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ABSTRACT 

 

Antisense oligonucleotides (ASOs) represent a powerful therapeutic modality that can 

selectively modulate gene expression. However, ASOs face two major hurdles that restrict their 

use in the clinic. The first issue is delivery of the ASO to a tissue of therapeutic interest while 

reducing exposure to unrelated tissues. Additionally, inefficient escape of ASOs from 

endolysosomal compartments affects their activity since ASOs are unable to reach their 

intracellular RNA target in the nucleus and/or cytosol. Despites the variety of chemical 

modifications developed to tackle these delivery issues, it remains challenging to reach 

particular tissues and/or cell types outside of the liver, and there are still no non-toxic solutions 

to the endosomal escape problem. 

To fully realize the therapeutic potential of this class of molecules, it is crucial to understand 

the mechanisms underlying how ASOs enter cells and exit the endosomal space. Therefore, this 

thesis focuses on the use of nanoscale secondary ion mass spectrometry (NanoSIMS), in 

combination with electron microscopy, to investigate the subcellular distribution and 

accumulation of ASOs. 

It was necessary to develop a NanoSIMS method capable of absolute quantification of the 

intracellular exposure of ASO. Thus, external standards were developed to quantify several 

halogenated compounds (iodide, bromide, and fluoride) as well as a sulfur isotope (34S). 

Results showed that the uptake of different ASOs was saturable, but conjugation to a N-

acetylgalactosamine targeting domain enhanced cellular uptake and improved target 

knockdown. NanoSIMS data also showed that upon colchicine treatment, the uptake and 

localization of ASOs were affected. It was also possible to quantifying both the targeting 

domain and ASO components of an engineered glucagon-like peptide 1 ASO conjugate. That 

highlighted that fine tuning of ASO chemistry can be used to affect the productive uptake of 

ASOs. 

Overall, these findings contribute to a better understanding of the cellular delivery, uptake 

and trafficking mechanisms of ASOs, which is valuable for the future development of more 

effective oligonucleotide-based therapeutics. 
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SAMMANFATTNING PÅ SVENSKA 

 

Antisensoligonukleotider (ASO:er) representerar en kraftfull terapeutisk modalitet som 

selektivt kan modulera genuttryck, men ASO:er står inför två stora hinder som begränsar deras 

kliniska användning. Det första hindret är transport av ASO till en vävnad av terapeutiskt 

intresse samtidigt som exponeringen av icke-relaterade vävnader minimeras. Dessutom 

försämrarineffektiv frisättning av ASO:er från endolysosomen deras aktivitet, eftersom ASO:er 

då inte kan nå sitt intracellulära RNA-mål i kärnan och/eller cytosolen. Trots att flertalet olika 

kemiska modifieringar har utvecklats för att adressera dessa problem, är det tyvärr fortfarande 

utmanande att nå särskilda vävnader och/eller celltyper bortsett levern, och det finns fortfarande 

inga icke-toxiska lösningar för endosomal frisättning. 

För att fullt ut utnyttja den terapeutiska potentialen hos denna klass av molekyler är det 

avgörande att förstå mekanismerna bakom hur ASO:er går in i celler och frisätts från 

endosomen. Denna avhandling  fokuserar på användningen av sekundär jonmasspektrometri i 

nanoskala (NanoSIMS), i kombination med elektronmikroskopi, för att undersöka subcellulär 

distribution och ackumulering av ASO:er. 

Det uppstod ett behov att utveckla en NanoSIMS-metod som kunde kvantifiera absoluta 

nivåer av den intracellulära exponeringen av ASO:er. Därför utvecklades flera externa 

standarder för att möjliggöra kvantifiering av flera halogenerade föreningar (märkta med jodid, 

bromid och/eller fluorid) samt en svavelisotop (34S). 

Resultaten visade att upptaget av olika ASO:er var mättat, men konjugering till en N-

acetylgalaktosamin förbättrade både cellulärt upptag och effekten av samtliga testade ASO:er. 

NanoSIMS-data visade också att vid behandling med kolkicin påverkas upptaget och 

lokaliseringen av ASO:er i cellen. NanoSIMS användes också för att kvantifiera båda 

komponenterna i ett konstruerat glukagonliknande peptid 1-ASO-konjugat i subcellulära 

områden. Detta visade att finjustering av ASO-kemin kan användas för att påverka det 

produktiva upptaget av ASO:er. 

Sammantaget bidrar dessa fynd till en bättre förståelse av ASO-transport till celler, dess 

upptagsmekanismer samt intracellulär transport, vilket är värdefullt för den framtida 

utvecklingen av mer effektiva oligonukleotid-baserade läkemedel. 
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Chapter I. Mass Spectrometry Imaging (MSI) in the pharmaceutical 

landscape. 

 

1.1. Introduction 

It is essential for a drug to reach its biological target at adequate concentration in order to 

have an effect. In this instance the term target refers to the biomolecules (DNA, RNA and 

proteins) that are responsible for the therapeutic effect of the drug.1, 2 Thus, the ability of a drug 

to produce the desired effect or to elicit an adverse effect necessarily needs to be contextualized 

in terms of concentration at site of action. In the pharmaceutical field, drug concentration at site 

of action is most often reflected by plasma concentration. However, as a large number of drugs 

have intracellular targets, those measurements can lead to a poor representation of the drug 

exposure and efficacy.3 The effects of drug absorption, distribution, metabolism, and excretion 

(ADME) processes that take place within the human body must also be considered.4, 5 This 

implies that the drug may reach different organs but also different tissues and cells within a 

specific organ where it will be transformed into metabolites (active or not) then can be 

eliminated from the body, and this will affect its efficacy and safety profile. 

Therefore, it is important to visualize the drug distribution in vivo or in vitro. Several 

methods are used by pharmaceutical companies to assess the presence and localization of a 

drug.6 In preclinical research, autoradiography is used to visualize radiolabeled drugs and track 

their distribution and metabolism in a biological sample.7, 8 This allows to identify where the 

drug acts in the body and study its ADME properties to provide invaluable pharmacokinetics 

and pharmacodynamics information.9 Fluorescence microscopy can also be used via 

incorporation of a fluorescent tag on the compound of interest to provide its localization with 

high lateral resolution.6, 10 However, it is not always possible to readily introduce a fluorophore 

on the drug and addition of this moiety can also change its chemical and biological properties.11, 

12 Other imaging techniques like magnetic resonance imaging, computed tomography and 

position emission tomography can be used to visualize the distribution of drugs in the body.13, 

14 Biomarker molecules can also be indicators of a drug presence and localization 15. Another 

rough way to assess the presence and localization of a drug substance can be done by extracting 

the compound from specific tissue homogenate and analyzing it by liquid chromatography 

coupled to mass spectrometry.16 

Some of these techniques require labeling of the drug compound which can be discouraging 

for one or all of the following reasons. The synthesis can be technically challenging and time 

consuming the starting materials may be costly 6, 17, and finally may not provide the distribution 

information at the appropriate level. This encouraged pharmaceutical companies to add mass 

spectrometry imaging (MSI) to their tool box. MSI is a powerful technique that allows for the 

spatial visualization of the abundance and distribution of different molecules of a sample. In 

the pharmaceutical industry, MSI has different applications.18-22 It can be used in the quality 

control and formulation development by imaging the distribution of the active ingredient of the 

drug as well as excipients in the tablets. 23 MSI can also be used to study the distribution and 

metabolism of a drug in in vivo model organisms like mice.24, 25 It is then possible to get 

information in the earliest stages of drug discovery, to study the distribution of drug candidates 

in diseases tissue providing insight into their therapeutic effect(s) and mode of action. 
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1.2. Overview of mass spectrometry imaging 

 

Figure 1. Basic schematic of a mass spectrometer. The sample is ionized via the ion source and gas-

phase ions are produced. The charged species are separated in the mass analyzer according to their mass-

to-charge ratio (m/z). The relative abundances of the detected ions are converted in electric signals 

further transmitted to a computer to generate a mass spectrum of the sample. 

MSI is a technique used to create images of the distribution of specific molecules within a 

sample. The sample is typically a thin section of tissue or cell but can also be a material surface 

or a liquid droplet. MSI encompasses a broad range of mass spectrometry-based instruments 

that offer various capabilities with their own advantages and limitations.26-31 Regardless of the 

mass spectrometry technique, molecules of the sample first undergo ionization where they are 

transformed into gas-phase ions (Figure 1). Then a mass analyzer separates the ions based on 

their mass-to-charge ratios (m/z).32 The separated ions are then detected together with the 

abundance of the different molecules in the sample as a function of their m/z. The resulting 

mass spectra are then used to create an image of the distribution of a specific molecule or group 

of molecules within the sample (Figure 2). The pairing of the ionization source and mass 

analyzer determines which molecules (small-molecules, lipids, peptides, proteins, or nucleic 

acids) can be analyzed and the lateral resolution that can be obtained. 

 

Figure 2. Schematic overview of mass spectrometry imaging principle. The ionization probe is used to 

raster the sample surface. At each spot along coordinates (xi, yi) a mass spectrum is generated. An image 

with the pixel resolution of the probe size is reconstructed for each (xi, yi) pair to visualize the 

distribution of ions of interest. 
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The most widely used MSI methods for biological samples are matrix-assisted laser 

desorption ionization (MALDI), desorption electrospray ionization (DESI) and secondary ion 

mass spectrometry (SIMS).18, 21 Figure 3 recapitulates these MSI techniques characteristics in 

terms of lateral resolution as well as which molecules can be analyzed. MALDI and DESI are 

by far the most common MSI techniques that have been applied in pharmaceutical research. 

Due to the high fragmentation and expensive instrumentation, SIMS is not commonly used for 

pharmaceutical investigations yet.  

