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ABSTRACT: Small molecules and antibodies have dominated the pharmaceutical landscape
for decades. However, limitations associated with therapeutic targets deemed "undruggable" and
progress in biology and chemistry have led to the blossoming of drug modalities and
therapeutic approaches. In 2023, a high number of 9 oligonucleotide and peptide products were
approved by the Food and Drug Administration (FDA), accounting for 16% of all drugs
approved. Additionally, for the first time, a clustered regularly interspaced short palindromic
repeat (CRISPR)-Cas9 gene therapy product was approved for the treatment of sickle cell disease. New drug modalities possess a
wide range of physicochemical properties and structures, which complicates their analytical characterization. Impurities are formed at
each step of the oligonucleotide and peptide solid phase synthesis and during shelf life. Longer chain lengths lead to a higher number
of closely related impurities that become increasingly more difficult to separate from the full-length product. Chemical modifications
such as phosphorothioates (PS) result in the presence of diastereomers, which often require orthogonal methods for their profiling
and strategies to prevent their interference with the separation of achiral impurities. In-vitro produced mRNA and plasmid DNA also
present a variety of quality attributes that need to be determined, such as the polyA tail length or capping efficiency. Analytical
challenges arise from the variety of drug modality physiochemical properties and attributes, fast turnaround times, and heightened
level of characterization needed to enable data-driven decisions early in the drug development process. This perspective provides the
author’s views on the lessons learned and strategies employed in recent years.
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■ INTRODUCTION
A high number of 9 peptide and oligonucleotide products were
approved by the Food and Drug Administration (FDA) in
2023.1 Various drug modalities received FDA approval,
including two antisense oligonucleotides (ASOs), one small
interfering RNA (siRNA), and an aptamer.2 In addition, for the
first time, a clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 gene therapy product was approved for
the treatment of sickle cell disease.3 This first approval of a
therapy based on the CRISPR technology, which received a
Nobel Prize in 2020,4 is one example that shows the appetite of
drug makers to quickly adopt new technologies and accelerate
drug development. An increasing number of manuscripts
referring to the concept of druggability were published in the
last two decades.5 Consequently, drug discovery scientists now
dispose of a variety of drug modalities to study a given target.6

The blossoming of drug modalities in research and early
development requires analytical scientists to quickly adapt and
address emerging needs. Fast turnaround times are needed to
control the quality of drug candidates before in vivo testing and
repurify them if the purity does not meet target values. While
platform methods have become common for the character-
ization of small molecules7 or antibodies8, their application to
new drug modalities might not be as straightfoward due to the
wide range of physicochemical properties. In this Perspective,

reflections are shared on technologies that have helped to
expedite method development, automate analytical workflows,
and assess difficult quality attributes. Current limitations and
future outlooks are also discussed.

■ THE VERSATILITY OF 2D-LC
Large pharmaceutical companies have embraced the use of 2D-
LC in recent years. For example, several studies were published
between 2023 and 2024 on the peak purity analysis,9 low level
impurity quantification,10 impurity analysis in therapeutic
oligonucleotides,11 and online sampling for the real time
monitoring of monoclonal antibody (mAb) critical quality
attributes (CQAs).12

2D-LC instrumentation can also be utilized to accelerate
method development and determine the purity of drug
candidates, simultaneously. For example, fast achiral−chiral
and chiral−chiral 2D-LC methods were developed to separate
the stereoisomers of a synthetic intermediate and different active
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pharmaceutical ingredients (APIs).13 Later on, a versatile two-
dimensional multicolumn liquid chromatography (LC-mLC)
chiral-achiral approach was developed to expedite method
development in less than 2 h.14 The final conditions successfully
separated all stereoisomers of an API containing 3 chiral
centers.14 In 2024, a multiplex platform was developed to
expedite method development and routinely characterize
therapeutic peptides using SEC-UV for aggregates, 2D-LC for
achiral impurities, and HILIC-CAD for the quantification of
trifluoroacetic acid (TFA).15

