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Abstract 
Oligonucleotide-based medicines that can modulate gene expression have numerous potential applications in targeted therapies. Most of the commercialized therapeutic oligonucleotides are chemically modified to increase their in vivo lifetime. In this work, we studied poly-deoxy(thymidylic) acids (dT) and modified phosphorothioate oligonucleotides (PS). Several analytical techniques, including ion-pair reverse phase liquid chromatography, are described in the literature to assess their quality but most of them present significant drawbacks. 
In the present study, dT and PS mixtures were analyzed by hydrophilic interaction liquid chromatography (HILIC) and capillary zone electrophoresis (CZE) coupled to ultraviolet detection. In HILIC, the selectivities of three types of stationary phases (dihydroxypropane, phosphorylcholine and amide) were compared. Optimal conditions were determined and consisted of an amide stationary phase with a mobile phase made up of water, acetonitrile and 15 mM ammonium acetate (pH 5.5). In those conditions, high resolving power and good repeatability were achieved. In CZE, the effect of the background electrolyte (BGE), its pH and concentration were evaluated.  A BGE made up of 300 mM ammonium acetate adjusted to pH 6.0 was selected. Finally, the two techniques were compared in terms of selectivity, repeatability and peak efficiency. 
[bookmark: _GoBack]In the second part of the study, HILIC and CZE were both coupled to a drift-tube ion-mobility quadrupole time-of-flight MS detector (DTIMS-QTOF) to assess the added value of this coupling for oligonucleotide characterization. Indeed, by using the measured collision cross section (CCS), the evaluation of the number of nucleotides was performed. Looking across the results, HILIC and CZE coupled to DTIMS-QTOF can be considered as promising tools for the quality control of oligonucleotides.  


				


