UV- 
signals due to the re-equilibration ( Fig. 3 , B-D). High sensitivity can 
be achieved for impurity detection if the EICs of the most abun- 
dant m/z for the detected oligonucleotide species are employed to 
generate the respective impurity chromatograms, as exemplarily il- 
lustrated in Fig. 3 E-G. The corresponding ESI-MS spectra are show- 
ing the expected trend: with increasing m/z , the charge state of 
the most abundant ion rises as well ( Fig. 3 H-J). Up to 11-mer, the 
charge state of z = −2 was dominating (only z = −1 and −2 are 
found), between 11-mer and 17-mer, ions with the charge state of 
z = −3 were most abundant (only z = −2 and −3 are detected). 
Above 18-mer, z = −4 was then dominating as the most abundant 
species ( z = - 4 and −5 species detected). 

By combination of the QN-AX separation in the 1 D and desalt- 
ing RP (without ion-pairing agent) in the 2 D, 18 different impu- 
rities could be identified by ESI-TOF (see Table 1 ). Most of the 
detected impurities in Patisiran antisense sample were shortmers 
with a truncation of base sequences on either the 3 ′ or 5 ′ end, 
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Fig. 3. Three representative MHC 2D-LC UV (QN-AX in 1 D) chromatograms of selected oligonucleotide species with various lengths (A, B-D). LC instrumental conditions see 
chapter 2.4. (E): EIC of 795.1205 m/z ( ± 10 mDa, most abundant signal of [M-2H] −2 peak group); (F): EIC of 1263.5610 m/z ( ± 10 mDa, most abundant signal of [M-3H] 3 −

peak group); (G): EIC of 1663.7273 m/z ( ± 10 mDa, most abundant signal of [M-4H] 4 − peak group); (H)-(J): ESI-MS spectra in negative mode of the most abundant signals 
from the corresponding [M-nH] n − peak group. (K)-(P): ESI-MS spectra in negative mode of different charge states, most abundant mass indicated. All MS conditions see 
chapter 2.5. 

as expected [ 10 , 49 ]. The deconvoluted mass spectra of the impu- 
rity species are illustrated in Fig. 4 and Fig. S9-S11 in supplemen- 
tary materials. Besides the isotopic distribution pattern of the re- 
spective oligonucleotide impurity, also the isotopic pattern of some 
alkali cation adducts of the shortmers are visible which is an in- 
convenient phenomenon by oligonucleotide MS as the distribution 
into distinct species reduces the detection sensitivity [ 29 , 49 ]. Bird- 
sall et al. found out that the trace alkali metal salts in the mo- 
bile phases and reagents determined to be the main source of the 
metal salt adducts in LC/ESI-MS-based configuration. Non-specific 
adsorption of metal salts within the fluidic path lead to formation 
of adduct which must be considered to achieve acceptable signal 
intensity [50] . Ammonium adducts, on the other hand, have not 
been detected when the declustering potential DP and the colli- 
sion energy CE were elevated from −50 to −250 V and −10 to 
−20 V, respectively. The elution order depends on the mass of the 
oligonucleotides; those with higher mass need longer to get eluted 
due to their higher content of phosphodiester bonds resulting in 
more negative charges [ 26 , 51 ]. 

3.2.1.2. Peak purity determination of the main peak by high-resolution 

sampling. In another experiment, the main peak of Patisiran anti- 
sense strand was subjected to high-resolution sampling with the 
established QNAX-RP 2D-LC-MS method; in order to cover the en- 
tire main peak with narrow slices of consecutive adjacent cuts, the 

procedure (selective comprehensive 2D-LC mode) was repeated in 
a second run sampling in total 21 fractions (cuts) across the main 
peak (see Fig. 5 , Fig. S12 and Fig. S13). At the front end of the 
main peak (Cuts # 1–9), we were able to be detect n-1 and n- 
2 shortmers which are highly relevant but often challenging im- 
purity species for the quality control of synthetic oligonucleotide 
(Fig. S12, B, Cut# 4: 5‘-UGGAAU m ACUCUUGGUU m ACdTdT-3‘, n-1; 
Fig. S13, C, Cut# 5: 5‘-GGAAU m ACUCUUGGUU m ACdTdT-3‘, n-2). Be- 
sides of the both shortmers, further impurity species were identi- 
fied as well. From the middle part on (Fig. S13, G, Cut 10–21), the 
main peak does not contain further impurities indicating the great 
potential of the Chiralpak QN-AX column to be used for prepara- 
tive purification of synthetic oligonucleotides. 

3.2.2. Ion-pair RP-LC with C18 phase in the 1 D 

3.2.2.1. Impurities analysis by MHC. Using the above described IP- 
RPLC method in the 1 D, 17 (of the 31) impurity species de- 
tected in the 1 D have been transferred by heart cutting into the 
2 D for characterization by ESI-TOF (see Table 1 ). Exemplary 2 D- 
chromatograms of selected impurity species and the correspond- 
ing MS spectra with the EICs of the most abundant ions are shown 
in Suppl. Figure S14. The deconvoluted mass spectra are shown in 
Fig. 6 , Figure S15 and Figure S16 in the supplementary materials. 
Again, different shortmers are the dominant impurities. However, 
also a condensation product of a shorter oligonucleotide could be 
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Fig. 4. MHC 2D-LC (QN-AX in 1 D) of the impurity peaks with hyphenation to ESI-TOF-MS in negative mode. All the instrumental and LC-MS conditions see chapter 2.4 and 
2.5. All shown mass spectra are deconvoluted. Monoisotopic mass indicated only. For better overview, the detected impurity species are listed in table 1 . Further MS results 
of Cut 4 – Cut 11 see supplementary materials Fig. S9-S11. 

Fig. 5. High-resolution sampling 2D-LC (QN-AX in 1 D) of the main peak with hyphenation to ESI-TOF-MS in negative mode. Detailed instrumental and LC-MS conditions can 
be found in chapter 2.4 and 2.5. All shown mass spectra are deconvoluted. Monoisotopic mass indicated. Additional MS spectra of the further cuts see Fig. S12 and S13. 

detected leading to a cyclic phosphodiester bond ( Fig. 6 , E). Here, 
the strand was truncated from the 5 ′ end. In consequence of that, 
the hydroxy group in the 2 position of the ribose sugar is free and 
probably has reacted to the phosphate backbone in the neighbour- 
hood in a condensation reaction under the elimination of water 
(Suppl. Fig. S17, high-lighted in red). For unequivocal identifica- 
tion of the impurity and the location of the position of the con- 
densation, tandem MS experiments need to be performed but was 
beyond the scope of the current work. Similar to the 1 D QN-AX 

method, the main trend of the elution order followed the same 
pattern: Oligonucleotides with higher mass have longer retention 
time. However, there is an exception between the elution order of 
5 ′ ON-7 mer (Fig. S15C, Cut 5) and 3 ′ ON-7 mer ( Fig. 6 C, Cut 2). 
The 5 ′ ON-7 mer (Fig. S15C, Cut 5) is lighter than 3 ′ ON-7 mer 
( Fig. 6 C, Cut 2), but still needs longer to get eluted. The same be- 
haviour can also be observed between 5 ′ ON-8 mer (Fig. S15F, Cut 
6) and 3 ′ ON-8 mer ( Fig. 6 E, Cut 3). A possible reason for this re- 
versed elution order might be that the shortmers with the trunca- 

tion at the 5 ′ end do have a phosphate-backbone more than the 
shortmers with the truncation at the 3 ′ end. Therefore, they can 
stronger interact with the stationary phase under ion-pairing con- 
ditions and have a longer retention time. 

3.2.2.2. Peak purity determination of the main peak by high- 

resolution sampling. A high-resolution sampling experiment was 
performed for the main peak of Patisiran antisense strand with this 
IP-RPLC 2D-LC-ESI-MS method too ( Fig. 7 , Fig. S18). As the main 
peak is very narrow in IP-RPLC mode, only 4 cuts were transferred 
into the MS. With this attempt, even a longmer with an additional 
cytidine nucleotide in excess was identified which eluted right af- 
ter the Patisiran antisense ON (cut #4) (Fig. S18E). Cut #2 ( Fig. 7 E) 
also contains the impurities species from cut #1 ( Fig. 7 A, 7 B and 
7 C) but are not depicted again in Fig. 7 E. Overall, none of the frac- 
tions from the high-resolution sampling contained pure Patisiran 
antisense ON when IP-RPLC was the 1 D separation. 
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Fig. 6. MHC 2D-LC (IP-RP in 1 D) of the impurity peaks with hyphenation to ESI-TOF-MS in negative mode. For more instrumental and LC-MS conditions, see chapter 2.4 and 
2.5. All shown mass spectra are deconvoluted. Monoisotopic mass indicated. All impurity species are listed in table 1 . More MS spectra of the other cuts see Fig. S15 and 
S16. 

Fig. 7. High-resolution sampling 2D-LC (IP-RP in 1 D) of the main peak with hyphenation to ESI-TOF-MS in negative mode. Further instrumental and LC-MS conditions are 
described in chapter 2.4 and 2.5. All shown mass spectra are deconvoluted. Monoisotopic mass indicated. For Cut 3 and Cut 4, see Fig. S18 in the supplementary materials. 

3.3.3. Comparison of the MHC-2D-LC-ESI-MS results 

Both variants of the 2D-LC-ESI-MS experiments were able to de- 
tect the impurity by-products of Patisiran antisense strand at low 

concentrations (according to 1 UV detection peak areas of impuri- 
ties are typically in the range between 0.6 and 8% related to the 
main peak; see Suppl. Table 1 ). In order to determine the limit 
of detection (LOD), a dilution series of a readily available DNA 

oligonucleotide standard (GAA TCT TAC GAA ATA CCT GAG AG, av- 
erage mass: 7085 g/mol) in the range of 1 to 20 µM was analysed 
by both 2D-LC-ESI-MS methods using the EIC of m/z 1768.8126 
([M-4H] 4 −, ± 30 mDa) for the generation of chromatograms. For 
each injection, one cut from the centre of the sample peak in the 
1 D was transferred into 2 D. After desalting and MS detection, the 
peak area of the EIC was then used to create the calibration curve. 
Both calibration functions were highly linear (R 2 = 0.9995 with C18 
in 1 D, R 2 = 0.9945 with QN-AX in 1 D) (Fig. S19 and S20) (for 2D-LC 
chromatograms and EICs see Fig. S21). The LOD (S/ N = 3) was cal- 
culated to be 424 nM (3.07 pg/µL) with IP-RPLC using the C18 col- 
umn in 1 D and 1999 nM (14.16 pg/µL) with Chiralpak QN-AX in 1 D. 

The LOD is higher in the case of QN-AX in the 1 D, since the local 
peak concentration is lower due to the broader peak and transfer 
of a heart cut (not the entire peak). Furthermore, two calibration 
curves using the 1 D UV traces were created (Fig. S22 and S23). The 
LOD of both methods is similar as now the entire peak and thus 
same quantity is used for the integration. The LOD with 1 D UV- 
detection is without further dilution in the 2 D lower than with the 
2D-LC-ESI-MS methods. However, in a real sample the quantifica- 
tion by 1 UV detection would only be accurate if there is high peak 
purity. In contrast, the MHC 2D-HPLC-ESI-MS methods provide ad- 
equate assay specificity through additional MS selectivity from spe- 
cific EICs. 

3.3.4. QNAX-IPRP 2D-LC-UV method 

For further advancement of the 2D-LC setup both QN-AX in 1 D 

and IP-RPLC on C18 column in 2 D can be combined. In this con- 
text, their orthogonality in terms of retention is of prime interest. 
As the effective peak capacity depends on the orthogonality of the 
separation modes in 1 D and 2 D, their complementarity was eval- 

8 



F. Li and M. Lämmerhofer Journal of Chromatography A 1643 (2021) 462065 

Table 2 

Comparison of the normalized retention time t norm. of impurity species detected in both 2D-LC methods. 

Name of impurity Base sequence (5‘ – 3‘) Molecular Formula 

Deconvoluted 
monoiso- 
topic mass 
[Da] 

1 D retention 
time [min] 
with QN-AXE a 

(Cut #) 

1 D retention 
time [min] 
with C18 b 

(Cut #) 

Normalized 
retention time 
[min] with 
QN-AXE 

Normalized 
retention 
time [min] 
with C18 

3 ′ ON-5 mer 5‘-AUGGA-3‘ C 49 H 60 N 22 O 32 P 4 1592.3 9.429 (1#) 2.264(1#) 0.415 0.097 
3 ′ ON-7 mer 5‘-AUGGAAU m −3‘ C 69 H 85 N 29 O 46 P 6 2241.4 11.219(2#) 3.518(2#) 0.514 0.161 
3 ′ ON-8 mer 5‘-AUGGAAU m A-3‘ C 79 H 97 N 34 O 52 P 7 2570.4 12.191(3#) 3.773(3#) 0.568 0.174 
5 ′ ON-8 mer 5‘-GGUU m ACdTdT-3‘ C 78 H 100 N 26 O 58 P 8 2576.4 12.191(3#) 4.490(6#) 0.568 0.210 
3 ′ ON-9 mer 5‘-AUGGAAU m AC-3‘ C 88 H 109 N 37 O 59 P 8 2875.5 12.191(3#) 3.994(4#) 0.568 0.185 
5 ′ ON-8 mer 5‘-GGUU m ACdTdT-3‘ C 78 H 100 N 26 O 58 P 8 2576.4 12.569(4#) 4.490(6#) 0.589 0.210 
3 ′ ON-10 mer 5‘-AUGGAAU m ACU-3‘ C 97 H 120 N 39 O 67 P 9 3181.5 12.569(4#) 4.271(5#) 0.589 0.199 
5 ′ ON-10 mer 5‘-AUGGUU m ACdTdT-3‘ C 87 H 111 N 28 O 66 P 9 2882.4 12.746(5#) 4.707(7#) 0.598 0.221 
3 ′ ON-11 mer 5‘-AUGGAAU m ACUC-3‘ C 106 H 132 N 42 O 74 P 10 3486.5 12.746(5#) 4.490(6#) 0.598 0.210 
5 ′ ON-11 mer 5‘-CUUGGUU m ACdTdT-3‘ C 105 H 134 N 33 O 81 P 11 3493.5 13.066(6#) 5.025(9#) 0.616 0.237 
3 ′ ON-12 mer 5‘-AUGGAAU m ACUCU-3‘ C 115 H 143 N 44 O 82 P 11 3792.6 13.066(6#) 4.912(8#) 0.616 0.232 
3 ′ ON-14 mer 5‘-AUGGAAU m ACUCUUG-3‘ C 134 H 166 N 51 O 97 P 13 4443.7 13.865(8#) 5.025(9#) 0.660 0.237 
Onpattro, antisense 5‘-AUGGAAU m ACUCUUGGUU m ACdTdT-3‘ C 202 H 252 N 72 O 147 P 20 6656.9 15.736 5.952 0.764 0.285 

a QN-AX column: Void time: 1.94 min, Gradient time: 20 min 
b C18 column: Void time 0.365 min, Gradient time: 20 min 

Fig. 8. High-resolution sampling 2D-LC-UV of the main peak with QN-AX in the 1 D and IP-RP in the 2 D. Additional UV-signals in the 2 D are high lighted as Impurity A, 
Impurity B, Impurity C and Impurity D. LC-conditions in the 1 D: MP A: 100 mM TEAP, 20% ACN, pH 4.8. MP B: 200 mM TEAP, 20% ACN, pH 7.8. Gradient: 0–100% MP B in 
20 min. Flow rate: 0.8 ml/min. Temperature: 25 °C. Injection volume: 5 µL. Sample concentration: 50 µM. LC-conditions in the 2 D: MPA: 100 mM TPAA in water, pH 7. MPB: 
100% ACN. Gradient: keep 10% for 0.5 min, ramping to 60% B within 2 min, re-equilibration for 3 min. Flow rate: 1.5 ml/min. Temperature: 60 °C. Active Solvent Modulation: 
activated, 0.41 min, sample loop was flushed 3 times, factor 5. 2D-LC mode: High-resolution sampling with a sampling time of 0.05 min. Sampling via time-based mode, 
countercurrent. Wavelength of UV detection was 254 nm in both dimensions. 

uated by correlation of normalized retention times. To put this in 
numbers, 7 impurity species which could be found in both 2D-LC- 
ESI-MS experiments were correlated with regard to their normal- 
ized retention times (see Table 2 ), calculated according to eq (2) 

t normalized = 
t R − t 0 
t G − t 0 

(2) 

with t R as retention time in the respective mode. Although there 
is a high correlation of the normalized retention times in the two 
dimensions ( r = 0.9239, Fig. S24), as can be expected because 
both are primarily ionic interaction-based separation mechanisms, 
the subtle selectivity differences should allow to resolve additional 
peaks in the 2DLC setup with QN-AX in the 1 D and IP-RPLC in the 
2 D. 

To this end, a combined MHC (for impurty peaks) and selec- 
tive comprehensive (for main peak) 2D-LC-UV experiment with 
the QN-AX and IP-RP methods in 1 D and 2 D has been addition- 
ally conducted. The above described 1 D QN-AX method has not 

been further changed. The 2 D IP-RP method, on the other hand, 
has been adjusted considering the factors final composition of B 
(60%), gradient steepness (10–60% B in 2 min), temperature and 
flow rate (for further experimental details see figure caption of 
Fig. 8 ). The results of the fractionated samples across the main 
peak by the 2D-LC-UV setup to test for the peak purity is illus- 
trated in Fig. 8. Since the number of the sample loops for 1 D frac- 
tion storage is limited and the 2 D chromatographic runs were not 
fast enough, two runs were needed to analyse all 15 cuts. In the 
first MHC-2D-LC run ( Fig. 8 , B), 5 cuts (#1–5) of the shoulder next 
to the main peak have been transferred into the 2 D. They could be 
further separated by 2 IP-RPLC resulting in several UV signals which 
indicated multiple impurity peaks in addition to the main peak 
(t R = 1.54 min) in each cut. The 2 D UV signal after the main peak 
(impurity C), which is most likely corresponding to the longmer (of 
cut #4 in Fig. S18, E), was found in the first five 1 D cuts ( Fig. 8 , B). 
This might indicate a different elution order of the longmer using 
QN-AX column. Cuts #6–10 were sampled from the middle part of 
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Fig. 9. Contour plot of the separation shown in Fig. 9 generated by merging all 2 D IP-RP UV cuts using GC Image in “column to column” mode. Besides the strong spot of 
the main peak, additional impurity spots are visible and indicated as A,B,C,D corresponding to Fig. 8 . X-time axis is correlated to the 2 D start time on Fig. 8 . 

the main peak by high resolution sampling and did not show ad- 
ditional UV signals, hence seemed to be pure ( Fig. 8 , C). The final 
cuts #11–15 also contain some further compounds in addition to 
the Patisiran antisense strand ( Fig 8 ,C). The additionally resolved 
peaks in the fractions of cuts 1–5 and 11–13 can be regarded as 
indication of at least some minor orthogonality between QN-AX 

and C18 stationary phase which is clearly emphasized by present- 
ing these results in a contour plot ( Fig. 9 ). Although this 2D-LC 
setup represents an improved impurity profiling method, more or- 
thogonal separation modes with MS compatibility need to be de- 
veloped for more effective 2D-LC ON separations which is the topic 
of ongoing work. 

4. Conclusion 

Two different chromatographic modes, viz. mixed-mode QN-AX 

and IP-RP, as 1 D separation were combined with desalting C18 
RPLC, devoid of ion-pairing agent in the mobile phase, in the 2 D 

and ESI-TOF detection for the characterization of the impurity pro- 
file of the Patisiran antisense strand by MHC 2D-LC. In the 1 D UV 

trace, 16 impurity signals were detected with mixed mode QN- 
AX. With IP-RP, 26 distinguishable impurity peaks were detected in 
the UV trace. With both 2D-LC-ESI-MS experiments, a series of im- 
purity by-products was detected and identified as shortmers with 
various lengths of nucleotide truncations. Besides those shortmers, 
one longmer and two further condensated oligonucleotide species 
were detected as by-products. Since the Patisiran standard in this 
work has been purchased as customized non-purified oligonu- 
cleotide standard by a non-pharmaceutical provider, the presented 
impurity profile might be not representative for a real active phar- 
maceutical ingredient and thus the current information limited. 
Nevertheless, both shortmers and longmers are the most common 
impurities by Patisiran and could be detected with the featured 
analytical methods [1] . Although the majority of impurities were 
identified in both chromatographic modes, i.e. QN-AX and IP-RP 
in the 1 D, a certain number of ON by-products could be detected 
only in one of these MHC 2D-LC modes. Hence, the combination 
of these two stationary phases in a 2D-LC-UV setup resulted in 
enhanced selectivity whereby the effluents from the 1 D QN-AX re- 
vealed several additional peaks in the 2 D with the IP-RP method. 
Hence, it can be concluded that the Chiralpak QN-AX column can 
be a useful complementary tool for oligonucleotide impurity pro- 
filing. Although synthetic oligonucleotides are not included in the 
scope of the International Council For Harmonisation of Technical 

Requirements For Pharmaceuticals for Human Use (ICH) for either 
synthetic drug substances (Q6A) or for products of biotechnology 
(Q6B), Capaldi et al. suggested to follow the ICH guideline Q3A 

for impurity profiling of oligonucleotides. Here, the identification 
threshold for the impurities should not exceed 0.1% [52] . In both 
MHC-2D-LC experiments, the lowest detected peak area of impu- 
rity in the 1 D UV trace was close to 0.1% related to the main peak 
(see Suppl.) but only larger peaks > 0.6% were selected for identifi- 
cation by ESI-MS. However, there is still room for further improve- 
ments in terms of sample loading (the QN-AX is expected to have 
higher loading capacity compared to classic IP-RPLC) and also opti- 
mization of ion source parameters providing further improvements 
in detection sensitivity. Overall, it can be concluded that the cur- 
rent MHC-2D-LC methods are suitable for oligonucleotide impurity 
profiling and at least to some extent orthogonal to the methods 
commonly established. 

Declaration of Competing Interest 

The authors declare no conflict of interests. 

CRediT authorship contribution statement 

Feiyang Li: Investigation, Methodology, Formal analysis, Data 
curation, Visualization, Writing – original draft, Writing – review 

& editing. Michael Lämmerhofer: Conceptualization, Methodology, 
Supervision, Writing – review & editing, Resources, Funding acqui- 
sition. 

Acknowledgements 

We are grateful to Agilent Technologies for support of this re- 
search by an Agilent Research Award (#4068). 

Supplementary materials 

Supplementary material associated with this article can be 
found, in the online version, at doi: 10.1016/j.chroma.2021.462065 . 

References 

[1] European Medicines Agency, European Public Assessment Report: onpattro 
(patisiran), 44 (2018). www.ema.europa.eu/contact . 

