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Over the past 30 years, oligonucleotide research has become increasingly important as an
avenue for new and innovative therapeutics. With this special eBook, we are excited to bring
you an exploration of the current landscape of oligonucleotide research and where it stands
regarding validation and regulatory challenges and future directions for the field.
 
Oligonucleotides consist of short, single- (sometimes double-) stranded sequences, or
oligomers, of synthetic DNA or RNA. There are various types of oligonucleotide therapeutic
modalities, including antisense oligonucleotides, siRNA, miRNA, splice switching
oligonucleotides and aptamer RNAs. These mechanisms of therapy have been applied by
researchers in various fields ranging from oncology to neurodegenerative conditions and
infectious diseases. Oligonucleotides offer a promising new modality of disease targeting that
were once thought to be ‘undruggable’ via small molecule drugs or monoclonal antibodies.
While interest in oligonucleotide therapeutics has increased, their analysis, validation and
regulation must also be considered. The appropriate bioanalytical strategies must be
implemented to assess PK profiling, drug metabolism, assessment of compound distribution in
the anatomy, immunogenicity and biomarkers. With a diverse scope of mechanisms of action
and targeting approaches comes the need for an equally diverse range of bioanalytical
approaches when considering oligonucleotide therapeutic development. 

Through interviews, commentaries, journal articles and more, we hope to highlight this range of
bioanalytical approaches and strategies in oligonucleotide analysis in this special eBook as well
as shed some knowledge on the future of the field of oligonucleotide therapeutics. 
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Ligand-binding and chromatographic
methodology comparison and synergies for the
pharmacokinetic bioanalysis of therapeutic
oligonucleotides

Eric Tewalt, Associate Director, Immunochemistry Department,
PPD Laboratories Bioanalytical Lab (VA, USA)

Dr Eric Tewalt serves as an associate director in the immunochemistry department at
PPD Laboratories Bioanalytical Lab (VA, USA). He oversees an oligonucleotide and
nucleic acid modality-dedicated team that conducts method development, validation
and bioanalysis of immunogenicity, pharmacokinetic and regulated biomarker samples
in support of sponsor preclinical and clinical trials in a regulated environment. Dr Tewalt
has over 9 years of experience in the bioanalytical field and an additional 9 years of
experience in immunology, infectious disease and cancer research with extensive
knowledge in assay and experimental design.

Fumin Li, Director, Chromatography Department,
PPD Laboratories Bioanalytical Lab (WI, USA)

Dr Li has more than 20 years of experience in analytical chemistry and 16 years of
experience in the pharmaceutical CRO industry with a focus on LC–MS-based regulated
bioanalysis of small molecule drugs, small molecule biomarkers, oligonucleotides,
peptides and proteins. Dr Li was a postdoctoral fellow at Pacific Northwest National
Laboratory (WA, USA), applying ion mobility mass spectrometry for high-throughput
proteomics and he obtained his PhD in analytical chemistry from Iowa State University
(IA, USA) in 2004. Dr Li’s research focuses on developing high-throughput and reliable
LC–MS or LC–MS/MS methods for quantitative measurement of both small molecules
and biomolecules in biological matrices. 

Overview

Oligonucleotides, which are nucleic acid polymers that can range from approximately 10–50
base pairs, have been undergoing research and development as potential therapeutics for
over 3 decades. Over that span of time, several various oligonucleotide modalities have been
developed to alter gene expression and protein translation, including antisense
oligonucleotides (ASO), aptamers, small interfering RNAs (siRNA), microRNAs (miRNA), splice
switching oligonucleotides and, more recently, CRISPR/Cas9, among others [1,2]. In addition,
considerable advances have been made to increase the half-life of oligonucleotides in vivo via
chemical and backbone modifications as well as advances in targeted delivery of the
oligonucleotides to specific tissues that are the site of disease [2–10]. 
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Advances in the delivery of oligonucleotides to targeted tissues include adjusting the route of
administration, such as intrathecal for diseases of the central nervous system (CNS),
intraocular for diseases of the eye, intramuscular for muscular dystrophy [11–18]. In addition,
there have been advances in targeted delivery such as the utilization of lipid nanoparticles
and conjugation to N-acetylgalactosamine (GalNAc) for delivery to the liver, conjugation to
monoclonal antibodies for targeted delivery to multiple tissues, such as the muscle, and
conjugation to peptides [2,3,11,19–26]. 

Given the nature of oligonucleotides and that they are built from nucleic acids, they can be
utilized to treat diseases and targets previously thought to be undruggable by small molecules
and biologics such as monoclonal antibodies. As a result, oligonucleotides are being
developed as therapeutics to treat a wide array of diseases including, but not limited to,
cancer, infectious disease, rare diseases (such as those of the CNS and muscular dystrophy)
and cardio-metabolic diseases [2]. 