The screening of reaction conditions, such as chiral ligands, is
commonly performed via high throughput experimentation
(HTE) using 96-well plates. The determination of the reaction
yield and enantiomeric excess is required to identify the best
chiral ligands. A 2D-LC platform was developed to support
multiple products generated via asymmetric reactions and
determine the optimal reaction conditions.16 The achiral-chiral
platform has been used to screen more than 1000 reaction
mixtures.16

■ ONLINE FRACTIONATION AND DIGESTION TO
ANALYZE THERAPEUTIC ANTIBODIES AND RNAS
AT THE SINGLE RESIDUE LEVEL WITH
UNPRECEDENTED SPEED

Online bottom-upMS approaches previously used in the field of
proteomics17 have gained an important momentum in the
pharmaceutical industry for the analysis of therapeutic proteins.
A breakthrough was made in 2018 with the online fractionation
and peptide mapping of impurities separated by cation exchange
chromatography (CEC) for mAb products.18 The same CEC-
reduction-digestion-RPLC approach was then established at
Genentech using modules from a different vendor.19 Using the
same instrumental setup, a SEC-reduction-digestion-RPLC
method was then developed to study the drug-to-antibody
ratio (DAR) content of antibody drug conjugates (ADC) size
variants.20 Later on, the multidimensional liquid chromatog-
raphy−mass spectrometry (MD-LC-MS) platform was utilized
to inform on cell culture,21 determine multiple attributes for a
variety of therapeutic proteins,22 including sialyation, oxidation,
deamidation, and glycosylation.23 The CEC-reduction-diges-
tion-RPLC method was implemented in additional laboratories
and similar sequence coverages and levels of post translational
modifications (PTMs) were obtained.24 The various applica-
tions of the MD-LC-MS technology have been reviewed in
2024.25 The evaluation of biologically relevant attributes via the
use of immobilized neonatal fragment crystallizable receptor
(FcRn) or FcγRIIIa cartridges has brought the MD-LC-MS
technology to the next level with the integrated chemical and
biological characterization of impurities separated by reference
purity methods. In contrast, the characterization of therapeutic
RNAs by MD-LC-MS has not attracted as much attention,
which is likely due to themore recent interest of the field in these
drug modalities.
The Limbach’s group has made significant contributions to

the sequencing of naturally occurring RNAs and their
modifications (also referred to as RNA modification mapping),
and in particular using bottom-up MS.26 Their work laid the
foundation of critical aspects involved in the sequencing of
therapeutic RNAs by bottom-up MS, including ribonuclease
digestions,27 instrumentation,28 and data treatment tools.29 In
2020, we initiated a collaboration with an external partner to
immobilize the ribonuclease (RNase) T1, A, andU2 on different

cartridges for the nucleotide mapping of therapeutic RNAs by
online bottom-up MS. We demonstrated their successful
application to sequence guide RNAs (gRNAs),30 mRNAs,31

and determine isomeric phosphodiester (PO) impurities in
gRNAs.32 Additionally, in-solution RNase P1 or RNase H
digestions have been used to sequence modified siRNAs,33

compare the diastereomeric profiles of various ASO lots,34 and
determine mRNA capping efficiency.35 Additionally, the RNase
4 improved the mRNA sequence coverage in comparison to the
RNase T1.36 Online digestions present numerous advantages
over offline procedures due to the minimization of (i) lab work
and surface decontamination procedures needed with sensitive
RNA molecules such as mRNAs; (ii) variability due to the
absence or lower number of pipetting steps; (iii) RNase
contamination of the column and LC-MS system; and (iv)
volume of sample needed to perform a nucleotide mapping. The
likelihood to identify an impurity at the nucleotide level is also
higher when using an online fractionation and digestion
approach in comparison to traditional offline fractionation and
digestion procedures due to a lower dilution. In the future, it is
hoped that additional RNases, includingMC1 and cusativin, and
immobilized RNase cartridges, including RNase H, P1, 4, MC1
and cusativin will be commercialized. The next level analysis of
therapeutic RNAs could integrate the online evaluation of
biologically relevant attributes for fractionated impurities,
similarly to therapeutic proteins.