10 



F. Li and M. Lämmerhofer Journal of Chromatography A 1643 (2021) 462065 

[2] C.A. Stein, D. Castanotto, FDA-Approved Oligonucleotide Therapies in 2017, Mol. 
Ther. 25 (2017) 1069–1075, doi: 10.1016/j.ymthe.2017.03.023 . 

[3] C. Rinaldi, M.J.A. Wood, Antisense oligonucleotides: the next frontier for treat- 
ment of neurological disorders, Nat. Rev. Neurol. 14 (2018) 9–22, doi: 10.1038/ 
nrneurol.2017.148 . 

[4] B. Hu, Y. Weng, X.H. Xia, X. jie Liang, Y. Huang, Clinical advances of siRNA 
therapeutics, J. Gene Med. 21 (2019) 1–14, doi: 10.1002/jgm.3097 . 

[5] A. Bajaj, D.J. Rader, Antisense oligonucleotides for atherosclerotic disease, Nat. 
Med. 26 (2020) 471–472, doi: 10.1038/s41591- 020- 0835- 2 . 

[6] T.C. Roberts, R. Langer, M.J.A. Wood, Advances in oligonucleotide drug delivery, 
Nat. Rev. Drug Discov. 19 (2020) 673–694, doi: 10.1038/s41573- 020- 0075- 7 . 

[7] K.L. Fearon, J.T. Stults, B.J. Bergot, L.M. Christensen, A.M. Raible, Investigation of 
the ‘n–1’ impurity in phosphorothioate oligodeoxynucleotides synthesized by 
the solid-phase β-cyanoethyl phosphoramidite method using stepwise sulfur- 
ization, Nucleic Acids Res 23 (1995) 2754–2761, doi: 10.1093/nar/23.14.2754 . 

[8] J. Temsamani, M. Kubert, S. Agrawal, Sequence identity of the n -1 product of a 
synthetic oligonucleotide, Nucleic Acids Res 23 (1995) 1841–1844, doi: 10.1093/ 
nar/23.11.1841 . 

[9] D. Chen, Z. Yan, D.L. Cole, G.S. Srivatsa, Analysis of internal (n-1)mer deletion 
sequences in synthetic oligodeoxyribonucleotides by hybridization to an im- 
mobilized probe array, Nucleic Acids Res 27 (1999) 389–395, doi: 10.1093/nar/ 
27.2.389 . 

[10] A. Goyon, P. Yehl, K. Zhang, Characterization of therapeutic oligonucleotides 
by liquid chromatography, J. Pharm. Biomed. Anal. 182 (2020) 113105, doi: 10. 
1016/j.jpba.2020.113105 . 

[11] M. Enmark, M. Rova, J. Samuelsson, E. Örnskov, F. Schweikart, T. Fornstedt, 
Investigation of factors influencing the separation of diastereomers of phos- 
phorothioated oligonucleotides, Anal. Bioanal. Chem. 411 (2019) 3383–3394, 
doi: 10.10 07/s0 0216- 019- 01813- 2 . 

[12] A. Kanavarioti, HPLC methods for purity evaluation of man-made single- 
stranded RNAs, Sci. Rep. 9 (2019) 1–13, doi: 10.1038/s41598- 018- 37642- z . 

[13] A. Kaczmarkiewicz, Ł. Nuckowski, S. Studzi ́nska, B. Buszewski, Analysis of 
Antisense Oligonucleotides and Their Metabolites with the Use of Ion Pair 
Reversed-Phase Liquid Chromatography Coupled with Mass Spectrometry, Crit. 
Rev. Anal. Chem. 49 (2019) 256–270, doi: 10.1080/10408347.2018.1517034 . 

[14] N. Li, N.M. El Zahar, J.G. Saad, E.R.E. van der Hage, M.G. Bartlett, Alkylamine 
ion-pairing reagents and the chromatographic separation of oligonucleotides, 
J. Chromatogr. A. 1580 (2018) 110–119, doi: 10.1016/j.chroma.2018.10.040 . 

[15] L. Gong, J.S.O. McCullagh, Comparing ion-pairing reagents and sample 
dissolution solvents for ion-pairing reversed-phase liquid chromatogra- 
phy/electrospray ionization mass spectrometry analysis of oligonucleotides, 
Rapid Commun. Mass Spectrom. 28 (2014) 339–350, doi: 10.1002/rcm.6773 . 

[16] Waters , Application Solutions For OLIGONUCLEOTIDES, Waters Tech. Note, 
2015 . 

[17] A . Apffel, J.A . Chakel, S. Fischer, K. Lichtenwalter, W.S. Hancock, Analysis 
of oligonucleotides by HPLC-electrospray ionization mass spectrometry, Anal. 
Chem. 69 (1997) 1320–1325, doi: 10.1021/ac960916h . 

[18] M. Gilar, K.J. Fountain, Y. Budman, U.D. Neue, K.R. Yardley, P.D. Rainville, 
R.J. Russell, J.C. Gebler, Ion-pair reversed-phase high-performance liquid chro- 
matography analysis of oligonucleotides: retention prediction, J. Chromatogr. 
A. 958 (2002) 167–182, doi: 10.1016/S0 021-9673(02)0 0306-0 . 

[19] K.J. Fountain, M. Gilar, J.C. Gebler, Analysis of native and chemically modified 
oligonucleotides by tandem ion-pair reversed-phase high-performance liquid 
chromatography/electrospray ionization mass spectrometry, Rapid Commun. 
Mass Spectrom. 17 (2003) 646–653, doi: 10.1002/rcm.959 . 

[20] L. Li, J.P. Foley, R. Helmy, Simultaneous separation of small interfering RNA and 
lipids using ion-pair reversed-phase liquid chromatography, J. Chromatogr. A. 
1601 (2019) 145–154, doi: 10.1016/j.chroma.2019.04.061 . 

[21] A.J. Alpert, F.E. Regnier, Preparation of a porous microparticulatee anion- 
exchange chromatography support for proteins, J. Chromatogr. A. 185 (1979) 
375–392, doi: 10.1016/S0 021-9673(0 0)85615-0 . 

[22] J.R. Thayer, R.M. McCormick, N.B.T.-M. in E. Avdalovic, High-resolution nucleic 
acid separations by high-performance liquid chromatography, in: High Resolut. 
Sep. Anal. Biol. Macromol. Part B Appl., Academic Press, 1996, pp. 147–174, 
doi: 10.1016/S0076-6879(96)71009-1 . 

[23] J.R. Thayer, Y. Wu, E. Hansen, M.D. Angelino, S. Rao, Separation of oligonu- 
cleotide phosphorothioate diastereoisomers by pellicular anion-exchange chro- 
matography, J. Chromatogr. A. 1218 (2011) 802–808, doi: 10.1016/j.chroma.2010. 
12.051 . 

[24] W. Haupt, A. Pingoud, Comparison of several high-performance liquid chro- 
matography techniques for the separation of oligodeoxynucleotides accord- 
ing to their chain lengths, J. Chromatogr. A. 260 (1983) 419–427, doi: 10.1016/ 
0 021-9673(83)80 049-1 . 

[25] X. Yang, R.P. Hodge, B.A. Luxon, R. Shope, D.G. Gorenstein, Separation of 
Synthetic Oligonucleotide Dithioates from Monothiophosphate Impurities by 
Anion-Exchange Chromatography on a Mono-Q Column, Anal. Biochem. 306 
(2002) 92–99, doi: 10.1006/abio.2001.5694 . 

[26] M. Biba, E. Jiang, B. Mao, D. Zewge, J.P. Foley, C.J. Welch, Factors influencing 
the separation of oligonucleotides using reversed-phase/ion-exchange mixed- 
mode high performance liquid chromatography columns, J. Chromatogr. A. 
1304 (2013) 69–77, doi: 10.1016/j.chroma.2013.06.050 . 

[27] A. Zimmermann, R. Greco, I. Walker, J. Horak, A. Cavazzini, M. Lämmerhofer, 
Synthetic oligonucleotide separations by mixed-mode reversed-phase/weak 
anion-exchange liquid chromatography, J. Chromatogr. A. 1354 (2014) 43–55, 
doi: 10.1016/j.chroma.2014.05.048 . 

[28] A. Goyon, K. Zhang, Characterization of antisense oligonucleotide impurities 
by ion-pairing reversed-phase and anion exchange chromatography coupled to 
HILIC/MS using a versatile 2D-LC setup, Anal. Chem. (2020), doi: 10.1021/acs. 
analchem.0c00114 . 

[29] P.A. Lobue, M. Jora, B. Addepalli, P.A. Limbach, Oligonucleotide analysis by 
hydrophilic interaction liquid chromatography-mass spectrometry in the ab- 
sence of ion-pair reagents, J. Chromatogr. A. 1595 (2019) 39–48, doi: 10.1016/j. 
chroma.2019.02.016 . 

[30] R. MacNeill, T. Hutchinson, V. Acharya, R. Stromeyer, S. Ohorodnik, An oligonu- 
cleotide bioanalytical LC–SRM methodology entirely liberated from ion-pairing, 
Bioanalysis 11 (2019) 1155–1167, doi: 10.4155/bio- 2019- 0031 . 

[31] M. Enmark, J. Bagge, J. Samuelsson, L. Thunberg, E. Örnskov, H. Leek, F. Limé, 
T. Fornstedt, Analytical and preparative separation of phosphorothioated 
oligonucleotides: columns and ion-pair reagents, Anal. Bioanal. Chem. 412 
(2020) 299–309, doi: 10.10 07/s0 0216- 019- 02236- 9 . 

[32] Q. Li, F. Lynen, J. Wang, H. Li, G. Xu, P. Sandra, Comprehensive hydrophilic in- 
teraction and ion-pair reversed-phase liquid chromatography for analysis of di- 
to deca-oligonucleotides, J. Chromatogr. A. 1255 (2012) 237–243, doi: 10.1016/j. 
chroma.2011.11.062 . 

[33] S.G. Roussis, I. Cedillo, C. Rentel, Two-dimensional liquid chromatography-mass 
spectrometry for the characterization of modified oligonucleotide impurities, 
Anal. Biochem. 556 (2018) 45–52, doi: 10.1016/j.ab.2018.06.019 . 

[34] F. Li, X. Su, S. Bäurer, M. Lämmerhofer, Multiple heart-cutting mixed-mode 
chromatography-reversed-phase 2D-liquid chromatography method for sepa- 
ration and mass spectrometric characterization of synthetic oligonucleotides, J. 
Chromatogr. A. 1625 (2020) 461338, doi: 10.1016/j.chroma.2020.461338 . 

[35] M. Lämmerhofer, W. Lindner, Quinine and quinidine derivatives as chiral selec- 
tors. I. Brush type chiral stationary phases for high-performance liquid chro- 
matography based on cinchonan carbamates and their application as chiral an- 
ion exchangers, J. Chromatogr. A. 741 (1996) 33–48, doi: 10.1016/0021-9673(96) 
00137-9 . 

[36] M. Mahut, A. Gargano, H. Schuchnigg, W. Lindner, M. Lämmerhofer, 
Chemoaffinity Material for Plasmid DNA Analysis by High-Performance Liq- 
uid Chromatography with Condition-Dependent Switching between Isoform 

and Topoisomer Selectivity, Anal. Chem. 85 (2013) 2913–2920, doi: 10.1021/ 
ac3034823 . 

[37] A. Bajtai, I. Ilisz, D.H.O. Howan, G.K. Tóth, G.K.E. Scriba, W. Lindner, A. Péter, 
Enantioselective resolution of biologically active dipeptide analogs by high- 
performance liquid chromatography applying Cinchona alkaloid-based ion- 
exchanger chiral stationary phases, J. Chromatogr. A. 1611 (2020) 460574, 
doi: 10.1016/j.chroma.2019.460574 . 

[38] R. Sardella, M. Lämmerhofer, B. Natalini, W. Lindner, Enantioselective HPLC of 
potentially CNS-active acidic amino acids with a cinchona carbamate based 
chiral stationary phase, Chirality 20 (2008) 571–576, doi: 10.1002/chir.20529 . 

[39] C. Calderón, J. Horak, M. Lämmerhofer, Chiral separation of 2-hydroxyglutaric 
acid on cinchonan carbamate based weak chiral anion exchangers by high- 
performance liquid chromatography, J. Chromatogr. A. 1467 (2016) 239–245, 
doi: 10.1016/j.chroma.2016.05.042 . 

[40] R. Pell, W. Lindner, Potential of chiral anion-exchangers operated in various 
subcritical fluid chromatography modes for resolution of chiral acids, J. Chro- 
matogr. A. 1245 (2012) 175–182, doi: 10.1016/j.chroma.2012.05.023 . 

[41] L. Zhao, F. Chen, F. Guo, W. Liu, K. Liu, Enantioseparation of chiral perfluorooc- 
tane sulfonate (PFOS) by supercritical fluid chromatography (SFC): effects of 
the chromatographic conditions and separation mechanism, Chirality 31 (2019) 
870–878, doi: 10.1002/chir.23120 . 

[42] W. Xu, F.E. Regnier, Protein-protein interactions on weak-cation-exchange 
sorbent surfaces during chromatographic separations, J. Chromatogr. A. 828 
(1998) 357–364, doi: 10.1016/S0 021-9673(98)0 0641-4 . 

[43] O.L. Sánchez Muñoz, E.P. Hernández, M. Lämmerhofer, W. Lindner, E. Kenndler, 
Estimation and comparison of ζ -potentials of silica-based anion-exchange type 
porous particles for capillary electrochromatography from electrophoretic and 
electroosmotic mobility, Electrophoresis 24 (2003) 390–398, doi: 10.1002/elps. 
20 0390 049 . 

[44] S. Bäurer, M. Ferri, A. Carotti, S. Neubauer, R. Sardella, M. Lämmerhofer, Mixed- 
mode chromatography characteristics of chiralpak ZWIX( + ) and ZWIX( −) and 
elucidation of their chromatographic orthogonality for LC × LC application, 
Anal. Chim. Acta. 1093 (2020) 168–179, doi: 10.1016/j.aca.2019.09.068 . 

[45] M. Gilar, U.D. Neue, Peak capacity in gradient reversed-phase liquid chro- 
matography of biopolymers. Theoretical and practical implications for the sep- 
aration of oligonucleotides, J. Chromatogr. A. 1169 (2007) 139–150, doi: 10. 
1016/j.chroma.20 07.09.0 05 . 

[46] L.R. Snyder, J.J. Kirkland, J.W. Dolan, Gradient Elution, Introd. to Mod. Liq. Chro- 
matogr. (2010) 403–473, doi: 10.1002/9780470508183.ch9 . 

[47] A.C. McGinnis, E.C. Grubb, M.G. Bartlett, Systematic optimization of ion-pairing 
agents and hexafluoroisopropanol for enhanced electrospray ionization mass 
spectrometry of oligonucleotides, Rapid Commun. Mass Spectrom. 27 (2013) 
2655–2664, doi: 10.1002/rcm.6733 . 

[48] D.R. Stoll, K. Shoykhet, P. Petersson, S. Buckenmaier, Active Solvent Modula- 
tion: a Valve-Based Approach to Improve Separation Compatibility in Two- 
Dimensional Liquid Chromatography, Anal. Chem. 89 (2017) 9260–9267, doi: 10. 
1021/acs.analchem.7b02046 . 

[49] W.D. Van Dongen , Bioanalytical LC-MS of therapeutic oligonucleotides, Chim. 
Oggi. 30 (2012) 65–67 . 

11 



F. Li and M. Lämmerhofer Journal of Chromatography A 1643 (2021) 462065 

[50] R.E. Birdsall, M. Gilar, H. Shion, Y.Q. Yu, W. Chen, Reduction of metal adducts in 
oligonucleotide mass spectra in ion-pair reversed-phase chromatography/mass 
spectrometry analysis, Rapid Commun. Mass Spectrom. 30 (2016) 1667–1679, 
doi: 10.1002/rcm.7596 . 

[51] K. Cook, J. Thayer, Advantages of ion-exchange chromatography for oligonu- 
cleotide analysis, Bioanalysis 3 (2011) 1109–1120, doi: 10.4155/bio.11.66 . 

[52] D. Capaldi, K. Ackley, D. Brooks, J. Carmody, K. Draper, R. Kambhampati, 
M. Kretschmer, D. Levin, J. McArdle, B. Noll, R. Raghavachari, I. Roymoulik, 
B.P. Sharma, R. Thürmer, F. Wincott, Quality Aspects of Oligonucleotide Drug 
Development: specifications for Active Pharmaceutical Ingredients, Drug Inf. J. 
46 (2012) 611–626, doi: 10.1177/0092861512445311 . 

12 



mailto:michael.laemmerhofer@uni-tuebingen.de






























































ń

100 Toruń

mailto:michael.laemmerhofer@uni-tuebingen.de


Journal of Chromatography A 1694 (2023) 463898 

Contents lists available at ScienceDirect 

Journal of Chromatography A 

journal homepage: www.elsevier.com/locate/chroma 

Polybutylene terephthalate-based stationary phase for ion-pair-free 

reversed-phase liquid chromatography of small interfering RNA. 
Part 1: Direct coupling with mass spectrometry 

Feiyang Li a , Shenkai Chen 
a , Sylwia Studzi ́nska a , b , Michael Lämmerhofer a , ∗

a Institute of Pharmaceutical Sciences, Pharmaceutical (Bio-)Analysis, University of Tübingen, Auf der Morgenstelle 8, Tübingen 72076, Germany 
b Chair of Environmental Chemistry and Bioanalytics, Faculty of Chemistry, Nicolaus Copernicus University in Torun, 7 Gagarin Str., Toru ́n PL-87-100, Poland 

a r t i c l e i n f o 

Article history: 

Received 22 October 2022 
Revised 11 February 2023 
Accepted 21 February 2023 
Available online 24 February 2023 

Keywords: 

Oligonucleotide 
Small interfering RNA (siRNA) 
LC-MS 
Patisiran 
Impurity profiling 

a b s t r a c t 

Nowadays, ion-pairing reversed-phase liquid chromatography (IP-RPLC) is the dominating generic method 
for the analysis of nucleic acid related compounds, such as antisense-oligonucleotides (ASO), small- 
interfering ribonucleic acid (siRNA) or other DNA or RNA type molecules and their conjugates. Despite 
of its effective performance, the usage of a high concentration of ion-pairing reagent in the eluent in 
IP-RPLC is unfavorable for the hyphenation with mass spectrometry (MS) which is required for a de- 
tailed structural characterization of the analytes and their structurally related impurities. In this work, 
we tested a polybutylene terephthalate (PBT)-bonded silica-based stationary phase for the separation of 
generically synthesized Patisiran as siRNA (antisense and sense single strands as well as their annealed 
double strand) giving some unexpected selectivity without any presence of ion-pairing reagents. Impor- 
tant chromatographic conditions affecting the separation have been investigated and evaluated. Further- 
more, MS and tandem MS (MS/MS) characterization was possible without contamination of the MS sys- 
tem with ion-pair agent and related problems. 

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction 

Synthetic oligonucleotides, in particular antisense oligonu- 
cleotides and small interfering RNA (siRNA), have growing impor- 
tance as new therapeutic modalities owing to their potential to 
treat a wide range of different diseases through gene expression 
regulation [1–3] . According to current regulatory agreements, im- 
purities in drug substance must be controlled down to 0.2% (re- 
lated to the main target oligonucleotide sequence) which was sug- 
gested as reporting threshold based on LOQs of current analytical 
methods for quality control [ 4 , 5 ]. Due to the high polarity result- 
ing from the ribosyl phosphate backbones oligonucleotides often 
do not exhibit sufficient retention and selectivity on C18 stationary 
phases in common reversed-phase liquid chromatography (RPLC) 
[6] , and hence require alkylamines as ion pairing reagent in the 
mobile phase [7] . To minimize ion-suppression effects in ESI-MS 
detection resulting from commonly employed triethylammonium 

acetate Apffel et al. proposed to combine hexafluoroisopropanol 
(HFIP) with triethylamine (TEA) as mobile phase additives instead 
to increase MS sensitivity [8] which is now the golden standard 

∗ Corresponding author. 

E-mail address: michael.laemmerhofer@uni-tuebingen.de (M. Lämmerhofer) . 

[ 4 , 5 , 9 ]. To further the understanding a variety of systematic stud- 
ies on IP-RPLC of oligonucleotides and other nucleic acid-based 
molecules were reported, such as on the impact of pore size on 
chromatographic performance [10] , factors influencing the separa- 
tion of diastereomers of phosphorothioated oligonucleotides (PSO) 
[11] , the effect of secondary structures on retention [12] , variations 
of ion-pairing reagents and sample dissolution solvents [ 13 , 14 ], and 
influence of chromatographic conditions like initial organic solvent 
strength of the gradient, slope of the gradient or buffer concen- 
tration [15] , influence of electrostatic and non-electrostatic inter- 
actions [16] , amongst others. These works and the good perfor- 
mance of modern sub-2 µm particle columns paved the way for 
IP-RPLC as the number one technology in quality control to char- 
acterize degradation products of therapeutic oligonucleotides [17] , 
as well as for the separation of siRNA duplexes [18] , to separate 
siRNA from formulation excipients (phospholipids, cholesterol and 
a short-chain lipid) [19] . 

In spite of its popularity both in research and industry, draw- 
backs like ion suppression for some alkylamines, contamination of 
the ion-source and MS instruments with ion-pair agent, which is 
particularly detrimental when the instrument is not dedicated to 
oligonucleotide analysis alone, prompt researchers to develop alter- 
natives [ 20 , 21 ]. Anion-exchange and mixed-mode chromatography 
have potential from viewpoint of selectivity, yet also rely on MS 

https://doi.org/10.1016/j.chroma.2023.463898 
0021-9673/© 2023 Elsevier B.V. All rights reserved. 



F. Li, S. Chen, S. Studzi ́nska et al. Journal of Chromatography A 1694 (2023) 463898 

Fig. 1. The selector structure of DCpak PBT and the tentative mechanism for interaction with RNA/DNA. 

incompatible eluents (high buffer or salt concentrations) [22–24] . 
The most promising strategy to avoid ion-pairs in the eluent, is the 
use of hydrophilic interaction liquid chromatography (HILIC), which 
showed similar performance in comparison to IP-RPLC by only us- 
ing ammonium acetate as buffer [25–28] . Although HILIC does not 
fully reach the same efficiency as IP-RPLC, its ability to build up 
a water layer on the stationary phase surface that enables polar 
compounds to partition between this attached water layer and the 
bulk mobile phase, mixed with other interactions like hydrogen 
bonding, makes it a good alternative with remarkable selectivity 
for an ion-pairing free separation of oligonucleotides [ 5 , 29–31 ]. 