Taken together, the advances and increased research of oligonucleotides as therapeutics has
resulted in significant advancement in the field, including the regulatory approval of ten
oligonucleotide therapies, including eight within the last 5 years dating back to 2016 [2]. As a
result, there has been an increase in the number of biotechnology and pharmaceutical
companies with a sole focus on the development of oligonucleotide-based therapeutics, as
well as the number of large pharmaceutical companies that have oligonucleotides in their
pipelines either through licensing agreements or independent development. Due to the
advances being made in oligonucleotide development and delivery, expansion of
oligonucleotide modalities and increased volume of oligonucleotides being developed as
therapeutics, an appropriate bioanalytical strategy must be implemented for the
quantification of oligonucleotides. The importance of an appropriate bioanalytical strategy is
amplified by the generated data being utilized to assess PK and drug metabolism, time
courses and anatomical distribution to drive dosing decisions. These include drug
concentration and number and timing of doses to ensure efficacy while minimizing potential
off-target effects, as well as toxicity and safety issues.

Historically, oligonucleotide quantification has taken place via chromatographic, or ligand-
binding-based (LBA) methodologies. LC platforms such as UPLC–UV, LC–FL, LC–MS/MS and
LC–HRAM can be utilized and are highly selective for the parent compound vs chain-
shortened metabolites and offer a wide quantitation range. However, they require extensive
sample preparation and extraction and have reduced sensitivity. An alternative to
chromatographic-based methodologies are LBAs such as ELISA and electrochemiluminescent
(ECL) assays. ELISA and ECL methods are highly sensitive methods that offer high sample
throughput at a lower cost but have a narrower dynamic range. 
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They often are not selective for the full-length parent compound and may also quantitate
long-chain n-1 and n-2 metabolites. The focus of the remainder of the commentary is to
review chromatographic and LBA methodologies as they relate to the quantification of
oligonucleotides, as well as how they can be combined to generate a potential synergistic
approach for oligonucleotide PK/DM assessments. 

Hybridization ELISA and ECL

The quantification of oligonucleotides via LBA typically utilizes either hybridization ELISA
(hELISA) or ECL (hECL) methodologies. For both hELISA and hECL, the sample is hybridized
to a complementary capture probe and, if a sandwich format is applied, then to a
complementary detection probe followed by a detection reagent and substrate if needed.
hELISA with a fluorescent or colorimetric readout, including a single and dual ligation hELISA
[101,27–28], nuclease-based hELISA [102,29] and dual probe hELISA [30], has been
historically used. hECL methodologies have also been recently developed allowing for
increased dynamic range and sensitivity compared to hELISA methodologies. hECL can
utilize the same method formats as hELISA with the differences being that the detection
portion of the probes, or detection antibody, are ruthenium-labeled [31,32]. 

Benefits

Ligand-binding formats including hELISA and hECL platforms offer several benefits for the
quantification of oligonucleotides. We have found that they are appropriate to measure the
levels of a multitude of oligonucleotide modalities (ASO, siRNA, SSO, TLR agonist etc.) across
multiple matrices (plasma, urine, cerebrospinal fluid, preclinical tissues, human biopsies etc.)
via variable delivery mechanisms (LNP, GalNAc and peptide conjugated, polymers etc.). Chief
amongst the benefits of using hELISA and hECL is that they offer the most sensitive
platforms that are widely used to date for PK/DM assessments, with sensitivity down the
picogram/picomolar levels. Additional advances in sensitivity have been made by utilization
of hECL methodologies [31,32]. Increased method sensitivity will continue to be beneficial
given the numerous advancements being made in oligonucleotide chemistries and delivery
techniques, which can be synergistic, enabling lower and less frequent doses of
oligonucleotide therapeutics [10]. While hELISA and hECL methodologies offer the most
sensitive methods for quantification of oligonucleotides, the increase in sensitivity will
continue to be a focus moving forward as oligonucleotide research evolves to ensure concise
half-life measurements such that appropriate dosing schemes are administered.