■ ANALYSIS OF OLIGONUCLEOTIDES BY HILIC AND
ULTRA WIDE PORE SEC

In 2020, we anticipated that HILIC would become a workhorse
for the analysis of therapeutic oligonucleotides.37 Since then, the
utility of HILIC has been demonstrated for various oligonucleo-
tide constructs such as ASOs and gRNAs.38,39 For example,
HILIC achieved the separation of isomeric PO impurities32 and
diastereomers.40 Various studies suggested that hydrogen
bonding interaction govern the separation of oligonucleotides
using amide columns.31,39−42 Some studies suggested the
replacement of acetonitrile by methanol39,41 with a potential
benefit on the separation performance.41 HILIC-MS can also be
used to confirm the identity, sequence, and impurities in
oligonucleotide products such as siRNAs.43 Finally, a FDA
laboratory validated a HILIC-MS method for the quantification
of various process-related impurities.44

The increased complexity and length of therapeutic nucleic
acid oligonucleotides and adeno-associated viruses (AAVs) have
fueled a new wave of innovation with the development of ultra
wide pore SEC columns (≥1000 Å for mRNAs). In 2023, we
demonstrated the separation of aggregates in mRNAs,
topological forms in plasmid DNA and the separation of
mRNAs from lipid nanoparticle (LNP) using 1300 Å prototype
columns.45 The breakthrough was followed by the commerci-
alization of the GTxResolve Premier SEC 1000 Å 3 μm column
in 2024. In the same year, ultra wide pore SEC columns have
been commercialized by other vendors, for example, with the
AdvanceBio SEC column 1000 Å 2.7 μm or Biozen dSEC-7
packed with 3.0 μm particles.

■ COLLABORATIONS
Tripartite collaborations between academia, the pharmaceutical
industry, and vendors can provide an ideal environment that
fosters innovation. Some academic groups have established
numerous collaborations with industrial partners that led to
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impactful findings.46,47 Additionally, the propelling analysts by
removing analytical-, data-, instrument-, and sample-related
encumbrances (PARADISE) project48 provides a framework for
several academic and industrial partners to collaborate on
difficult real world challenges.49 We established industrial
collaborations with regards to column technology including
biocompatibility, immobilization of enzymes, and improvement
of software used to interpret the data generated from the
digestion of therapeutic RNAs. In parallel, we partnered with
academic institutions to explore new horizons in the character-
ization of complex therapeutics.
The immobilization of enzymes on cartridges is one key

component of online bottom-up platforms. We initiated a
fruitful collaboration to develop and test immobilized RNase T1
and A cartridges. These cartridges have been commercialized.31

Subsequent collaborations were made with the same vendor to
immobilize the Lys-C endoproteinase and perform parallel on-
column trypsin and Lys-C digestions to identify an ethylene
oxide adduct of a bispecific antibody.50 We also partnered with
the Guillarme’s group of the University of Geneva to push the
limits of existing analytical technologies.51,52 In the future
outlook, it will be valuable to have access to commercial devices
that allow the online reduction of antibodies or denaturation of
LNPs.