 

Figure 3. Overview of the different MSI techniques. (a) MALDI-MSI ionization is performed by a laser 

irradiating the sample, and efficient ionization is obtained by deposition of a UV-absorbing matrix on 

the sample surface. (b) In DESI-MSI a spray of ionized solvent is directed towards the sample surface 

for desorption. (c) SIMS imaging, like TOF-SIMS and NanoSIMS, uses a primary ion beam to locally 

desorb the sample surface. While MALDI and SIMS operate under vacuum, DESI ionization is 

performed at ambient conditions. (d) Difference in term of lateral resolution and type of ions obtained 

by the different MSI techniques are also reported. Adapted from Vaysse et al., 2017 22 and Wang et al., 

2020 33. 

MALDI was introduced for biological sample analysis in the 1990s.34 and is widely used to 

study large biomolecules like proteins and peptides. MALDI is a relatively simple technique 

where the ionization is performed by a laser irradiating the sample, and efficient ionization is 

obtained by deposition of a UV-absorbing small organic molecule, called a matrix, on the 

sample surface (Figure 3a). A desorption/ionization process follows the irradiation. Typically, 

MALDI-MSI is considered as a soft ionization technique inducing low ion fragmentation 

allowing intact molecules to be analyzed. Several matrices have been developed to allow the 

analysis of a wide range of analytes, from small molecules to proteins. However, one limitation 

of MALDI-MSI is the ions of matrix generated which may interfere with the detection of 

analyte ions and this could favor specific analytes and not others.35 The application of the matrix 

can also lead to some degree of redistribution. Several groups have worked in this space to find 

solutions to these pitfalls.22, 36 This highlights that the technique is relatively sensitive to sample 

preparation. Historically, MALDI-MSI was coupled to a time of flight (TOF) mass analyzer. 

However, new and more performant mass analyzers are increasingly replacing the TOF system, 

like quadrupole ion trap-TOF, Fourier transform ion cyclotron resonance, or Orbitrap as they 

provide better mass resolution and mass accuracy than the original linear MALDI-TOF 

instrument. More performant MALDI sources have also been developed to increase sensitivity, 
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ionization efficiency and lateral resolution.37 In general, MALDI-MSI provides a spatial 

resolution of 20 to 50 µm, and 1 to 5 µm with the most sophisticated laser systems.30, 33 

Atmospheric pressure MALDI sources (AP-MALDI) are also available facilitating association 

with any type of mass analyzer.38 

DESI was introduced in 2004 as a new ambient ionization technique allowing rapid sample 

analysis as less sample preparation is required (no matrix or resin embedding needed).39-42 

Ionization is performed by directing electrosprayed charged droplets of solvent onto the sample 

surface creating secondary charged droplets that contain the desorbed analytes (Figure 3b). The 

rapid evaporation of the droplets reduces the surface area without reducing the surface charge 

which results in a columbic explosion effectively ejecting intact molecular ions with single or 

multiple charges. In DESI, the spraying solution can be selectively changed to ionize a 

particular molecule of interest. Similar to MALDI, DESI enables the detection of a wide range 

of analytes from small molecules, lipids to proteins. Like AP-MALDI, DESI is a versatile 

ambient source that can be combined with any mass analyzer. New sprayer designs have 

improved the lateral resolution and the sensitivity, however the main limitation of DESI-MSI 

is the ≈30 to 200 µm achievable lateral resolution limiting its application for cellular resolution 

imaging.30, 43 A more compact method, nanospray desorption electrospray ionization 

(nanoDESI), has also been developed where charged droplets are generated between two 

capillaries that create a liquid micro-junction at the surface of the sample instead of producing 

charged droplets via a solvent spray.42, 44 

Although SIMS was the first ionization technique used for MSI more than 50 years ago 31, 

45, its usage in biological research was rather limited and focused mainly on surface and 

elemental analysis of material. Nowadays, SIMS is used for molecular imaging with subcellular 

lateral resolution, bringing MSI from the tissue level to the organelle scale.22, 43 Traditionally, 

SIMS instruments are divided in two groups based on whether the primary ion beam (Cs+, Bin
+, 

C60
+,Ar4000

+,etc…) is impacting the sample surface by pulses (as in static TOF-SIMS) or 

continuously (as in dynamic SIMS). Note that some TOF-SIMS instruments, like the J105, 

operate in a continuous primary ion beam mode while pulsing the secondary ion beam instead, 

making it more advantageous for biological samples analysis. For both static and dynamic 

categories 46, the SIMS ionization process involves bombarding the sample surface with a 

focused high energy primary ion beam (Figure 3c). When the primary ions collide with the 

sample surface, the top few atomic layers of the sample are sputtered away in a plume of 

particles made of electrons, neutral particles and atomic or cluster ions. In general, ionized 

particles represent less than 5% of the particles released from the sample. Static SIMS utilizes 

a low intensity primary ion beam which only removes a few layers of the surface and generates 

larger mass fragments allowing molecular information to be acquired. The name static SIMS 

comes from the idea that this mode does not “change” the surface under analysis.46-49 

Theoretically this is done by keeping the ion dose below the so-called static limit. In practice 

this is below 1013 at./cm2. Thus, an ion dose of ≤1013 ions/cm2 will only interact with 1% of the 

surface atoms, leaving the surface virtually unchanged to maintain molecular information. 

Dynamic SIMS exceeds the static limit which means that during the measurement the surface 

is gradually being eroded, thus the measurement is dynamic. Therefore, dynamic SIMS not only 

affords the ability to use a higher primary ion beam dose, resulting in higher secondary ion 

production which increases sensitivity, but also increases fragmentation, meaning that the 

molecular information is lost and in general only elemental and isotopic information are 
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retained. Nanoscale secondary ion mass spectrometry (NanoSIMS) is the latest generation of 

dynamic SIMS instrument and offers the best lateral resolution down to 50 nm.30, 33 

 

1.3. NanoSIMS, MSI at and below the cell level 

NanoSIMS is a high-resolution imaging and analytical technique that allows the study of 

small structures (tens of nanometers) at the subcellular level.50-52 NanoSIMS is advantageously 

equipped with two ionization sources (Figure 4), a cesium source and an oxygen source to 

analyze negatively or positively charged secondary ions, respectively.46, 49 Note that most 

biological studies rely on the use of the cesium source that induces better ionization yield than 

the oxygen source and provides a better lateral resolution (down to 50 nm). 

 

Figure 4. (A) Schematic of the NanoSIMS 50L (adapted from 53 and 51). The surface of the sample is 

rastered with a focused primary ion beam. Secondary ions are extracted and guided through a series of 

ionic lenses and slits to an elctrostatic sector and then to the magnetic sector that separated the ions 

based on their m/z. Simultaneous detection of up to seven analytes from the same spot on the sample 

surface is possible. (B) Image of the NanoSIMS 50L instruments housed in the Chemical Imaging 

Infrastrucuture in Gothenburg. 

Apart from the dual source, NanoSIMS instruments are also composed of primary ion optic 

column to focused and orient the primary ion beam toward the sample, a co-axial column, and 

a secondary ion optic column that focuses and directs the secondary ions into the mass analyzer 

(Figure 4).49 The co-axial configuration of the NanoSIMS is its most significant characteristic 

that allows considerable reduction in the distance between the sample surface and the primary 
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ions column producing a tightly focused and intense primary ion beam probe. In the co-axial 

mode, the same ion optic system is used to both focus the primary ion beam and collect the 

secondary ions. It is therefore implicit that primary and secondary ions must be of opposite 

polarity as the secondary ions are extracted via the same diaphragm as the primary ions.  

Emitted secondary ions are accelerated through an extraction lens and guided through the 

secondary ion column via a series of ionic lenses and slits to the entrance of first an electrostatic 

sector and then a magnetic sector mass analyzer.48, 49 This combination creates a double 

focusing mass analyzer that provides a high and continuous transmission along the selected 

mass range and achieves a high mass resolution. The electrostatic sector separates the secondary 

ions according to their kinetic energy independently of their m/z ratio. An energy slit at the exit 

of that analyzer allows the selection of ions in a selected energy range. The magnetic sector 

deflects the ions via a magnetic field which curve the path of the ions based on their m/z ratio. 

Ions of the same nominal m/z are then selected and directed in the exit slit of the magnetic 

sector to an electron multiplier for imaging purposes.48 Thus, simultaneous detection of up to 

seven analytes from the same spot on the sample surface is possible. This represents a large 

improvement compared to older versions of dynamic SIMS equipped with a single detector, 

although it does not rival with the TOF-SIMS capacity to collect hundreds of m/z values for 

each analyzed spot.  

The whole NanoSIMS system is maintained under ultra-high vacuum to reduce potential 

collision with gas particles which would drastically affect the transmission efficiency of the 

secondary ions. However, due to the high fragmentation that occurs during SIMS ionization, 

only elements and small ions related to the compound of interest can be analyzed. Thus, 

NanoSIMS analysis requires a targeted labeling-strategy 46 with isotopes, halogens or metals. 

The mass resolution is sufficiently high to distinguish species of similar molecular weight like 
13C- and 13C1H- or isotopes (32S-, 33S- and 34S- for example).47-49 NanoSIMS applications in 

biology include studying the distribution of nutrients and signaling molecules within cells, 

studying cellular processes such as cell division and cell migration, and determining the cellular 

localization of proteins and nucleic acids. Importantly, NanoSIMS have had significant success 

for exploring the distribution of different drugs like cisplatin, amiodarone  and more recently 

oligonucleotide therapeutics.54-56 

To enhance the information obtained at the nanometer scale, NanoSIMS can be correlated 

with electron microscopy (EM) techniques such as transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM).46, 57 In biological studies, whereas NanoSIMS 

provides chemical information to determine the distribution of specific elements or isotopes 

within the sample, EM provides ultrastructural details gaining morphological information and 

allowing identification of subcellular structures like nucleus and mitochondria.  

 

1.4. Quantitative MSI: Where and how much? 

If at its beginning MSI was just a colorful description of molecular distribution, it is now a 

robust technique that allows simultaneous extraction of qualitative spatial distribution 

information and the quantitative abundance of a compound. Absolute quantification is needed 

to ascertain that a drug is reaching its target tissue and intracellular target at sufficient 

concentration to elicit the desired therapeutic effect. In practice, the quantification aspect 

remains challenging due to the complex nature of biological samples that impacts the ionization 
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efficiency and can induce ion suppression linked to matrix effects and the degree of this 

suppression varies greatly between various tissue and cell types. 