1. Introduction 
For more than 30 years, oligonucleotides have been studied as an attractive new category of medicines to modulate gene expression [1]. The first therapeutic oligonucleotide commercialized was Fomiversen, an antisense oligonucleotide approved in 1998 by the Food and Drug Administration (FDA) and in 1999 by the European Medicines Agency (EMA). It was intended to treat cytomegalovirus retinitis [1]. Since then, six oligonucleotides have been approved either by the FDA and/or the EMA. Among them, Pegaptanib, an aptamer commercialized in 2004, was introduced to treat age-related macular degeneration. More recently, Patisiran, a small interfering RNA (siRNA), was commercialized to treat familial amyloidosis [1,2].
Since nucleic acids suffer from rapid degradation by nucleases, the most crucial step during the development of therapeutic oligonucleotides is the modification of their structure to increase their in vivo lifetime. This is commonly realized by replacing the oxygen of the phosphodiester (PO) group by a sulfur to create a phosphorothioate (PS) linkage. This modification also creates an asymmetrical center on the phosphorous atom. As a consequence, two diastereoisomers will appear for each PS linkage created. These diastereoisomers present interesting features. Indeed, the Rp (right-handed configuration) presents better binding activity towards the RNA polymerases and ribonuclease H and thus induces a stimulation of the synthesis of RNA and the duplication of DNA. The Sp (left-handed configuration) shows better exonuclease resistance and thus increases oligonucleotide stability [3-5].
With the emergence of oligonucleotides on the market, it is of increasing importance to develop analytical methods to study modified phosphorothioate oligonucleotides and their impurities. Common impurities are created by deletion or addition of one or more nucleotide(s) to the sequence of interest. Impurities are called “shortmers” when there is a failure in the addition of nucleotides during the elongation phase. On the other hand, the addition of nucleotide(s) by inefficient cleavage will generate longmers.  
To analyze oligonucleotides, several methods have been described in the literature [6-9]. Due to the negatively charged phosphate backbone, anion-exchange chromatography has historically been used to study oligonucleotides. However, this technique requires high concentrations of non-volatile salts or high ionic strength buffers that impair the coupling to mass spectrometry (MS) detection. Ion-pair reverse phase liquid-chromatography (IP-RP-LC) has thus been described as an alternative more compatible with mass spectrometry [6]. This technique makes use of ion-pairing agents to increase the retention and improve the separation of oligonucleotides but MS sensitivity is reduced due to ion suppression phenomena [7].
Hydrophilic interaction liquid chromatography (HILIC) seems to be an interesting alternative technique to analyze oligonucleotides. Indeed, this approach is natively compatible with MS and does not require the use of ion-pairing agents. Moreover, it is well suited for the analysis of polar compounds since analytes distribute between an immobilized layer of water on the stationary phase and the organic solvent in the mobile phase. Only a few articles can be found using HILIC for the analysis of oligonucleotides in the literature [7,10-14]. HILIC was coupled to ultraviolet detection (UV) [10] and MS [9, 13-16]. With ESI-MS as detection method, Gong et al. used HILIC with a zwitterionic stationary phase to analyze polydeoxythymidylic acids (dT), PO oligonucleotides and their methylated forms [12]. More recently, Studzińska et al. and Lobue et al. employed HILIC for the analysis of phosphorothioate oligonucleotides [13,14]. Studzińska et al. demonstrated the influence of the stationary phase type by comparing three columns (carbamoyl, diol and acylamide stationary phases) and applied them to serum analysis [14].  Lobue et al. optimized an HILIC-MS method using a diol stationary phase and compared it with IP-RP-LC-MS for a wide variety of modified oligonucleotides including PS [13]. 
Besides chromatographic technniques, electrophoretic approaches have also been used in the early years of oligonucleotide drug development. Among them, capillary gel electrophoresis (CGE) is a technique with a high resolving power for the separation of parent oligonucleotides from shortened metabolites [8]. However, its coupling to MS is hampered by the presence of gels and surfactants. On the contrary, capillary zone electrophoresis (CZE) seems to be optimal to analyze oligonucleotides if a MS-compatible background electrolyte (BGE) is employed. Already in 1996, Gelfi et al. compared capillary electrophoresis with a highly concentrated polymer as background electrolyte, RP-HPLC using UV detection and polyacrylamide gel-slab electrophoresis [15]. They showed the advantages of capillary electrophoresis for the analysis of the impurities of modified and unmodified oligonucleotides, due to the flexibility of the polymer network used and the small amount of sample required. Li et al. used CZE in acidic media to separate PS and PO oligonucleotides and pointed out the repeatability of the method [16]. Willems et al. coupled CZE to MS for the analysis of PO oligonucleotides and highlighted the advantages of this technique for quality control using an innovative stacking procedure [9]. Feng et al. also employed CZE-MS for the analysis of oligonucleotides and their adducts. They developed a pressure assisted electrokinetic injection method for sample enrichment [17]. 
Mass spectrometers could be coupled with ion mobility spectrometry (IMS) to provide insights into the conformation of the ions. In the drift-time ion mobility spectrometer (DTIMS), ions are separated in a tube filled with an inert gas (like nitrogen or helium) at low pressure and kept under a low electric field. The separation takes place based on mobility differences, which depends on their shapes and charges. Larger ions will spend more time to drift through the gas since they will encounter collisions more frequently. On the contrary, compact ions will drift faster. A drift time corresponding to the time spent in the tube is calculated from the total time spent in the system and can subsequently be converted in a collision cross-section (CCS) value which represents the rotationally-averaged cross section of the ion [18]. These CCS values have already been evaluated by Hoaglund et al. [19] for oligothymine samples. Arcella et al. [20] also studied the behaviour of nucleic acids in the gas phase. To the best of our knowledge, HILIC or CZE coupled to IMS for the analysis of oligonucleotides has not been described yet. 
In this work, MS-compatible HILIC and CZE methods for the analysis of unmodified (dT and PO) and modified (PS) oligonucleotides coupled to UV detection were first developed. HILIC and CZE methods were compared in terms of selectivity, resolution, repeatability and separation, in particularly for the separation of closely related compounds. Afterwards, these techniques were coupled to a drift-tube ion mobility quadrupole time-of-flight (DTIMS-QTOF) mass spectrometer. CCS values of phosphodiester and phosphorothioate oligonucleotides were calculated and used to retrieve the number of nucleotides in PS oligonucleotide sequences. 

2. Material and methods 

2.1.  Chemicals 
Ammonium hydroxide 25% of EMSURE® ISO, Reag. Ph Eur grade, acetic acid (glacial) 100% of EMPARTA® ACS grade and hydrochloric acid (HCl) (37% wt.) of EMSURE® ACS, ISO, Reag. Ph Eur gade were purchased from Merck (Damstadt, Germany). Ultra gradient HPLC grade acetonitrile (ACN) and methanol (MeOH) were obtained from JT Baker (Deventer, The Netherlands). Sodium hydroxide 97.0-100.5% pellets (NaOH) of Ph. Eur., NF, BP, JP grade was obtained from VWR chemicals (Leuven, Belgium). ULC/MS-CC/SFC grade acetonitrile and water were acquired from Biosolve (Valkenswaard, the Netherlands). ESI-L Low Concentration Tuning Mix and biopolymer kit HP-0321 solutions were acquired from Agilent (Waldbronn, Germany). Purine and hexakis (1H, 1H, 3H-tetrafluoropropoxy)phosphazine were acquired from Sigma (St. Louis, MO, USA). Ultrapure water was provided by a Milli-Q equipment (Millipore, Bedford, MA, USA) and Chromafil syringe filters (0.22 µm) were purchased from Macherey-Nagel (Duren, Germany). All lyophilized oligonucleotide samples were purchased from Integrated DNA Technologies (Coralville, IA, United States).  


