
48 INTERNATIONAL BIOPHARMACEUTICAL INDUSTRY Winter 2022 Volume 5 Issue 4

Technology 
PEER REVIEWED

Technological Advancements Support RNA and 
Oligonucleotide Sequence Confirmation

Introduction
The growing importance of oligonucleotides in research, 
diagnostics, and gene therapy – including tRNA, siRNA, and 
other modified oligos up to 120 bases – has increased interest in 
developing tools to verify their sequence, as well as identify and 
quantify related impurities. Liquid chromatography coupled with 
ultraviolet detection (LC-UV) and LC-MS/MS are the preferred 
methods to characterise highly modified oligonucleotide 
sequences. QTOF mass spectrometers are widely used for 
this purpose, as they can determine monoisotopic masses of 
intact oligonucleotides and their fragment ions with high mass 
accuracy. 

Improved data quality from high isotopic fidelity QTOF 
instruments have generated a growing need for enhanced 
capabilities from analytical software to automate confirmation 
of sequences based on intact mass and MS/MS data, as well 
as the quantitation and identification of synthesis byproduct. 
This technology holds the potential to simplify the data 
interpretation, e.g. by accommodating user-defined sequence 
definitions to easily include the wide range of modified 
nucleotides typically used by the biopharmaceutical industry.

Challenges
RNA and oligonucleotide sequence accuracy is a critical 
attribute impacting molecular safety profiles to avoid off 
target effects or toxicity, as well as compound efficacy to 
ensure correct activity and expression. While useful for 
oligonucleotides and RNA molecules made of canonical 
nucleotides, next-generation sequencing methods do not offer 
comprehensive characterisation of highly modified RNA-based 
therapeutics. 

Additionally, oligonucleotide by-products may include failed 
nucleotide additions, nucleotide variants, and cytidine-to-
uridine conversions with either no or +1 Da molecular weight 
differences to the target product sequence, respectively. As 
these can be difficult to characterise solely based on their intact 
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mass, information at the nucleotide level is required to improve 
oligonucleotide sequence confirmation.

Well established tools for the oligonucleotide characterisation 
process include LC-MS/MS based methods. However, a 
challenge for adopting LC-MS/MS methods is the complexity of 
oligonucleotide MS/MS spectra. The manual interpretation of 
spectra is time-consuming and requires in-depth analysis skills, 
which renders the full analysis of several samples per day in a 
routine lab both difficult and expensive.

Technological Advancements
Several advancements in both analytical software and 
instrumentation have shown to be promising to enable the fully 
automatic confirmation of sequences based on intact mass and 
MS/MS data, as well as the quantitation and identification of 
synthesis by-products.

Trapped Ion Mobility Spectrometry (TIMS) 
Trapped ion mobility spectrometry (TIMS) is first and foremost 
a separation technique in gas phase, which resolves sample 
complexity with an added dimension of separation in addition 
to high-performance LC (HPLC) and MS, increasing both peak 
capacity and confidence in compound characterisation. Equally 
as important, the TIMS device also serves to accumulate and 
concentrate ions of a given mass and mobility, enabling a unique 
increase in sensitivity and speed along with the additional 
dimension of separation. By measuring the collisional cross 
sections (CCS) of the two isobaric oligonucleotide clipping 
products with an LC-TIMS-MS approach, it’s possible to 
differentiate the molecules using an intrinsic biophysical 
property. Such measurements simplify method transfer as such 
parameters are independent from the analytical setup.

As an example, two isobaric 9mer oligonucleotides were 
analysed. These two forms are clipping products originating 
from a 10mer molecule with guanine as base at both termini. The 
two 9mer oligonucleotides are obtained by a loss of a guanosine 
nucleotide either at the 5'- or 3'-end, providing two isobaric 
molecules. The samples were measured with HPLC, utilising a 
short gradient for desalting, connected to a MS instrument with 
TIMS functionality for differentiation based on the characteristics 
of the molecules' gas-phase behaviour. Extracted Ion mobilogram 
(EIM) traces were created for the measured different charge 
states of each oligonucleotide. CCS values of detected charge 
states were then calculated to validate if a differentiation of 
these isobaric molecules is possible (Figures 1 and 2). 

VIP-HESI
Compared to standard electrospray, the development of the 
vacuum insulated probe (VIP) HESI ion source offers a solid gain 
in sensitivity for many compounds of interest. For a wide range 
of compounds, the VIP-HESI achieves sensitivities that rival those 
of industry-leading triple quad technology, while still providing 
the known benefits of accurate mass values with true isotopic 
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Figure 1. Extracted ion mobilogram traces of charge state 6- for original 10ner 
oligonucleotide and isobaric clipping variants. The measured collisional cross section 

of clipping variants allows clear differentiation of the two molecules.