A different strategy to avoid ion-pairing reagents in the ion 
source while still taking benefit from IP-RPLC is to use two- 
dimensional liquid chromatography (2D-LC), viz. a second dimen- 
sion LC ( 2 D) as a “desalting tool” to remove the MS-incompatible 
involatile buffers or salts from the effluent via a diverter valve 
[ 32 , 33 ]. In general, 2D-LC [34] has more and more shown its po- 
tential to be useful for oligonucleotides analysis, e.g. by combin- 
ing size exclusion chromatography (SEC), RP and strong anion ex- 
change chromatography (SAX) in 1 D with RP in 2 D [35] , RP in 1 D 

and HILIC in 2 D or HILIC in 1 D and IP-RP in 2 D [ 36 , 37 ]. It allows 
to combine two selectivity principles overcoming limitations of a 
single chromatographic mode or column. 

The goal of this study, was to evaluate for the first time a 
polybutylene terephthalate-based stationary phase (DCpak PBT) 
(see Fig. 1 ) for its suitability to separate structurally closely re- 
lated oligonucleotides by RP-LC under typical MS-compatible elu- 
tion conditions with ammonium formate or acetate buffers, yet 
completely without ion-pairing agent. This column was origi- 
nally designed for supercritical fluid chromatography (SFC) and 
has previously been tested for aromatic compounds like plasticiz- 
ers and bio-compounds like bee pollen [ 38 , 39 ]. It was, however, 
never tested for oligonucleotide separations. Owing to its mul- 
titude of functional groups, ranging from hydrophobic domains 
(butylene moiety) over π- π-interaction sites (aromatic phthalate 
group) to dipole and H-bond acceptor moieties (ester groups), this 
stationary phase can have a mixed-mode character enabling hy- 
drophilic and aromatic binding increments besides hydrophobic in- 
teractions ( Fig. 1 ). This allows to expect complementary selectiv- 
ities for oligonucleotide impurity profiling. Chromatographic fac- 
tors were evaluated to elucidate the retention mechanisms and ef- 
fect of mobile phase conditions. To pursue this goal of retention 

and selectivity profiling on this PBT stationary phase, the oligonu- 
cleotide strands of the small interfering RNA (siRNA) therapeutics 
Patisiran ( Fig. 2 A) were used as model test compounds. Patisiran 
(Tradename: Onpattro, Alnylam Pharmaceuticals, US) which has 
been approved by the U.S. Food and Drug Administration (FDA) in 
2018 is an siRNA therapeutics for the treatment of polyneuropa- 
thy in patients with hereditary transthyretin-mediated amyloido- 
sis. In order to increase its stability against enzymatic degrada- 
tion in human bodies to improve the bioavailability, several nu- 
cleotides of the RNA strands are modified by methylation in 2 ′ - 
position of ribose residues (see Fig. 2 A). This siRNA consists of two 
complementary RNA strands: Antisense (guide) and sense (pas- 
senger) strand. During RNA interference, the passenger strand is 
cleaved by the protein Argonaute 2 (Ago2). Simultaneously, the 
guide strand is incorporated into the RNA-induced silencing com- 
plex (RISC) which binds and degrades the target mRNA [40] . The 
employed oligonucleotides of this study were custom synthesized 
single stands of Patisiran which were just desalted after their syn- 
thesis, but not purified. The double-strand nucleic acid was ob- 
tained by annealing of the non-purified single strands using a pub- 
lished annealing protocol [41] . Hence, these oligonucleotides do 
not represent a pharmaceutical grade product, but are due to their 
multiple impurities with nucleotide deletions in their sequences 
highly suitable to characterize the retention behavior and selec- 
tivity of the PBT stationary phase between structurally closely re- 
lated oligonucleotides. To obtain meaningful data for interpretation 
of the retention behavior, it was necessary to structurally annotate 
the oligonucleotide impurities in these single- and double strand 
oligonucleotides. Thus, the HPLC was directly coupled to electro- 
spray ionization time-of-flight mass spectrometry (ESI-TOF-MS) for 
this purpose. The complementarity in the retention profiles of the 
PBT column to other common LC modes (IP-RPLC, HILIC, mixed- 
mode chromatography) along with their combination in a 2D-LC 
method will be outlined in a separate study. 

2. Experimental 

2.1. Chemicals and Patisiran as analyte 

Acetic acid (ACS reagent, ≥ 99.8%), ammonium acetate (AA) 
(LC-MS grade), ammonium formate (AF) (LC-MS grade), ammo- 
nium hydroxide (ACS reagent, 28–30%), ethylenediaminetetraacetic 
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Fig. 2. Structure of the siRNA Patisiran consisting of antisense (guide) and sense (passenger) strand (A) and nomenclature of oligonucleotide fragmentation according to 
McLuckey (B). 

acid (EDTA) (ACS reagent 99.4%, powder), Tris base (BioUltra grade, 
≥99.8%) and sodium chloride ( ≥99%) were purchased from Sigma- 
Aldrich (Merck, Munich, Germany). HPLC-MS grade methanol 
(MeOH) and acetonitrile (ACN) were purchased from Carl Roth 
(Karlsruhe, Germany). Ultrapure water was obtained by treatment 
of deionized water with Elga PurLab Ultra purification system 

(Celle, Germany). 
The structure of Patisiran is shown in Fig. 2 . For this study, both 

passenger (sense, see Fig. 2 ) and guide strand (antisense, see Fig. 2 ) 
of Patisiran were custom synthesized by Oligo Sigma (Merck, Mu- 
nich, Germany) and purchased as separate single strands. Both sin- 
gle RNA strands were obtained as desalted raw products with- 
out any further purification. The double stranded siRNA sample 
was obtained by annealing of equimolar amounts of the two sin- 
gle strands, non-purified RNA oligonucleotide raw products using 
a protocol described below. For this reason, these analytical stan- 
dards can only be considered as model test substances for method 
development but do not represent pharmaceutical grade APIs of 
Patisiran as present in real pharmaceutical products. For better un- 
derstanding, we will keep using the terminology sense/antisense 
for the upcoming discussions. 

2.2. Stationary phase 

The column tested in this work, the Daicel polybuty- 
lene terephthalate-bonded silica-based DCpak PBT column 
(150 × 3.0 mm, 3 µm particle size) for ion-pair-free RPLC was 
provided by Chiral Technologies (Illkirch, France) (other parameters 
like ligand density, pore size and carbon load are not disclosed by 
the manufacturer). 

2.3. Sample preparation 

An aqueous stock solution of antisense and sense strand with 
a concentration of 100 µM was prepared and stored under 4 °C 
until use. For all experiments, the final concentration was 50 µM. 

For the annealing of the complementary strands, a buffer consist- 
ing of 10 mM TRIS (pH 7.5–8.0), 50 mM NaCl and 1 mM EDTA was 
used. Equal volumes of equimolar antisense and sense strand were 
mixed in a microtube which was then incubated at 95 °C for 5 min. 
After that, the tube was allowed to slowly cool down to room tem- 
perature for 60 min. 

2.4. Instrumentation 

LC experiments were performed with an Agilent 1290 Infinity 
II UHPLC system from Agilent Technologies (Waldbronn, Germany) 
equipped with Multisampler (G4226A), binary Pump (G4220A), 
column compartment (G1316C) and Diode Array Detector (DAD) 
(G4212A). Additionally, both column compartment and multisam- 
pler were equipped with the Ultra-Low Dispersion Kit (5067–
5963). 

MS detection was performed on a SCIEX TripleTOF 5600 + QTOF 
mass spectrometer with a Duospray ion source operated in nega- 
tive ESI mode. The MS instrument was controlled with Analyst TF 
1.7 software (AB SCIEX, Darmstadt, Germany). 

2.5. LC-MS conditions 

In this subchapter, the final optimized LC conditions are de- 
scribed. For LC conditions during the optimization studies, please 
see the corresponding figure captions. 

All pH values applied in this study were adjusted as follows: 
The electrode system was calibrated with standard aqueous buffers 
which were commercially available. The pH was measured and ad- 
justed in the aqueous buffer ( w w pH ) before mixing it with the or- 
ganic solvent (note, minor shifts in pH and p K a scale result from 

the organic solvent) However, the mobile phase pH values reported 
herein always refer to w 

w pH [42] . As discussed by Schoenmaker 
et al. , this pre-adjustment of pH before mixing with organic is 
more practical [ 43 , 44 ]. 
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In case of ion-pair-free RP-LC with DCpak PBT (150 × 3 mm, 
3 µm), a linear gradient of methanol (MeOH) as organic modi- 
fier was used. Mobile phase A (MPA) was composed of water with 
20 mM ammonium formate (AF), w w pH 6.3. Mobile phase B (MPB) 
consisted of MeOH/water 9:1 (v/v), 20 mM AF, w w pH 6.3. For fur- 
ther pH studies, w w pH 3.7 and w w pH 4.7 were also adjusted for both 
MPA and MPB as described above. The following gradient pro- 
file was applied: 10–45% MPB in 28 min followed by 15 min re- 
equilibration. Temperature: 40 °C. Flow rate: 0.6 ml/min. 

MS detection was carried out in negative polarity mode with an 
ESI source. The MS parameters for nebulizer gas, heater gas, cur- 
tain gas, source temperature, ion spray voltage, declustering po- 
tential and collision energy were set as follows: 90 psi, 90 psi, 
35 psi, 550 °C, 4500 V in all experiments, 200 V, −10 V for TOF-MS 
and −35 V for MS/MS in all experiments. Mass ( m/z ) range of MS 1 

experiments were from 100 to 20 0 0. MS 2 data was generated by 
information dependent acquisition (IDA) mode (with one MS full 
scan experiment followed by four MS 2 experiments with an accu- 
mulation time of 200 ms each). The precursor isolation was set 
from 200 to 1250 m/z . 

2.6. Software and data processing 

The data processing was accomplished by using PeakView (AB 
Sciex, Darmstadt, Germany), basic data explorer in Sciex systems, 
and supported by RoboOligo [45] . Another software package called 
OPA/OMA developed for a semi-automated analysis of oligonu- 
cleotide fragmentation was used as well [46] . The identification of 
impurities was performed by assigning charge states of ions ob- 
served in the full scan spectra. Next, spectral deconvolution was 
executed (BioTool Kit, AB Sciex, Darmstadt, Germany) for the de- 
termination of molecular mass of various oligonucleotide species. 
For the deconvolution, BioTool Kit of Sciex collected all detected 
charge states within the MS spectra and calculated every possi- 
ble molecular mass of the target species from the charge enve- 
lope. In a consecutive process, incorrect mass signals will become 
weaker and eventually, only the correctly deconvoluted mass re- 
mains. The input parameter for the deconvolution with BioTool Kit 
were set as follows: start m/z : 200, stop m/z : 20 0 0, output mass 
range: 10 0 0–70 0 0 Da, input spectrum isotope resolution: 30,0 0 0 
(maximal value). The sequence was identified with the use of free 
RoboOligo program. RoboOligo is able to execute automated se- 
quencing using MS/MS data. For this purpose, the algorithm of Ro- 
boOligo is designed attempting to match expected product ions be- 
ginning with 5 ′ -terminus. For detailed information see ref. [45] . 
After the sequence was firstly determined with the help of Ro- 
boOligo, the suggested sequence of the oligonucleotide was re- 
analyzed by OPA/OMA software package. OPA/OMA can create a 
databank containing all possible fragments of known sequences. 
With this supporting function, the tentative sequence suggested by 
RoboOligo was verified comparing the measured MS/MS data with 
the generated databank [46] . Additional confirmation was always 
performed by the extracted ion chromatograms (EIC). All masses 
and m/z values reported in this manuscript are experimental val- 
ues. A comparison of theoretical and experimental m/z values along 
with mass errors are given in Suppl. Table S1 and S2. 

3. Results and discussion 

3.1. Ion-pair-free RP chromatography with polybutylene 

terephthalate-based column 

To avoid problems originating from the use of ion-pairing 
agents the goal of this study was to find a stationary phase 

which gives sufficient retention and selectivity of structurally re- 
lated oligonucleotides by RPLC without ion-pair reagents in the 
mobile phase. A recently developed dedicated SFC column DCpak 
PBT which is a silica-based stationary phase with polybutylene 
terephthalate coating ( Fig. 1 ) was considered promising due to its 
expected stability and multitude of interaction modes. Due to its 
mixed-mode character with aromatic, hydrophobic and dipole in- 
teraction sites (see Fig. 1 ), stronger retentivity compared to C18 
phases, in particular when operated with methanol as organic 
modifier, and altered selectivity was envisaged. Preliminary tests 
with the siRNA single strands confirmed the assumptions and 
therefore the chromatographic conditions were further optimized 
as discussed in this chapter. 

3.1.1. Organic modifier 

In the first gradient elution screening experiments, both ace- 
tonitrile and methanol were tested as organic modifiers (Fig. S1). 
With ACN, antisense and sense strands as well as ds-siRNA (an- 
nealed) eluted close to the void of the column or even slightly 
before (Fig. S1A). On contrary, both single strands were well re- 
tained with MeOH as organic modifier (Fig. S1B). Evidently, the 
elution strength of ACN is greater compared to MeOH, as expected. 
ACN efficiently disrupts both π- π interactions and hydrophobic 
interactions between oligonucleotides and the PBT-based station- 
ary phase. As a consequence, the studied oligonucleotides and 
their impurities were not retained on the PBT-modified station- 
ary phase surface under these RP conditions [47] . For this reason, 
MeOH is recommended for phenyl-type phases and was used as 
organic modifier in further screening experiments (Fig. S1B). No- 
tably, symmetrical peaks were observed for antisense and sense 
strand, and some impurities were efficiently resolved from the 
main peak within 12 min run time. The annealed duplex was still 
eluted with t 0 . 

3.1.2. Salt type and concentration 

Next, the impact of salt type and its concentration has been in- 
vestigated in gradient elution with MeOH. For this purpose, am- 
monium acetate (AA) and ammonium formate (AF) with increasing 
concentrations (10/20/40 mM) were used and compared (pH unad- 
justed) ( Fig. 3 ). It can be seen that AA has slightly higher elution 
strength compared to AF, as a consequence of the differences in the 
nature of acetate and formate ions [29] . In general, compared to 
AA ( Fig. 3 A), the mobile phase with AF provides an improved res- 
olution power. Especially the shortmer species eluting next to the 
main peak are better separated by using AF as salt ( Fig. 3 B). It is 
further striking that with increasing salt concentration, the reten- 
tion time of the siRNA strands increased leading to sharper peaks 
and better resolution. This observed trend might be explained by 
reduction of the solubility of oligonucleotides and strengthening of 
their hydrophobic interactions with the surface of the stationary 
phase (possibly due to a kind of salting out effect). At the same 
time, effective ionic shielding by formation of an ion cloud of am- 
monium ions around negatively charged silanol groups as well as 
phosphate groups (in oligonucleotide structure) may occur dimin- 
ishing repulsive electrostatic interactions between oligonucleotides 
and silanols [29] . For both AA and AF, lower salt concentration (e.g. 
10 mM) causes peak broadening and tailing leading to lower res- 
olution. With 40 mM, both selectivity and efficiency are improved 
for both AF and AA. However, as a compromise considering the hy- 
phenation with ESI-MS, 20 mM AF was the final salt concentration 
for further LC-MS experiments. 

3.1.3. pH value 

For more details about pH adjustment, please review chapter 
2.5. The mobile phase pH plays an important role for the chro- 
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Fig. 3. RPLC-UV chromatograms of sense (passenger) strand with DCPak® PBT using (A) ammonium acetate (AA) and (B) ammonium formate (AF). The salt concentration 
was increased from 10 to 40 mM. LC –Conditions (A): MPA: water,10/20/40 mM AA, w w pH 6.8; MPB: MeOH/water 9:1 (v/v),10/20/40 mM AA ( w w pH 6.8 of the aqueous fraction); 
Gradient: 10% −100% MPB in 30 min; Temperature: 40 °C; Flow rate: 0.6 ml/min. LC –Conditions (B): MPA: water, 10/20/40 mM AA, w w pH 6.8; MPB: MeOH/water 9:1 (v/v), 
10/20/40 mM AA ( w w pH 6.8 of the aqueous fraction); Gradient: 10% −45% MPB in 20 min; Temperature: 40 °C; Flow rate: 0.6 ml/min. 

matographic performance of ionic substances. Hence, some exper- 
iments investigating its influence on the separation were carried 
out. In the test series with regard to AF as salt and its concen- 
tration, the w w pH was 6.3 without any further adjustment. As AF 
has a buffer range between 2.7–4.7, we also tested various pH val- 
ues (3.7, 4.7). Besides, also a w w pH gradient from 4.7 (in channel A) 
to 6.3 (in channel B) superimposed over a modifier (MeOH) gra- 
dient was evaluated (see Fig. S2). At w w pH 4.7 and lower, oligonu- 
cleotides were not eluted within reasonable time. We suppose that 
this effect is due to the partial protonation of residual silanols at 
the stationary phase surface occurring under acidic pH and reduc- 
ing electrostatic repulsion between tested compounds and support, 
typically occurring at higher w w pH . This effect may be also con- 
nected to the protonation of some of the nucleobases at pH be- 
low 4 (e.g. cytosine), leading possibly to stronger interaction with 
silanols. On the contrary, at w w pH 6.3 (non-adjusted 20 mM AF), 
silanol groups are more negatively charged causing repulsive elec- 
trostatic interactions with oligonucleotides resulting in their elu- 
tion as reasonably well shaped peaks (Fig. S2, black trace). A w w pH 

gradient from 4.7 until 6.3 indeed significantly increased the reten- 
tion of the oligonucleotides as compared to isocratic separation at 
w 
w pH 6.3 yet enabled their elution (Fig. S2, green trace). However, 
strong tailing of the main peak makes such elution conditions less 
attractive. 

For 20 mM AA, the non-adjusted w w pH was 6.8 in channel A. 
The negatively charged silanols on the stationary phase surface are 
not efficiently shielded causing electrostatic repulsion between the 
oligonucleotides and the stationary phase surface. This repulsive 
interaction may partly compensate the contribution of hydropho- 
bic and π- π interactions leading to efficient elution of the oligonu- 
cleotides under these conditions. When the w w pH was decreased to 
5, the ionization of the silanol groups was reduced, and interaction 
of the oligonucleotide with the PBT bonding reinforced leading to 
stronger retention, at expense of chromatographic efficiencies (Fig. 
S3). Since impurities are present in oligonucleotide samples at low 

concentration levels, broad peaks deteriorate their detection limits 
for which reason unadjusted AF or AA based mobile phases were 
continued to be used. 

3.2. Structural annotation of impurities of Patisiran single strand and 

annealed oligonucleotides with polybutylene terephthalate-based 

column under ion-pairing free RP mode 

During oligonucleotide synthesis, a series of impurities may be 
formed [48] . Caused by coupling failures, impurity species which 
lack one or more nucleotides (e.g. N-1, N-2 shortmers, etc.) are ob- 
tained. In these shortmers, nucleotides can be missing on both 3 ′ 

and 5 ′ ends, depending on the mechanism of formation [ 4 8 , 4 9 ]. 
Besides, synthetic oligonucleotides may be contaminated by other 
structurally closely related synthesis by-products. Hence, a non- 
purified synthesis raw product as used herein was considered a 
suitable test sample for new stationary phases for evaluation of 
their retention increments and selectivity. However, the retention 
profiling to characterize the new PBT stationary phase would be 
relatively meaningless if the structure of the components is not 
known. This is particularly true for meaningful column compar- 
isons and retention correlations between two stationary phases 
which relies on knowledge of the structures of the chromato- 
graphic probes, like herein the non-purified Patisiran single and 
double strand oligonucleotide impurities. Along this line, LC-ESI- 
QTOF-MS was employed to structurally annotate the separated im- 
purity peaks. 

In this study, the ion-pairing free RP chromatography with DC- 
pak PBT and optimized conditions was able to separate a remark- 
able series of different im purity species of Patisiran single strands 
and annealed product (see Fig. 4 ). Without the presence of ion- 
pairing agent, a direct coupling with ESI-TOF-MS was umproblem- 
atic enabling the straightforward characterization of the separated 
impurity species. Usually, the MS spectra of oligonucleotides show 

a series of multiple deprotonated molecular species [M-nH] n − re- 
sulting in a multiple charge state distribution [9] . Herein, with PBT 
column in RP mode, we observed only ions of two charge states 
in the full scan spectra and no wider charge envelope. Presumably, 
for these low abundant impurities only the most abundant charge 
states were above the LOD. Multiple charge states were only found 
for the main compound (antisense or sense) owing to their higher 
concentration. Nonetheless, identification of impurities was still 

5 



F. Li, S. Chen, S. Studzi ́nska et al. Journal of Chromatography A 1694 (2023) 463898 

Fig. 4. RPLC-UV chromatograms of Patisiran antisense (guide) strand (A), sense (passenger) strand (B), and annealed siRNA duplex (C) on DCPak® PBT column. The detected 
peaks have been characterized by ESI-TOF-MS. For compound list see Table 1 , 2 and S1. LC –Conditions (A-C): MPA: water, 20 mM AF, w w pH 6.3; MPB: MeOH/water 9:1 (v/v), 
20 mM AF ( w w pH 6.3 of the aqueous fraction); Gradient: 10% −45% MPB in 28 min; Temperature: 40 °C; Flow rate: 0.6 ml/min. For MS parameters see chapter 2.4. 

possible due to charge state assignment and successful software- 
supported deconvolution. Additionally, the tentative determination 
of the oligonucleotide sequences was supported by different soft- 
ware packages [ 45 , 46 ]. 

3.2.1. Antisense (guide) strand 

For rationalizing the retention mechanism on the PBT column, 
the oligonucleotide impurity peaks were first structurally anno- 
tated using MS 1 and MS 2 data (see Fig. 5 for exemplary results). 
All extracted ion chromatograms (EIC) of the monoisotopic mass of 
the most abundant charge state show reasonable peak shape (ex- 
emplified in Fig. 5 A–C), yet early eluted peaks are a bit broader 
as they seem to be insufficiently refocused. It is also important to 
point out that those impurity species with an additional phosphate 
group (Np) at the 3 ′ end show broader peaks due to stronger po- 
lar interaction and/or metal surface interactions with column hard- 
ware. We observed previously that the charge state of the most 
abundant precursor ions of the impurity species of Patisiran (anti- 
sense) increases with higher molecular mass [33] . In this work, this 
trend can be confirmed (see Table S1). Small oligonucleotides like 
the 2-mer 5 ′ -dTdT-OH-3 ′ exists in charge state 1- of the ion type 
[M-H] 1- and no significant alkali cation adducts ( Fig. 5 D). For the 
longer oligonucleotides, besides the major adduct [M-nH] n − other 

alkali cation adducts were also detected ( Fig. 5 E and F) [ 9 , 50 ]. This 
follows the expected trends, since the degree of alkali cation ad- 
duction increases with the length of the oligonucleotides [ 9 , 51 ]. 
Information-dependent acquisition (IDA) based MS 2 experiments 
were also conducted to verify the suggested structure of the de- 
tected species. Different fragment ions were detected ( Fig. 5 G–I) 
and characterized using terminology as suggested by McLuckey 
et al. (see Fig. 2 B) [ 52 , 53 ] . Fragmentation of the phosphodiester 
bond occurred from both 3 ′ - (w, x, y, z-fragments) and 5 ′ end 
(a, b, c, d-fragments). Partly, base cleavage also took place (e.g. 
Fig. 5 G and I) as a result of collision induced dissociation. This 
way impurities could be confidently annotated using RoboOligo 
and OMA/OPA as described in the experimental section. 