1

2

In addition to sensitivity, hELISA and hECL methods offer a wide array of additional benefits.
In contrast to chromatographic methods, there is minimal sample cleanup or extraction
required. This allows for shorter methods and an increased number of analytical runs on a
weekly basis. Additionally, oligonucleotide analysis with hELISA and hECL typically utilizes a
96-well format and does not require linear injections associated with chromatographic
methods, meaning that analysts can run upwards of approximately 100 samples per day and
a team can analyze thousands of samples over the course of a week. High-throughput
analysis via hELISA and hECL, along with minimal extraction, allows for cost benefits, as
samples can be analyzed quickly with minimal consumables required. Moving forward, it is
anticipated that 384-well formats may be compared to 96-well formats and assessed to
further increase oligonucleotide sample throughput. Additionally, hELISA and hECL methods
are conducive to being automated on liquid handlers such as TECAN (Männedorf,
Switzerland) and Hamilton (NV, USA). Automation is widely used to make calibrators and
quality controls to reduce variability and to dilute samples with a standard MRD. Method-
specific scripts can be generated to fully automate methods minimizing analyst variability
and increasing the success of incurred sample re-analysis.

Drawbacks

While there are many benefits to using hELISA and hECL for the quantification of
oligonucleotides, there are also several drawbacks. For example, LBA have a decreased
dynamic range compared to chromatographic platforms, meaning that samples often must
undergo dilution to fall within the quantitation range. This requires the appropriate dilutional
linearity to be established during method validation to cover the anticipated Cmax. This can
also lead to an increased need for sample re-analysis if samples quantitate above the upper
limit of quantitation. However, in our experience in collaboration with our sponsors, hELISA
and hECL methods do not suffer from issues with dilution and we have established upwards
of 100,000-fold dilutional linearity or more during validation. LBA methodologies typically are
also unable to distinguish and quantitate metabolites in addition to the full-length parent
compound as chromatographic platforms can do. Thus, major metabolites are typically
identified initially via LC–MS methods, including which major 5’ and 3’ metabolites exist,
which are most prevalent and the associated time course with which metabolites quantitate.
This information can be applied to future preclinical and clinical studies and provides
additional guidance on the designing of probes and the selection of hELISA/hECL
methodologies during validation and sample analysis. If metabolites were to be measured via
hELISA or hECL, separate methods for each metabolite would likely be required, which would
require significant time and cost compared to chromatographic platforms.
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The largest drawback to hELISA and hECL for the quantitation of oligonucleotides is that
they lack the selectivity for the parent compound as compared to chromatographic
methods. Typically, hELISA and hECL cannot distinguish between the full-length parent
compound and long-chain metabolites such as n-1 and n-2. This may result in higher
oligonucleotide concentrations in samples as results may be a combination of full-length
parent compound and the long-chain metabolites, noting that long-chain metabolites may
still be efficacious and have the desired therapeutic effect. However, it is typical that a time
course of metabolites and their prevalence over time are determined prior to most
preclinical or clinical studies that would utilize LBA. This information can be used to make
assumptions on the actual concentration of the parent compound at specific time points.
For example, if an n-1 metabolite quantitates with the parent compound, but is not seen
until day 2 or 3, it may be inferred that concentrations determined on day 1 samples are
attributable to the parent compound. In addition, information on the prevalence of long-
chain metabolites can be applied such that if they comprise 20% of the total concentration
on day 2 via chromatographic methods, then the concentration of full-length parent
compound may only be 80% of the concentration measured by hELISA or hECL. 

There are mechanisms with which to assess the selectivity of the parent compound during
method development and validation and tools that can be utilized to increase selectivity.
During method development and validation, the prevalent metabolites may be tested to
assess their ability to quantitate off the calibration curve comprised of the full-length
compound. 

Typically, short metabolites will not quantitate. However, n-1 and n-2 metabolites often
quantitate and do so accurately compared to the theoretical concentration. Therefore, long-
chain metabolites will typically have an additive effect in combination with full-length parent
oligonucleotides resulting in a positive bias and the overestimation of parent oligonucleotide
concentrations discussed above. Amongst the tools to increase selectivity for the parent
compound in hELISA and hECL are use of S1 nuclease, probe design and method design. S1
nuclease recognizes and cuts single stranded RNA and DNA, and can be added to LBA
methods. If there are metabolites present in the samples, the S1 nuclease would recognize
the portion of the probes that are not hybridized, inducing a cut that would remove either
the capture or detection portion (digoxigenin, ruthenium, etc.) of the probe such that a
signal would not be generated during readout [102]. Additionally, alteration of probe design
can help with selectivity for the parent compound. For example, if it is known that there are
short 3’ or 5’ metabolites, the size and lengths of capture and detection probes can be
altered to minimize metabolite overhang that might cross-link capture and detection probes,
resulting in a signal. 
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Finally, single- and dual-ligation methods have been utilized to further increase selectivity
for the parent compound. A single ligation hELISA requires an intact 3’ end of the
oligonucleotide for ligation to the detection probe to occur. If there is a 3’ shortened
metabolite, the T4 DNA ligase is unable to anneal the oligonucleotide to the ligation probe
and the S1 nuclease is added, resulting in cleavage of the hybridized capture/detection
probe and a loss of signal [101,27]. While the single ligation hELISA removes interference
from 3’ shortened metabolites, it does not do so for 5’ shortened metabolites. To address
the 5’ shortened metabolites, Tremblay et al. developed a dual-ligation hELISA that utilized
a template probe with both 5’ and 3’ overhangs and capture and detection probes that are
complementary to the template probe overhangs. It was demonstrated that the intact full-
length oligonucleotide was detected without interference from 5’ and 3’ shortened
metabolites [28].