■ ORTHOGONAL TECHNOLOGIES AND DETECTION
Orthogonal technologies and detection can be critical to
providing a more complete picture of impurity profiles and to
ensure product quality and patient safety. For example, SEC is a
reference technique for the determination of aggregates, which
can trigger immunogenicity. However, SEC analyzes can suffer
from adsorption issues that are often more pronounced for the
high order species and can cause their underestimation.
Limitations of existing technologies justify the need for
continued advancement in analytical tools and capability
development.
With the increasing amount of data generated, it is important

to remain critical and assess the quality of the data, having in
mind that analytical results do not always accurately represent
the sample. Solid fundamental foundations are essential to
consider the potential and limits of an analytical technique or
column. For example, a SEC column packed with 200−300 Å
particles will unlikely separate mRNA aggregates based on their
size. A plethora of analytical artifacts can also introduce biases,
such as (i) RNase contamination when reconstituting or diluting
RNA samples and resulting in the presence of additional
shortmer impurities; (ii) nonspecific adsorption on surfaces
leading to the underestimation of early eluting peaks such as
shortmers with acidic analytes53 or aggregates with hydrophobic
peptides15 or large mRNAs;52 (iii) adsorption occurring in the
sample flow path and in particular the flow cell.51 In the absence
of a reference material, it is critical to use orthogonal methods to
determine quality attributes. For example, the determination of
drug encapsulation efficiency in nanoparticles often relies on
indirect analyses. Various analytical techniques have been used
to determine the free and total drug content, e.g., fluorescence-
based or HPLC-based, but they may suffer from artifacts.
Capillary electrophoresis is one orthogonal technique to HPLC
but it has not attracted as much interest for the analysis of new
drug modalities or delivery systems possibly due to a longer
familiarization with the instrument, except for the analysis of
plasmid DNA. Microfluidic (also referred to as micro capillary)
electrophoresis helped to reduce the analysis time for mRNA

and plasmid DNA.54,55 The sequencing of large RNAs, including
gRNA andmRNA, is another complex analytical task that can be
performed using next generation sequencing (NGS). However,
the library preparation can generate artifacts that may be
confounded with sequence variants. Therefore, it is important to
confirm the potential sequence variants by orthogonal
techniques such as mass spectrometry.
While modest progress has been achieved by separation

techniques over the last five years, some innovative detectors
have been designed and a renewed interest in historical ones has
been observed. Mass photometry has shown promise for the
detection of large drug modalities such as mRNAs.54,56 Imaging
techniques are desired to study the secondary structures of RNA
and LNP structures. Atomic force microscopy (AFM) enabled
the study of RNA structures under near physiological
conditions.57 Nuclear magnetic resonance (NMR) has been
used to study the (polyethylene glycol) PEG structures (brush-
like vs mushroom) located on the LNP surface.58 A higher
interest has been observed in the use of multiangle light
scattering (MALS) to detect large molecules. For example, the
coupling of MALS to SEC helped to identify LNP dimeric
impurities.45 Ion-mobility has shown promises in the separation
of diastereomers.40 The charged aerosol detector (CAD) has
demonstrated important value for the detection of compounds
lacking chromophores such as lipids, polymers59 or ions.60

■ FUTURE OUTLOOK
MD-LC-MS reduces the burden associated with product-
specific method development and enables the identification
and quantification of impurities at the amino acid or nucleotide
level. However, the instrumentation and software can be
complex and prevent broader adaptation of the technology.
For example, the initial instrument setup can often be
discouraging but is critical for future use. It is therefore
important for instrument vendors to invest in engineers able to
build custom MD-LC-MS setups and provide training, in
particular due to the absence of commercial 3D-LC-MS or 4D-
LC-MS solutions at this time. Simplification of current HPLC
instrumentation and software, and new features could also
facilitate the broader adoption of more complex MD-LC-MS
setups. Wouldn't it be helpful to purge the solvent lines or create
instrument methods and sequences by voice control? Beyond
instrument control, the improvement of chromatographic
softwares is needed for the streamlined use of MD-LC-MS
workflows. It could include the vizualization of the sample flow
path and automated data treatment. It would be also helpful if a
software could generate a visual representation of the peptide or
oligonucleotide structure and depict the type, location and
percentage of impurities. Additionally, data integrity principles
would need to be considered for a broader implementation of
the technology in regulated environments.
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