In total, 33 different impurity species could be detected by ESI- 
TOF-MS with PBT -RPLC (see Table 1 ). In general, 4 distinct struc- 
tural variables can be distinguished in the oligonucleotides: (i) 
oligonucleotide length due to different number of deletions), (ii) 
base sequence (through 5 ′ and 3 ′ nucleotide deletions; coupling 
failure products with missing nucleotides on both 3 ′ and 5 ′ were 
present), (iii) 2 ′ -modifications (hydroxyl, methoxy and hydrogen 
for 2nt-overhang), and (iv) 3 ′ -end modifications. At the 3 ′ end, 
the oligonucleotides possess either a hydroxy end (OH), a phos- 
phate end (Np) or a 2 ′ ,3 ′ –cyclic phosphodiester end (cyc) [54] . Ba- 
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Fig. 5. RP-LC-derived MS 1 and MS 2 spectra and extracted ion chromatogram (EIC) of selected impurity species from antisense strand of Patisiran. (A-C): Extracted ion 
chromatograms of the monoisotopic mass of the most abundant charge states. (D-F): MS 1 spectra of impurity species with the most abundant charge states. (G-I): MS 2 

spectra of the corresponding precursor ion. For MS-conditions see chapter 2.4. 

sically, the detected impurity species can be divided into 3 sub- 
groups according to these structural peculiarities: (i) a 3 → 5 ′ im- 
purity series with nucleotide deletions at the 5 ′ -end and a free 
3 ′ -OH (3 ′ -OH end), (ii) a 5 → 3 ′ impurity series with nucleotide 
deletions at the 3 ′ -end and a phosphorylated 3 ′ -end (3 ′ -Np end), 
and (iii) a corresponding 5 ′ → 3 ′ impurity series in which the 3 ′ - 
Np end is converted to a 2 ′ ,3 ′ -cyclic phosphodiester bond (3 ′ -cyc 
end) (see Fig. 6 A).Within each series retention increases with each 
additional nucleotide, yet not by equal retention increments for 
different nucleotides, as expected due to distinct base hydropho- 
bicity (C < G < A < T /U according to [15] ). There are a few negative 
retention shifts, though, with additional nucleotide e.g. from 2- 
mer to 3-mer of 3-OH-end series (switch from deoxynucleotide 
sequence to ribonucleotide series), from 3-mer to 4-mer (U after 
mU), from 6-mer to 7-mer (U after G), 10-mer to 11-mer (C af- 
ter U), 15-mer to 16-mer (U after G). They cannot be explained by 
the hydrophobicity of the bases alone. The stronger retention for 
the 5 ′ −2-mer-OH (5 ′ -dTdT-OH-3 ′ ) compared to the 5 ′ −3-mer-OH 

(5 ′ -CdTdT-OH-3 ′ ) can be explained by its deoxy-ribonucleotides, in 

which a hydrogen atom instead of a hydroxyl group in 2 ′ -position 
results in lower polarity and thus potentially stronger hydrophobic 
interactions with the surface of the stationary phase. It is inter- 
esting to mention that those negative shifts in retention mostly 
occur when the sequence is expanded by either U or C (vide 
infra). 

3.2.2. Sense (passenger) strand 

For the sense strand, the ESI-TOF-MS measurement was capable 
to distinguish 25 impurity species (see Table 2 ). The general pat- 
tern of impurities did not change in comparison to the antisense 
strand, as expected. Again, three subgroups of shortmer impurities 
considering their deletions from either the 5 ′ or 3 ′ end and differ- 
ent 3 ′ ends (Np and cyc), respectively, were detected (vide supra) 
( Fig. 6 B). Exemplary chromatograms of impurities with different 
length are depicted in Fig. 7 A–C along with their MS 1 ( Fig. 7 D–F) 
and MS 2 spectra ( Fig. 7 G–I). The retention behavior of the analysed 
species ( Fig. 6 B, Table S2) is following similar trends as described 
above. 
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Table 1 

Overview of the Patisiran antisense (guide) strand impurities detected by RP-LC-MS (sorted in order of increasing mass [Da], t R 
in minute). 

Name Sequence Deconvoluted mass Peak No. Fig. 4 t R RP 

5 ′ 2mer - OH 5 ′ dTdT 3 ′ - OH 546.129 1 5.19 
3 ′ 2mer - cyc 5 ′ AU 3 ′ - cyc 635.071 2 2.03 
3 ′ 2mer - Np 5 ′ AU 3 ′ - Np 653.082 3 1.79 
5 ′ 3mer - OH 5 ′ CdTdT 3 ′ - OH 851.170 4 2.78 
3 ′ 3mer - cyc 5 ′ AUG 3 ′ - cyc 980.118 5 1.61 
3 ′ 3mer - Np 5 ′ AUG 3 ′ - Np 998.135 6 1.51 
5 ′ 5mer - OH 5 ′ mUACdTdT 3 ′ - OH 1501.257 7 4.24 
3 ′ 5mer - cyc 5 ′ AUGGA 3 ′ - cyc 1654.209 8 1.94 
3 ′ 5mer - Np 5 ′ AUGGA 3 ′ - Np 1672.221 9 1.82 
5 ′ 6mer - OH 5 ′ UmUACdTdT 3 ′ - OH 1806.282 10 3.87 
3 ′ 6mer - cyc 5 ′ AUGGAA 3 ′ - cyc 1983.260 11 2.53 
3 ′ 6mer - Np 5 ′ AUGGAA 3 ′ - Np 2001.264 12 2.53 
5 ′ 7mer - OH 5 ′ GUmUACdTdT 3 ′ - OH 2151.330 13 5.58 
5 ′ 8mer - OH 5 ′ GGUmUACdTdT 3 ′ - OH 2496.368 14 7.91 
3 ′ 8mer - Np 5 ′ AUGGAAmUA 3 ′ - Np 2650.364 15 4.99 
5 ′ 9mer - OH 5 ′ UGGUmUACdTdT 3 ′ - OH 2802.396 16 7.66 
3 ′ 9mer - Np 5 ′ AUGGAAmUAC 3 ′ - Np 2955.407 17 5.28 
5 ′ 10mer - OH 5 ′ UUGGUmUACdTdT 3 ′ - OH 3108.418 18 8.04 
5 ′ 11mer - OH 5 ′ CUUGGUmUACdTdT 3 ′ - OH 3413.459 19 8.90 
3 ′ 11mer - Np 5 ′ AUGGAAmUACUC 3 ′ - Np 3566.466 20 5.52 
5 ′ 12mer - OH 5 ′ UCUUGGUmUACdTdT 3 ′ -OH 3719.470 21 9.42 
3 ′ 12mer - Np 5 ′ AUGGAAmUACUCU 3 ′ - Np 3873.496 22 5.85 
5 ′ 13mer - OH 5 ′ CUCUUGGUmUACdTdT 3 ′ - OH 4024.528 23 9.08 
3 ′ 13mer - Np 5 ′ AUGGAAmUACUCUU 3 ′ - Np 4178.519 24 6.46 
3 ′ 14mer - Np 5 ′ AUGGAAmUACUCUUG 3 ′ - Np 4523.570 25 7.60 
5 ′ 15mer - OH 5 ′ mUACUCUUGGUmUACdTdT 3 ′ - OH 4673.609 26 11.08 
3 ′ 15mer - Np 5 ′ AUGGAAmUACUCUUGG 3 ′ - Np 4868.606 27 8.57 
5 ′ 16mer - OH 5 ′ AmUACUCUUGGUmUACdTdT 3 ′ - OH 5002.661 28 12.45 
5 ′ 18mer – OH 5 ′ GAAmUACUCUUGGUmUACdTdT 3 ′ - OH 5676.783 29 13.35 
3 ′ 18mer - Np 5 ′ AUGGAAmUACUCUUGGUmUA 3 ′ - Np 5823.723 30 11.35 
5 ′ 19mer - OH, N-2 5 ′ GGAAmUACUCUUGGUmUACdTdT 3 ′ - OH 6021.828 31 13.31 
3 ′ 19mer - Np 5 ′ AUGGAAmUACUCUUGGUmUAC 3 ′ - Np 6128.748 32 11.58 
5 ′ 20 mer - OH, N-1 5 ′ UGGAAmUACUCUUGGUmUACdTdT 3 ′ - OH 6327.814 33 12.95 
Antisense 5 ′ AUGGAAmUACUCUUGGUmUACdTdT 3 ′ - OH 6656.866 34 13.73 

Fig. 6. A correlation between mass and retention time of detected impurities for Patisiran using DCPak PBT. Black trace, square: species with free hydroxy at 3 ′ end; red 
trace, circle: species with phosphate at 3 ′ end; blue trace, triangle: cyclic 2 ′ ,3 ′ -phosphate (phosphodiester) end at 3 ′ end. A : Patisiran Antisense Strand; B : Patisiran Sense 
Strand. 

3.2.3. Retention shifts due to nucleotide deletions and other 

structural increments 

Above studies provided structural annotation of the detected 
oligonucleotide impurities of both antisense and sense single 
strands. Fig. 8 A and B depict the EICs of the detected impurity 
series of antisense and sense strands, respectively. It becomes ev- 
ident that response factors in ESI-MS are distinct for different 
oligonucleotide lengths, typically lower for larger oligonucleotides, 
probably due to splitting of the signals in a wider distribution of 

distinct molecular species. Aspects of quantitative analysis are out 
of scope here, but the question arises what is the retention shift 
with each nucleotide deletion on the PBT column. For this pur- 
pose, a retention difference matrix was prepared and the difference 
in retention times between different deletions including single nu- 
cleotide deletions calculated (see suppl. material for the complete 
data sets; suppl. Table S4-S6). Table 3 gives a summary of absolute 
retention shifts of single nucleotide deletions and of the retention 
time shifts occurring due to cyclic 2 ′ ,3 ′ -phosphodiester bond for- 
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Fig. 7. RP-LC-derived MS 1 and MS 2 spectra and extracted ion chromatogram of selected impurity species from sense strand of Patisiran. (A-C): Extracted ion chromatograms 
of the monoisotopic mass. (D-F): MS 1 spectra of impurity species with the most abundant charge states. (G-I): MS 2 spectra of the corresponding precursor ion. For MS 
parameters see chapter 2.4. 

Fig. 8. Extracted ion chromatograms (EIC) of oligonucleotide impurity series of (A) antisense and (B) sense strands. Peak numbering as reported in Table 1 (A) and Table 2 (B), 
respectively. For conditions see caption of Fig. 4 . 
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Table 2 

Overview of the Patisiran sense (passenger) strand impurities detected by RP-LC-MS (sorted in order of increasing mass [Da], t R in minute). 

Name Sequence Deconvoluted mass Peak No. Fig. 4 t R RP 

5 ′ 3mer-OH 5 ′ mUdTdT 3 ′ – OH 866.170 35 5.80 
3 ′ 3mer - cyc 5 ′ GmUA 3 ′ - cyc 994.133 36 2.07 
3 ′ 3mer -Np 5 ′ GmUA 3 ′ - Np 1012.130 37 1.85 
3 ′ 4mer- Np 5 ′ GmUAA 3 ′ - Np 1341.186 38 2.23 
5 ′ 5mer- OH 5 ′ mCAmUdTdT 3 ′ - OH 1514.268 39 5.67 
5 ′ 6mer - OH 5 ′ mCmCAmUdTdT 3 ′ - OH 1833.322 40 4.88 
5 ′ 7mer - OH 5 ′ mUmCmCAmUdTdT 3 ′ - OH 2153.353 41 6.09 
5 ′ 7mer - Np 5 ′ mUmCmCAmUdTdT 3 ′ - Np 2233.336 42 3.53 
3 ′ 7mer – Np 5 ′ GmUAAmCmCA 3 ′ - Np 2308.347 43 2.98 
5 ′ 8mer - OH 5 ′ mUmUmCmCAmUdTdT 3 ′ - OH 2473.396 44 7.26 
3 ′ 8mer – Np 5 ′ GmUAAmCmCAA 3 ′ - Np 2637.394 45 4.02 
5 ′ 9mer – OH (A- > mU) 5 ′ mUmUmUmCmCAmUdTdT 3 ′ - OH 2793.442 46 8.50 
5 ′ 9mer - OH 5 ′ AmUmUmCmCAmUdTdT 3 ′ - OH 2802.449 47 9.12 
5 ′ 10mer - OH 5 ′ mUAmUmUmCmCAmUdTdT 3 ′ - OH 3122.492 48 9.60 
3 ′ 10mer – Np 5 ′ GmUAAmCmCAAGA 3 ′ - Np 3311.495 49 6.61 
5 ′ 11mer – OH (G- > A ) 5 ′ AmUAmUmUmCmCAmUdTdT 3 ′ - OH 3451.544 50 10.90 
5 ′ 11mer – OH 5 ′ GmUAmUmUmCmCAmUdTdT 3 ′ - OH 3467.530 51 10.44 
3 ′ 11mer – Np 5 ′ GmUAAmCmCAAGAG 3 ′ - Np 3656.547 52 7.10 
5 ′ 12mer – OH 5 ′ AGmUAmUmUmCmCAmUdTdT 3 ′ - OH 3796.590 53 11.88 
3 ′ 13mer - Np 5 ′ GmUAAmCmCAAGAGmUA 3 ′ - Np 4305.673 54 9.79 
5 ′ 14mer – OH 5 ′ AGAGmUAmUmUmCmCAmUdTdT 3 ′ - OH 4470.688 55 12.37 
5 ′ 15mer – OH 5 ′ AAGAGmUAmUmUmCmCAmUdTdT 3 ′ - OH 4799.718 56 13.01 
5 ′ 17mer – OH 5 ′ mCmCAAGAGmUAmUmUmCmCAmUdTdT 3 ′ - OH 5437.841 57 12.48 
5 ′ 18mer – OH 5 ′ AmCmCAAGAGmUAmUmUmCmCAmUdTdT 3 ′ - OH 5766.896 58 13.35 
5 ′ 20mer - OH (N-1) 5 ′ mUAAmCmCAAGAGmUAmUmUmCmCAmUdTdT 3 ′ - OH 6416.030 59 13.63 
Sense, Patisiran 5 ′ GmUAAmCmCAAGAGmUAmUmUmCmCAmUdTdT 3 ′ - OH 6761.087 60 15.90 

Table 3 

Summary of retention shifts due to nucleotide deletions and other structural increments considering dele- 
tion impurities in both antisense and sense strands. 

| �t R | [min] 

Mean Standard deviation 

G 1.71 2.33 0.28 0.97 0.84 2.27 1.40 0.76 
A 1.37 0.78 0.71 1.86 1.44 0.64 0.87 1.10 0.43 
U 0.37 0.25 0.38 0.52 0.36 0.33 0.61 0.40 0.11 
mU 1.21 0.48 0.85 0.37 
C 2.41 0.86 0.34 0.29 0.23 0.83 0.82 
mC 0.79 0.79 - 
cyc (Np-cyc) 0.24 0.22 0.10 0.12 0.00 0.14 0.09 

mation from 3 ′ -Np-end phosphorylated impurities. It can be seen 
that on average purine bases exhibit a larger retention shift upon 
their deletion than pyrimidine nucleotides and the mean absolute 
retention shifts are 1.4 ( ±0.76) and 1.10 ( ±0.43) min for G and A. 
2 ′ -Methylation of U appears to result also in a retention shift, how- 
ever, the statistics is weak due to presence of only two 2 ′ -O-methyl 
uridylates. On the other hand, C deletions appear to induce larger 
retention shifts (0.83 ±0.82 min) as compared to U (0.40 ±0.11 min). 
Cyclic phosphodiester formation brings a mean retention shift of 
0.14 ±0.09 min on the PBT column whereby the retention incre- 
ment clearly declines the longer the oligonucleotide becomes. The 
large variance in the specific nucleotide deletion retention shifts 
indicates there is some sequence specific effect or secondary struc- 
ture effects. This becomes better visible from the presentation of 
the absolute retention shifts in dependence on their position in the 
oligonucleotide sequence ( Fig. 9 ). Herein, 4 deletion series from an- 
tisense and sense each with 3 ′ -OH-end and 3 ′ -Np-end were con- 
sidered. It becomes evident that the retention increments do not 
follow a simple strict trend but may depend on neighbouring nu- 
cleotides and length, or secondary structures. 

3.2.4. Annealed strand 

Antisense and sense single strands were hybridized to form the 
double-stranded siRNA shown in Fig 2 A by use of an established 
annealing protocol as described in the experimental section. As 
mentioned before, the annealed strand with its molecular mass 

of 13,417 Da elutes close to t 0 . This effect is observed probably 
due to a higher polarity (bases are mutually saturated in the ds 
oligonucleotide while both ribosyl phosphodiester backbones are 
exposed to the surface) (note, corresponding HILIC experiments 
confirm this assumption). At the same time, a high amount of an- 
nealing buffer consisting of EDTA, Tris and NaCl co-eluted with 
the annealed siRNA double-strand of Patisiran causing strong ion 
suppression. Thus, no MS signal was detected. But the strong UV 

signal ( Fig. 4 C) at the beginning of the chromatogram indicates 
the presence of annealed ds-siRNA, since the components of the 
annealing buffer are largely UV-inactive. Still, in the sample with 
annealed ds-siRNA, numerous impurities were also present, since 
the hybridization was performed for two single strands with im- 
purity profiles as shown in Fig. 4 A and B. The impurities in the 
sample of the annealed siRNA showed retention under RP condi- 
tions and could be identified with ESI-TOF-MS (similar to earlier 
results). Fourty nine impurity species, which have been already de- 
tected in antisense or sense strand, could be found also in the an- 
nealed sample (Table S3). Residual sense and antisense strand (Fig. 
S4) were also detected by MS due to incomplete hybridization pro- 
cess. 

Overall, the PBT-based column shows interesting selectivities 
under ion-pair free mobile phase conditions, yet the chromato- 
graphic efficiency is lower than commonly seen in ion-pair RPLC 
with state-of-art sub-2 µm particle columns. This is partly due to 
the particle size (3 µm) of the PBT column which is currently not 
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Fig. 9. Absolute retention time shifts (| �t R | in [min]) of various nucleotides in dependence of the position in the nucleotide sequence as calculated from 4 impurity series 
of antisense and sense strands for each with 3 ′ -OH-end and 3 ′ -Np-end impurities. 

available as a sub-2 µm UHPLC column. However, it can be very 
useful if ion-pair agents should be avoided in LC-ESI-MS instru- 
ments which are not exclusively dedicated to oligonucleotide anal- 
ysis. This PBT-RPLC method could also be of interest in preparative 
LC for the purification of Patisiran from single strand impurities 
by use of negative chromatography, i.e. retention of impurities and 
elution of the product with t 0 . 

4. Conclusion 

In this study, we developed an ion-pair free reversed-liquid 
chromatography method using DCPak PBT which was originally de- 
signed for supercritical fluid chromatography. The ion-pair free RP 
provides sufficient retention and adequate selectivity for oligonu- 
cleotides (as documented for antisense and sense strand of 
Patisiran) to enable direct coupling to ESI-MS. The polybutylene 
terephthalate selector coated onto silica with its plethora of dis- 
tinct interaction sites (hydrophobic moieties, aromatic systems and 
dipole interaction sites) interact with the oligonucleotides without 
requiring an ion-pairing reagent. Our results showed that retention 
and separation of impurities and main compound at the PBT sta- 
tionary phase strongly depend on the type, concentration and pH 

of salt in the mobile, as well as on the type of organic solvent and 
flow rate. In general, a high number of impurities were resolved 
and characterized by ESI-TOF-MS with the use of the finally opti- 
mized method. The PBT-based ion-pairing free RPLC seems to be a 
suitable method for oligonucleotide analysis without contaminat- 
ing the MS ion-sources and therefore useful for LC-ESI-MS instru- 
ments which are not dedicated for oligonucleotide analysis by ion- 
pairing reversed phase chromatography. 
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a b s t r a c t 

With the increasing numbers of nucleic acid-based pharmaceuticals like antisense oligonucleotides (ASO), 
small interfering ribonucleic acid (siRNA) entering the market, research facilities, pharmaceutical indus- 
tries and also regulatory authorities have been looking for efficient analytical methods for these synthetic 
oligonucleotides (ON). Besides of conventional one-dimensional (1D) reversed-phase liquid chromatogra- 
phy with or without ion-pairing (IP-RP-LC, RP-LC), hydrophilic liquid chromatography (HILIC) and mixed- 
mode chromatography (MMC), two-dimensional (2D) approaches combining two orthogonal chromato- 
graphic techniques also become more relevant due to the high structural complexity of oligonucleotides. 
Recently, we tested a polybutylene terephthalate(PBT)-based stationary phase under ion-pairing free RP 
mode for the liquid chromatography electrospray ionization mass spectrometry (LC-ESI-MS) analysis of 
siRNA (Patisiran). In this study, retention profile and chromatographic orthogonality, respectively, were 
compared to other LC-modes like HILIC, IP-RPLC, another ion-pair free cholesterol-bonded RPLC and MMC 
considering their normalized retention times. Finally, because of higher orthogonality, the ion-pairing free 
PBT-bonded RPLC as first dimension ( 1 D) was hyphenated with HILIC in the second dimension ( 2 D) in a 
selective comprehensive 2D-LC setup leading to an enhanced resolution for peak purity evaluation of the 
main ON entities. 

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction 

Since the official FDA-approval of Fomivirsene for medication of 
cytomegalovirus retinitis in 1998, oligonucleotide (ON) therapeu- 
tics like ASOs and siRNAs have been coming of age in the 2020s 
[ 1 , 2 ]. Meanwhile, 15 ONs therapeutics are on the market. A high 
number (more than 400) of further candidates is in phase 2 or 
phase 3 clinical studies. From 2015 to 2020, the market capitaliza- 
tion of oligonucleotide companies increased 94.2%, and continuing 
growth can be certainly expected [ 3 , 4 ]. Owing to the quickly in- 
creasing relevance, FDA published a new draft guideline for the de- 
velopment of oligonucleotide therapeutics in 2022 [5] . In this doc- 
ument, various structural parameters e.g. base sequence, chemical 
modifications of ONs, strandedness, purity, as well as secondary 

∗ Correspondence author at: Pharmaceutical (Bio-)Analysis, Institute of Pharma- 
ceutical Sciences, University of Tübingen, Auf der Morgenstelle 8, 72076 Tübingen, 
Germany. 