2.2. Oligonucleotides 
Firstly, a mixture comprising of six poly-deoxy(thymidylic) acids (dT) of different lengths was used. It was composed of oligonucleotides of 5, 10, 15, 20, 30 and 50 units (dT5, dT10, dT15, dT20, dT30, dT50, in Table 1, dT mix).
Secondly, a mixture of 20 phosphorothioate oligonucleotides varying from 5 to 24 nucleotides and all linked through PS linkage was tested (PS 5 to PS 24, in Table 1, PS mix). The sequence for this mix was inspired from ref. [13], as it was shown that it was challenging to separate the full-length product of long nucleotides from their shortmer impurities. 

2.3. Sample preparation 
Lyophilized single oligonucleotides were individually resuspended in ultrapure water at a concentration of 1 mM. For HILIC-UV experiments, all samples were diluted to prepare a 10 µM solution made up of a mixture of mobile phases A and B (5/95; v/v), which consisted in a final mixture of water/ACN/ammonium acetate 150 mM (pH 5.5), 3.5/86.5/10 (v/v/v). For HILIC-DTIMS-QTOF, the dT mix was diluted to a concentration of 50 µM in the same mixture. The PS samples were injected individually and were diluted to a concentration of 50 µM as well. For CZE-UV experiments, ultrapure water was used to dilute the samples to 50 µM. For CZE-DTIMS-QTOF experiments, the dT mix at 50 µM was used and the PS samples were diluted in ultrapure water to 100 µM.
 
2.4. Equipments 
UV separations were performed on an Agilent 1200 HPLC system and an Agilent Infinity II 1290 UHPLC for the 1.7 µm column (Agilent Technologies, Waldbronn, Germany). Detection was performed with a diode-array detector. CZE-UV separations were carried out on a G7100 CE system (Agilent Technologies, Waldbronn, Germany) coupled to a diode-array detector. For MS detection and ion mobility measurements, the UHPLC and the CE were coupled to a DTIMS-QTOF mass spectrometer 6560 (Agilent Technologies, Waldbronn, Germany). A Dual Agilent Jet Stream ESI (Agilent Technologies, Waldbronn, Germany) was used as electrospray ionization source. To connect CE to MS, a coaxial sheath liquid ESI-MS interface (Agilent Technologies, Waldbronn, Germany) was employed. Additionally, the reference masses and the sheath liquid  were infused using an Infinity II isocratic pump (Agilent Technologies).

2.5. Operational conditions
2.5.1. HILIC-UV
Four columns were selected: Luna HILIC® column (dihydroxypropane, 3 µm particle size) (Phenomenex, Torrance, CA, USA), ZIC-cHILIC® (phosphorylcholine, 3 µm particle size) (Merck, Darmstadt, Germany) and BEH amide® (amide, 1.7 and 3.5 µm particle size) (Waters, Milford, MA, USA) (cf. Supplemental Table 1). The column compartment was thermostated at 40 °C. The wavelength was set at 260 nm. The flow rate and injection volume were respectively set at 0.3 mL/min and 10 µL. Agilent OpenLab CDS C.01.08 (210) software was used for system control and data acquisition. 
Mobile phase A consisted of water/ACN/150 mM ammonium acetate (pH 5.5), 70/20/10 (v/v), while mobile phase B was composed of ACN/150 mM ammonium acetate (pH 5.5), 90/10 (v/v). The 150 mM ammonium acetate solution was prepared by dissolving ammonium acetate in water at a concentration of 150 mM and then was brought to pH 5.5 with acetic acid. 
A gradient elution was used for all separations and was optimized for each column. For Luna® HILIC column (dihydroxypropane), the final gradient started at 85% B and was performed as follows: 0-15 min, from 85 to 70% B; 15-20 min, from 70 to 65% B; 20-30 min, from 65 to 20% B. Concerning ZIC-cHILIC® column (phosphorylcholine), the optimized gradient started at 70% B and was carried out as follows: 0-10 min, from 70 to 50% B; 10-30 min, from 50 to 30% B. It remained at 30% B for 10 minutes. Regarding BEH amide® columns (amide), the final gradient started at 70% B and was performed as follows: 0-15 min, from 70 to 50% B; 15-40 min, from 50 to 30% B.  A 20 min column equilibration time was observed before each injection for all columns. 