Chromatographic methodologies

Chromatography-based approaches

In addition to hybridization LBA methodologies, chromatography-based approaches are an
alternative and complementary methodology for the quantitation of oligonucleotide in
biological matrices. Contrary to the indirect analysis by hybridization LBA, chromatography-
based approaches offer direct analysis. Liquid chromatography (LC) is the method of choice
when oligonucleotide separation is required. Oligonucleotides are polyanionic ions, which
exhibit challenging chromatographic behaviors. Oligonucleotides are very polar, making
them unretained on widely used reversed-phase liquid chromatography (RPLC) systems. 

Although polar oligonucleotides are suitable for hydrophilic interaction chromatography
mode separations, the use of hydrophilic interaction chromatography for the bioanalysis of
oligonucleotides is not routine [33]. To enable the use of RPLC, it is critical to mask the
negative ions on the backbone of oligonucleotides using ion paring reagents [34]. Another
mode of separation for oligonucleotides is ion exchange chromatography. The three major
common detection methods for oligonucleotides following LC separations includes UV,
fluorescence and mass spectrometry (MS). 
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LC–UV

UV is a universal yet low-cost detection for an array of molecules including
oligonucleotides. The selectivity of LC–UV is low, depending mainly on an oligonucleotide’s
length and number of charges. Strong cation exchange chromatography is typically
employed for the separation of oligonucleotides. Shorter oligonucleotide metabolites can
be chromatographically resolved from oligonucleotides. This separation can be improved
when ultra-high-performance liquid chromatography (UHPLC) is employed [35]. Hence,
LC–UV can be used to profile metabolites of an oligonucleotide from dosed subject
samples after in vivo biotransformation. Due to the similarity in structures and lack of
matrix effects, LC–UV can provide semi-quantitation for an oligonucleotide’s metabolites
without reference materials [36]. Furthermore, the identity of metabolite(s) can be
confirmed when LC–UV is combined with MS detection [37]. The m/z information confirms
the presence of metabolite(s). A typical LLOQ is in the 100 ng/mL range by LC–UV with a
moderate throughput, approximately 10–15 minutes per analysis.   

Hybridization LC–FL

Hybridization LC–FL (LC–FL) combines the use of hybridization and chromatographic
separations [38]. A sequence-specific oligonucleotide labeled with fluorescence probes
hybridizes to a target oligonucleotide analyte via Watson-Crick base pairs. The resulting
duplex oligonucleotides with fluorescence probes attached are then subject to separation
via ion exchange chromatography and detected by a fluorescence detector. No enzymes
are involved in the methodology. Assay selectivity of LC–FL is achieved via hybridization
and chromatography. 

The advantages from hybridization include: 1) sensitivity via fluorescence detection where
a LLOQ of approximately 1 ng/mL can be reliably achieved. This is up to 10-fold and 100-
fold more sensitive than that from LC–MS or LC–MS/MS and LC–UV, respectively; and 2)
sample preparation can be simple. Nevertheless, proteinase K has been added to
deactivate oligonucleotide protein binding and/or degrade abundance proteins in the
biologic matrices (e.g., plasma or tissues) to reduce potential interference via digestion
[38]. Ion exchange chromatography can provide added selectivity by resolving
oligonucleotide duplexes from matrix interferences and chain-shortened metabolites.
Another advantage is the good method reproducibility in terms of accuracy and precision
enabled by the strong stability of FL detection. Unlike traditional LC–MS/MS assays, no
internal standards are added in FL–LC assays to track assay variabilities such as
hybridization and LC injection. Unlike qPCR, LC–FL tolerates chemical modifications of
oligonucleotides including miRNA and siRNA therapeutics.
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One distinct disadvantage, by assay design, is the need for custom-made probes for each
oligonucleotide molecule, which adds additional time and cost to methods. Furthermore,
FL probe design can impact its binding affinity toward a target oligonucleotide molecule,
which can directly change assay attributes including linearity and extract stability [40,41].
LC–FL assay throughput is low with a cycle time of 20–30 minutes per analysis. Last but
not the least, it should be noted that LC–FL technology is currently patented [103].