Therefore, accurate quantification by MSI (qMSI) is required and several approaches have 

been developed. An important step for qMSI is to first account for ion suppression, matrix 

effects, and variations in tissue morphology. These are all compensated for by normalizing drug 

or metabolite ion signal against an internal standard that is a stable-labeled version of the 

analyte or a similar compound.29 Then, for absolute qMSI a calibration standard or set of 

calibration standards deposited on a control sample or prepared in a matrix of similar chemical 

composition as the biological sample are analyzed alongside investigational samples.29 The ion 

intensities from the sample are correlated to the ion intensities of the standards to quantify the 

analyte(s) of interest. This also applies to absolute quantification by NanoSIMS.58 
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Chapter II. Antisense oligonucleotides (ASOs). 

 

2.1. Broad overview of oligonucleotide therapeutics 

In the 1970s, Zamecnik and Stephenson described the use of short synthetic sequences of 

nucleic acids to modulate the expression of specific genes.59 Since then, oligonucleotide 

therapeutics (ONTs), have arisen as a promising class of drugs for the treatment of various 

diseases.60-62 Different types of ONTs with specific modes of action (Figure 5) have been 

developed for therapeutic use, such as antisense oligonucleotides (ASOs), small interfering 

RNAs (siRNA), and aptamers.63-69 ONTs also have potential as vaccines, particularly for viral 

infections.63, 64 

 

Figure 5. Representative mechanisms of action and intracellular localisation for (1) gapmer and mRNA 

degradation in the cytosol (1a) and/or the nucleus (1b), (2) aptamer, (3) nuclear steric blockage for splice 

switching, (4) blocking the assembly of RNA-binding factors, (5) Toll Like Receptor (TLR) activation 

of innate immunity, (6) miRNA and antagomir as steric blocks for translational upregulation, (7) agomir 

for translational inhibition, and (8) siRNA loading in the RISC complex for mRNA cleavage. 

Reproduced with permission from Hammond et al., 2021. 

Even if approaches to target RNA structure with small molecules are being investigated 70-

73, a large portion of ONTs targets are still not reachable with traditional small-molecule 

drugs.61, 74, 75 The dogma is that small molecules need to bind to an active site or an allosteric 

site with high occupancy on the target to affect function based on the 3D conformation of the 

target. In practice, this means that a large library of compounds has to be synthesized and 

screened for biological activity to develop a small molecule into a drug. Therefore, the major 
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advantage of ONTs is their specificity as they are designed to be complementary to specific 

messenger RNAs (mRNAs) or non-coding RNA (ncRNAs) through Watson-Crick base-

pairing. In principle, this means that ONTs can be rapidly designed against any genetic target 

contrary to small molecules. 

Currently, several ONTs have already been approved by regulators for clinical use and many 

more are currently in late-stage clinical trials.61, 62, 66, 67 For example, ASOs like Eteplirsen and 

Nusinersen are used in the treatment of Duchenne muscular dystrophy by increasing the 

production of dystrophin, and spinal muscular atrophy by correcting SMN2 splicing defect, 

respectively. However, despite their potential, there are still challenges that need to be 

overcome before these therapeutics can be more widely adopted in the clinic.67, 76, 77 

ONTs are large, polar and negatively charged molecules which render cell penetration 

difficult.76, 77 If they make it into cells, unmodified ONTs are then susceptible to degradation 

by nucleases.76 Additionally, another challenge is to deliver ONTs to specific tissues or cells 

within the body.76, 78, 79 This can be a particular hurdle to reach the brain, for example, due to 

little or no ability to cross the blood brain barrier, which makes it necessary to use burdensome 

routes of administration, such as intracerebroventricular.67, 76, 80 Finally, endosomal entrapment 

represents probably the major challenge for ONTs. Such drugs indeed must escape endosomes 

to reach their intracellular targets else they will be degraded, reducing drug efficacy.81-83 Several 

strategies are under development to tackle these different hurdles 66, 67, 78 and will be described 

below with an emphasis on ASOs as molecules of interest for this thesis. 

 

2.2. Chemical modifications of ASOs 

Medicinal chemistry of ONTs is a vast field of research and a great diversity of chemical 

modifications has been developed and reported in many reviews.65, 66, 78, 84-87 This chapter will 

provide a summary of the main chemical modifications that have been incorporated in the ASOs 

used in this thesis. Namely, phosphorothioate (PS) backbone, locked nucleic acid (LNA), 

constrained 2’-O ethyl (cEt), pyrimidine methylation and bioconjugation. 

Briefly, ASOs are short (usually 12 to 25 nucleotides), single-stranded synthetic nucleic 

acids designed to modulate gene expression 65 following two major mechanisms (Figures 5 and 

6): RNA cleavage or RNA blockage.66, 85, 88-91 Most ASOs approved by the regulators exert 

their biological effect via RNases. In particular, gapmer ASOs form heteroduplexes with their 

RNA target, which serve as a substrate for RNase H enzymes. This ubiquitous RNase H enzyme 

recognizes and cleaves RNA-DNA heteroduplexes as well as gapmer ASO-RNA duplexes, 

leading to the degradation of the target RNA.92 A gapmer ASO is made of central unmodified 

DNA nucleotides (called the gap) flanked on both sides by 2´-modified RNA nucleotides 

(called the wings). Another type of ASOs causes translational arrest due to steric hindrance.91 

This type of ASOs does not induce RNases H to cause cleavage but inhibit the interaction 

between the target RNA and ribosomal subunits. In addition to the non-degrading mechanism, 

most mRNA undergo complex cellular processing such as alternative splicing to obtain a 

protein, and such steric-blocking ASOs can be used to correct splicing aberration.93 
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Figure 6. Schematic representation of ASOs mechanisms of action. Some ASOs are designed to elicit 

RNase H mediated mRNA degredation (A). Other type of ASOs can cause translational arrest by 

inhibiting the interaction between the target RNA and ribosomal subunits (B). ASOs can also be 

designed to modulate splice-switiching process (C). Created with BioRender.com. 

 

Figure 7. General structure of DNA and RNA of oligonucleotides. X = nucleobase (Adenine, Guanine, 

Cytosine, Thymine or Uracil). 

The first ASOs used were synthetic unmodified deoxyribonucleotides (Figure 7). However, 

these native ASOs were rapidly cleared from blood circulation due to poor plasma protein 

binding, reducing tissue distribution and favorizing renal excretion. In addition, these ASOs 

were highly sensitive to endo- and exo-nucleases and could not permeate plasma membranes. 

Therefore, it became clear that chemical modifications were required to improve ASO 

performance by introducing changes in the backbone, nucleobases and sugar moieties (Figure 

8).65-67, 78, 84-87, 94 
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Figure 8. Site of modifications of ASOs. NB: nucleobase. Adapted from Hammond et al., 2021. 

The phosphorothioate (PS) linkage, where a non-bridging oxygen atom of the 

phosphodiester (PO) linkage is replaced by a sulfur atom, is the most widely used modification 

for therapeutic ASOs (Figure 9).95 PS-ASOs show increased stability compared to PO-ASOs, 

as well as plasma protein binding and cellular uptake. The affinity of the PS-ASO with various 

proteins is also influencing cellular uptake and trafficking thereby affecting PS-ASOs 

pharmacological effect.96, 97 Moreover, PS backbone generally does not disrupt RNase H 

recruitment and activity. Unfortunately, most PS-ASOs show significant toxicity, directly 

proportional to the number of PS linkages incorporated in the ASO backbone.76, 98 This toxicity 

is thought to be mostly linked to non-specific binding of the PS backbone to intracellular 

proteins. Note that the introduction of a sulfur atom creates a chiral center on the phosphorus 

atom, and the resulting stereoisomers could exhibit different potency.99 PS modification also 

reduces binding affinity to the target RNA, but that limitation can be balanced by incorporating 

additional modifications (see below). 

 

Figure 9. The phosphorothioate (PS) backbone replaces the natural phosphodiester (PO). Here the non-

bridging oxigen atom of the internucleotide PO linkage is substituted with a sulfur atom to avoid ASO 

degradation by nucleases. This substitution results in the generation of a chiral center. Adapted from 

Hammond et al., 2021. 

To improve ASOs and develop them into potent therapeutics, more advanced chemical 

modifications were introduced. A second-generation of modification occurs at the 2´-position 

of the ribose entity to further enhance nuclease resistance, reduce toxicity and increase target 

RNA binding. Importantly, a major disadvantage of this second-generation is their inability to 

induce RNase H cleavage. For this reason, second-generation ASOs are often designed as 
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gapmers with a partial or full PS backbone to combine the nuclease resistance and the RNase 

H recruitment.  

More recently, new bridged nucleic acid (BNA) modifications have been developed to 

further enhance binding affinity by restricting flexibility of the ribose. The most commonly 

BNAs are locked nucleic acid (LNA) and constrained 2’-O-ethyl (cEt) analogues that are 

conformationally restricted by a methylene group that bridges the 2´-oxygen atom and 4´-

carbon atom of the ribose ring (Figure 10). These BNAs provide nuclease resistance and higher 

hybridization affinity towards complementary RNA, but still do not activate RNase H and are 

therefore excluded from the DNA gap. The use of BNAs allows for the synthesis of shorter 

gapmers leading to enhanced delivery and reduced PS content and therefore reduced 

immunostimulation and toxicity. 

 

Figure 10. Conformationally constrained nucleobase. cEt: constrained 2’-O-ethyl, LNA: locked nuclei 

acid. cEt and LNA are constrained by a methyl bridge from the 2´-O and 4´position of the ribose  

Adapted from Hammond et al., 2021. 

It is also possible to modify the nucleobases, for example by methylating pyrimidines at their 

position 5.84 This methylation, which is a naturally occurring phenomenon in cells, increases 

the melting temperature by ~0,5˚C per modification.100 This stabilizes the ASO-RNA 

heteroduplex and enhances nuclease resistance and reduces immunostimulation. 