E-mail address: michael.laemmerhofer@uni-tuebingen.de (M. Lämmerhofer) . 

and tertiary structure are mentioned as critical quality attributes 
which need to be strictly controlled in ON drug products. To ful- 
fil this demand, efficient and highly selective analytical methods 
are necessary. Because of its structural complexity caused by di- 
verse modifications and nucleotide deletions, liquid chromatogra- 
phy has been the method of choice for this analytical purpose, 
typically with ion-pairing agents in the mobile phase and RPLC 
as separation technique [6–9] . For an effective characterization 
of impurities by LC-MS hyphenation, Apffel et al. suggested ion- 
pairing reversed-phase liquid chromatography using triethylamine 
and hexafluoroisopropanol (HFIP) in the eluent: it allows the use 
of lower triethylamine concentrations and thus is less prone to 
ion-suppression, and has therefore become the golden standard 
method for ON separations [10–13] . Over the years, various re- 
searchers systematically investigated different factors of IP-RPLC 
like the type of ion-pair reagents, column temperature, pH-value 
and more which do have significant influence on the achieved sep- 
arations [ 11 , 14–18 ]. Thus, IP-RPLC has been used in various appli- 
cations of oligonucleotide analysis and is well established now. 

https://doi.org/10.1016/j.chroma.2023.464069 
0021-9673/© 2023 Elsevier B.V. All rights reserved. 
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Unfortunately, ion-pairing agents may contaminate mass spec- 
trometry (MS) instruments. To avoid the presence of ion-pairing 
reagents in the ion source and the MS instrument, respectively, 
HILIC with volatile buffer has frequently been employed as alter- 
native to IP-RPLC-MS analysis of various DNA/RNA- and phospho- 
rothioated oligonucleotides [19–22] . The retention mechanism in 
HILIC is often discussed as partitioning of the ON analytes be- 
tween acetonitrile-rich mobile phase and adsorbed water-layer on 
the polar stationary phase, such as silica, amide-bonded or zwitte- 
rionic sulfobetaine-bonded silica, however, depending on the sur- 
face chemistry may be superimposed by adsorptive interactions 
(e.g. through hydrogen bonding) and attractive/repulsive ionic in- 
teractions [ 23 , 24 ]. 

As mentioned above, oligonucleotides are complex 
biomolecules containing different functional groups which repre- 
sent suitable interaction sites that can be conveniently targeted 
by various chromatographic modes. MMC combining multiple 
retention mechanisms turned out to be a powerful tool for highly 
selective ON separations. For instance, a RP/WAX mixed-mode 
stationary phase based on N -undecenyl-3-aminoquinuclidine 
better resolved structurally closely related ONs than ion-pair 
RPLC and pristine WAX [ 25 , 26 ]. Pyridylurea-based MMC phase 
also exhibited interesting selectivities for ONs [ 25 , 26 ]. Further, a 
quinine-based chiral selector which can be also classified as MMC 
phase constituted of a weak anion-exchanger site combined with 
hydrophobic, aromatic (quinoline) and hydrogen-donor-acceptor 
(carbamate) moieties was applied for the separation of DNA 

oligonucleotides and impurities, respectively [13] . Biba et al. tested 
successfully commercial MMC columns, composed of RP18/SAX 

and RP18/SCX blended column packing as well as corresponding 
weak ion-exchangers counterparts, for short RNA oligonucleotides 
and investigated factors influencing the chromatography [27] . 

Recently, we reported about the usage of polybutylene 
terephthalate- and a cholesterol-based stationary phase for ion- 
pair free reversed-phase liquid chromatography [ 28 , 29 ]. In both 
studies, RNA oligonucleotides could be retained and impurities re- 
solved under RP conditions using ammonium formate as additive. 
Nevertheless, due to the complexity of impurity profiles and chal- 
lenging character of oligonucleotides, standalone one-dimensional 
LC – including all the chromatography modes discussed above –
usually does not deliver enough resolution power to separate all 
sample components resulting in problematic co-elutions especially 
of N-1 and N-2 shortmers as well as N + 1 longmer impurities. 
For such coelutions especially with the main ON entity, a selec- 
tive comprehensive 2D-LC for peak purity testing can provide im- 
proved selectivity [28] . Indeed, more and more 2D-LC methods ad- 
dressing the separation of ONs have been published [ 30 , 31 ]. Goyon 
and Zhang combined IP-RP ( 1 D) with HILIC ( 2 D) in a multiple heart 
cutting setup to analyse ASO samples [32] . HILIC in the second di- 
mension prevented contamination of the ion source of the MS with 
ion-pairing reagents leading to enhanced signal sensitivities [32] . 
Sandra and coworkers developed a full comprehensive (LC × LC) 
2D-LC method with HILIC in the 1 D dimension and IP-RP in the 2 D, 
incorporating also C18 trap columns after the 1 D to enrich the di- 
to deca-oligonucleotide sample components before their transfer 
into the 2 D [33] . Under LC × LC, the 1 D eluate is completely trans- 
ferred into the 2 D to achieve maximal peak capacity. Furthermore, 
our workgroup developed a multiple heart-cutting 2D-LC method 
with RP in 2 D providing on-line desalting which enables the re- 
moval of problematic effluents from 1 D to protect the ion source 
[34] . With this platform method, MS incompatible LC methods can 
be chosen in the first dimension which guarantees efficient sepa- 
ration of oligonucleotides [ 13 , 34 ]. 

Herein, we investigate the retention profiles of two complemen- 
tary siRNA strands and their impurities on a polybutylene tereph- 
thalate phase under RPLC elution conditions without ion-pairing 

reagents in the mobile phase and compare them with those ob- 
tained by HILIC, MMC, ion-pair free RP (using a cholesterol-based 
stationary phase) and IP-RP. For any 2D-LC method to be success- 
ful, chromatographic systems in the 1 D and 2 D need to be orthog- 
onal i.e. they must exhibit distinct retention mechanisms and se- 
lectivities. Hence, a major goal herein was to evaluate the orthog- 
onality in the retention pattern of the mentioned LC modes us- 
ing antisense and sense strand of the siRNA Patisiran as well as 
their deletion impurities as probe molecules ( Fig. 1 ). Since the de- 
tected ON impurity peaks were previously structurally annotated, 
correlations of the normalized retention times between the dif- 
ferent LC methods can be used to assess orthogonality. We used 
bin counting and Asterisk calculations to score the complementar- 
ity in retention profiles [ 35 , 36 ]. Two LC modes with high orthogo- 
nality were finally selected for establishing a selective comprehen- 
sive 2D-LC method for peak purity profiling of the main compo- 
nent peaks for above siRNA single strands. Considering that robust 
modern 2D-LC equipment is now offered by several HPLC vendors, 
such a selective comprehensive 2D-LC approach can be considered 
an adequate option for detecting impurity peaks hidden beneath 
the main peak in 1D-LC fully resolved in the 2 D allowing their 
quantification by UV. Since in 1D-LC-ESI-MS ion-suppression can 
hamper quantitative results of such coeluted impurity species, se- 
lective comprehensive 2D-LC-UV can be a valuable complementary 
option in ON impurity profiling [ 37 , 38 ]. 

2. Experimental 

2.1. Chemicals 

Acetic acid (ACS reagent, ≥ 99.8%), ammonium acetate (AA) (LC- 
MS grade), ammonium formate (AF) (LC-MS grade), ammonium 

hydroxide (ACS reagent, 28–30%), ortho-phosphoric acid (85% in 
H 2 O), triethylamine ( ≥98%) and tripropylamine ( ≥ 98%) were pur- 
chased from Sigma-Aldrich (Merck, Munich, Germany). HPLC-MS 
grade methanol (MeOH) and acetonitrile (ACN) were purchased 
from Carl Roth (Karlsruhe, Germany). Ultrapure water was obtained 
by treatment of deionized water with Elga PurLab Ultra purifica- 
tion system (Celle, Germany). 

2.2. Oligonucleotide samples 

In this work, the two complementary single strands, antisense 
(guide) and sense (passenger) strand, of the siRNA oligonucleotide 
Patisiran ( Fig. 1 ) and impurities contained in the purchased raw 

products were used as chromatographic probes. Patisiran (Trade- 
name: Onpattro, Alnylam Pharmaceuticals, US) was approved by 
FDA in the year 2018 and is used for the medication of heredi- 
tary transthyretin-mediated amyloidosis [ 39 , 40 ]. The individual an- 
tisense and sense single strands of Patisiran were purchased from 

Oligo Sigma (Merck, Munich, Germany) as raw products, i.e. both 
single strands were delivered as desalted raw products without 
further purifications. Hence, they contain a full series of impuri- 
ties which were structurally annotated as outlined in detail in our 
last report [41] .These purchased ON standards do not have phar- 
maceutical quality and can only be considered as test samples for 
method development purposes. They do not represent pharmaceu- 
tical grade APIs of Patisiran. Both siRNA strands were stored as 
100 μM aqueous stock solution under −20 °C. For LC-MS analy- 
sis, the stock solution was 1:1 diluted. 

2.3. Instrumentation 

One dimensional LC experiments were performed with an Ag- 
ilent 1290 Infinity II UHPLC system from Agilent Technologies 

2
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Fig. 1. Nucleotide sequence of the duplex siRNA Patisiran consisting of antisense and sense single strand. 

(Waldbronn, Germany) equipped with Multisampler (G4226A), bi- 
nary Pump (G4220A), column compartment (G1316C) and Diode 
Array Detector (DAD) (G4212A) with 1 µL flow cell (G4212-60 0 08). 
Additionally, both column compartment and multisampler were 
equipped with the Ultra-Low Dispersion Kit (5067-5963). 

The 2D-LC experiments were carried out on the Agilent 1290 
Infinity II 2D-LC Solution from Agilent Technologies including a 
quaternary Flexible pump (G7104A), Multisampler (G7167B) and 
Variable Wavelength Detector (VWD) (G7114B) with 14 µL flow 

cell (G1314-60186) and a pressure relief valve (pressure release kit, 
G4236-60 0 010) between the VWD and 2D-interface. The sampling 
frequency of the VWD was 5 Hz. In the second dimension, a binary 
High-Speed Pump (G7120A) and a Diode Array Detector (DAD) 
(G7117B) with 1 µL flow cell (G4212-60 0 08) were employed. The 
sampling frequency of the DAD was 80 Hz. Two separate Infinity 
column compartments (G7116B) were used. Both dimensions were 
connected by a valve drive (G1170A) equipped with 5-position/10- 
port 2D-LC active solvent modulation (ASM) valve (#50 67-426 6) 
coupled to two 6-position/14-port valve heads (#5067-4142, mul- 
tiple heart-cutting valves) equipped with six 40 µL loops each. The 
ASM valve contained the ASM capillary of dimension 85 ×0.12 mm 

(0.96 µL, #550 0-130 0) (ASM factor 5, split ratio loop:ASM). 
In the MHC 2D-LC experiments with MS detection, an Agilent 

2-position/6-port valve head (pressure limit: 800 bar, #5067–4282) 
driven by a valve drive (G1170A) was used as diverter valve to de- 
liver the MS incompatible components of the early part of the 2 D 

chromatogram into the waste. The 2D-LC system was controlled 
by Agilent OpenLab CDS ChemStation Rev. C.01.10 with 2D-LC add- 
on software. The contour plot resulting from the High Resolution- 
Sampling-2D-LC experiment was created using GC image LC ×LC 
HRMS V2.7 Edition Software (GC Image, Lincoln, Nebraska, USA). 

MS detection was performed on a SCIEX TripleTOF 5600 + QTOF 
mass spectrometer with a Duospray ion source operated in neg- 
ative ESI mode. 2D-LC and MS instruments were coupled with a 
contact closure connection for peripheral devices from SCIEX and 
the MS instrument was controlled with Analyst TF 1.7 software (AB 
SCIEX, Darmstadt, Germany). 

2.4. Stationary phases 

Polybutylene terephthalate-bonded silica-based DCpak PBT col- 
umn (150 ×3.0 mm, 3 µm particle size; other parameters like lig- 
and density, pore size and carbon load are not published by the 
manufacturer) for ion-pair free RPLC was provided by Chiral Tech- 
nologies (Illkirch, France). Acquity UPLC BEH Amide (150 ×2.1 mm, 
1.7 µm particle size, 130 Å, carbon load: 12%) column for HILIC was 
purchased from Waters (Eschborn, Germany). A cholesterol-based 
(CHOL) column (125 ×2.1 mm, 100 Å, 5 µm) previously reported 
by Buszewski and coworkers was used for ion-pair free RPLC as 
well [42] . For IP-RP, Acquity UPLC Oligonucleotide BEH C18 col- 
umn (50 ×2.1 mm, 130 Å, 1.7 µm particle size, carbon load 18%) 
was purchased from Waters. For MMC, an N- (10-undecenoyl) −3- 
aminoquinuclidine ligand immobilized on thiol-modified silica and 

slurry packed into stainless steel column (150 ×4.0 mm, 100 Å, 
5 µm) was used [ 34 , 43 ]. For the selective comprehensive 2D-LC, a 
shorter version of Acquity UPLC BEH Amide (50 ×2.1 mm) was used 
for the second dimension. For the assignment of the ON peaks in 
HILIC and CHOL-RPLC, the ESI-QTOF-MS was directly coupled to 
the column outlet in a 1D-LC approach. For the structural anno- 
tation of ON species in the MMC and IP-RPLC runs with ESI-MS in- 
compatible mobile phases, a ZORBAX Eclipse Plus C18 (50 ×3.0 mm, 
1.8 µm) from Agilent (Waldbronn, Germany) was applied in the 2 D 

as on-line desalting tool and was hyphenated to ESI-QTOF-MS for 
detection. Except for the C18 columns, the structures of the chro- 
matographic ligands are illustrated in Fig. 2 . 

2.5. LC-MS method 

In general, six different LC-MS methods are presented in this 
study. For a better overview, all relevant parameters can be found 
in Table 1 [ 44 , 45 ]. 

2.6. Data processing 

A detailed description about the software supported characteri- 
zation and structural assignment of oligonucleotide species can be 
found in our recent work [41] . For this study, 49 (36 for compar- 
ison with MMC) oligonucleotide species from both siRNA strands 
which were detected in all LC-methods were considered ( Table 2 ). 
In order to evaluate the orthogonality of the LC-methods, the co- 
efficient of determination R 2 of a linear regression was often used 
to evaluate the orthogonality between two LC methods [36] . How- 
ever, it is not well describing orthogonality and therefore two other 
well established approaches were applied herein, the bin counting 
method originally suggested by Gilar et al . [ 35 , 36 ] and the Asterisk 
method proposed by Camenzuli and Schoenmakers [46] . Normal- 
ized retention times ( t normalized,i ) of the oligonucleotides between 
two distinct LC methods were used for the determination of the 
quantitative orthogonality parameters. For this purpose, t normalized,i 

is defined in accordance to Eq. (1) as 

t normalized , i = 
t R , i − t min 

t max − t min 
(1) 

wherein t R,i is the retention time of the respective species, t max 

and t min represent the retention times of the most and least re- 
tained species. 

For the bin counting method by Gilar et al. [ 35 , 36 ], the normal- 
ized retention times (according to eq. (1) ) of two considered di- 
mensions are plotted in the two-dimensional space. The 2D-space 
is then divided into a geometric distribution of equally spaced 
"bins’’. A hypothetical separation of 100 analytes can be divided 
into 10 ×10 = 100 bins. Depending on the coverage rate of the bins 
with the data points of t normalized, i , it is possible to quantify the or- 
thogonality between two dimensions with the formula of Eq. (2) 

O = 

∑ 
bins −

√ 
P max 

0 . 63 P max 
(2) 
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Table 1 

Overview of all considered LC-MS methods. 

Method A Method B Method C 

Column 
Dimension 1 

DCpak PBT 
150 ×3.0 mm, 3 µm 

CHOL 
125 ×2.1 mm, 100 Å, 5 µm 

BEH Amide 
150 ×2.1 mm, 130 Å, 1.7 µm 

Mobile Phase A 2 20 mM AF, w w pH 6.3 20 mM AF, w w pH 6.3 15 mM AA in 70% ACN, w w pH 9 
Mobile Phase B 2 20 mM AF in 90% MeOH, w w pH 6.3 20 mM AF in 90% MeOH, w w pH 6.3 15 mM AA, w w pH 9 
Gradient 10–45% B in 28 min; 

10% B for 15 min 
10–45% B in 28 min; 
10% B for 15 min 

0–60% B in 30 min; 
0% B for 15 min 

Column 
Temperature 

40 °C 40 °C 30 °C 

Flow rate 0.6 mL/min 0.6 mL/min 0.25 mL/min 
MS mode ESI-TOF negative ESI-TOF negative ESI-TOF negative 
Nebulizer gas 90 psi 90 psi 80 psi 
Heater gas 90 psi 90 psi 80 psi 
Curtain gas 35 psi 35 psi 40 psi 
Source 
temperature 

550 °C 550 °C 450 °C 

Ion spray voltage −4500 V −4500 V −4500 V 
Declustering 
potential 

−200 V −200 V −150 V 

Collision energy −10 V, −35 V for MS 2 10 V, −35 V for MS 2 10 V, −35 V for MS 2 

m/z range 3 100–2000 100–2000 100–2000 

Method D Method E Method F 

Column 
Dimension 1 

( 1 D/ 2 D) 

BEH C18 
50 ×2.1 mm, 130 Å, 
1.7 µm 

ZORBAX Eclipse 
Plus C18 
50 ×3.0 mm, 1.8 
µm 

Poly-RP/WAX 
150 ×4.0 mm, 
100 Å, 5 µm 

ZORBAX Eclipse 
Plus C18 
50 ×3.0 mm, 1.8 
µm 

DCpak PBT 
150 ×3.0 mm, 3 µm 

BEH Amide 
50 ×2.1 mm, 130 Å, 
1.7 µm 

Mobile Phase A 2 

( 1 D/ 2 D) 
100 mM TPAA, 
w 
w pH 7 

10 mM AA, pH not 
adjusted 

50 mM TEAP 4 in 
20% ACN, w w pH 7 

10 mM AA, pH not 
adjusted 

20 mM AF, w w pH 6.3 15 mM AA in 70% 
ACN, w w pH 9 

Mobile Phase B 2 

( 1 D/ 2 D) 
100 mM TPAA in 
90% ACN, w w pH 7 

10 mM AA in 90% 
MeOH, pH not 
adjusted 

100 mM TEAP 4 in 
20% ACN, w w pH 8 

10 mM AA in 90% 
MeOH, pH not 
adjusted 

20 mM AF in 90% 
MeOH, w w pH 6.3 

15 mM AA, w w pH 9 

Gradient ( 1 D/ 2 D) 10–55% B in 
32.5 min;10% B for 
20 min 

Hold 5% B for 
0.22 min; 5–60% B 
in 0.5 min; 5% B 
for 1.5 min 

10–80% B in 
30 min; 10% B for 
20 min 

Hold 5% B for 
0.22 min; 5–60% in 
0.5 min; 5% B for 
1.5 min 

10–60% B in 100 
min 

Hold 0% B for 
0.39 min; 0–60% B 
in 1.46 min, 0% B 
for 1.14 min 

Column 
Temperature 
( 1 D/ 2 D) 

30 °C 60 °C 25 °C 60 °C 40 °C 80 °C 

Flow rate ( 1 D/ 2 D) 0.3 mL/min 1 mL/min 1 mL/min 1 mL/min 50 µL/min 1.7 mL/min 
2D-LC Mode Multiple-Heart-Cutting Multiple-Heart-Cutting Selective-Comprehensive 
ASM 5 Activated, 0.22 min Activated, 0.22 min Activated, 0.39 min 
MS mode ESI-TOF negative ESI-TOF negative ESI-TOF negative 
Nebulizer gas 90 psi 90 psi 80 psi 
Heater gas 90 psi 90 psi 80 psi 
Curtain gas 35 psi 35 psi 40 psi 
Source 
temperature 

600 °C 600 °C 450 °C 

Ion spray voltage −4500 V −4500 V −4500 V 
Declustering 
potential 

−200 V −200 V −150 V 

Collision energy 10 V, −35 V for MS 2 10 V, −35 V for MS 2 10 V, −35 V for MS 2 

m/z range 3 100–2000 100–2000 100–2000 

1 for more information towards the used columns, see chapter 2.4. 
2 all pH values are depicted with the descriptor of Rosés [43] . 
3 MS 2 data was generated by information dependent acquisition (IDA) mode (within one MS period cycle, four MS 2 experiments were carried out with an accumu- 

lation time of 200 ms each, MS 1 accumulation time was 400 ms). The precursor isolation was set from 200 to 1250 m/z. 
4 Triethylammonium phosphate. 
5 factor 5, loop flushing: 3 times, for more information about ASM see reference [44] . 

wherein O is defined as orthogonality. � bins stands for the total 
number of bins containing data points. P max is the sum of all bins. 
In our case, we investigated 49 oligonucleotide species resulting in 
7 × 7 = 49 bins (except for combination with MMC: 6 × 6 = 36 
bins; less impurities detected due to broader peaks). The O values 
vary between 0 and 1. Expressed as percent, 100% would stand for 
a theoretical, full orthogonality i.e. each bin is occupied by 1 data 
point [36] . 

Secondly, the so-called asterisk calculation was applied to quan- 
tify the orthogonality rate between two different LC-methods [46] . 
Here, a series of equations describing the standard deviation of the 

peaks around four lines which cross the separation space (two or- 
thogonal ones Z 1 , and Z 2 corresponding to 

1 D and 2 D, respectively, 
as well as two diagonal ones Z - and Z + from left bottom to right 
top corners and left top to right bottom corners, respectively) were 
used to calculate the Z-parameters as described in detail in Eqs 
(1)-(9) in ref. [46] . These Z-parameters were then used in a com- 
bined equation ( Eq. (3) ) defining the orthogonality, known as the 
A 0 [46] . 

A 0 = 

√ 

Z −Z + Z 1 Z 2 (3) 

The most important advantage of the asterisk calculation over 
bin counting is its independency of numbers of components. In our 
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Fig. 2. Chromatographic ligand structures of employed stationary phases. 

case, this is a relevant point when it comes to the results of MMC. 
Instead of 49, only 36 components were detected which makes a 
direct comparison by the bin counting method somewhat vague. 
This will be discussed in chapter 3.3. 

Besides of those possibilities, there are other useful methods to 
calculate orthogonality like the capacity dimension algorithm by 
Schure or nearest neighbours metric by Nowik [ 47 , 48 ]. Further- 
more, Jacova et al. and Mommers and van der Wal introduced a 
critical discussion and some improvements related to surface cov- 
erage methods which can be considered as advanced measure of 
complementary retention behaviour [ 49 , 50 ]. 