LC-MS

LC–MS-based methodologies have been increasingly employed for quantitative
bioanalysis of therapeutic oligonucleotides since approximately 2000 [40–42] and
extensively reviewed [35,43–45]. LC–MS is the established golden standard for bioanalysis
of small molecules (drugs and biomarkers) due to its unparalleled accuracy, precision,
specificity, dynamic range, throughput and widespread use. These attributes are equally
applicable to oligonucleotide bioanalysis. There are two common types of mass
spectrometers: 1) triple quadrupole (QQQ) and 2) high-resolution mass spectrometry
(HRMS), such as TOF-MS and Orbitrap. QQQ is most widely utilized in support of absolute
quantitation using multiple reaction mode (MRM). 

Precursor ions of a specific m/z (or charge state) are filtered or selected by the first stage
quadrupole and subject to collision induced dissociation (CID) in a second quadrupole,
where fragment ions (i.e., fingerprint of the precursor ions) of a specific m/z are filtered by
the third stage quadrupole. This is also referred to as tandem mass spectrometry mode
(MS/MS) or LC–MS/MS when combined with LC. MS/MS offer unique assay selectivity
intrinsic to an oligonucleotide molecule.

Oligonucleotides are ionized by electrospray ionization, where polyanionic oligonucleotides
generate multiply charged negative ions. Ion-paring reserved-phase liquid
chromatography is generally the choice of separation prior to mass spectrometric
detection of oligonucleotides. Ion paring agents offer positively charged organic moieties
to bind with the naked negatively charged polyphosphate backbones of oligonucleotides.
The masking of these negative charges enhances interaction between ion-paired
oligonucleotides and reversed-phase stationary phases leading to improved retention and
peak shapes. Importantly, the RPLC can readily separate oligonucleotides from its
metabolites (such as n-1, n-2, etc.). Hexafluoroisopropanol and triethylamine are
commonly used ion-pairing agents that achieve a balance between separation and MS
sensitivity [46,47]. Many ion-pairing reagents, including triethylammonium bicarbonate
and triethylammonium acetate, are used for oligonucleotide separations [47,48].
Chromatographic performance of oligonucleotides such as peak width and retention time
can be optimized by ion-pairing agents [49]. 
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Sample preparation plays a key role in the development of a successful LC–MS/MS
method for oligonucleotide bioanalysis. This stems from the fact that it is challenging, if
not impossible, to produce stable isotope-labeled internal standards (SLISs) for
oligonucleotides. In small molecule bioanalysis using LC–MS/MS, a SLIS, which is
physiochemically identical to its unlabeled analyte, can seamlessly compensate an
analyte’s matrix effects (i.e., ionization enhancement or suppression). This attribute leads
to robust assay performance. In comparison, a structurally similar oligonucleotide is often
used as an analog internal standard for a target oligonucleotide analyte. Additionally, an
oligonucleotide analog internal standard (IS) needs to be chromatographically separated
from the oligonucleotide analyte to eliminate mass spectral interference. As such, an
analog oligonucleotide IS will likely not compensate for an analyte’s matrix effects to the
same extent of a SLIS. Therefore, it is imperative to develop an extraction method that
provides extracts that are as clean as possible to minimize downstream matrix effects in
the ESI processes. To that end, a combination of liquid–liquid extraction (LLE) with solid
phase extraction (SPE) can provide optimal extraction for oligonucleotides from biological
matrices [32]. 

LLE extracts oligonucleotides from matrices while SPE further removes residual matrix
components. In the authors labs, the combined LLE–SPE extraction strategy has proven
to be highly effective in support of oligonucleotide bioanalysis in plasma and tissues [50].
Major drawbacks of such an elaborate extraction are that: 1) it is time consuming due to
long extraction, 2) it is prone to human errors due to complexity and 3) the lack of
automation. The use of Phenomenex® Clarity®-OXT SPE plates, as a single-step SPE,
were reported to extract intact duplex siRNA oligonucleotides from plasma and urine
[32,51]. The authors’ lab has success in using Phenomenex® Clarity®-OXT SPE plates for
regulated bioanalysis of siRNA. 