Bioconjugation is the last chemical modification to make ASOs more selective drugs, by 

addressing them to the right cells. The earliest approach was to conjugate ASOs to fatty acids 

and lipids such as palmitic acid, cholesterol, and α-tocopherol.101-103 Aptamers and antibodies 

have also been investigated.66 As of now, the most successful application already in the clinic, 

is the conjugation to a N-acetylgalactosamine (GalNAc), a ligand for the asialoglycoprotein 

receptor (ASGPR) that is highly expressed on hepatocyte cell membranes.104-106 Typically, a 

triantennary GalNAc structure is used, enhancing ASO potency by 10- to 30-fold in patients 

compared to unconjugated ASOs.94, 107 Recently, it was demonstrated that an engineered 

glucagon like peptide 1 (eGLP1) could also be used to facilitate ASO uptake in pancreatic beta 

cells by targeting the glucagon like peptide 1 receptor (GLP1R).108, 109 

It is important to note that the cellular uptake efficiency and trafficking of ASOs can be 

influenced by several factors, such as chemical modifications of ASOs, the cell type being 

targeted and the presence of other molecules competing for uptake. Optimization of these key 

processes are lively ongoing areas of research in the development of ASO therapeutics. 
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2.3. Cellular uptake and trafficking of ASOs 

 

Figure 11. Cellular uptake and trafficking of ASO. The absorption of PS-ASO on cell surface proteins, 

including the ASGPR receptor for uptake of GalNAc conjugates, induces the internalization of ASO via 

different endocytosis pathways. Then, internalized ASOs are concentrated in vesicular organelles and 

traffic from early endosomes to late endosomes and to lysosomes. ASOs must escape the endolysosomal 

space to reach their target in the cytosol and/or nucleus. Created with BioRender.com. 

Investigation of mechanisms of ASO entry into cells has intensified in recent years. 

Mechanistically, once ASOs reach the cell membrane, whether in their unconjugated or 

conjugated form, they are internalized by endocytosis and traffic through different intracellular 

compartments (Figure 11).80, 81, 110 Endocytosis is a complex process by which cells take in 

molecules from their environment by forming small vesicles around them. This process can be 

mediated by clathrin, caveolae, or macropinocytosis. Receptor-mediated endocytosis is also a 

specialized form of endocytosis that uses specific receptors on the cell membrane to induce 

uptake of specific molecules. All these processes have been described in the initial uptake of 

ASOs with different degrees of involvement. Increasing evidence indicates that the initial route 

of ASO uptake plays an important role on their biological activity. Indeed, even if an ASO is 

taken up by a cell it does not always elicit a change in mRNA target level or protein expression. 

This phenomenon is called “non-productive uptake”, while the uptake that leads to a 

pharmacological effect is termed “productive uptake”. 

The intracellular fate of ASOs is determined by the cell endocytic and trafficking machinery. 

Once ASOs are delivered to the target cell, they need to distribute within the cell and reach their 

site of action (the cytosol and/or nucleus) at sufficient concentration. Irrespective of the 

internalization pathway, ASOs are initially delivered to early endosomes (EEs) and trafficked 
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to late endosomes (LEs), and later to lysosomes where they eventually are degraded (Figure 

11). Therefore, to distribute within the cell and reach the target mRNA, ASOs must escape the 

endosomal compartments. The movement of EEs to lysosomes is a complex and dynamic 

process mediated by the cytoskeleton, made of microtubules and actin filaments. A plethora of 

proteins are also involved in the fusion of these different membraned-bound compartments. 

Thus, intracellular trafficking of ASOs is tightly regulated by a set of proteins, the interactions 

of which vary in time and space. While it might seem to be a limitation to fully understand ASO 

subcellular distribution it also opens the door to manipulating their trafficking and potentially 

enhance their potency. 

 

2.4. Endosomal escape 

The mechanism(s) by which ONTs escape into the cytoplasm remains unclear.82, 83, 111 One 

hypothesis is that small breaches may appear temporarily and spontaneously on the endosomal 

lipid bilayer and this will over time allow the ONTs to reach the cytosol. Fusion events 

occurring between EEs, LEs, and lysosomes may also cause such breaches. Some data also 

suggest that ONTs may also escape via retro-transport from the Golgi. However, understanding 

the underlying mechanisms behind endosomal escape would be an important steppingstone to 

enhance escape and develop more potent ONTs. 

Indeed, once internalized, the ASOs are entrapped in endosomes and at some point in time 

during the subcellular trafficking process it is hypothesized that around 1% escape to the cytosol 

(Figure 11). The other 99% remains trapped in the endolysosomal space unable to reach their 

target.82, 83, 110 Thus, endosomal escape is considered as a critical factor for ASOs to elecit their 

biological effect also preventing ASO widespread use in the clinic. The escape rate and amount 

leaked is dependent on the target cell and the chemistry of the ASO.111, 112 

New strategies aim at enhancing the escape of ASOs to improve their activity, especially for 

clinical perspectives, by altering/permeabilizing the endosome membrane or changing the 

endosomal pH using small molecules. In a recent study, chloroquine, a well-known drug used 

to induce endolysosomal compartment rupture, was used to improve ASO activity and 

suggested that the release of oligonucleotides to the cytosol was likely related to LEs.113 

Although displaying great potency in vitro, chloroquine needs to be used at high micromolar 

concentration (40 to 100 µM) to induce leakage and is not viable for therapeutic purposes. 

Juliano et al. have identified several other compounds that can induce escape from LEs at more 

reasonable concentrations (5-30 μM).82 To improve the therapeutic window between potency 

and toxicity, Bost et al. recently identified a new class of compounds inducing endosomal 

escape at concentrations below 5 μM.114 

 

2.5. Different methods to assess ASOs uptake and distribution  

Figure 12 shows different assays to measure the functionality of an ASO or to assess ASO 

total cellular uptake. In general, to determine the potency of an ASO, the target mRNA and/or 

protein levels are assessed by reverse-transcriptase quantitative polymerase chain reaction (RT-

qPCR) and Western Blot, respectively. This can be related to the productive uptake of an ASO 

as only the ASOs that successfully reach their target lead to ASO activity.115-117 A set of 

fluorescence-based techniques can be used to assess the relative cellular amount of ASOs and 
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their subcellular localization.115-120 This also enables co-localization studies with various 

proteins involved in the endocytosis and trafficking pathway of ASOs.121-123 However, addition 

of a dye can modify the uptake and trafficking of the ASOs due to interaction with proteins at 

the cell membrane.11, 12, 124 Immunofluorescence assays can bypass the dye potential alteration 

of the ASO uptake, but this method requires that an antibody designed against the ASO is 

available to measure the relative amount of internalized ASOs.125, 126 Liquid chromatography 

coupled to mass spectrometry (LC-MS) and enzyme-linked immunosorbent assay (ELISA) can 

also, via calibration standards, accurately quantify ASO total cellular uptake in cells or tissue 

homogenates but the localization aspect is lost.115, 127, 128 Associating LC-MS or ELISA with 

subcellular fractionation can offer information about ASO subcellular distribution but in 

practice this method is challenging and burdensome.115, 129 Additionally, the aforementioned 

methods do not offer much direct insight into precise measurement of total uptake and the 

distribution of ASOs.  

There is a need for a sensitive detection method to measure the total cellular uptake of ASOs 

and to determine their localization within cells to distinguish how much ASOs are reaching the 

cytosol and/or nucleus (productive uptake) or how much remains trapped in endolysosomal 

compartments (non-productive uptake). Therefore, in this thesis I decided to build on the 

analytical performances of the NanoSIMS both to measure ASO cellular uptake and to 

investigate their subcellular distribution and trafficking. 
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Figure 12. Summary of different assays to measure functional activity of ASO or to measure total 

cellular uptake.  After ASO incubation, cells are lysed in the appropriate buffer (A). Functional activity 

can be assessed by measuring mRNA knockdown (B) or by detection the protein of interest by Western 

blot (C). After homogenization and lysis of cells or tissues, the concentration of unlabeled ASO can be 

measured by LC-MS (D) or ELISA (E). A subcellular fractionation step can be performed on the lysate 

(F) before performing LC-MS or ELISA assays to gain insight on ASO subcellular distribution.  For 

immunofluorescence of an unlabeled ASO, cells or tissues are fixed, permeabilized (G) and incubated 

with antibodies to selectively recognize the ASO (H). 
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Chapter III. Research aims. 

 

One critical requirement, when it comes to the development of a therapeutic molecule, is to 

understand the subcellular distribution and concentration of the drug. For ASOs, it is even more 

important to assess this at the cellular and subcellular level due to their mode of action within the cell 

(Figure 4). A large effort has been undertaken by several research groups to gain mechanistic 

understanding of how ASOs (and other ONTs) are internalized by cells and escape the endosomal space 

as that largely influences ASOs activity. Nonetheless, it is still a challenge to precisely assess the 

internalization and endosomal escape of ASOs and there is a need for sensitive detection methods to 

measure the total cellular uptake of ASOs and to determine their localization within the cell. Therefore, 

the overall purpose of this thesis project was to establish a NanoSIMS absolute quantification method 

to measure the intracellular concentration of ASOs and correlate it to their localization within the cell 

and their potency.  

The specific aims were:  

• To map the subcellular distribution of ASOs by correlative electron microscopy and NanoSIMS 

(Paper I, II, III & IV). 

• To provide ASO intracellular concentrations by expanding the NanoSIMS quantification 

method developed by Thomen et al. for 13C labeled drugs to other isotopes and elements (Paper 

I & II). 

• To investigate the role of ligand-conjugation on ASO cellular uptake compared to an 

unconjugated ASO. (Paper II & IV)  

• To study the effect of small molecule drugs on ASO trafficking (Paper III). 

• To correlate ASO intracellular concentration and number of entrapped ASO molecules with 

target RNA levels (Paper II & III). 
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Chapter IV. Development of an absolute quantitative NanoSIMS approach 

to probe ASOs intracellular concentrations. 