3. Results and discussion 

3.1. Evaluated stationary phases and LC modes 

As 1D-LC reaches its limitations for complex samples and struc- 
turally similar compounds such as oligomeric species with minor 
structural modification, 2D-LC is a promising tool to solve this 
shortcoming. The primary requirement for any successful 2D-LC 
mode, (multiple) heart-cutting, selective and full comprehensive, is 
orthogonality in retention mechanisms and complementary chro- 
matographic retention profiles, respectively. To achieve orthogo- 
nality in retention for oligonucleotides is not a trivial task, not 
even when distinct LC modes are employed. Herein, we evaluated 
a number of distinct LC-modes ranging from common IP-RPLC and 
HILIC over MMC to ion-pair free RPLC. It is generally expected that 
the more distinct the LC mode the more orthogonal, yet potentially 
less compatible two coupled chromatographic modes will be. For 
oligonucleotides, some surprises may be observed ( vide infra ). 

To keep the mobile phase simple and MS compatible without 
contamination from ion-pairs and other unpleasant additives, PBT- 
RPLC with ammonium formate-methanol based eluents was eval- 
uated as one tentative separation dimension in a 2D-LC method. 
The structure of the PBT stationary phase is shown in Fig. 2A . It 
is a silica-based stationary phase with a polybutylene terephtha- 
late surface coating developed for SFC applications. The PBT bond- 
ing harbours several distinct interaction sites: i) short alkyl strands 
similar to C4 ligands for hydrophobic interactions, ii) phenyl rings 
for aromatic π- π-interactions, and iii) dipoles from ester bond for 
hydrogen bonding (H-acceptor moieties) and dipole-dipole inter- 
actions. It is bare of ionic groups and hence ionic interactions ex- 
cept for some weak repulsive electrostatic interactions when resid- 
ual silanols get dissociated (pH > 4). This plurality of heteroge- 
nous binding site appears attractive for noncovalent interactions 
with complementary binding sites of oligonucleotides via base side 
chains of the oligomeric phosphodiester-carbohydrate nucleic acid 
backbone. 

Standard RP18 LC lacks this multiplicity of interactions and hy- 
drophobic interactions with nucleobases are weak. For this rea- 
son, ion-pair reagents are added to the eluent inducing secondary 
equilibria (ion-pairing with phosphate groups) and dynamic anion- 
exchange process, respectively [17] . Retention increases with the 
hydrophobicity of the ion-pair and length of ON. For hydrophobic 
ion-pairs, which adsorb to the surface of C18 phase and create a 
dynamic anion-exchange, low concentrations are usually enough, 
which is favourable for ESI-MS detection, while for less hydropho- 
bic ion-pairs higher concentrations are required with detrimental 
effect on ESI-MS detection sensitivity due to ion-suppression. With 
hydrophobic ion-pairs, high organic modifier contents are required 
and hydrophobic selectivity contributions to separation are effec- 
tively disrupted and therefore minor. Less hydrophobic ion-pairs 
are less adsorbed and elution can take place with less organic 
modifier which leads to a mixed hydrophobic interaction/dynamic 
ion-exchange retention mechanism. A systematic discussion of ion- 
pair effects can be found elsewhere [17] . Herein, we selected the 
hydrophobic tripropylammonium acetate (100 mM) in the IP-RPLC 
mode for orthogonality evaluation on sub 2 µm hybrid BEH C18 
bonded stationary phase. The retention pattern follows increasing 
charges of the ONs. 

HILIC has become an attractive alternative choice for ON LC 
separations and herein we employ BEH Amide (sub-2 µm parti- 
cle) column ( Fig. 2B ) for orthogonality evaluation [19–21] . It of- 
fers amide hydrogen-donor acceptor sites for H-bonding and dipole 
interaction superimposed over the eluent-water layer partitioning 
mechanism. Except for residual silanols no ionic interaction sites 
are present (increasing repulsive electrostatic interaction with in- 
creasing pH at pH > 4). 
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Fig. 3. 1D-LC UV-chromatograms of all investigated stationary phases for Patisiran. A: antisense strand; B: sense strand; C: annealed strand. For LC-conditions see chapter 
2.5. 

As outlined in the introduction, MMC established itself as at- 
tractive LC mode for ON separations. Both RP/WAX and zwitte- 
rionic MMC have shown potential [ 25 , 27 ]. The column we eval- 
uate herein for MMC separation of ONs is an in-house synthe- 
sized RP/WAX material (5 µm, 100 Å), bonded via a polysilox- 
ane film, with sulfonate endcapping ( Fig 2C ) [ 43 , 51 ]. This MMC 
stationary phase carries around 0.4 mmol N -(10-undecenoyl)-3- 
aminoquinuclidine ligand per g stationary phase (1.22 µmol/m 2 ) 
immobilized on a polysiloxane coated layer through thiol-ene click 
chemistry and subsequently oxidized to obtain sulfonate endcap- 

ping groups (total sulfur 0.7 mmol/g). The MMC phase exhibits 
positive ζ -potential of around 15–20 mV over a wide pH range be- 
tween pH 3.5 and 7.5 in 10 mM KCl solution then slightly drops 
at pH 8.5 to 10 mV and becomes negative above pH 9 [43] . The 
sulfonate endcappings bring a shift of around −10 mV compared 
to the corresponding phase before oxidation. Hence, it was antic- 
ipated that this RP/WAX MMC material act primarily by a weak 
anion-exchange process while introducing additional interactions 
through hydrophobic (C11-alkyl strands) and polar non-covalent 
interactions (amide, sulfonyl groups). For efficient elution of multi- 
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Fig. 4. 1D-LC UV-chromatograms of Patisiran under HILIC conditions with BEH Amide. All detected species are annotated. The annotations can be found in Table S1, Table 
S2 and Table S5. A: antisense strand; B: sense strand; C: annealed strand. For LC-condition see chapter 2.5.2. 

ply negatively charged ONs, effective counterions are required and 
therefore, triethylammonium phosphate buffer was employed for 
elution. 

The last tested stationary phase was a cholesterol-modified 
aminopropylsilica stationary phase (5 µm, 300 Å) (CHOL) ( Fig. 2D ) 
[ 28 , 37 , 38 ]. Cholesterol was bonded via carbamate linkage to 3- 
aminopropylsilica. The carbon content on the CHOL stationary 
phase was 9.97% with around 0.29 mmol of cholesterol ligand per 
g of stationary phase (2.61 µmol/m 2 ). Due to residual amino and 
silanol groups, attractive and repulsive ionic interactions may exist 
for ONs modulating the RP-type separation from the CHOL residue. 

The chromatographic results for antisense and sense strands of 
Patisiran siRNA and deletion impurities are summarized in Table 2 . 
Chromatograms are shown in Fig. 3A for antisense strand, in 
Fig. 3B for sense strand and in Fig. 3C for the annealed strand 
(duplex siRNA) of Patisiran. In general, retention increases with in- 
creasing number of nucleotides: i) in RP (PBT, CHOL) longer ONs 
have more nucleobases for hydrophobic and π- π-interactions, ii) 

in HILIC longer ON have more hydrophilic groups for polar interac- 
tions, iii) in MMC longer ONs have more negative charges leading 
to stronger anion-exchange interactions, and iv) in IP-RPLC longer 
ONs bind more IP agents leading to stronger hydrophobic inter- 
actions on C18 phases. Hence, there is always to some degree a 
correlation between different LC modes. However, it is already ev- 
ident from these chromatograms that there are selectivity differ- 
ences and the question emerged which is the most favourable col- 
umn combination in 1 D and 2 D in view of orthogonality in their 
retention profiles. 

3.2. Hydrophilic interaction chromatography with acquity UPLC BEH 

amide column 

The retention behaviour of BPT-RPLC for Patisiran siRNA single 
strands and annealed strands (duplex siRNA as shown in Fig. 1 ) has 
been discussed in detail previously and corresponding separations 
by CHOL-RPLC in our recent reports [ 28 , 41 ]. Due to the promis- 
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Fig. 5. HILIC-LC-MS and -MS 2 spectra and extracted ion chromatograms (EIC) of selected impurity species from antisense strand of Patisiran (for corresponding data of sense 
strand see suppl. Fig. S1). (A–C): EICs of the monoisotopic mass. (D–F): MS spectra of impurity species with the most abundant charge states. (G–I): MS 2 spectra of the 
corresponding precursor ion. For MS parameters see chapter 2.6. 

ing results and high orthogonality towards PBT, the 1D-LC results 
with HILIC will be discussed in the upcoming chapter in more de- 
tail. Several groups recently reported successful HILIC separations 
of siRNAs and RNAs and outlined the great potential [ 19–21 , 52 , 53 ]. 
In this study, a series of HILIC separations with Patisiran siRNA 

(singe strands and duplex) was carried out on BEH Amide 1.7 µm 

(130 Å pore size) with mobile phases consisting of AA (15 mM) as 
buffer system and ACN. It was also used to verify the structural an- 
notations of the impurities obtained by PBT-RPLC, described else- 
where [41] . As illustrated in Fig. 4 , a significant number of impurity 
species could be well resolved from the main compound for both 
single strands and duplex of Patisiran within 20 min. However, it 
is also quite evident that several coelutions existed as well, in par- 
ticular for the main component peaks. This makes robust HILIC-UV 

analysis of these impurities impossible. For this reason, ESI-MS de- 
tection is used for quantitative analysis of ON impurities coeluted 
with the main constituent, yet ion-suppression due to huge excess 
of main ON is compromising the quality and accuracy, respectively, 
for coeluted impurities. 

One great benefit HILIC shares with PBT-RPLC and CHOL-RPLC is 
its preclusion of ion-pairing agents from the mobile phase, which 
in the direct ESI-coupling to MS avoids contamination of the MS 
instrument with ion-pair. For the other LC modes (MMC, IP-RPLC) 
an online desalting 2 D RPLC was coupled to remove ion-pair agent 
and non-volatile buffers via a diverter valve before introducing ONs 
into the ESI-MS, as described in detail previously [34] . For HILIC, 
ESI-MS was directly coupled and gave access to good quality spec- 
tra. This is exemplarily documented for ON impurities of different 
length in Fig 5 . The EICs in Fig. 5A - C clearly demonstrate the in- 
crease in retention with length. MS ( Fig. 5D - F ) and MS 2 spectra 
( Fig. 5G - I ) enabled the software-supported structural assignment 
of the ON impurities (BioToolkit for deconvolution of the charge 
envelopes, RoboOligo and OPA/OMA for sequence assignment as 
described in detail previously) [ 41 , 54 , 55 ]. More details about the 
structural annotation of the ON impurities are given in the suppl. 
material and in our last work [41] . Fourty one different impurity 
species besides the main compound were separated and character- 
ized by ESI-TOF-MS in the antisense strand (see Fig. 4A and suppl. 
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Fig. 6. Orthogonality evaluation of all column combinations by 2D bin plots. 2D Data sets are based on calculated normalized retention time in accordance to Eq. (1) . A: 
PBT – CHOL, B: PBT – IPRP, C. PBT – HILIC, D: PBT – MMC, E: HILIC – CHOL, F: HILIC – IPRP, G: HILIC – MMC, H: CHOL – IPRP, I: CHOL – MMC, J: MMC – IPRP (note, all 
x- and y-scales from 0 to 1). ON impurity series with distinct substructures are in distinct colour; black, ON species with free hydroxy at 3 ′ -end (OH); red, ON species with 
phosphate at 3 ′ -end (Np); blue, cyclic 2 ′ ,3 ′ -phosphate (phosphodiester) at 3 ′ -end (cyc) (for more detailed description see ref. [29] ). 

Table S1). Due to the better chromatographic efficiency of the sub- 
2 µm HILIC column, 10 additional impurity species (Peak No.5, 6, 
8, 18, 21, 22, 24, 32, 35, 42 in suppl. Table S1) were found. In the 
sense strand, 43 impurity species were resolved and detected by 
ESI-TOF-MS (see Fig. 4B , suppl. Fig. S1 and suppl. Table S2). Con- 
trary to PBT-RPLC (where it eluted in the void volume), the duplex 
siRNA was retained under HILIC conditions ( Fig. 4C ). Although the 
duplex siRNA is bound by non-covalent bonds, it can withstand 
the ESI process in the gas phase without dissociation in the ion 
source or curtain plate (see Fig. S3 and S4 of suppl. material). Thus, 
RNA/DNA duplex can be detected intact by using this electrospray 
ionization technique for MS applications [ 56 , 57 ]. Hence, HILIC was 
deemed to be a powerful LC-mode for 2D-LC, yet a major criteria 
for its suitability is its orthogonality to other LC-modes. 

3.3. Orthogonality 

To quantify the orthogonality between the LC modes, we imple- 
mented both bin counting [ 35 , 36 ] and asterisk calculation [46] by 
plotting the normalized retention times of two columns to be 
compared in a 2D space. The results are graphically illustrated in 
Fig. 6 and the quantitative estimates of orthogonality are sum- 
marized in Table 3 . From Table 3 it becomes evident that based 
on the bin counting method orthogonality declines in the or- 
der of the LC-pairs BPT-HILIC > PBT-CHOL > PBT-IPRP > CHOL- 
HILIC > CHOL-IPRP > IPRP-HILIC > PBT-MMC ∼ CHOL-MMC > 

HILIC-MMC > IPRP-MMC. These orthogonality scores and the rank- 
ing, respectively, are related to the specific phase systems, i.e. 
stationary-mobile phase combination, and other employed exper- 
imental conditions like column temperature. With an overall or- 
thogonality rate of 68%, the combination of RP-PBT and HILIC 
seems to be most promising for a 2D-LC setup. The interac- 
tion mechanism of PBT with ONs is based on hydrophobic and 
π- π-interactions while in HILIC it is a partitioning mechanism 

between adsorbed water-layer and bulk mobile phase, possibly 
with superimposed hydrogen-bonding and dipole-dipole interac- 
tions, which cause some spread in the 2D-retention space in spite 
of a general correlation as discussed above. Surprisingly, orthogo- 
nality is also significant between PBT- and CHOL-RPLC ( O = 64%) 
although both are based primarily on hydrophobic interactions. 
Different secondary interactions of the CHOL phase (weak anion 
exchange resulting from the aminopropyl-backbone and steric in- 
teractions) and PBT (superimposed aromatic interactions) may be 
the origin of their complementary retention profiles. The O rate 
of PBT-RPLC with IP-RPLC and MMC is significantly lower (48% 
and 31%, respectively). Somewhat surprisingly, it was the lowest 
for the combination of IP-RPLC and MMC ( O = 22%) which ten- 
tatively work by distinct retention mechanisms, hydrophobic in- 
teractions and anion-exchange. However, the former also relies 
on strong ionic interaction between the negatively charged ana- 
lytes and positively charged quasi-stationary phase and with the IP 
agent, respectively, hence the modest orthogonality can be readily 
rationalized. 

In the case of MMC, only 36 ONs could be detected and struc- 
turally annotated by MS which can be divided into 6 × 6 2D- 
separation space with 36 bins. A direct comparability of orthog- 
onality values from different bin numbers (e.g. 6 × 6 vs. 7 × 7) 
seems to be questionable. To avoid this problem, the asterisk calcu- 
lation has been applied as alternative, since this method does not 
depend on the numbers of components. The outcome of the or- 
thogonality rate (A 0 ) was significantly different from the bin count- 
ing method ( O ). Overall, the A 0 values for MMC in combination 
with other LC modes were all increased ( Table 3 ). Especially for 
MMC-CHOL and MMC-IPRP, the orthogonality rates increased by 
around 30%. Considering the other column combinations, the or- 
thogonality rates mostly increased. Only for PBT-HILIC, the A 0 was 
reduced down to 60%. For CHOL, all A 0 values also become much 
higher. Recently, we also presented a 2D-LC method with HILIC- 
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Table 3 

Orthogonality rate O (%) and asterisk value A o (%) in accordance to Eqs. (2) and (3) , respectively, between dif- 
ferent LC modes. Numbers of bins and occupied bins are shown. The colorized cells in the right-hand triangle 
indicate the 2D-compatibility of the investigated stationary phases considering their mobile phases. Green: good 
compatibility, direct coupling possible; Yellow: limited, diverter valve required; Orange: ASM mandatory; Red: 
critical, diverter valve and ASM recommended (red). 

CHOL due to the high orthogonality (A 0 = 69%) [28] . The combina- 
tion of hydrophobic and electrostatic interactions (resulting from 

residual amino groups) presumably strongly influence the reten- 
tion of oligonucleotides on the surface of the CHOL. Thus, a mixed- 
mode mechanism can be assumed. This may be also one of the 
reasons for the satisfactory orthogonality of this stationary phase 
with many other LC modes [28] . 

From a more practical point of view, orthogonality may be es- 
timated as sufficient if the ON impurities coeluted in the 1 D with 
the main peak can be resolved by the complementary 2 D method. 
To get a better idea how the distinct evaluated methods behave in 

this regard, Suppl. Table S6 provides specific information on this 
issue. As discussed, structurally similar shortmers like N-1 and N- 
2 are typically eluted beneath the main peak [41] . N-1, N-2, N-3 
ON impurities and corresponding 3 ′ -phosphorylated ON impurities 
were specifically evaluated in terms of their retention behaviour on 
the distinct columns and LC modes, and their separation from the 
main peak. With the PBT column, the ON peaks no 24 (5 ′ 18mer- 
OH; N-3) and 26 (5 ′ 19mer-OH; N-2) coeluted with the main ON 

peak of the antisense strand (peak no 29). On the HILIC column, 
peaks no 25 (3 ′ 18mer-Np) and 28 (3 ′ 19mer-Np) coeluted with 
the main ON peak 29 (AS), but ONs no 24 and 26 were separated. 
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Fig. 7. Selective comprehensive sRP-HILIC-UV of the antisense strand of Patisiran (raw product without purification). A: The 1 D UV chromatogram with PBT. B-K: 2 D HILIC 
chromatograms of the 10 cuts. For LC conditions see chapter 2.5.5. 

On the CHOL column, peaks no 24, 25, 26, 27, and 28 coeluted. 
On the MMC column, none of the impurities no 24, 26 and 28 
coeluted with the main peak, but peaks no 25 and 27 were not de- 
tected which does not unequivocally allow to decide on their sep- 
aration or coelution. In IP-RPLC, peaks no 25 and 27 coeluted with 
the main ON peak. From the selectivity stand point, PBT could be 
successfully coupled in a selective comprehensive 2D-LC method 
with the proposed HILIC, MMC and IP-RPLC methods. However, 
MMC and IP-RPLC are either not well ESI-MS compatible or lead 
to contamination of our MS instrument with ion-pair, respectively, 
for which reason the combination PBT-HILIC was selected for selec- 
tive comprehensive 2D-LC of the antisense and sense ON strands of 
Patisirian. 

3.4. Selective comprehensive (High resolution sampling) 

sRP ×HILIC-2D-LC 

Both PBT-RPLC and HILIC provided reasonable selectivity de- 
livering impurity separations for antisense and sense strands, yet 

in both methods the main peaks were contaminated with coelut- 
ing impurities representing a problem for purity determination 
of pharmaceutical grade oligonucleotides by the preferred LC-UV 

method. In particular, N-1 and N-2 shortmers tend to coelute with 
the main peak [58] . PBT is capable to separate the N-1 impurities 
for both guide and passenger strand. However, for the N-2 impuri- 
ties the PBT-RP method was not able to deliver enough selectivity 
leading to co-elution with the main peak. The situation is simi- 
lar for HILIC in which co-elution existed in both guide and pas- 
senger strands. Thus, for peak purity testing of a pharmaceutical 
grade oligonucleotide a selective comprehensive (High-Resolution 
Sampling) sRP ×HILIC-2D-LC method might be an appealing solu- 
tion of the coelution problem [41] . 

Suppl. Fig. S6 and Table 3 can be used as guide for the se- 
lection of 1 D and 2 D LC-mode. Orthogonality and mobile phase 
compatibility are prime criteria for this purpose. Undersampling 
considerations may also be relevant in selective comprehensive if 
the 2 D does not show selectivity for the remixed compounds. If 
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Fig. 8. Selective comprehensive sRP-HILIC-UV of the sense strand of Patisiran (raw product without purification) (front end of the peak; for rear end of the back see suppl. 
Fig. S6). A: The 1 D UV chromatogram with PBT. B-K: 2 D HILIC chromatograms of the 10 cuts. For LC conditions see chapter 2.5.5. 

we look at the chromatograms in Fig. 3 , IP-RPLC and HILIC might 
appear as preferential choice due to their highest peak capacities. 
However, in Table 3 we can see that the orthogonality is only 35% 
which bears a high risk that coeluted compounds of the 1 D also 
coelute in the 2 D. Furthermore, if stable ion-pairs are injected 
into the 2 D with HILIC as separation mode, slow dissociation may 
easily cause peak broadening or even break through. The reversed 
order with HILIC in 1 D and IP-RPLC in the 2 D requires ASM. Due to 
the low O-value it was discarded. A high orthogonality ( O = 68%, 
A 0 = 60%) was observed for the PBT-HILIC combination as outlined 
above which was finally selected, although there is no perfect 
match in mobile phase compatibility. The latter problem can be 
readily solved by ASM. To this end, the PBT method was selected 
as a 1 D and a short HILIC BEH Amide column (50 mm) as the 2 D 

due to its higher peak capacity while PBT and CHOL are more con- 
venient form compatibility considerations. Since a MeOH gradient 
(negative water gradient from 91% to 46%) was used for the 1 D 

which is still a very strong eluent for the HILIC in the 2 D, some 

adjustments were implemented to avoid chromatographic prob- 
lems due to incompatibility issues. The loop filling (loop volume: 
40 µL) was kept at 50%. Thus, the transferred volume into the 2 D 

was 20 µL which is equivalent to ca. 11% of the void volume of 
the column of the 2 D. In order to enable a dilution of 1 D effluent 
containing MeOH with weak solvent prior to transfer to the 2 D, 
the ASM option was activated (ASM loop was flushed 3 times for 
0.39 min) [45] . With these adjustments, no break-through or other 
incompatibility phenomena were observed. The results of the peak 
purity testing by sRP ×HILIC-UV are presented for the antisense 
strand in Fig. 7 and for the sense strand in Fig. 8 and Fig. S5 of 
supplementary materials. 