2.5.2. CZE-UV
An uncoated fused-silica capillary of 48.5 cm long (50 µm ID, 40 cm effective length) was used to perform all separations (Polymicro Technologies, Phoenix, AZ, USA). Hydrodynamic injection was performed for all samples by applying a pressure of 1.45 psi for 2 s. The separation voltage was set at + 20 kV and the UV-detection wavelength was set at 260 nm.  Instrument control and data acquisition were achieved by using the Agilent OpenLab CDS C.01.07 (27) software. 
A new capillary was conditioned first by flushing water, followed by 1 M NaOH, then 0.1 M NaOH and with water again, for 5 min each. At the beginning of each day, the capillary was rinsed with 0.1 M NaOH and water, both for 10 min, and then with BGE for 15 min. In addition, before each run, 0.1 M NaOH, water and BGE were successively flushed for 3, 3 and 5 min, respectively.  The BGE consisted of ammonium acetate at different concentrations (50, 100, 150, 200, 300 and 400 mM) and adjusted at various pH (6.0, 8.0 and 10.0). For each condition, a solution of ammonia and a solution of acetic acid at the desired concentrations were prepared and various volumes of each solution were mixed to achieve the required pH.

2.5.3. CCS measurements and data analysis 
The mobility cell consisted of a 78 cm drift tube filled with high purity nitrogen. The drift field was set at 18.6 V/cm. Ions were gated for 20 ms with a voltage of 150 V and released in the tube in 150 µs. They were allowed to drift for 60 ms before the next pulse was released. The pressure in the tube was between 3.95 and 4 Torr. CCS measurements were carried out in single-field after daily calibration with well-known calibrants (Agilent Tuning mix). References masses (purine and hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) were constantly infused at concentrations of 10 and 2 µM (in ACN/water 95:5, v/v), respectively. These masses were used to correct flight times using the IM-MS Reprocessor utility (Agilent technlogies). Oligonucleotides were analyzed in the negative ESI mode in the m/z range of 100-3000 m/z. 
CCS values have already been reported to study gas phase structure of precursor ions [19–21]. In our article, CCS values were used for characterization and more particularly for the determination of the number of nucleotides in a given oligonucleotide. To achieve this goal, two calculation methods were developed. Firstly, the number of nucleotides was estimated by  establishing a linear relationship between the measured CCS values of the dT oligonucleotides (used as calibrants) and their number of nucleotides. The number of nucleotides in the unknown oligonucleotide was subsequently  estimated by reporting its measured CCS value in the established calibration curve (method 1).
Since the previously described calibration curve was established using compounds with an increasing number of dT whereas the controlled oligonucleotide may contain thymine (T) but also adenine (A), cytosine (C) and guanine (G) as well as PS links instead of PO links, the mass differences between the bases and the linkages (PO and PS) should be considered. In method 2, the theoretical CCS value of the controlled oligonucleotide was calculated (CCStheoretical) taking into account the proportion of each nucleobase and the PS links. By dividing the CCS value experimentally obtained (CCSexperimental) by the CCStheoretical, a correction factor was obtained. The number of nucleotides of the controlled oligonucleotides was calculated using a linear regression curve drawn by plotting the number of nucleotides against the measured dT CCS values and by applying the previously calculated correction factor. 

2.5.3.1. HILIC DTIMS-QTOF 
he separation was carried out on a 1.7 µm BEH amide column (Waters, Milford, MA, USA). The same conditions as for the UV optimization (2.5.1) were used for the MS separation. The reference masses were infused at 0.1 mL/min. The Dual Agilent Jet Stream ESI source was set at a drying gas temperature of 200 °C and at a drying gas flow of 10 L/min. The sheath gas temperature was set at 200 °C and the corresponding flow at 12 L/min. The nebulizer was fixed at 35 psi. The capillary voltage was set at -2500 V and the nozzle voltage at -1000 V.  