 

ASOs represent ideal compounds for NanoSIMS analysis as they are fully synthetic 

molecules, thus it is possible to introduce any isotopic or elemental labels in their sequence. 

 

4.1. The first step to absolute quantification by NanoSIMS: the 13C approach 

Recently, Thomen et al. presented a new NanoSIMS approach to directly map the 

distribution of drug labeled with a non-toxic rare stable-isotope and to determine its absolute 

concentration at the organelle level.58 This method has been successfully applied in different 

projects.130-132 This strategy is built on the fact that the carbon content of the Agar 100 resin (54 

M) is homogeneously distributed and matches extremely well with the carbon content of the 

embedded cell. Thus, it is straightforward to convert the 13C enrichments (eq. 1) linked to the 

labeled drug into concentrations where the carbon background is used as a standard. This is 

then quantified by using eq. 1 and 2. 

𝛿 𝐶  (‰) 
13 =

𝐶 − 
13

𝐶 − 
12⁄

𝑉𝑃𝐵𝐷
 × 1000 − 1000 (1) 

[ 𝐶 
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1000
 × 

𝑉𝑃𝐷𝐵 × 54𝑀

𝑁 𝐶 13
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Here, δ13CROI is the isotopic carbon enrichment in per mille (‰) in different regions of 

interest (ROIs) of the treated sample and δ13Ccontrol is the enrichment in a blank resin. Both are 

calculated relative to the Vienna Pee Dee Belemite reference material (VPDB = 0.0112372, 

eq.2). N13C corresponds to the number of labels incorporated in the drug. 

 

Figure 13. Screenshot of the 13C-labeled content calculator (http://molcat.it.gu.se/) used to predict the 

uncertainty in concentration by probing 800 nm depth of the material for an ASO labeled with 20 x 13C 

in a 200 nm organelle. The red area represents the detection limit with respect to the selected parameters. 

This approach is also a substantial steppingstone to precisely quantify ASO uptake and 

correlate it to their subcellular distribution. However, using the web application 

(http://molcat.it.gu.se/) provided by Thomen et al, it was determined that the 13C labeling was 

http://molcat.it.gu.se/
http://molcat.it.gu.se/
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not the most appropriate strategy for ASO detection and absolute quantification as 13C 

quantification suffers from a low limit of detection. 

Indeed, it was estimated that to detect a 100 µM enrichment of an ASO labeled with 20 x 
13C in a structure of 200 nm diameter, like an endosome, a total sample depth of at least 800 

nm must be analyzed (Figure 13). This represents a long (around 7 h) and unreasonable analysis 

time. For practical analysis in a pharmaceutical context the time should be below 2 h. Moreover, 

the predicted uncertainty of the measurement with 13C was determined to be ≈ 100 µM, which 

was not sufficient to accurately assess the amount of ASOs in a cell. Finally, this measurement 

is technically impossible given the fact that a roughly spherical 200 nm endosome will not 

extend into the 800 nm depth required. Incorporating more than 20 x 13C could lead to better 

analytical performance but that will come with a high cost of production of the ASO. 

This led to the use of other labeling strategies that will be described in the next sections of 

this chapter. 

 

4.2. Relative sensitivity factor to expand the 13C quantification to rare atomic elements 

Contrary to 13C, the abundance of other rare isotopic or atomic labels in the resin is not 

known or is below the detection limit of elemental analysis.58 Therefore, to quantify these other 

rare isotopic or atomic labels it was necessary to rely on the use of a relative sensitivity factor 

(RSF) generated by drawing a calibration curve based on external standards.133-135 Here, 

building on the equivalent carbon concentration between the biological sample and the resin, 

the standards can be prepared in a similar fashion as standards for other quantitative assays, i.e., 

by spiking a known concentration of the analyte label into the Agar 100 resin. Using an RSF 

also accounts for variables such as tuning or instrument response and therefore the standards 

can be used on other NanoSIMS instruments. 

4.2.1. Moving from quantification based on 13C to 127I (Paper I) 

I first sought to obtain a RSF for an 127I halogen label due to its low natural abundance in 

the biological sample and the resin as well as its high ion yield. Here, we used amiodarone 

which endogenously contains two iodide atoms and has already been studied by NanoSIMS 55. 

Furthermore, amiodarone can also be labeled with 13C which allows to verify the amiodarone 

concentration by comparing the values obtained with the 13C approach or calculated based on 

the iodide RSF. Therefore, the resin was spiked with the duo-labeled amiodarone. 

Based on the duo-labeled amiodarone standards (Figure 14), the RSF127I was between 2.98 

x10-2 mM-1 and 3.54 x10-2 mM-1 for two iodide atoms. This represents less than 20% variation 

which is considered acceptable for inter-assay measurement. Indeed, these RSFs were obtained 

from two sets of standards measured during different NanoSIMS experiments, thus some 

variations due to the tuning were expected. However, this made it necessary to analyze at least 

one standard per NanoSIMS experiment to ensure the consistency of the measurements. As 

expected, since both labels originate from the same molecule, the 13C and 127I concentrations 

matched up, validating the 127I quantification approach. 

An adaptation of the formula presented by Thomen et al. had to be made to quantify 127I-

labeled drugs (eq. 3). Here, the 127I- data are first corrected by the homogeneous 13C12C- level 

and then corrected by the 127I-/13C12C- signal of a control cell to account for the background 

signal. Then, similar to the 13C quantification, data are normalized by the number of labels 
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(N127I). Thus, only the excess in 127I-labeled drug is obtained and can be calculated as shown in 

eq. 3 by applying the RSF127I. 
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Figure 14. (A) 127I-/13C12C- calibration curve based on standards spiked with 13C labeled amiodarone. A 

RSF for 127I of 3.08 x10-2 mM-1 was obtained. (B, C and D) On cell calibration of 13C-labeled 

amiodarone. (B) 127I-/13C12C- ratio image of an NR8383 macrophage treated with 13C labeled amiodarone 

(2.3 µM for 72 h). The 127I-/13C12C- ratios are indicated by the color bar. Then, the corresponding 13C12C- 

/12C2
- ratio image of the same NR8383 macrophage was converted into a concentration image (C) using 

the 13C quantification method of Thomen et al. The concentration image was scaled from 1 mM to 20 

mM as indicated by the color bar. 28 ROIs were selected across the cell. (D) A calibration curve was 

obtained by plotting the 127I-/13C12C- ratios of these 28 ROIs against the 13C related concentration using 

the Thomen et al. method (RSF of 2.98 x10-2 mM-1). (E) Linear regression comparing the concentration 

of the 13C-labeled amiodarone using the Thomen et al. method and the RSF for iodide (3.08 x10-2 mM-

1) from the 28 ROIs ranging from 4 mM to 31.3 µM across the NR 8383 macrophage treated with 13C 

labeled amiodarone. (F) Another calibration curve for iodide was obtained based on another batch of 

standards spiked with amiodarone. A RSF of 3.54 x10-2 mM-1 was obtained. However, all the RSF values 

mentioned here were based on the concentration of the amiodarone molecule (mole/L), and did not 

account for the two iodide atoms of the molecule. Therefore, the concentration of 127I (mole equivalent 

expression) is twice the concentration of amiodarone. 

Based on the RSF, a limit of detection (LOD) and limit of quantification (LOQ) were 

determined as follow: LOD = (3.3 x σblankAgar100)/RSF and LOQ = (10 x σblankAgar100)/RSF, where 

σblankAgar100 is the calculated standard deviation of 127I-/13C12C- ratios measured on a blank resin 

and the RSF is expressed in mM-1. The LOD127I and LOQ127I were estimated to be ≈ 2 μM and 

≈ 5 μM, respectively, suggesting that smaller ASO enrichments can be detected with the iodide 

labeling strategy. 



 

22 
 

4.2.2. Quantification via 81Br (Paper II) 

A bromide halogen label has also successfully been used to image nucleotides by SIMS.56, 

136, 137 Therefore, I also decided to determine a RSF for that atom to further expand the 

NanoSIMS quantification toolbox. This will be helpful to compare different labeled molecules 

head-to-head, as presented in Nguyen et al. for example.130 

 

Figure 15. Iodide and bromide calibration curves. To obtain external standards different amounts of 1-

bromo-4-iodobenzene were spiked in either Agar 100 resin or EpoxyCure2. No differences in 81Br-

/13C12C- or 127I-/13C12C- ratios were observed between the two resins tested. Thus, all the standards were 

used to draw the standard curves. To obtain the RSF for 81Br and 127I, the 81Br-/13C12C- or 127I-/13C12C- 

ratios, expressed as X-/13C12C- on the graph, were plotted against the concentrations of 1-bromo-4-

iodobenzene. Dotted lines represent 95% confidence interval. 

I developed new iodide and bromide standards by spiking the Agar 100 resin with different 

amounts of 1-bromo-4-iodobenzene (Figure 15). Similar to the duo-labeled amiodarone, it was 

determined that the previously published calibration curve for iodide (paper I), would serve as 

an internal reference to validate the newly obtained RSF for bromide. Some standards were also 

prepared in EpoxyCure2 to determine if the approach could be applied to other resins for which 

the carbon content was not yet determined by elemental analysis. No differences in 81Br-/13C12C- 

or 127I-/13C12C- ratios were observed between the two resins tested and it was deemed acceptable 

to use all the standards for the standard curves. This also allows exclusion of potential matrix 

effects. 

To be comparable to the bromide quantification, which was based on one atom of bromide 

in the 1-bromo-4-iodobenzene molecule, the RSF127I had to be expressed as millimole 

equivalent per liter instead of mole per liter. Hence, the RSF for iodide was 1.77 x10-2 mM-1 

for one iodide atom while it was of 3.54 x10-2 mM-1 for two iodide labels (Figure 14F). Thus, 

the millimole equivalent per liter expression is preferred for all standards to readily compare 

the several labels used in this thesis indifferently of the number of labels. 