HRMS is an alternate type of mass spectrometer that has been used for bioanalysis of 
 oligonucleotides [44,51,52]. HRMS, e.g., TOF-MS and Orbitrap, can provide high resolving
power up to over 100,000 (e.g., at m/z 200). In comparison, QQQ generally operates in the
unit resolution with a full width at the half maximum (FWHM) being 0.7 Da. HRMS can
separate chemical species with a very close m/z, which otherwise would be detected as
one single peak in a QQQ instrument. As such, HRMS provides an additional selectivity via
high mass spectral resolution. HRMS can be operated in the LC–HRMS or LC–MRM high
resolution modes. The operating principle is similar between QQQ and HRMS for
oligonucleotide bioanalysis. When developing LC–HRMS method, it is important to
optimize required resolution to achieve sensitivity and selectivity in the time scale of a
chromatographic peak [32]. One major advantage of HRMS is the ease of use, notably no
need of compound specific tuning. 
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It is possible to process data post-acquisition, which is especially useful to investigate
metabolites from study samples. The industry is still adapting LC–HRMS for regulated
oligonucleotide bioanalysis. With the expanded use of the technology and the continuing
technology development, the use of LC–HRMS will become more widely accepted in
support of oligonucleotide drug development. 

LC–MS/MS or LC–HRMS can routinely reach a LLOQ in the range of 5–25 ng/mL [47]. This
level of sensitivity is adequate to support most preclinical studies in obtaining an 
 oligonucleotide’s concentrations in plasma and various tissues. Further sensitivity
improvement is expected via continuing technological advancement and methodology
optimization in the LC–MS field. For instance, latest mass spectrometry always provides
enhanced sensitivity. The use of microflow separation [53] can increase LC–MS assay
sensitivity for oligonucleotides. Optimization in workflow led to an LLOQ of 0.2 ng/mL for a
GalNAc-conjugated 16-mer oligonucleotide in human plasma [54]. A novel method,
combining oligonucleotide hybridization and LC–MS/MS technologies, was reported to have
achieved a LLOQ of 0.5 ng/mL for an ASO using 100 µL plasma [55]. LC–MS methodology,
with its versability and advantages, will be an essential tool – complimentary to LBA – to
support development of oligonucleotide therapeutics.
 
In all, the three major chromatographic methodologies, i.e., LC–UV, LC–FL and LC–MS/MS
or LC–HRMS, offer distinct advantages and disadvantages for the quantitation of
therapeutic oligonucleotides in biological matrices. The selection of a suitable
chromatographic approach ultimately depends on the specific project needs in the stage of
an oligonucleotide development. Considerations include, but are not limited to, assay
sensitivity, specificity, throughput and level of rigor (i.e., precision and accuracy). The need
for profiling potential chain-shortened metabolites can also influence methodology
selection [56]. 

Potential synergies and strategies to utilize chromatographic and LBA
platforms

While chromatographic and LBAs offer diverse methodologies for the quantification of
oligonucleotides, both can be utilized to establish a robust PK/DM profile by taking
advantage of the benefits of both platforms. For example, the ability to differentiate the
parent compound and assess the major metabolites, along with their time course, could be
conducted initially via LC–MS in early exploratory preclinical models, then validated. 
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Once the characterization of the major metabolites is completed, a strategy can then be
implemented to determine which LBA methodology is most appropriate with the goal to
take advantage of the sensitivity and high-throughput analysis in preclinical and clinical
studies. If it is known that the major metabolites are 3’ truncated, a single ligation hELISA or
hECL with S1 nuclease can be implemented. Additionally, a dual-probe method might be
chosen wherein the probe design is altered as discussed above, adjusting the number of
nucleotides on the capture or detection probe to minimize quantitation of the major
metabolites established via LC–MS analysis. 

An upfront strategy can be discussed prior to initiation of in vitro and preclinical exploratory
studies that would consider the priorities for development of the compound and the end
goals, assessing if exploration of metabolites, sensitivity, dosing etc. are most important.
The strategy would allow for an initial road map of how to select platforms and
methodologies and at which point an adjustment might be made moving from
chromatographic to LBA methods, or if the need would be to remain with chromatographic
methods, and perhaps LBA, based on the compound itself (i.e., based on the length of the
oligo). As the initial studies begin, it is understood that strategies may need to be adjusted
based on the results generated and, as an example, it might be found that the major
metabolites are different than expected. As such, downstream methodologies may need to
be reconsidered (i.e., moving from a single ligation hELISA to a dual-probe hECL). Overall,
the diverse methodologies for quantification of oligonucleotides are beneficial in that they
can be utilized cooperatively to put together a robust package of data characterizing the
oligonucleotide therapeutic in preclinical and clinical studies.
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60 seconds with Eric Tewalt:
oligonucleotide quantification and validation

Oligonucleotides are currently being utilized to focus on the treatment of a wide array of diseases. In general terms,
there are many being developed to target cancer, viral infections and rare diseases. Given the unique nature of
oligonucleotides and their ability to target and potentially alter the production of any protein, the possibilities are
endless. Oligonucleotides offer the potential to now target diseases that were previously thought to be undruggable
with more traditional large and small molecule therapeutics. With that in mind, there is currently an increased focus in
the rare disease space, specifically including muscular dystrophy, diseases of the central nervous system and cardio-
metabolic diseases, among others.