2.5.3.2. CZE DTIMS-QTOF
As described in CZE optimization (2.5.2.), an uncoated fused-silica capillary was used but the capillary length had to be adapted for MS coupling. Thus, a commercialized pre-cut capillary of 50 µm ID and 125 cm long was used (Agilent Technologies, Waldbronn, Germany). A BGE consisting of 100 mM ammonium acetate (pH 8.0) was selected for CZE-MS experiments. The concentration was decreased compared to optimal conditions in CZE-UV due to the resulting high current that might be detrimental for MS detection. In addition, an electrolyte solution of pH 8.0 was chosen instead of pH 6.0 to increase the electroosmotic flow and thus speed up the separation. The new capillary was conditioned by flushing with water first, followed by 1 M ammonium hydroxide and then water again, for 5 min each. At the beginning of each day, the capillary was rinsed with 1 M ammonium hydroxide and water, both for 10 min and then BGE for 15 min. In addition, before each run, BGE was flushed for 5 min. 
Ionization was performed in the negative mode. The coaxial sheath liquid ESI-MS interface provides a conductive make-up liquid and a nebulizing gas to the system to close the electrical circuit at the capillary outlet as well as to assist in the desolvation process. The injection method was inspired from Willems et al. [9] since a stacking method was found to be mandatory to achieve sufficient sensitivity and satisfactory peak efficiency. Firstly, samples were hydrodynamically injected for 30 seconds at 1.45 psi. Then, a negative separation voltage of -20 kV was applied for 0.95 min, followed by a decrease to -5 kV for 0.45 min. During the injection procedure, the nebulizer gas flow, the sheath liquid flow and the capillary voltage were turned off. An internal pressure of 0.87 psi was applied at the inlet during injection and separation. After the injection program was performed, the nebulizer gas flow, the sheath liquid flow and the capillary voltage were turned on to respectively 4 psi, 3 µl/min and 4000 V. The separation voltage was set at +30 kV. The sheath liquid consisted of 80% MeOH and 20% 5 mM ammonium acetate (pH 8.0) and was enriched with the reference masses for permanent infusion during the analysis. The gas temperature was set at 300 °C. 

3. Results and discussion 
In this study, hydrophilic interaction liquid chromatography and capillary zone electrophoresis were used as complementary techniques for the analysis of oligonucleotides. Firstly, both techniques were optimized using UV detection. Secondly, they were coupled to DTIMS-QTOF. This detector was evaluated as a tool for oligonucleotide quality control. Indeed, the high-resolution detector (QTOF) provided the exact mass of the oligonucleotides while the DTIMS detector gave information about the number of nucleotides in the oligonucleotides through CCS measurements. 

3.1. Optimization of HILIC separation 
In this study, acetonitrile was chosen as an aprotic organic solvent and water as stronger eluent. As previously reported, the addition of salts such as ammonium acetate was found to improve the separation and peak shape [22]. Lobue et al. compared peak resolution at 2.5 mM, 5 mM, 10 mM and 15 mM of ammonium acetate and showed that the best chromatographic performance was obtained with the highest concentration [13]. Preliminary experiments also showed that 15 mM of ammonium acetate (pH 5.5) was the most appropriate conditions and it was added to mobile phase components A and B for all separations. 
The dT mix was first injected on three stationary phases (dihydroxypropane,  phosphorylcholine and amide stationary phases) and mobile phase gradients were optimized for each one. These columns exhibited various interactions with the analytes depending on the  nature of the stationary phase. The more hydrophilic compounds will be more strongly retained due to partition between the immobilized aqueous layer on the polar stationary phase and the acetonitrile-rich mobile phase. Electrostatic interactions and/or hydrogen bonding to the stationary phase also play an important role in the separation [22]. As expected, the shortest oligonucleotides eluted with the lowest percentage of water (cf. Figure 1). When the percentage of water in the mobile phase was increased, longer oligonucleotides and thus more polar compounds eluted. As can be seen in Figure 1A, the five dTs were successfully separated using phosphorylcholine and amide stationary phases. However, the best resolution and peak shape was obtained with the amide stationary phase. To further improve peak efficiency, a column with 1.7 µm particle size was used instead of the 3.5 µm column. As expected, peak efficiency was significantly improved (cf. Figure 1). It is interesting to note that all impurities between dT5 and dT20 (shortmers) were easily detected as they were well separated from each other even though they only differed by one nucleotide. 
The dT mix was injected three times on the four stationary phases in HILIC with an equilibration time of 20 min between each injection. Very good values for repeatability of retention times and peak areas were obtained as shown in Supplemental Table 2. RSD values for retention times and peak areas were below 0.4% for the amide column with 1.7 µm particle size. 
The PS mix was then injected under the same conditions as the dT mix (cf. Figure 1B). On the phosphorylcholine and the amide stationary phases, 17 out of the 20 oligonucleotides with phosphorothioate linkages could be resolved. It could be noted that the peak shape was better with the amide stationary phase. Figure 1B demonstrates thus that an oligonucleotide of 20 units could be easily separated from its 19 units shortmer impurity or its 21 unit longmer impurity using the developed method with an amide or a phosphorylcholine stationary phase.  
As already discussed by Lobue et al. [13] the high molecular weight oligonucleotides are the most difficult to separate. In this work, we succeeded to resolve PS 21 from PS 22, 23 and 24 using the amide or phosphorylcholine stationary phase. Moreover, with the 1.7 µm amide stationary phase the separation of these compounds was significantly improved compared to that obtained by Lobue et al. 
The peak width at half-height was calculated for the oligonucleotides of 5 units linked through PO (dT 5) and PS (PS 5) linkages. In Figure 1, it can be seen that the peak width was broader for the PS compound (0.126 min) compared to the dT one (0.078 min); this is probably due to the fact that PS compounds are a mix of diastereoisomers as discussed in the introduction.  
In conclusion, the amide and the zwitterionic phosphorylcholine stationary phases gave interesting results while the dihydroxypropane stationary phase did not show enough resolving power to separate the compounds of interest. The main difference between the columns in terms of selectivity is the possibility of ion exchange on the zwitterionic stationary phase. However, this is obviously not the main factor [23]. Indeed, as classified by Kawachi et al., due to their composition, amide and zwitterionic stationary phases can be defined as hydrogen-bond acceptors, while the dihydroxypropane stationary phase is considered as hydrogen-bond donor. It was shown that hydrogen-bond acceptors offer higher retention and selectivity, due to hydrophilic interactions, than hydrogen-bond donors, which is in good accordance with our observations [24].  The amide phosphorylcholine stationary phase with the 1.7 µm particle size was selected since it gave the best results in terms of peak shape and analysis time.  