The previously published iodide calibration curve was validated. Indeed, the RSF based on 

the 1-bromo-4-iodobenzene molecule for 127I was of 2.18 x10-2 mM-1.This represents an inter-

day measurement variability of 20% compared to the RSF presented in Figure 13F. This is 

considered acceptable especially since the new calibration curve incorporate more data points. 

Additionally, the RSF for 81Br was 7.52 x10-3 mM-1. A similar LOD127I and LOQ127I was also 

obtained. The LOD127I was estimated at ≈2 µM and LOQ127I at ≈6 µM, based on 127I-/13C12C- 

measurements of a blank Agar 100 resin. Similarly, LOD81Br was estimated at ≈16 µM and 
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LLOQ81Br at ≈50 µM based on 81Br-/13C12C-. Therefore, to quantify 81Br-labeled drugs, eq.4 

was applied. 

[ 𝐵𝑟 
81 . 𝑑𝑟𝑢𝑔] = (

𝐵𝑟 − 
81

𝐶 13 𝐶 − 
12

 𝑠𝑎𝑚𝑝𝑙𝑒 −  
𝐵𝑟 

81  −

𝐶 13 𝐶 − 
12

 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) × 
1

𝑁 𝐵𝑟 
127

 ×
1

𝑅𝑆𝐹81𝐵𝑟
 (4) 

Bromide has two stable isotopes, 79Br and 81Br, with a natural abundance of ≈51% and ≈49%, 

respectively. Here, I arbitrarily decided to focus on the 81Br isotope, but it was determined that 

the 79Br isotope has the same RSF as the 81Br, and that to quantify both isotopes, their respective 

RSFs could be summed. 

4.2.3. Quantification via 19F  

In some rare cases, ASOs incorporate 2’-fluoro modifications at the 2´-O position of the 

ribose (Figure 8) which increases binding affinity.65 Moreover, the fluoro substitution is 

frequently applied to siRNAs.65, 67, 68 Notably, three GalNAc-conjugated siRNAs already 

approved in the clinic present several 2´-fluoro modifications.138 Therefore, I decided to add 

that option to the NanoSIMS quantification toolbox. 

 

Figure 16. Bromide and fluoride calibration curves. EpoxyCure 2 resin was spiked with a known 

amount of either 2,6-dibromo-3-chloro-4-fluoroaniline (in black) or 1-bromo-4-fluorobenzene (in red). 

95% confidence interval bands are represented by the dotted lines. 

In line with previous standard preparation, different amounts of either 2,6-dibromo-3-chloro-

4-fluoroaniline or 1-bromo-4-fluorobenzene were spiked in the resin, where the bromide 

component of the molecule serves as an internal standard. Since the 2,6-dibromo-3-chloro-4-

fluoroaniline contains two bromide atoms, it is important to use the millimole equivalent per 

liter notation to be able to compare both molecules. Here, we used EpoxyCure2 resin for ease 

of use as the curing can be performed at ambient conditions and at room temperature. 

An RSF of 8.23 x10-3 mM-1 was obtained for 81Br (Figure 16). This represents an acceptable 

≈10% inter-measurement variability compared to the previous RSF of 7.52 x10-3 mM-1. The 

LOD for 81Br was estimated at ≈4 µM and the LOQ for 81Br at ≈14 µM, based on 81Br-/13C12C- 

measurements (1.12 x10-5) of a blank Epoxycure2 resin. 

Therefore, it was estimated that the RSF for 19F of 6.88 x10-3 mM-1 was reliable. The LOD 

for 19F was estimated at 105 µM and the limit of quantification LOQ for 19F at 317 µM based 

on the standard deviation of 19F-/13C12C- ratio (2.49 x10-4) of blank resin measurements. Similar 

to other halogens, the 19F labeled drug concentration can be calculated with eq. 5. 
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[ 𝐹 
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4.3. Quantification of the less abundant and heteregenously distributed 34S isotope (Paper I) 

The PS backbone modification is broadly used in ASOs approved for commercial use or 

under development.65 The replacement of a non-bridging oxygen atom with a sulfur atom can 

be advantageously exploited to incorporate a stable sulfur isotope (34S) during the ASO 

synthesis.139, 140 This can be done without changing the ASO sequence and the sulfur isotope 

can then be detected by NanoSIMS.56, 140-142 Therefore, I also sought to develop an absolute 

quantification approach using 34S. 

Contrary to 127I and 81Br, biological samples have a highly variable sulfur content, especially 

in 32S. Therefore, based on the isotopic natural abundance of the sulfur atom, 4.25% of the 32S 

signal will influence the 34S signal. Thus, 34S enrichments could appear diluted in local dense 
32S regions, and vice versa. Therefore, it was necessary to express the 34S enrichments in terms 

of excess in relation to the 32S density (eq. 6) and the average 34S-/32S- ratio of a control cell 

(μcontrol ≈ 0.045, which is very similar to the Carbon Diablo Troiloite (CDT) reference material 

were 34S-/32S- = 1/22.22). Then, the excess was normalized by the 13C12C- constant background 

and divided by the number of 34S labels. 

[ 𝑆 
34 . 𝑑𝑟𝑢𝑔] = (

𝑆 𝑠𝑎𝑚𝑝𝑙𝑒
− − ( 𝑆 𝑠𝑎𝑚𝑝𝑙𝑒

−
 

32  ×  𝜇𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 
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𝐶 13 𝐶 − 
12

) × 
1

𝑁 𝑆 34
 ×

1

𝑅𝑆𝐹34𝑆
 (6) 

The 34S external standards were prepared by spiking the Agar 100 resin with known amounts 

of a 34S-labeled omeprazole (Figure 17). Here, ASOs couldn´t be used due to poor solubility in 

the resin. DMSO was also used to spike the Agar 100 resin. In that case, the 34S content of the 

standards was calculated by dividing the DMSO concentration by the 34S abundance of the CDT 

reference material (1/22.22 = 4.5 %). The calibration curve was drawn, and an RSF34S of 5.37 

x 10-3 mM-1 was found. The LOD for 34S was ≈5 μM and the LOQ for 34S was ≈14 μM based 

on the standard deviation of 34S-/13C12C- ratios measured on a blank resin. The NanoSIMS data 

can then be transformed to determine concentration by multiplying the 34S15-ASO excess by 

1/RSF (eq. 6). 

 

Figure 17. 34S calibration curve. Agar 100 resin was spiked with known amount of either 34S-

omeprazole or DMSO. 95% confidence interval bands are represented by the dotted lines. 
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4.4. Validation of the quantification by comparing 127I2-ASO, Br4-ASO and 34S15-ASO (Paper 

I & II) 

 

Figure 18. Schematic representation of the 127I2-ASO, Br4-ASO and 34S15-ASO. Here, we used a tool 

gapmer ASO to target the ubiquitously expressed MALAT1 long non-coding mRNA for which the 

sequence is G-C-A-T-T-C-T-A-A-T-A-G-C-A-G-C. 

To validate our quantification, we compared the intracellular concentration of an 

unconjugated ASO labeled with either elemental (iodide or bromide) or isotopic (34S) labeling 

(Figure 18). As expected, the three ASO-enriched populations were not significantly different 

in terms of concentration, showing the robustness of our quantification methodology for the 
127I, 81Br and 34S labels (Figure 19). 

 

Figure 19. Quantification of a Malat1 ASO. Primary human hepatocyte spheroids were incubated with 

5 µM of either 127I2-ASO or 34S15-ASO for 24 h or Br4-ASO for 26 h. Mean ± standard error of the mean. 

 

4.5. Conclusions 

The systematic use of absolute quantitative NanoSIMS has been limited by the lack of 

adequate standards. Here, we introduced a simple methodology to prepare external standards 

for absolute quantification by NanoSIMS. This allowed us to provide quantification for several 
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halogen labels (127I, 81Br and 19F) and for one isotopic label (34S) that can be easily incorporated 

into the structure of ASOs (Table 1). Each of these strategies are an improvement compared to 

the 13C approach in terms of sensitivity. By expanding the NanoSIMS quantification toolbox, 

it is possible to combine different labeling strategies to investigate the subcellular distribution 

and quantification of different ASOs in the same cells (paper II and V), as well as different 

moieties of the compound (Paper IV).  

Table 1 summarizes the RSFs, LODs, and LOQs that were determined and later used in the 

different publications included in this thesis. Note that a difference is observed in LOD and 

LOQ between the blank resin and the cell for the 34S and the 19F due to the non-homogeneous 

and/or high background, respectively. So similarly, the LOD was calculated as (3.3 x 

σcontrol)/RSF and LOQ = (10 x σcontrol)/RSF, where σcontrol represents the standard deviation of 

the different ratios of interest in hepatocytes. Similar to 13C, incorporating several labels will 

allow improvement in the LOD and LOQ. A rough estimation will be to divide the LODs and 

LOQs reported in Table 1 by the number of labels incorporated in the molecule of interest. 

Table 1. Summary of the RSFs obtained for the different labeling strategies, and the associated LOD 

and LOQ. 

 RSF ± Stdd error (mM-

1) 
LODblank* LOQblank* σcontrolcell LODcell* LOQcell* 

127I 2.18 x 10-2 ± 9.43 x10-4 2 6 4.10 x10-5 6 19 
81Br 7.52 x 10-3 ± 1.56 x10-4 16 50 4.44 x10-5 19 59 
34S 5.37 x 10-3 ± 2.35 x10-4 5 14 7.34 x10-4** 451 1366 
19F 6.88 x10-3 ± 5.98 x10-4 105 317 1.45 x10-3 631 2104 

*LOD and LOQ are expressed in µM for 1 label. ** The local variation in sulfur in ROIs will affect its 

LOD and LOQ, so here the σcontrol for 34S was measured on resin spiked with 140 mM DMSO to obtain 

a homogeneous sullfur background and mimic the average sulfur content of hepatocytes. 
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Chapter V. Study of ASOs uptake and trafficking by NanoSIMS. 