In Fig 7A , the chromatogram of the PBT-RPLC separation of the 
1 D is depicted. Ten consecutive cuts across the main peak were 
taken and injected into the 2 D with HILIC-LC-UV; the individual 
chromatograms of each cut are shown in Fig. 7B - 7K . The most crit- 
ical impurity from LC separation point of view is the N-1 short- 
mer which in the majority of LC modes coelutes with the main 
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entity. In Fig. 7A , it becomes readily evident that this N-1 impu- 
rity is already separated in the 1 D PBT-RPLC while it is coeluted in 
the HILIC method of the 2 D ( Table 2 , no. 28 or Table S1, no. 40). 
On the other hand, two additional peaks (N-3 and N-2 shortmers) 
are separated from the main peak (M) of the antisense strand in 
the 2 D-HILIC ( Fig. 7B - K ) and further an additional shoulder of the 
N + 1 longmer becomes visible on the tailing edge of the main 
peak in cut #3 ( Fig. 7D ). Impurity N-2 shortmer and N-3 short- 
mer were not detected in the 1 D-RPLC method and now clearly 
separated in the sRPLC ×HILIC 2D-LC method enabling quantita- 
tive estimation by UV, without interferences, instead of ESI-MS 
which may be influenced more strongly by the detector response 
and ion-suppression, respectively [59] . In the case of shortmers, N- 
3 and N-2 are present in relatively high amounts in the present 
non-purified test sample exceeding common thresholds [60] . In the 
case of the sense strand shown in Fig. 8 and Fig. S5, 20 cuts (di- 
vided into two consecutive experiments) across the main peak in 
the 1 D PBT-RPLC separation were sampled into the 2 loop decks 
( Fig. 7A , Fig. S5A) and injected into the 2 D-HILIC phase system. 
Co-eluting N-1, N-2, N-3 and N-3(Np) impurities underneath the 
main peak of the sense strand ( Fig 8 , A) with PBT-RPLC were well 
separated in the 2 D HILIC separation ( Fig. 8B - 8K ). Here, it becomes 
evident that the N-1 shortmer can also be well resolved by HILIC 
because the retention shift of the ON with G less is significantly 
more pronounced than in case of the antisense strand where the 
N-1 impurity had an A less. N-2 and 3 ′ -phosphorylated N-3 (Np) 
were further resolved. Again, the sRPLC ×HILIC 2D-LC method pro- 
vides a good overview of the peak purity of the sense strand in 
the PBT-RPLC separation and can be a useful tool for method op- 
timization and quality control of pharmaceutical grade siRNA and 
ONs, respectively. Since the main component peak of the PBT-RPLC 
separation of the sense strand could not be completely transferred 
into the second dimension with the 10 cuts, the remaining sec- 
ond part of the peak was sampled into the 2 D by a second run. 
No additional impurities could be detected in the tailing edge of 
the peak (see suppl. Fig. S5). A critical issue when HILIC is em- 
ployed as 2 D is its reproducibility. It has been discussed that col- 
umn reequilibration is slow in HILIC [61] . It might be a problem 

with fast second dimensions as used herein ( 2 D run time 90 s). 
With a re-equilibration time of 1.14 min, we determined retention 
time repeatabilities of typically 0.2 and 0.4% RSD. It is considered 
adequate for allowing to assign the corresponding peaks between 
the different cuts. 

It is thus concluded that the combination of two different LC- 
modes resulted in higher selectivity that is not achievable in a 
one-dimensional analysis of oligonucleotide impurities. If only 1D 

PBT-RPLC-UV or only 1D HILIC-UV were considered for compari- 
son, new impurity peaks would have been detected by sRP ×HILIC- 
UV. In the same time no ion-pairing agent was needed in this sep- 
aration (precluding contamination of the MS system, also extend- 
ing column lifetime) and satisfactory sensitivity was achieved be- 
cause of the efficient HILIC application in the 2 D. The negative ef- 
fect on sensitivity arising from unavoidable dilution is less critical 
for quality control of pharmaceuticals because there is no sample 
shortage and hence the dilution effect can be compensated by in- 
jecting higher sample loads. From this perspective it makes sense 
to have a high capacity stationary phase in the first dimension. 

4. Conclusion 

In this work, we compared the retention profiles of five differ- 
ent stationary phases and LC modes, respectively, to investigate the 
orthogonality between them. As result, a very high orthogonality 
rate of 68% (calculated with bin counting method) was revealed 
by the combination of PBT with BEH Amide (RP – HILIC). Both 
are used with MS-friendly mobile phases (ion-pair free, volatile 

buffers) and avoid contamination of the MS instrument which is 
of importance in non-dedicated MS systems. The high orthogonal- 
ity is favourable for the combination of the two LC modalities in 
a 2D-LC setup. Herein we evaluated sRPLC ×HILIC 2D-LC to resolve 
critical shortmer impurities co-eluting with the main peak in 1D- 
LC. Due to the lack of separation power to distinguish structurally 
closely related ON species like N-1, N-2 and N-3 for both RP and 
HILIC in 1D-LC methods, a peak purity determination by selective 
comprehensive 2D-LC can be a powerful tool for quality control of 
pharmaceutical grade ONs, also in other combination of phase sys- 
tems and LC modes. Currently, it is believed that 2D-LC is too com- 
plicated and not robust enough to be used on a routine basis in QC 
of pharmaceuticals. However, with modern instruments and dedi- 
cated software this situation seems to gradually change. Especially 
for very complex pharmaceuticals, 2D-LC in multiple heart-cutting 
and selective comprehensive mode can be easily implemented by 
experienced chromatographers with significant gain in information 
and reliability about product quality. For the majority of disadvan- 
tages, some solutions have been presented, e.g. active solvent mod- 
ulation for the compatibility problem, dilution effects by trapping 
columns, and so forth. Higher investments costs (as instrumenta- 
tion and columns are duplicated) must be seen in relation to the 
faster acquisition of information by 2D-LC as compared to 1D-LC 
if a set of generic 2D-LC methods with broader applicability are 
established in the lab. 
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Abstract: The aim of this research was to develop a simple and efficient ion-pair reagent-free chro-
matographic method for the separation and qualitative determination of oligonucleotide impurities,
exemplified by synthesis of raw products of the two single strands of patisiran siRNA. The stationary
phases with mixed hydrophobic/hydrophilic properties (cholesterol and alkylamide) were firstly
used for this purpose with reversed-phased high-performance liquid chromatography. Several
different chromatographic parameters were tested for their impact on impurities separation: type,
concentration, pH of salt, as well as organic solvent type in the mobile phase. The pH was the most
influential factor on the separation and signal intensities in mass spectrometry detection. Finally,
the optimized method included the application of cholesterol stationary phase, with mobile phase
containing 20 mM ammonium formate (pH 6.5) and methanol. It allowed good separation and the
identification of most impurities within 25 min. Since not all closely related impurities could be
fully resolved from the main peak in this oligonucleotide impurity profiling, two-dimensional liquid
chromatography was used for peak purity determination of the target oligonucleotides. The Ethylene
Bridged Hybrid (BEH) Amide column in hydrophilic interaction liquid chromatography was applied
in the second dimension, allowing additional separation of three closely related impurities.

Keywords: oligonucleotide; impurities; stationary phase; separation; two-dimensional liquid
chromatography; mass spectrometry

1. Introduction

In manufacturing a drug and ensuring its proper therapeutic activity, one of the
most important factors is the purity of the active substance. Impurities must be firstly
qualitatively determined so that a purification method could be successfully developed.
This stage of drug development is often difficult, particularly for oligonucleotides (OGNs),
which are increasingly used to treat a wide range of diseases [1–3]. Therapies involve the
introduction of synthetic, usually chemically modified OGNs into the cell [1,2]. Various
OGNs with different mechanisms of action are currently being used: antisense OGNs,
micro-RNAs, aptamers, and small interfering RNAs [4–6]. Their impurities can be classified
into several groups: products of modification at a single phosphodiester linkage, sugar or
base residue, products of deletion of a single nucleotide (N − 1, N − 2), or incorporation
of a single nucleotide repeat (N + 1) and other longmers [7,8]. The difficulties associated
with characterizing these impurities are their large molecular weights and closely related
structure [3,8]. For this reason, their complete structural elucidation is challenging, and the

Int. J. Mol. Sci. 2022, 23, 14960. https://doi.org/10.3390/ijms232314960 https://www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2022, 23, 14960 2 of 19

development of improved analytical methods should be pursued to enable their separation
from the parent OGN and from each other [3,7,8].

Historically, the first separation technique used for this purpose was anion exchange
chromatography (AEC). However, it has been used less frequently recently, due to its incom-
patibility with mass spectrometry (MS) [3,9]. In some cases, capillary gel electrophoresis
was also applied [10]. The most popular technique for achieving length-based separa-
tions is high-performance liquid chromatography, especially in ion-pair mode (IP RP
HPLC) [3,11–16]. Its combination with electrospray ionization mass spectrometry (ESI-
MS) makes it generally suitable for the analysis of impurities, due to, e.g., the high mass
spectral response [11–13]. Consequently, IP RP HPLC ESI-MS has become a method of
first choice for the analysis of impurities, although it often fails to separate impurities
such as N − 1 or N + 1 that co-elute with the parent OGN [13]. Moreover, even though
ion pair reagents are used in the mobile phase, the separation efficiency of IP RP HPLC
for a complex mixture of impurities that elute before and after the main OGN is often
limited, tedious, and time-consuming [13,14]. The application of methods for automated
impurities determination or mobile phases containing small alkylamines may be useful, as
shown by Roussis et al. [13–16]. However, even for an optimized IP RP HPLC method, the
complete separation of positional isomers and isobaric species for example still remains
very challenging [15,16]. Moreover, the utilization of alkylamines in the mobile phase
causes ionization suppression, ion source contamination, and MS memory effect [17]. For
these reasons, additional methods are continuously developed, such as new methods based
on the application of various stationary and mobile phases (e.g., hydrophilic interaction
liquid chromatography—HILIC, reversed-phase liquid chromatography—RP HPLC, or
mixed mode liquid chromatography) or combining of two different liquid chromatography
modes in two-dimensional liquid chromatography (2D-LC) [18–26]. Each of these attempts
usually improves separation, MS sensitivity, or simplifies the method compared to IP RP
HPLC. Comprehensive RP HPLC × IP RP HPLC, AEC × IP RP HPLC provides orthogonal
separation of some isobaric impurities [24]. Moreover, a multiple heart-cutting AEC—
HILIC, IP RP HPLC—HILIC, AEC RP HPLC, or mixed mode RP/AEC—RP HPLC allow
online desalting, the separation of additional impurities, and the identification of impurities
by MS in the absence of ion-pairing reagents, respectively [22,23,26]. On the other hand,
2D-LC has its limitations, namely dilution problems, as well as the necessity of high peak
capacity in the first dimension (1D) so that the majority of components can be separated
in the 1D [24,26]. Interestingly, mixed-mode stationary phases with anion-exchange and
hydrophobic moieties at the surface exhibited good separation potential for structurally
related OGNs [18,27]. Nevertheless, eluents containing sufficiently high concentrations of
counterions (usually MS-incompatible) are required in order to elute OGNs [18,24]. Based
on this short literature review, in our opinion, there is still a gap to fill with new methods
allowing OGN impurities separation and identification.

The main goal of the present study was to improve the resolution via the application
of mixed-mode stationary phases in RP HPLC for the separation of patisiran analogue
(as model siRNA OGN) from its impurities and their identification by quadrupole time-
of-flight mass spectrometry (Q-TOF-MS). This made it possible to test whether the use of
such a simple chromatographic system (stationary phases of mixed properties and MS-
compatible mobile phases) could be useful in the analysis of OGN impurities. Cholesterol
and alkylamide columns were evaluated for their selectivity under reversed phase condi-
tions to elucidate their potential for OGN studies. Moreover, the retention orthogonality
between cholesterol and amide stationary phases (in HILIC mode) was also tested in order
to verify the possibility of 2D-LC application to improve separation power.

2. Results and Discussion

2.1. Retention and Separation Studies for CHOL and AP Columns

Two different stationary phases were chosen for the preliminary study. Our previous
work has shown that the use of a reversed-phase system for the determination of OGN
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impurities is successful if stationary phases with mixed hydrophobic/hydrophilic proper-
ties are used. For these reasons, CHOL and AP columns were tested in the present study.
Both stationary phases have previously been used for the separation of OGN mixtures,
but only in ion pair mode [27,28]. The aim herein was to test their suitability in the much
simpler reversed-phase mode, since both polar (residual silanols, amino, amide groups)
and non-polar groups (cholesterol molecule or alkyl chain) are localized in their structure,
so they appear to be good candidates for the separation and analysis of OGN impurities
(Figure 1).

Figure 1. Schematic structure of stationary phases used in the present study.

Retention studies were conducted under gradient elution conditions, with the elution
program remaining constant regardless of the column or chromatographic parameter being
tested. During the preliminary experiments, we tested the influence of various parameters
on impurity separation and retention: pH, salt concentration, type of salt, and type of
organic solvent. Table 1 summarizes the retention factor values (k) for the main compound
of sense and antisense strands for different parameters, whereas Figure 2 shows selected
chromatograms for CHOL stationary phase. The other most important chromatograms are
collected in the Supplementary Materials (Figures 2 and S1–S3).

Irrespective of the chromatographic column used, the trends were analogous. With
higher pH, the retention of the main compounds decreases (Figures 2A, S1A and S2A,
Table 1). It is the effect of protonation of the residual aminopropyl groups that leads to
enhanced retention of tested compounds due to electrostatic interactions with negatively
charged OGNs. The use of ammonium formate with a pH 4.5 resulted in a lack of elution
of the OGNs under the conditions of the gradient used (they were eluted from the column
during the washing step). As pH decreased, not only the retention of the main compounds
(sense or antisense strands) increased, but also the retention of impurities (Figures 2A,
S1A and S2A). This should have resulted in a better separation of the structurally related
impurities for pH 5.5, but the width of the peaks also increased with decreasing pH (due to
an increased contribution of hydrogen bonding and electrostatic interactions in the retention
mechanism). As a result, peak intensities decreased with pH 5.5, which had a negative
impact on detection. Consequently, pH 6.3 and 7.5 were selected for further testing.
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Table 1. Exemplary results of retention factor (k) values determined for sense strand of patisiran
analogue with regard to different chromatographic conditions applied during the study (under
gradient elution: MPA: salt solution; MPB: MeOH/salt solution 9:1 (v/v); gradient elution: 10–45%
MPB in 20 min).

Stationary
Phase

k

pH of 20 mM ammonium formate

4.5 5.5 6.3 7.5

CHOL - 16.62 ± 0.21 15.23 ± 0.16 13.09 ± 0.09

AP - 13.22 ± 0.30 9.93 ± 0.02 7.15 ± 0.02

Concentration of ammonium formate

10 mM 20 mM 40 mM

CHOL 10.44 ± 0.11 15.23 ± 0.27 13.96 ± 0.20

AP 8.08 ± 0.18 9.93 ± 0.13 9.12 ± 0.08

Type of salt

20 mM ammonium formate 20 mM ammonium acetate

CHOL 15.23 ± 0.14 10.98 ± 0.25

AP 9.93 ± 0.09 7.72 ± 0.13

Type of organic solvent

MeOH ACN

CHOL 15.23 ± 0.29 14.17 ± 0.22

AP 9.93 ± 0.018 8.18 ± 0.21

With regard to the influence of the salt concentration (for ammonium formate, pH 6.3),
the observed effects were the same for CHOL and AP columns (Figures 2B, S1B and S2B).
When raising the concentration from 10 to 20 mM, the k values increased, but a further in-
crease in concentration to 40 mM resulted in a reduction of retention (Table 1). These effects
can be explained by a superposition of two retention principles, viz. reversed-phase LC
(an increase of OGN retention with increasing salt concentration) and ion chromatography
(reduction of retention with increasing concentration). It can be assumed that in the case of
tested stationary phases, the dominating retention mechanism may change depending on
the chromatographic conditions used, e.g., for low pH of salt or high salt concentration,
ion exchange becomes predominant. The best separation of impurities was achieved with
20 and 40 mM ammonium formate (Figures 2B, S1B and S2B), due to the greater retention.
For further studies, 20 mM was selected due to the intended identification of impurities by
Q-TOF-MS, for which a high concentration of 40 mM would lead to ion suppression and
contamination of the ion source.

Ammonium acetate has a higher elution strength of OGNs compared to ammonium
formate (for the same concentration of both salts) for CHOL and AP. This effect is greater
for the CHOL, for which an almost twofold reduction of k values was observed (Table 1). In
both cases, better separation of impurities was obtained for ammonium formate (Figures 2C
and S1C).

The final parameter tested in this research was the type of organic solvent. As expected,
OGNs and their impurities were eluted from the column more rapidly with acetonitrile
(Figures 2D and S1D). However, this resulted in a lower resolution due to insufficient
retention, which is why methanol was finally chosen.
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Figure 2. Exemplary chromatograms (left side) with the enlarged view (right side) for sense strand of
patisiran analogue for CHOL stationary phase obtained for: (A) different pH values (for 20 mM ammonium
formate); (B) different salt concentration (for ammonium formate); (C) two different salts (both of them
were 20 mM solutions); (D) two different organic solvents. Experimental conditions: MPA: salt solution;
MPB: MeOH/salt solution 9:1 (v/v); gradient elution: 10–45% MPB in 20 min (20 min re-equilibration);
column temperature, 40 ◦C; autosampler temperature, 10 ◦C; flow rate, 0.3 mL/min; injection volume, 8 µL.
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Comparing the results obtained for CHOL and AP (Figure S3), it should be noted
that in the case of AP, the retention of the studied OGNs and their impurities was always
lower. This is most probably the result of the differences in the structure of both stationary
phases, as according to the results obtained previously in our group, their hydrophobicity
is almost the same [29] (Figure 1). The CHOL phase has a higher carbon content (9.97%)
than AP (6.52%) because the ligand molecule is larger (more bulky) than C12 of the AP
ligand (which is straight, but can collapse at high water content). However, the surface
density of the CHOL ligands is lower (2.61 µmol/m2). With a lower surface density of
CHOL, the separated molecules have a chance to enter between CHOL ligands, whereas
on more densely distributed C12 (3.49 µmol/m2), they may slide on their top instead [29].
So, together with good interaction with the CHOL molecules, some interaction with amino-
propyl groups or so called “hydrolytic pillow” is possible [30]. Taking this into account, it
is very likely that better separation on the CHOL phase is possible due to the steric effect
and electrostatic interactions with residual amino groups.

2.2. Impurities Analysis with the Use of Q-TOF-MS

In the next stage of the study, Q-TOF-MS was used to identify impurities in both
OGNs. In line with previous results, we tested two different pH values of ammonium
formate. These were chosen because of the satisfactory separation of the impurities, but
it was necessary to additionally check how the pH of the salt in the mobile phase affects
the sensitivity, which is an equally important parameter in the determination of impurities.
For this reason, we compared peak areas at extracted ion chromatograms (EIC) for several
selected ions (assuming that tendencies for other ions were the same). The results are
summarized in Table 2. Surprisingly, larger peak areas were obtained for the mobile
phase, which included a salt with a lower pH. The OGNs are negatively charged in the
whole range of pH used during the present study (due to the pKa values of phosphate
groups). Despite the fact that nucleobases can also contribute to the overall charge of OGN
(protonation), the phosphate backbone will contribute to the greatest extent. Consequently,
it will be also the most influential factor during the electrospray ionization of OGNs. It has
been shown that usually for high pH values of the mobile phase, their ionisation is more
efficient; hence, higher peak areas and sensitivity in mass spectrometry, especially in ion
pair chromatography, are observed [31,32]. However, our results for the two tested OGNs
do not entirely confirm these effects, as we have obtained higher sensitivity for lower pH.

Despite the differences in intensity, exactly the same impurities were identified for
both mobile phases. Thus, in this case, the higher peak areas for pH 6.3 did not lead to the
identification of more impurities (due to the higher sensitivity). With regard to relative
abundance of the different charge states, no differences were observed here either. For
both pH 6.3 and 7.5, the same charge states (either −2 or −3) were the most abundant ones
(Figure S4).

The low concentrations of most of the impurities present in the sample caused the pres-
ence of only one charge state at the full scan spectra (e.g., −1 for m/z 1011.149, 865.173 ions,
and −2 for m/z 915.668, 1075.689 ions) (Figure S5). In the case of the main compound (sense
and antisense strands of patisiran analogue), for which the concentration was the highest,
three different charge states were observed, whereas for compounds with intermediate
concentrations, there were two charge states, typically −2 and −3 or −3 and −4 (e.g.,
m/z 823.469 (−3) and 1235.711 (−2) for 5′ N-13s; m/z 1153.181 (−3) and 1733.289 (−2) for
5′N-14s; m/z 1489.237 (−3) and 1116.928 (−4) for 5′ N-7s) (Table 3, Figures S5 and S6). For
some impurities, the ion with the lower charge state was more abundant, whereas for
others, it was the one with the higher charge state (Table 3, Figures S4–S6).
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Table 2. Peak areas for selected ions of extracted ion chromatograms (EIC).

Ion (m/z)
EIC Peak Area

pH 6.3 pH 7.5

Sense strand

865.173 236,618 ± 1302 81,850 ± 591

1235.711 151,654 ± 973 68,514 ± 462

1155.188 66,958 ± 664 51,524 ± 349

1489.9089 87,257 ± 471 32,500 ± 588

1690.023 501,090 ± 1364 259,873 ± 1147

Antisense strand

pH 6.3 pH 7.5

850.172 198,963 ± 1197 71,599 ± 759

902.147 201,337 ± 1372 98,004 ± 1024

1074.673 73,951± 1005 33,820 ± 1153

1247.197 89,620 ± 826 38,391 ± 944

1663.732 296,281 ± 1277 139,009 ± 1039

Deconvolution was used during the study to provide zero-charge state mass
spectra and accurate masses of OGN impurities. The PeakView software equipped
with Bio Tool Kit Plug-in was used, and deconvolution was performed according
to the scheme presented in Figure S7. The neutral monoisotopic masses of OGN
impurity series in which each OGN had one nucleotide less were calculated. Primarily,
the structural assignment of the nucleotide sequence was based on MS1 accuracy
between experimental and calculated masses. Secondly, the structural assignment of
the nucleotide sequence was confirmed by MS2 spectra. RoboOligo and OPA/OMA
developed by Limbach et al. [33] and Schürch et al. [34] were also used for this purpose.
Moreover, the annotated sequences were confirmed by the MS/MS spectra which
feature characteristic fragment ions of the oligonucleotide impurities. Exemplary
fragmentation spectra for several impurities of sense and antisense patisiran were
presented in Figures S8 and S9. The most common fragmentation pathway corresponds
to the loss of a nucleobase followed by inter-nucleotide backbone cleavage. The
ions were assigned to the sequence fragments based on the oligonucleotide MS/MS
fragmentation scheme proposed by McCloskey (Figure S10). Oligonucleotides are
fragmentated along the phosphate backbone and produce a set of ions containing the
5′ terminus (a, a-B, b, c, d) and 3′ end group (w, x, y) (Figures S8G–I and S9G–I). The
number of nucleotides from the end group is presented as the subscript to the letter.
The a-B ions orginate from base loss (cleavage of N-glycoside bond) in addition to
cleavage at the phosphodiester bonds at the 3′ or 5′ end. Representative examples
are shown for the sense strand of patisiran (Figure S8G–I). In the case of our study
with CID, signals from b, c, y, and w ions were mainly observed in the MS/MS spectra
(Figures S8 and S9).
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2.2.1. The Chemistry behind the Origin of Impurities

Table 3 presents the most abundant ion of each impurity, its preferential charge state,
deconvoluted mass, and annotated sequence, whereas the relative proportion for each
impurity appointed as peak area and relative peak area for both MS and UV were collected
in Table S1 Typically, impurities are formed as N-shortmers, but base mismatches are also
possible. Additionally, at the 3′ end of the sequence the hydroxy (OH), phosphate (PO)
or 2′,3′-cyclic phosphate (cyc) group may be present. Twenty-eight (28) impurities were
annotated for the antisense strand of patisiran analogue, and twenty-two (22) for the sense
strand. In both cases, a greater number of 5′-shortmers was found compared to 3′ ones
(Table 3). In our study, we have only observed impurities formed as N-shortmer sequences
of the main compound. Consequently, the failure sequences lacked various numbers of
nucleotides from the 5′ and 3′ end of the target patisiran single nucleotide strands (Table 3).
Similar types of impurities were already reported in the scientific literature [9,14]. The
incomplete coupling (so-called coupling failures) of nucleotides during the synthesis leads
to a number of impurities, which were presented in Table 3, e.g., coupling failure sequence
formed in this way missing the last nine nucleotides from its 5′ end is described as the 5′ (N-
9)as (for antisense strand of patisiran) or 5′ (N-9)s (for sense strand of patisiran analogue).