3.2. Optimization of CZE separation 
In CZE, the composition of the BGE has a huge impact on the separation. In oligonucleotides, each nucleotide of the sequence contains a phosphate group that is negatively charged at any pH (pKa=1) [25]. 
In this study, the influence of the electrolyte concentration was evaluated by testing the BGE at several concentrations: 50, 100, 150, 200, 300 and 400 mM ammonium acetate (adjusted to pH 8.0). Those concentrations corresponded to ionic strength of 48, 96, 144, 192, 288 and 384 mM, respectively. At pH 8.0, oligonucleotides migrate as anions towards the cathode due to the strong electroosmotic flow (EOF). As can be seen in Supplemental Figure S1, higher concentrations of ammonium acetate led to higher ionic strength of the solution and thus diminished the EOF. Consequently, the migration of analytes was slowed down, which induced an increase in resolution. The results in Figure S1A show that a complete separation was achieved for dT mix. For the PS mix (cf. Figure S1B), the increase in electrolyte concentration could not lead to a better separation of PS 11 to 24.
The pH of the electrolyte solution is also a critical parameter in CZE analysis as it determines the EOF. We investigated the effect of the pH using a BGE composed of 300 mM ammonium acetate adjusted to pH 6.0, 8.0 and 10.0. The ionic strength of those electrolytes were calculated as well and corresponded respectively to ionic strength of 300, 288 and 53 mM. No pH values below 6.0 were selected as a minimum EOF is needed to detect the anions. Figure 2 shows the results obtained for the dT mix and PS mix under these conditions. 
For the dT mix (cf. Figure 2A), the resolution decreased due to the higher EOF caused by the high pH value (10.0). Baseline separation and satisfactory resolution was achieved for the dT mix using pH 6.0.
For the PS mix, as can be seen in Figure 2B, only few oligonucleotides were separated. The peak efficiency was higher at high pH values while at the lower pH the amount of resolved oligonucleotides increased (6 vs 4 at pH 10.0).  This method could be applied to detect shortmer impurities up to PS 10 (vs PS 21 in HILIC). 
The final BGE composition selected in CZE was 300 mM ammonium acetate adjusted to pH 6.0. The dT mix was injected in triplicate and the RSD values for migration times for all compounds were below 1.2% (cf. Supplemental Table 3). The RSD values for peak areas were calculated after correction of the peak areas with dT 10 peak area (used as internal standard). All RSD values were below 6.7%. The number of plates was calculated for the oligonucleotides of 5 units linked through PO (dT 5) and PS (PS 5) linkages. Higher values were obtained for the 5 units dT compound compared to the 5 units PS, with 207296 and 25654 plates, respectively (cf. Figure 2). This could be explained by the coexistence of various configurations for the PS compound due to the formation of diastereoisomers for each PS linkage.  