 

5.1. Investigating the uptake and trafficking of PS-ASOs and GalNAc-ASOs 

Many questions remain unresolved concerning the uptake, subcellular distribution and 

endosomal escape of ASOs. Furthermore, there is no real information on the concentration of 

ASOs at the intracellular site of action required to trigger their pharmacological effect. Here, I 

sought to increase our understanding using the quantitative NanoSIMS approach. 58, 142 

In this chapter, several labeled PS-ASOs and GalNAc-PS-ASOs are used (Figure 20). These 

ASOs contain a PS backbone modification that leads to facilitated ASO internalization by 

interacting with cell surface proteins which in turn impacts the cellular uptake of ASOs, their 

intracellular trafficking, and potency.62, 96, 97, 143  

Here, the different gapmers specifically target the long non-coding RNA metastasis-

associated lung adenocarcinoma transcript 1 (MALAT1) which is abundantly expressed and well 

conserved in various species. MALAT1 is involved in several physiological functions and has 

also been identified as a prognostic marker in various diseases like cancer, cardiovascular and 

neurodegenerative diseases.144-150 Hence, ASO-mediated knockdown of MALAT1 could play a 

potential role as a therapeutic strategy. Nonetheless, here MALAT1 represents a simplified and 

straightforward readout of ASO potency as it is not a protein-coding transcript.151, 152 Indeed, 

ASOs that target protein-coding genes require downstream analysis to determine the effect of 

ASO-mediated knockdown on protein expression. It is also important to note that, when looking 

at the subcellular distribution of ASOs, MALAT1 has an overall nuclear positioning and is also 

present in the cytoplasm in lower amounts.149, 153-155 

 

Figure 20. Schematic representation the different PS-ASOs and GalNAc-PS-ASO compounds. 

5.1.1. Saturation of ASO uptake (Paper I & II) 

It is commonly accepted that conjugated and unconjugated PS-ASOs enter cells via 

endocytosis. However, endocytosis is a general term that refers to a variety of internalization 

pathways. Unconjugated ASOs are delivered to cells via a process called gymnosis (a type of 

endocytosis by which ASOs are delivered to cells in the absence of any carriers or conjugation), 

whereas conjugation to a ligand such as GalNAc leads to receptor-mediated endocytosis. 

Previously, it was demonstrated that the PS composition of ASOs can also affect ASGPR 
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binding.96, 156 Specifically, high concentrations of full PS backbone ASOs compete with the 

GalNAc moiety to bind to the ASGPR.112, 157 It has also been shown that GalNAc- PS-ASO 118 

and PS-ASO 156 uptake are saturated in a dose-dependent manner.  

To demonstrate the utility of the quantitative NanoSIMS method I sought to investigate the 

distinct characteristics of the endocytic pathway utilized by either an unconjugated PS-ASO 

(Br4-labeled) or a GalNAc-PS-ASO conjugate (34S15-labeled). Indeed, the endocytic pathway 

matters and can be exploited to benefit ASOs uptake and trafficking. 

First, I noted that both the PS-ASO and GalNAc-PS-ASO accumulate in electron dense 

structures after 24 h incubation (presumably lysosomes), by correlating NanoSIMS imaging 

and electron microscopy, which is in accordance with the literature.65, 81, 158  

With increasing unconjugated PS-ASO dose, the intracellular concentration increases and 

then reaches an uptake plateau around the 1 µM dose as shown in Figure 21, but the increase is 

not proportional to the dose. Data show that GalNAc-PS-ASO uptake does not saturate in this 

concentration range and demonstrates increased uptake albeit non-linear at higher 

concentrations compared to PS-ASO. This might be explained by the fact that GalNAc ligands 

interact specifically with the high turnover ASGPR, while the unconjugated PS-ASO interacts 

non-specifically with a multitude of cell surface proteins with finite capacity.104, 112, 118, 158, 159  

 

Figure 21. Comparison of the dose-dependent uptake of a PS-ASO (bromide labeled) and its GalNAc-PS-ASO 

version (34S15 labeled) in PHH spheroids following 26 h or 24 h incubations, respectively. The ASGPR 

mediated endocytosis allows more uptake of ASO than gymnosis. Plus, the uptake of PS-ASO reaches a plateau 

at lower concentrations while the uptake of GalNAc-PS-ASO continues to increase. Mean ± standard errors of the 

mean are reported. 

This also indicates that the incubation concentrations do not directly relate to the 

concentrations inside the cell. Hence, the intracellular concentration measurement is 

fundamental to all events which occur downstream, including endosomal escape and gene 

silencing. The data also indicated that iodide or bromide should be the preferred labels to 

explore low enrichments or to investigate ASO intracellular concentration at early time points. 
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5.1.2. Trafficking of ASOs (Paper III) 

ASO internalization and trafficking is a well-orchestrated process and endolysosomal 

vesicles move through the cytosol via a polarized network of microtubules.160 It was shown that 

colchicine disrupts the microtubule network and alters ASO trafficking, leading to a reduced 

release of ASO from late endosomes and impairing knockdown activity.123 Therefore, it was 

decided to use NanoSIMS to quantify the effect of colchicine on the uptake, accumulation and 

distribution of both a GalNAc-PS-ASO (Br-labeled) and an unconjugated ASO (I-labeled). 

 

 

Figure 22. Colchicine affects ASO uptake. PHH were co-incubated with 1 µM GalNAc-Br-ASO and 1 

µM I-ASO for 6 h then supplemented with 0.15% final DMSO (- colchicine, n=5 images) or 0.15 µg/mL 

colchine (+ colchicine, n=5 images) for a total of 24 h and processed for electron microscopy and 

NanoSIMS analysis (A). The cell morphology is visualized by the SEM. Scale bars: 2 µm. Nuclei are 

highlighted on concentration images. The control cells (n=2 images) allowed to determine the average 
81Br- /13C12C- = 4.71 x10-4 and 127I- /13C12C- = 2.10 x10-4 to calculate the ASOs concentrations via eq. 3 

and 4 (B). Differences were assessed by two-way ANOVA, *** p-value = 0.0003. **** p-value <0.0001. 

Mean ± standard errors of the mean are reported. 

As expected, the intracellular concentration of both GalNAc-PS-ASO and unconjugated PS-

ASO differs (Figure 22) with ≈4 times more GalNAc-PS-ASO than unconjugated PS-ASO. 



 

30 
 

Upon colchicine treatment, the total intracellular concentration of GalNAc-Br-ASO is 

significantly reduced by a factor ≈3. The decrease is also observed to a lesser extent for the I-

ASO. That indicates that co-administration of colchicine slows-down and could stop ASO 

uptake. As colchicine inhibits the microtubule network, it was hypothesized that the membrane 

proteins intervening in the uptake of the different PS-ASOs are trapped and not recycled back 

to the plasma membrane leading to too low amount at the cell membrane to induce further ASO 

uptake. In colchicine-treated cells ASOs accumulate in larger endolysosomal compartments 

that are positioned further away from the nucleus compared to non-treated cells. Thus, the 

reduction in knockdown activity observed by Liang et al. (2021) can be attributed to the 

reduction of the amount of ASO internalized and not only to the impairment of the positionning 

of LEs at the nucleus periphery. 

5.1.3. Kinetics of ASOs uptake (Paper II) 

Although internalization of ASO occurs rapidly, within 30 min, the target knockdown occurs 

later.62, 110, 118, 125, 141, 158, 161 Therefore, to further explore the kinetics of ASO internalization, a 

NanoSIMS analysis of the intracellular concentrations and the subcellular distribution of both 

a GalNAc-PS-ASO (Br4-labeled) and an unconjugated PS-ASO (I2-labeled), was carried out 

simultaneously. 

 

Figure 23. NanoSIMS imaging of the differential uptake between a GalNAc-Br-ASO and an 

unconjugated I-ASO by NanoSIMS. PHH spheroids were either untreated (n=4, 866 ROIs, µcontrol is 

1.98 x 10-4 and 6.74x10-5 for 81Br-/13C12C- and 127I-/13C12C-, respectively) or co-incubated with 100 nM 

I-ASO and 100nM GalNAc-Br-ASO for 2 h (n=5, 23 ROIs), 6 h (n=3, 29 ROIs) and 24 h (n=3, 47 ROIs) 

before being processed for SEM and NanoSIMS. Scale bar: 2µm. Arrows point out different cytosolic 

ASOs enrichments. n: nucleus, m: mitochondria. 
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Figure 23 shows ASOs subcellular distribution. Although I did not observe much overlap 

between the GalNAc-PS-ASO and PS-ASO signals at 2 h, longer incubations lead to more and 

more overlap between both ASOs. The longer incubations also lead to more accumulation of 

ASO as depicted by their respective intracellular concentrations (Figure 24) with ≈10 times 

more GalNAc-PS-ASO than unconjugated PS-ASO after 24 h incubation. These data are in 

accordance with the concept presented in several publications, that unconjugated and 

conjugated ASOs enter the cell via different mechanisms, where gymnosis (PS-ASO) is leading 

to lower internalization compared to ASGPR mediated uptake (GalNAc-PS-ASO) but share the 

same subcellular fate, i.e., accumulation in lysosomes. 

 

Figure 24. Quantification of the differential uptake between a GalNAc-Br-ASO and an unconjugated I-

ASO by NanoSIMS. Uptake was quantified by applying eq. 3 and 4 to the 81Br-/13C12C- and 127I-/13C12C- 

ratios and after 24 h incubation a 10-fold difference in ASOs uptake could be visualized. Mean ± 

standard errors of the mean are reported. 

 

5.2. Correlating intracellular concentration, number of molecules and RNA reduction 

(Paper II & III) 

ASO molecules must be distributed to their site of action (≈60 min), then hybridized to their 

target (≈20 min), and recruit the RNase H (≈40 min) to degrade the RNA target. 62, 89, 162 In 

theory, it is possible to detect RNA reduction 2 h post incubation. However, the knockdown of 

the MALAT1 RNA was measured after a 24 h incubation to maximize the percentage of 

reduction. This suggests that the number of ASO molecules inside a cell should relate to the 

reduction of the target level. 