Dr Eric Tewalt serves as an associate director in the immunochemistry
department at PPD Laboratories Bioanalytical Lab (VA, USA). He oversees an
oligonucleotide and nucleic acid modality-dedicated team that conducts method
development, validation and bioanalysis of immunogenicity, pharmacokinetic and
regulated biomarker samples in support of sponsor preclinical and clinical trials in
a regulated environment. Dr Tewalt has over 9 years of experience in the
bioanalytical field and an additional 9 years of experience in immunology,
infectious disease and cancer research with extensive knowledge in assay and
experimental design.

Q In what medical fields are oligonuclotides currently paving the way for drug and
therapeutic development?

Q What advantages do oligonucleotides provide in enabling targeted therapeutics and
what challenges do they pose?

As indicated, the main advantage of oligonucleotides is
that they can target a multitude of diseases, including
those thought ot be undruggable via small molecule or
biologics. The ability to target multiple disease states is
possible due to the ability to design oligonucleotides to
target and alter protein expression. Examples include, but
are not limited to, protein degradation (antisense
oligonucleotides and siRNA), increased or altered protein
expression (splice-switching oligonucleotides), protein
inhibition (aptamers) etc. Additionally, since
oligonucleotides are comprised of naturally occurring
nucleotides, there is a reduced possibility of
immunogenicity specifically against the oligonucleotide
itself (noting that the delivery mechanism could induce
immunogenicity or have pre-existing antibodies).
Alternatively, the challenges posed by oligonucleotides as
therapeutics include concerns regarding half-life and
delivery to the site of disease, though recent advances
have helped to overcome these obstacles. 

Historically, oligonucleotides administered in the
periphery were rapidly degraded within minutes.
However, chemical and backbone modifications
enabling nuclease resistance increased half-life
significantly. Despite this, there were limited options
for targeted delivery and as such, highly
concentrated levels of oligonucleotides as
therapeutics were administered and on a more
frequent basis. While high concentrations ensured
that oligonucleotides reached the site of action,
oligonucleotides would also deposit throughout the
body. However, advances have been able to
overcome such concerns, either via an altered route
of administration (intrathecal for the central nervous
system, intravitreal for diseases of the eye, intranasal
for disease of the lung etc.), or via drug delivery
mechanisms (GalNAc conjugation and lipid
nanoparticles for liver, monoclonal antibody
conjugation to target muscle etc).



Q What is the current landscape of oligonucleotide quantification with regards to
instrumentation, techniques etc.?

Q What are the current methods of validation for oligonucleotides and how do you
anticipate these will develop in the future?

The majority of oligonucleotide quantification takes place via chromatographic platforms, such as LC–MS and LC–FL
(patented technology) and ligand binding assays such as ELISA and electrochemiluminescent platforms. The two
platforms really complement one another and when combined, offer appropriate sensitivity and selectivity for the
parent compounds.  Depending on the length of the oligonucleotides, molecular techniques such as qPCR can be
utilized, noting that it combines the sensitivity of ligand binding assays with the large dynamic range typically seen
with chromatographic methods. While not currently widely used, platforms such as the Quanterix and Gyros, amongst
others, may be utilized as they offer additional advances over standard platforms (further increased sensitivity, fully
automated, minimized sample volumes), but can be limited due to kit availability and consumables that are produced
via a single sourced vendor.

As discussed, the majority of oligonucleotide
quantification takes place via chromatographic or ligand
binding methodologies. Currently, we utilize the 2018 US
FDA Bioanalytical Method Validation Guidance for
Industry as well as the 2012 EMA Guideline on
bioanalytical method validation.  The 2018 US FDA
guidance clearly outlines experimental design and criteria
expectations for both chromatographic and ligand
binding assays and includes information on biomarkers,
diagnostic kits and more. Since regulatory guidances are
not released on a yearly basis, White Papers produced
from various conferences, such as WRIB and the Global
CRO Consortium, provide additional up-to-date
information and perspectives on any potential alterations
or adjustments that could be utilized to produce more
robust methodologies. Our current paradigm with respect
to oligonucleotide method validation typically includes
following the regulatory guidances, as well as to include
additional experimentation that might be relevant to
oligonucleotides specifically such as metabolite
quantitation and potential interference testing. During
method development, if there are any adjustments that
are to be made to criteria specified in the regulatory
guidances, it must be made and discussed with sound
scientific justification.  We have typically found that
oligonucleotide PK methods fall within the criteria limits
within the regulatory guidances, while methods to
validate regulated biomarkers may be more variable and
require alteration of accuracy and precision criteria with
scientific justification. Moving forward, we believe that
oligonucleotide methods will continue to utilize
chromatographic and ligand binding methodologies. 