3.3. Comparison of HILIC and CZE
The HILIC method was a little more repeatable than the CZE method. However, the total analysis time in HILIC (20 minutes for the equilibration of the column + 35 minutes for the analysis) was longer compared to that in CZE (11 minutes for the preconditioning of the capillary + 20 minutes for the analysis). For the dT mix, both techniques were able to resolve the six compounds. Moreover, it should be noted that the shortmer impurities of the compounds present in the sample could also be detected and separated using both techniques. However, for the PS mix, a significantly better separation was obtained using HILIC.

3.4. Coupling to DTIMS-QTOF
3.4.1. Establishment of a CCS calibration curve
The CCS values were used to provide additional information about the oligonucleotides under study in an attempt to further confirm their identity. Indeed, while the exact mass can be obtained by a high-resolution mass spectrometer such as a QTOF, CCS values measured by a DTIMS can be employed to retrieve the number of nucleotides in the sequence.
Firstly, the CCS values of dT 5, 10, 15, 20 and 30 were measured. Extracted features corresponding to the monoisotopic mass of the injected oligonucleotides were considered. Figure 3 represents the CCS values corresponding to the charge state of each dT. Interestingly, for each compound, when the charge state increased, the CCS value increased as well. Hoaglund et al. described this phenomenom when they analyzed a dT 10 [19]. They showed that lower charge states favor globular conformations for the ions while higher charge states favor extended conformations. Consequently, different CCS values were obtained for the different charge states of the same compound. As shown in Figure 3A and 3B, species with charge states between 2 and 7 were produced in both HILIC and CZE.
Different CCS values were calculated for the same charge state of the same oligonucleotide, which could be explained by differences in ionization sites leading to various conformations [19]. Here, we considered the CCS values obtained from the most abundant produced ions for each charge state. For example, for [dT10]3-, two CCS values of 580 and 680 were obtained. However, the [dT10]3- corresponding to the CCS value of 580 was significantly more abundant and was thus considered to establish the calibration curve. 
In Figure 3C, the CCS values of charge states 3, 4 and 5 were plotted against the dT number in HILIC and CZE. The calibration curves show that the CCS values obtained using both techniques are very similar. The coefficients of determination (r2) are higher than 0.99 for Z=3, higher than 0.97 for Z=4 and higher than 0.96 for Z=5. 
These calibration curves were used to estimate the number of nucleotides in PS oligonucleotides. Two methods of calculation were applied. The first one aimed to estimate the number of nucleotides of an unknown oligonucleotide; the second method aimed to confirm the number of nucleotides of a known oligonucleotide in the case of a quality control process. These two methods of calculation are described in paragraph 2.5.3.

3.4.2. Assessment of the number of nucleotides using CCS values 
To show the feasibility of the methods described above, oligonucleotides with 5 to 24 PS linkages were injected and their CCS values were measured in order to estimate (in the case of an unknown oligonucleotide, method 1) or to confirm (in the case of a known oligonucleotide, method 2) the number of nucleotides of the tested compounds (cf. 2.5.3.). 
Figure 4A shows the values obtained with HILIC-DTIMS-QTOF. As can be seen in this figure, when method 1 was used, the number of nucleotides was estimated with rather good accuracy (between 98 and 106% of the expected value, except for PS 5 which was 90% accurate (cf. Supplemental Table 4)). This resulted in a correct determination of 10 oligonucleotides. When CCStheoretical values were calculated (method 2), the accuracy of the number of nucleotides improved (between 98 and 102% of the expected value, except for PS 5 which was 92% accurate (cf. Supplemental Table 4)). This resulted in the correct determination of the nucleotide number for all the tested compounds. It is worth noting that the RSDs for the CCS values were below 0.4%. 
The same experiments were carried out with CZE-DTIMS-QTOF coupling (cf. Figure 4B). As can be seen, the accuracy was slightly lower compared to HILIC-DTIMS-QTOF (with a range from 86 to 107% (cf. Supplemental Table 5)). Nevertheless, the nucleotide numbers of eight compounds were correctly determined. By applying the correction factor (method 2), the accuracy values ranged from 87 to 101% and the number of nucleotides in all oligonucleotides up to PS 19 was accurately confirmed (cf. Supplemental Table 5). The electrophoretic mobilities for the analytes were calculated and can be found in Supplemental Table 5 as well.
It should be noted that, for CZE-DTIMS-QTOF, the only ion produced for PS 20 and above during the ionization process was [PS]5- . At this charge state, less accurate results were obtained. It may be explained by the presence of two populations of oligonucleotides with the same charge state but with charges located at different positions in the sequence resulting in two different spatial configurations and thus CCS values. One of them could be similar to the configuration of the dT with a charge state of 5 while the other one seems to be more globular. This hypothesis was confirmed for the PS 20, which presented two ions with a charge state of 5 having CCS values of 944 and 1007. When the CCS value of 944 was used, the calculation provided a sequence of 17 nucleotides, while a number of 20 nucleotides was accurately calculated when the CCS value of 1007 was used. However, the ion with a charge state of 5 and a CCS value around 1000 was only observed for one of the three injections. Except for PS 20, the RSDs for CCS values were below 0.8%. It is likely that further optimization of the BGE and the shealth liquid composition could promote the lower charge states and improve the separation of oligonucleotides, which would be benefical to the accuracy of the approach.
Finally, these approaches are original and orthogonal concepts that could be applied to the quality control of oligonucleotides. 