Figure 3: Improved signal intensities with use of VIP-HESI technology

Figure 4: Deconvoluted spectrum for a sgRNA and associated low level impurities.Figure 2. Extracted ion mobilogram traces of three different injections of the 3' clipped 
molecule. Shown is charge state 6-. Highly consistent CCS values without need of 

data file recalibration.

pattern (TIP). The VIP-HESI has simple operating parameters 
combined with efficient active exhaust to allow easiest upgrade 
from conventional sources.

The VIP-HESI ion source enhances sensitivity and lowers 
detection limits by delivering more efficient ionisation across a 
wide range of applications. Inside the VIP-HESI, an electrospray 
is maintained at a controlled vaporising temperature to enable 
enhanced desolvation of the analyte ions, even at high eluent 
flow rates in ultra-HPLC separations with sharp chromatographic 
peaks. Within the VIP the eluent stream including the compounds 

of interest are shielded against heat by a vacuum barrier. The 
combination of heating and eluent stream into the probe makes 
it a simple and easy to maintain design. The active exhaust 
prevents re-circulation by utilising the Venturi-effect, showing 
smart implementation of long known physical principles into 
modern instrumentation.

MS/MS Software
New software advances are bridging the MS/MS data gap 
by adding powerful tools for the interpretation of RNA and 
oligonucleotide data.i  The development of a more flexible 
sequence editor supports a wide range of nucleic acid building 
blocks, both natural and synthetic. User-defined sequence 
nomenclature avoids a translation of lab-specific sequence 
definitions to a proprietary software format. Proven algorithms 
for peak detection and deconvolution of MS and MS/MS 
data obtained with high isotopic fidelity ensure correct mass 
assignments even in high dynamic range samples (Figure 4).

Specifically, one propriety algorithm has been successfully 
used with top-down MS for the interpretation of spectra with 
large numbers of overlapping multiply charged ions. The MS/
MS annotation engine can automatically compute and identify 
terminal and internal fragments, allowing rapid analysis of 
complex MS/MS data in a straightforward, easy to interpret 
fashion. The MS/MS data is deisotoped with a proprietary 
algorithm and annotated by the software. The advanced peak 
picking helps with the confident interpretation of MS/MS 
data with complex and overlapping peaks. Matched peaks are 
annotated directly on the spectrum (Figure 5). Fragments with 
multiple explanations are denoted on the spectrum with the 
associated number of matches and not used analytically.
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Figure 5. Example of RNA 24mer analysis.

Figure 6. Example output of unique internal fragments plus verification of the selected fragment in the profile MS/MS spectrum.

Figure 7: Sample analytical workflow.

A common challenge with longer molecules is the increased 
presence of internal fragments in the MS/MS data. Their 
interpretation is made difficult by the mass degeneracy due to 
the limited number of possible permutations between the basic 
building blocks. The software can annotate internal fragments 
with a unique explanation in a map view to complement the 
information that can be derived from terminal fragments (Figure 6). 
The delta mass between internal fragments allows for the 
confirmation of nucleotides not otherwise confirmed by terminal 
fragments.

Combining all three of the advancements together has shown 
to be a robust and stable platform that maintains analytical flow 
rates, which benefits from increased sensitivity due to optimal 
ionisation in the VIP-HESI ion source (Figure 7). The combination 
of isotopic fidelity with high resolution enables measurement of 
biopolymers in the 30–50 kDa range with sub-ppm mass accuracy. 
Robustness, sensitivity and, most importantly, high dynamic 
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range in negative mode allow the detection and identification 
of impurities based on intact mass. These characteristics have 
shown benefits for the characterisation of analytes ranging from 
siRNA APIs, single guide RNA for gene editing (sgRNA) and mRNA 
specific assays (5’ capping, polyA tail).

Conclusion
New technological advances can automate the validation 
of oligonucleotide sequences using MS/MS datasets and 
quantitates by-products using LC-UV or LC-MS from the same 
dataset. They have been shown to enable the analysis of complex 
oligonucleotide sequences that were previously extremely 
time-consuming and limited to experts. In addition, a lab-specific 
sequence syntax can be used, thus facilitating the insertion of 
the software into existing processes. Isotopic fidelity combined 
with ultra-high-resolution MS has shown tremendous promise 
for the analysis of highly modified RNA. Simplifying this analysis 
with these advancements in commercial software and analytical 
instrumentation can dramatically accelerate research and 
development in the RNA space.
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