The results in Table S1 contain the relative and absolute signal values detected for
each impurity and main compound. The absolute signal of the detected impurities is used
only for relative comparisons, since direct use of these data for absolute quantification of
impurities is not appropriate. The greatest relative and absolute signal values are attributed
to 5′ end-missing early eluting impurities (Table S1). Moreover, the highest amount (relative
to the main compound) was detected for impurities from 5′ N-18s to 5′ N-14s, as well as
for 5′ N-18as and 5′ N-13as. These results suggest that coupling failures for the patisiran
analogue are formed most significantly in the initial stages of synthesis.

2.2.2. Antisense Strand of Patisiran

Changes of the elution order of impurities were observed for the CHOL stationary
phase when two different pH values of the salt in the mobile phase were compared (Table 3),
e.g., for 5′ N-16as, 3′ N-15as, 3′ N-8as, 3′ N-6as, 3′ N-7as. The majority of impurities, for
which the elution order has changed (at pH 7.5 compared to 6.3), possess the additional
phosphate group at the 3′ end (Table 3). This effect may suggest that it has a significant
impact on the retention of OGNs when near-neutral mobile phase conditions are applied.

Regarding the retention data for CHOL obtained for pH 6.3, it should be pointed out
that there is no strict linear relationship between the MW of impurities and their retention.
However, certain trends can nevertheless be observed. For the antisense strand, OGNs with
low molecular masses between 650–2000 Da (charge state −1 and −2) are generally the
first to elute from the CHOL column (Table 3). This is followed by the elution of impurities
with higher masses in the range of 2100–6300 Da (charge state −3 and −4) in the elution
window between 16 to 19.5 min. The retention of OGNs in the reversed-phase system is
the result of their total negative charge, size, and the change in polarity determined by the
nucleobases. For this reason, for example, 5′ N-19as is eluted after 3′ N-18as and 5′ N-18as,
which are more polar (Table 3).

Different tendencies were noticed when the ammonium formate of pH 7.5 was used
in the mobile phase. First, eight impurities of small size (below 2000 Da) (charge state −1,
−2) are eluted from the column. Then, only OGNs that have a phosphate group at the
3′ end (8 compounds) are eluted (between 12 and 14 min). Next, impurities that have an
OH group at the 3′ end (10 compounds) are eluted from the CHOL column. Apparently,
changing the pH of the mobile phase for the CHOL column actually alters the interactions
and their strength between the stationary phase ligands and the OGNs; introducing an
additional phosphate group into the OGN structure reduces its retention. This remains
in line with theoretical knowledge. Increasing the pH reduces the positive charge on the
stationary phase, resulting in reduced electrostatic interactions. Therefore, any additional
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ionized phosphate group will be stronger affected by this pH change and the cause of
reduced OGN retention relative to impurities which miss this structural element.

These results clearly confirm that, in the case of mixed-mode stationary phases with
hydrophilic-hydrophobic groups, the pH of the mobile phase is an additional parameter
that can be changed to alter the separation selectivity by changing the retention of OGNs
under RP conditions.

2.2.3. Sense Strand of Patisiran

The retention of impurities for sense strand and pH 6.3 is based on the following order:
first, the five OGNs with the lowest masses are eluted between 11 and 15 min, followed by
compounds with masses from 2000–3000 Da (between 15 and 19 min), whereas the OGNs
with the highest masses and charge states are eluted last (Table 3). These tendencies are
quite analogous to those of the antisense strand and are based on similar effects.

For the sense strand, the impurities are mainly OGNs with an -OH group at the
3′ end. Only seven compounds have a 3′ phosphate terminal group (Table 3). Three of
them are lower molecular weight compounds that (irrespective of the strand and the pH
of the mobile phase) elute early, in a short time. Thus, for pH 7.5, there is no very clear
dependence of retention on the type of terminal group at the 3′ end. Neither was there such
a dependence of the elution order on the molecular weight or the oligo length.

2.3. Closely Related Impurities in the Main Peak of Sense and Antisense Strands

The results summarized in Table 3 indicate that the complete separation of all impuri-
ties could not be achieved with CHOL. Some of them were eluted from the column together
with the main compound (Table 3). Figure 3 presents the EIC for selected ions eluted from
the CHOL column together with the antisense or sense strand. In the case of the antisense
strand of patisiran, there are, in total, five N-1, N-2, N-3 shortmers differing in the 3′ end
group (hydroxyl or phosphate) coeluting with the main compound: 5′ N-1as, 5′ N-2as,
5′ N-3as, 3′ N-2as, 3′ N-3as (Table 3). All of them are eluted in the front of the main peak
(Figure 3A). Six impurities are eluted together with the main peak of patisiran sense strand,
but one of them, 5′ N-3s, is eluted in the ‘tail’ of the main peak (Figure 3B). The other five
impurities are the following shortmers: 3′ N-11s, 3′ N-10s, 5′ N-6s, 5′ N-4s, 5′ N-1s.

Although these structurally-related impurities were not able to be separated using
the CHOL column, a characterization of those impurity species was still possible with a
direct coupling with MS. To alleviate this selectivity problem, we decided to use 2D-LC in
a selective comprehensive mode for this purpose to achieve a complete resolution.

′
′

′

′ ′
′ ′ ′ ′

′
′ ′ ′ ′

′

 

− − − −

Figure 3. Extracted ion chromatograms (EIC) for selected ions eluted from CHOL column to-
gether with the main compound of: (A) antisense strand of patisiran analogue, (B) sense strand
of patisiran analogue. Experimental LC conditions: MPA: 20 mM ammonium formate (pH 6.3);
MPB: MeOH/20 mM ammonium formate (pH 6.3) 9:1 (v/v); 10–45 % MPB in 25 min (15 min re-
equilibration); column temperature: 40 ◦C; autosampler temperature: 4 ◦C; flow rate: 0.3 mL/min;
injection volume: 8 µL; MS parameters for nebulizer gas, heater gas, curtain gas, source temperature,
ion spray voltage, declustering potential, and collision energy were set as follows: 90 psi, 90 psi,
35 psi, 550 ◦C, 4500 V, −150/−200/−150 V, −10 V.
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2.4. Selective Comprehensive (High-Resolution Sampling) sRP × HILIC-2DLC for Patisiran

In our previous 2DLC experiments, reversed phase was employed as the second
dimension for desalting before ESI-MS detection [22,23]. Hydrophilic interaction liquid
chromatography (HILIC), which was shown to give enhanced separation under ion-pair
free elution conditions, was envisaged as a second dimension for this 2DLC setup in
combination with CHOL RP. We chose the previously developed HILIC method using
a BEH Amide column for the present study [20]. The retention data are summarized in
Table S2. Firstly, we have compared the normalized retention times (tN) obtained for HILIC
and RP using CHOL to check the orthogonality of the systems, as 2D-LC performance
depends on the separation orthogonality. The tN values were calculated by the use of the
following formula:

tN =

tR − t0

tG − t0
(1)

wherein tR is the retention time of the compound, tG the gradient time, and t0 is the
void time.

The results on the orthogonality of the distinct LC modes are presented in Figure 4.
The lower the determination coefficient (R2) value, the higher the degree of orthogonality
between columns (values lower than 0.5 are considered as indicating a high degree of scatter,
which is desirable for 2DLC). The R2 were equal to 0.5232 for the antisense strand and
0.6474 for the sense strand when the normalized retention time of corresponding impurities
on the CHOL and BEH Amide columns were correlated (Figure 4). This indicates good
orthogonality between both modes of LC and both columns, which is indispensable for a
successful application of 2D-LC and can enable the selective separation of impurities in the
second dimension.

 

ýே ൌ ýோ െ ý଴ýீ െ ý଴

Figure 4. The correlation of normalized retention time (tN) between identical impurities and main com-
pounds detected by HILIC with Amide column and RP with CHOL column for two strands separately.

Finally, the RP method with the use of CHOL column was used in the first dimension,
whereas HILIC with BEH Amide was used in the second dimension. Several groups have
reported about the selectivity of BEH Amide towards different kind of OGNs [19,20,35].
For this study, we chose basic conditions at pH 9 to enhance the ionization of the OGNs.
With 15 mM ammonium acetate, both MS compatibility and good chromatographical
performance are given. The selective comprehensive mode of 2D-LC was used in order
to improve the separation of closely related impurities. In this mode, a certain part of
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the 1D chromatogram, herein covering the main peak, is comprehensively sampled by
a number of adjacent fractions and transferred into the second dimension. In this work,
10 fractions were stored in 40 µL sampling loops until analysis by the 2D HILIC method.
Due to the high aqueous content of the 1D RP eluent and its high elution strength in the
2D HILIC method, active solvent modulation was activated [36]. It allows dilution of the
sampled fractions from 1D by weak 2D HILIC eluent before they are introduced onto the 2D
HILIC column. It avoids peak distortions and sample breakthrough effects. The exemplary
results for the sense strand of patisiran are presented in Figures 5 and S11. Although it was
not possible to obtain a full baseline separation of all six impurities eluted with the main
peak in 1D by this sRP × HILIC-2DLC, the partial separation was sufficient to provide
the required information on impurity determination in good quality. The use of HILIC in
2D allowed the separation of only three additional compounds (5′ N-4s, 5′ N-1s, 5′ N-3s)
from the main sense strand (Figure 5). It is a limitation of the developed method that
not all impurities could be fully baseline separated; yet, compared to a one-dimensional
separation, an improved resolution could be achieved.

′ ′
′

′
′

Figure 5. The UV chromatograms presenting the result of selective comprehensive 2D-LC analysis
of sense strand of patisiran analogue. Upper chromatogram: 1D LC with the use of CHOL in RP
mode; lower chromatograms: 2D LC with the use of Amide in HILIC mode. Detailed experimental
conditions in Section 2.4.

A change in the elution order was observed. The 5′ N-3s in HILIC was eluted before
the sense strand and before the 5′ N-1s impurity, whereas in 1D, it was eluted after the
main peak and other impurities. This effect is characteristic for these two chromatographic
systems and further demonstrates the orthogonality of RP and HILIC.

Three of the impurities that were eluted together with the sense strand, 5′ N-6s
(m/z 1598.9283), 3′ N-11s (m/z 1103.173), 3′ N-10s (m/z 1217.849), were not detected in the
sRP × HILIC-2DLC approach due to their low concentration (100–500 cps in 1D-RPLC, see
Figure 3B), splitting into multiple fractions and a further dilution effect upon injection into
the 2D. This is the drawback of our method. The new multi-inject software solution from
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Agilent Technologies, which allows the transfer of the contents of the multiple loops of
the multiple heartcutting loop decks at once before the entire deck is analyzed by a single
2D analysis cycle, could solve this problem, but was not yet available in this work [37].
It not only overcomes the sensitivity problem, but also saves time, since only one 2D
analysis run needs to be carried out in contrast to the multiple injections of the different
loops in the normal selective comprehensive 2DLC approach. This holds great promise for
selective comprehensive sRP×HILIC-2DLC analysis of oligonucleotide pharmaceuticals,
and will further empower the current selective comprehensive CHOL RP × BEH Amide
HILIC-ESI-QTOF-MS approach in impurity profiling.

3. Materials and Methods

3.1. Materials

Acetic acid (ACS reagent, ≥99.8%), ammonium hydroxide (ACS reagent, 28–30%),
ammonium acetate (LC-MS grade), and ammonium formate (LC-MS grade) were pur-
chased from Sigma-Aldrich (Merck, Munich, Germany). LC-MS grade methanol (MeOH)
and acetonitrile (ACN) were purchased from Carl Roth (Karlsruhe, Germany). Ultra-
pure water was obtained from Elga PurLab Ultra system (Celle, Germany). Both OGNs
were purchased from Oligo Sigma (Merck, Munich, Germany) as desalted raw products
without purification.

3.2. Oligonucleotides

Two OGNs were used during present study. Their sequences correspond to the sense
and antisense strand of the patisiran, which is an active substance of a drug used for the
treatment of polyneuropathy caused by hereditary transthyretin-mediated amyloidosis [38].
They were used as model compounds for the development of a method for the separa-
tion and identification of impurities. They were purchased as custom, synthesized, raw
products, obtained as desalted, but non-purified, synthesis products from Oligo Sigma
(Merck, Munich, Germany). Thus, they were not supposed to have drug quality, but were
considered suitable test samples for our study. The sequence of passenger (sense) strand is
as follows: 5′-G-Um-A-A-Cm-Cm-A-A-G-A-G-Um-A-Um-Um-Cm-Cm-A-Um-dT-dT-3′

with molecular mass of 6764 Da. The guide strand (antisense) has a sequence 5′-A-U-
G-G-A-A-Um-A-C-U-C-U-U-G-G-U-Um-A-C-dT-dT-3′ and mass 6660 Da (dT stands for
deoxyriboncleotide, whereas mU, mC stands for 2′-O-methylribonucleotide analogues).

3.3. Instrumentation

Preliminary, retention, and separation studies for cholesterol (CHOL) and alkylamide
(AP) columns were performed with an Agilent 1290 Infinity II UHPLC system from Agilent
Technologies (Waldbronn, Germany) equipped with a Multisampler (G7167B), binary
High-Speed Pump (G7120A), column compartment (G7116B), and Diode Array Detector
(DAD) (G7117B).

The 2D-LC experiments were carried out with the use of Agilent 1290 Infinity II 2D-
LC Solution from Agilent Technologies, including a quaternary Flexible pump (G7104A),
Multisampler (G7167B), and Variable Wavelength Detector (VWD) (G7114B) with 14 µL
flow cell (G1314-60186) and a pressure relief valve (pressure release kit, G4236-600010)
between the VWD and 2D-interface. The sampling frequency of the VWD was 5 Hz. In the
second dimension, a binary High-Speed Pump (G7120A) and a Diode Array Detector (DAD)
(G7117B) with 1 µL flow cell (G4212-60008) were employed. The sampling frequency of the
DAD was 80 Hz. Two separate Infinity column compartments (G7116B) were used. Both
dimensions were connected by a valve drive (G1170A) equipped with 5-position/10-port
2D-LC active solvent modulation (ASM) valve (#5067-4266) coupled to two 6-position/14-
port valve heads (#5067-4142, multiple heart-cutting valves) equipped with six 40 µL loops
each. The ASM valve contained the ASM capillary with dimensions of 85 × 0.12 mm
(0.96 µL, #5500-1300) (ASM factor 5, ASM loop flushing: 3 times) [36]. The 2D-LC system
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was controlled by Agilent OpenLab CDS ChemStation Rev. C.01.10 with 2D-LC add-
on software.

MS detection was performed on a SCIEX Triple TOF 5600+ QTOF mass spectrom-
eter with a Duospray ion source operating in negative ESI mode. The 2D-LC and MS
instruments were coupled with a contact closure connection for peripheral devices from
SCIEX, and the MS instrument was controlled with Analyst TF 1.7 software (AB SCIEX,
Darmstadt, Germany).

3.4. LC-MS Conditions

Three different columns have been used in the present study: the home-made CHOL
and AP columns (125 × 2.1 mm, 5 µm particle size, 100 Å), as well as Acquity UPLC BEH
Amide for the second dimension (50 × 2.1 mm, 1.7 µm particle size, 130 Å). The structures
of stationary phases are presented in Figure 1. CHOL and AP were synthesized according
to a previously described synthesis method [29,30]. They were prepared from the same
batch of 5 µm Kromasil® silica gel with 300 Å pore size. The CHOL stationary phase has
9.97% of carbon at the surface, whereas for AP, the carbon load is equal to 6.52%. The
stationary phases were packed into stainless-steel columns with the use of a home-made
apparatus with a Haskel pump (Burbank, CA, USA) under constant pressure (400 bars).
Column void volume (t0) was measured by injecting methanol.

For the retention and separation studies with CHOL and AP columns, similar elution
conditions were used. The chromatographic parameters were as follows: mobile phase A
(MPA) was composed of salt solution, whereas mobile phase B (MPB) contained MeOH/salt
solution (9:1; v/v); gradient elution consisted in 10–45% MPB change in 25 min (with 15 min
re-equilibration); column temperature: 40 ◦C; flow rate: 0.3 mL/min; injection volume:
8 µL; spectrophotometric UV detection was performed at λ = 254 nm. Four different
parameters were tested during this stage of studies, namely the pH of salt (4.5–7.5), salt
concentration (10–40 mM), salt type (ammonium formate and acetate), and organic solvent
type (MeOH, ACN).

Finally, the optimized conditions used in the 1D were as follows: column: CHOL;
MPA: 20 mM ammonium formate (pH 6.3), MPB: MeOH/20 mM ammonium formate (pH
6.3) 9:1 (v/v); gradient elution: 10–45% MPB in 20 min (20 min re-equilibration); column
temperature: 40 ◦C; autosampler temperature 10 ◦C; flow rate: 0.3 mL/min; injection
volume: 8 µL.

The separation in the second dimension 2D was performed in a HILIC mode with the
following final conditions: column—Acquity UPLC BEH Amide, MPA: 15 mM ammonium
acetate in ACN/water 7:3 (v/v) (pH 9), MPB: 15 mM ammonium acetate (pH 9), gradient
elution: hold 0% MPB for 0.33 min (ASM), 0–60% MPB in 2.38 min, re-equilibration for
1.69 min, column temperature: 60 ◦C, flow rate: 1.0 mL/min.

MS detection was carried out in a negative polarity mode with an ESI source. The
MS parameters for RP experiments with CHOL were as follows: nebulizer gas, 90 psi;
heater gas, 90 psi; curtain gas, 35 psi; source temperature, 550 ◦C; ion spray voltage, 4500 V;
declustering potential, 200 V; and collision energy, 10 V. In the case of 2D experiments,
these parameters were: nebulizer gas, 80 psi; heater gas, 80 psi; curtain gas, 40 psi; source
temperature, 450 ◦C; ion spray voltage, 4500 V; declustering potential, 150 V; and colli-
sion energy, 10 V. The data processing was accomplished by using PeakView (AB Sciex,
Darmstadt, Germany).

The identification of impurities was performed by assigning charge states of the ions
observed at the full scan spectra, calculation of masses, or application of deconvolution. The
PeakView equipped with Bio Tool Kit Plug-in (Version 2 2 0.11391, SCIEX) was used during
the deconvolution (Figure S7). When the molecular mass of impurities was determined,
their identification (sequence assignment) was performed by mass calculation with the use
of RoboOligo and the OMA/OPA program [33,34]. Moreover, the structural annotation of
impurities was also performed based on their fragmentation.
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4. Conclusions

The results obtained during the present study confirmed the high potential of mixed
hydrophobic/hydrophilic stationary phases for the study of OGN impurities. The RP HPLC
mode was successfully used for the separation of impurities with a cholesterol (CHOL)-
based stationary phase, and no ion-pair reagents were needed for that purpose. This is one
of the advantages of the method developed during the study. Because both the alkylamide
and cholesterol phases possess surface chemistry capable of changing properties depending
on the pH of the mobile phase, this parameter proved to be crucial in developing a method
for separating impurities from the parent compound. In both cases, the best separation
results were obtained for pH in the range 6.5–7.5. The type and concentration of salt used
in the mobile phase had a lower impact on the retention and separation compared to pH.
However, it should be underlined that 20 mM ammonium formate gave the best results in
terms of resolution. When comparing the impurity separation between the two stationary
phases, a significantly higher efficiency was obtained for the cholesterol stationary phase
(less peak broadening and higher retention compared to the alkylamide column). Each
of these chromatographic parameters has an impact on the intensity of the OGN-derived
signals at the mass spectra. However, the pH of the mobile phase was again the most
influential, and the highest intensities of impurities ions were observed for pH equal 6.5.

For the final chromatographic method developed in RP HPLC using CHOL, a good
separation of most impurities was achieved within 25 min. A few structurally closely related
impurities were coeluted with the main sense or antisense strand. For the characterization
of the majority of impurities, the developed CHOL 1DLC separation was sufficient. Our
plans for the future are to reduce the diameter of CHOL stationary phase particles to 3 µm
or less, which will certainly lead to an increase in the efficiency of impurities separation. It
may then be possible to use only RP HPLC and control pH to alter retention and separation.

The good orthogonality between RP HPLC with CHOL and HILIC with a commercially
available amide column allowed us to use 2D-LC in a selective comprehensive mode for the
separation of closely related impurities. We achieved the separation of several impurities
eluted together with the main OGN. Some minor impurities could not be detected anymore
in the selective comprehensive 2DLC analysis due to splitting of the 1D peaks into several
fractions and further dilution by 2D eluent. The multi-inject approach, which allows
analysis of the entire loop deck at once before 2D analysis, has the potential to overcome
this limitation and accelerate the entire analysis. With these further advancements, the
developed 2D-LC method can be a successful tool for the separation and determination of
impurities in oligonucleotide pharmaceuticals.

The main advantage of the developed method is the separation and identification
of most impurities in 25 min using CHOL with RP HPLC. An advantage is the use of
ion-pair-free or inorganic salts-free mobile phases. The use of 2D-LC leads to a further
benefit: the increased resolution of compounds coeluted with the main OGN.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232314960/s1.

Author Contributions: Conceptualization, S.S., M.L. and F.L.; methodology, S.S., M.L. and F.L.;
validation, S.S., M.L. and F.L.; investigation, S.S. and F.L.; data curation, S.S. and F.L.; writing—
original draft preparation, S.S. and F.L.; writing—review and editing, S.S., M.L., F.L., M.S. and
B.B.; visualization, S.S. and F.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by Nicolaus Copernicus University in Toruń, Mobilities for
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