However, there will be an increased focus on
developing more sensitive methods and mechanisms
to increase selectivity for the parent compound. In
addition, we are seeing an expansion in the number of
matrices that are being utilized for PK assessment as
well as bioanalytical distribution in preclinical models
so that correlations can be inferred in human studies
based on drug levels in plasma or serum.  With that in
mind, discussions on how to assess oligonucleotides
in tissue and rarer matrices, such as cerebrospinal
fluid and matrices of the eye, are gaining importance.
Examples of issues that would require further
discussion include stability assessments, potential
use of surrogate or artificial matrices, method
qualification vs validation and, at the current time,
supply chain issues and matrix availability. Finally,
while not considered oligonucleotide quantification,
we have seen an increase in the validation of
immunogenicity methods for oligonucleotides. We
currently utilize the 2019 FDA Immunogenicity Method
Validation Guidance (Immunogenicity Testing of
Therapeutic Protein Products – Developing and
Validation Assays for Anti-Drug Antibody Detection)
to develop and validate oligonucleotide
immunogenicity methods. Historically, it was thought
that oligonucleotides would not be immunogenic
given that they are made from nucleotides that are
endogenous, but the chemical and backbone
modifications, as well as the various drug delivery
mechanisms, have driven the need for a more
thorough assessment of the potential to elicit anti-
drug antibody responses in vivo.

























60 seconds with Zamas Lam:
oligonucleotide analysis and therapeutics

The current trend in oligonucleotides analysis and
characterization is similar to what happened to protein
analysis and characterizations in the 2000s. Having some
standardization will provide a quicker collection and
harmonization of data. However, for bioanalysis, it will
continue to be the best techniques that fit the modalities,
modification of the backbone and the secondary/tertiary
structure.
 

Oligonucleotides will probably continue with ‘interference
and silencing’. Traditionally, these have been in rare and
ultra-rare diseases. However, with the positive approval of
Inclisiran against hypercholesterolemia, oligo therapeutics
are now being developed for more common indications,
such as HBV infection, dry eye in Sjögren’s Syndrome,
acute kidney injury and others.
 

Traditional methodologies that are still being used are
hybridization ligand binding assays, hybridization LC–
fluorescence assay and LC–MS/MS assays using MRM.
The newer methodologies are LC–HRMS using full
scan or high-resolution MRM and hybridization LC–
MS/MS.

Zamas Lam
SVP & Global Head, Bioanalytical (Mass Spectrometry)
QPS (DE, USA)

Zamas Lam, PhD, holds the position of Senior Vice President and Global Head of
Preclinical Development for QPS, a global contract research organization providing
discovery, preclinical and clinical drug development services since 1995. Lam is one of
the world’s few high-resolution mass spectrometrists by training and by trade, with a
passion for biologics mass spectrometry and gene therapy.

Q What are some recent bioanalytical
methods or technologies being
utilized for oligonucleotide analysis?

Q What is more important when
analyzing oligonucleotides, mass
characterization or structural
characterization?

Traditionally, mass characterization has been more
important as there are various options for structural
characterization. Furthermore, there have been no real
methods to understand the structure of minor
metabolites or impurities. Moreover, the 3D structure
of oligonucleotides are not easily assessable other
than with x-ray crystallography. However, with the
advances in software solution, new databases and
newer mass spectrometry techniques such as ion
mobility, charge distribution mass spectrometry and
native mass spectrometry, the metabolism, 3D
structure and stacking can now be evaluated.

Q What are the key benefits to standardizing
methods for oligonucleotide analysis?

Q In what medical fields do you see
oligonucleotide therapeutics gaining
interest?

Q In your opinion, what techniques or
methods might become more
important in the analysis of
oligonucleotides?

Hybridization followed by LBA or chromatography for
better sensitivity and LC–HRMS for its ability to
quantitate and identify metabolites in the same run.

Q How have current regulations affected the
development of oligonucleotide
therapeutics?

Oligonucleotides bioanalysis fits into the FDA 2018 BMV
guidance and the current EMA ICH M10 guidance. Potential
confusion may arise where some oligonucleotides can be
analyzed by chromatographic or LBA assays, so the
acceptance criteria can shift from 15/20 to 20/25.
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