4. Conclusion 
HILIC and CZE were evaluated as separation techniques for the analysis of two mixtures of oligonucleotides linked through PO and PS linkages. As a matter of fact, the developed methods could be used in quality control to detect the presence of short- and longmers in the production of a specific phosphorothioate oligonucleotide. HILIC-UV seems an appropriate technique for the analysis of PS ranging from 5 to 22 units. CZE-UV showed a more limited resolving power but a complete separation of PS ranging from 5 to 10 units could be performed under the optimal conditions. 
DTIMS-QTOF detection also demonstrated its potential for quality control purposes. This detection mode presented the advantages of giving the exact mass of the oligonucleotides and also of providing information about the conformational space of the ions. As expected, the method applied without any a priori about the oligonucleotide sequence was less accurate than that applied for sequence confirmation. But both of them bring an added value to the data provided by the determination of the exact mass of the studied oligonucleotides. Both HILIC and CZE-DTIMS-QTOF showed very good results with an accurate confirmation of the number of nucleotides for 15 out of 20 PS oligonucleotides in CZE and for all 20 PS oligonucleotides in HILIC.
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Legend to figures
Figure 1
Chromatograms of dT mix (A) and PS mix (B) by HILIC-UV obtained on Luna® HILIC (dihydroxypropane, 3 µm particle size), ZIC-cHILIC® (phosphorylcholine, 3 µm particle size) and BEH amide® columns (amide, 1.7 and 3.5 µm particle size) (cf. Supplemental Table 1). Figure 1A represents dT 5, 10, 15, 20, 30 and 50 compounds. Figure 1B represents PS compounds from PS 5 to PS 24.  Additional information on those compounds can be found in Table 1. The peak width at half-height (W) of dT 5 and PS 5 were measured. Additional information about the mobile phase composition and the gradient for each column can be found in paragraph 2.5.1. 

Figure 2
[bookmark: OLE_LINK1]Electropherograms showing the effect of the electrolyte solution pH on the separation of dT mix (A) and PS mix (B). Figure 2A represents compounds dT 5, 10, 15, 20, 30 and 50. Figure 2B represents PS compounds from PS 5 to PS 10. Additional information on those compounds can be found in Table 1. Comparison of 300 mM ammonium acetate electrolyte solution adjusted to pH 6.0, 8.0 and 10.0. The number of plates for dT 5 and PS 5 was calculated. See paragraph 2.5.2. for additional information about CZE conditions.

Figure 3
Collision cross-section (CCS) values for the dT 5, 10, 15, 20 and 30 according to their charge, acquired in HILIC-DTIMS-QTOF (A) and CZE-DTIMS-QTOF (B). 3 replicates were performed and RSD values were plotted on the graph. Figure (C) represents CCS values for charge states 3, 4 and 5 plotted against the number of deoxythymidylic acids. The coefficients of determination were 0.9984 and 0.9992 for Z=3, 0.9789 and 0.9708 for Z=4 and 0.9603 and 0.9688 for Z=5, in HILIC-DTIMS-QTOF and CZE-DTIMS-QTOF, respectively. See paragraph 2.5.3 for additional information. 

Figure 4
Accuracy on the number of nucleotides obtained by HILIC-DTIMS-QTOF and CZE-DTIMS-QTOF with the estimation (method 1) or the confirmation (method 2) method. The accuracy is represented as the percentage of the measured number of nucleotides versus the number of nucleotides. For the method 1, the number of nucleotides was calculated by reporting the measured CCS values of the ions of the charge indicated in the table in an established calibration curve. The calibration curve was drawn in the calibration range dT 5 to 15, dT 10 to 20 or dT 15 to 30. For the method 2, a correction factor was applied. See paragraph 2.5.3. for further information. 