Since the depth of the NanoSIMS measurement is known, it is possible to calculate the 

volume of sample analyzed (here ≈10 fL/image). Thus, the intracellular concentrations can be 

translated to the number of ASO molecules using the volume of sample analyzed and 

Avogadro’s constant (Figure 25). It is thus possible to estimate the number of molecules per 

cell using the reported volume of a human hepatocyte (~3000 µm3)163, 164 for 100 nM (Figure 

24) and 1 µM (Figure 22) concentration of ASO after 24 h co-incubation and these values are 

summarized in Table 2. 
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Figure 25. Number of molecules calculated based on data from figures 22 and 24, for the PHH spheroids 

co-incubated for 24 h with 100 nM or 1 µM of PS-ASO (I-labeled) and  GalNAc-ASO (Br-labeled) (A). 

Differences were assessed by two-way ANOVA, **** p-value <0.0001. The number of ASO per 

femtoliter (fL) can be scaled to the volume of a hepatocyte (B) and can later be used to estimate the 

number of molecules that undergo 1% endosomal escape. Mean ± standard errors of the mean are 

reported. 

 

Table 2. Summary of the intracellular concentrations, calculated number of ASO molecules per 

hepatocyte and the expected number of molecules undergoing 1% of endosomal escape. 

[ASO]incubation 

Average [ASO]intracellular 

(µM) 
ASO molecules/hepatocyte ASO molecules/1% escape 

PS-ASO 
GalNAc-PS-

ASO 
PS-ASO 

GalNAc-PS-

ASO 
PS-ASO 

GalNAc-PS-

ASO 

100 nM 4.2 40.4 6.60 x105 7.07 x106 6.60 x103 7.07 x104 

1 µM 32.3 136.8 2.60 x106 1.11 x107 2.60 x104 1.11 x105 

 

 
Figure 26. Dose-dependent reduction of levels of MALAT1 mRNA following exposure to different 

ASOs. The effect of an unconjugated PS-ASO (A) and a GalNAc-PS-ASO (B) on MALAT1 transcript 

levels was assessed by RT-qPCR. Transcript levels were measured after treating spheroids with different 

ASO concentrations at 24 h. ASOs used here are not labelled. Dotted lines relate to the incubation 

concentration used for NanoSIMS experiments (100 nM or 1 µM). Mean ± margin of error (upper and 

lower limits for each points measured by qPCR) are reported. 
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In parallel, the effect of different concentrations of GalNAc-PS-ASO and unconjugated PS-

ASO on MALAT1 mRNA levels was measured by RT-qPCR (Figure 26). After 24 h incubation, 

50% inhibition concentrations (IC50) of ≈200nM and ≈1.5 µM are observed for the GalNAc-

PS-ASO and PS-ASO, respectively. This confirms that at equal incubation concentrations, the 

GalNAc-PS-ASO is more potent. This is attributable to the higher uptake of the GalNAc 

conjugate. By combining MALAT1 expression levels with the intracellular concentrations and 

related number of ASO molecules (Figure 25 and Table 2), I determined that between ≈70 000 

and ≈111 000 molecules need to escape to reduce MALAT1 by 50% (IC50 of 200 nM, Figure 

26B) after 24 h incubation with a GalNAc-PS-ASO. For the PS-ASO the number of ASO 

molecules that need to escape to reach the IC50 (Figure 26A) will be above 26 000 molecules 

but will be related to a higher dose (PS-ASO incubation above 1 µM) and still lead to a less 

potent activity (IC50 of 1.5 µM). Hence, the conjugation to a GalNAc domain improves 

endosomal escape by loading more ASOs into hepatocytes compared to the PS-ASO at the 

same incubation concentration.  

 

5.3. Investigating eGLP1 ASO and the impact of the linker chemistry (Paper IV) 

The extrahepatic delivery of ASOs remains a challenge. ASOs conjugated to eGLP1 peptide 

have recently demonstrated a potential for targeting pancreatic beta cells via the GLP1R.108, 109, 

165 Thus, it was decided to investigate the uptake and trafficking of an eGLP1 conjugated via a 

maleimide linker to a MALAT1-ASO. In this study, the eGLP1 conjugate was labeled with two 

iodide atoms whereas the ASO was labeled with 15 x 34S isotopes. Therefore, following both 

the targeting ligand and the ASO provided a more complete picture of the subcellular 

distribution and accumulation of ASOs which can be crucial to optimize their therapeutic 

efficacy. 

Based on fluorescent microscopy data, 30 min incubations were used for the eGLP1 

conjugate to probe endosomes instead of lysosomes.81 NanoSIMS data indicated that eGLP1 

hotspots were found in empty looking structures on the 12C14N images (Figure 27A), 

presumably endosomes as verified by electron microscopy. However, 34S15-ASO enrichments 

could not be visualized in the same structure.  

It was speculated that the ligand and ASO were decoupled. Indeed, during the endosome 

maturation, a progressive acidification of the endosomal compartment occurs. First, this leads 

to the separation of the PS-ASO and the endocytic receptor.81, 110, 166-168 Then, this acidification 

can also impact the stability of the PS-ASO conjugate. Therefore, a new conjugate was designed 

by incorporating a more stable linker (Figure 28), switching from a maleimide linker to a 

bicyclononyne linker (BCN).169, 170 The new compound also incorporated more 34S isotopes 

(127I2-eGLP1BCN-34S19-ASO) to enhance ASO detection by NanoSIMS.  

The intracellular concentrations of both the 27I2-eGLP1-34S15-ASO and the 127I2-eGLP1BCN-
34S19-ASO were quantified (Figure 29). It was hypothesized that if the PS-ASO was still 

attached to the eGLP1 moiety, then their respective intracellular concentrations should provide 

a 1:1 ratio with the more stable linker. Here, the data were reanalyzed by multiplying the 

published data by the appropriate RSF since at the time of the publication they were not readily 

available. Increasing the stability of the linker (127I2-eGLP1BCN-34S19-ASO) and/or the number 

of 34S isotopes in the compound allowed the detection of 34S19-ASO enrichments overlapping 

with the eGLP1 ligand (Figure 27B). The 127I2-eGLP1BCN-34S19-ASO leads to an increase of 
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detected enrichments  aligning with 1:1 ratio line, suggesting that increasing the stability of the 

linker leads to increase fraction of intact eGLP1 conjugate. This data set also indicates that 

iodide or bromide should be the preferred labels to explore low ASO enrichments or 

investigations at early time points to facilitate enrichment visualization and data analysis. 

 

Figure 27. NanoSIMS imaging of an HEK293 cell overexpressing GLP1R treated with 1 µM of either 
127I2-eGLP1-34S15-ASO (A) or 127I2-eGLP1BCN-34S19-ASO (B) for 30 min. The 12C14N image shows the 

cell morphology 34S/13C12C (ASO) and 127I-/13C12C (eGLP1) images are scaled to the carbon and their 

respective number of labels. This corresponds to eq. 3 and 6 before applying the RSF. For the treatment 

with 127I2-eGLP1-34S15-ASO, eGLP1 hotspots can be seen but no ASOs hotspots seem to be associated to 

them. Increasing the stability of the linker (127I2-eGLP1BCN-34S19-ASO) and/or the number of 34S isotopes 

in the compound allows visualization of 34S19-ASO enrichments overlapping with the eGLP1 hotspots. 

 

 

 

Figure 28. The different linkers used for the eGLP1-ASO. The bicyclononyne (BCN) linker, which is 

more stable than the maleimide linker, is used to investigate the potential cleavage of the eGLP1 

moiety from the PS-ASO. 
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Figure 29. Quantification of a 127I2-eGLP1-34S15-ASO with a maleimide linker and 127I2-eGLP1BCN-
34S19-ASO with a BCN linker after 30 min incubation. Intact eGLP1-ASO signal should align on the 1:1 

ratio line. 

 

5.4. Conclusions 

Understanding the subcellular distribution and intracellular concentrations of ASOs is 

possible with NanoSIMS imaging. After 24h incubation, both unconjugated PS-ASOs and 

GalNAc-PS-ASOs accumulate in lysosomes in hepatocytes which is consistent with the 

literature. It was also shown that ASO uptake is saturable both in a concentration and time-

dependent manner. This work also demonstrated that NanoSIMS is a reliable tool to investigate 

the impact of small molecules on ASO trafficking in cells. Importantly, the data show that 

NanoSIMS quantification can be used to correlate intracellular concentration and ASO potency. 

Thanks to our different labeling strategies, it was proven that fine chemistry tuning can have a 

great influence on ASO subcellular distribution. Therefore, following both the targeting domain 

and the ASO could provide better understanding of endosomal escape mechanisms. 

  



 

36 
 

OUTLOOKS 

 

NanoSIMS imaging offers unique insights into the cellular distribution of ASOs by assessing 

their uptake and subcellular accumulation and connecting this to their biological function. This 

work also provides an analysis template to investigate the effectiveness of newly developed 

targeting domains. This represents an opportunity to hasten and strengthen the development of 

new oligonucleotide therapeutics. Particularly considering that the relationship between 

intracellular concentration and biological activity of ASOs can be a key factor in treating 

pathologies beyond liver diseases.66, 67, 108, 171, 172 

Now, one may also be able to describe endolysosomal escape rate more thoroughly using 

the NanoSIMS quantification approach presented here. Indeed, precisely pinpointing the 

localization and timing of ASO escape would offer mechanistic insights into their efficacy as 

therapeutics.82, 83, 111, 173 Different types of small-molecule drugs can be used to manipulate the 

endolysosomal system to better appreciate the underlying mechanisms behind ONTs 

endosomal escape and trafficking.82, 83, 113, 114 Hence, another interesting approach would be to 

investigate the subcellular distribution and quantification of both the ONT and the endosomal 

escape agent. For example, one could use the ONT/endosomal escape agent ratio to determine 

the appropriate ratio that leads to endosomal escape and detection of ONT at site of action, 

which in return would be useful for therapeutic dose determination. 

This approach can also be used to investigate other drugs as halogenated drugs are 

increasingly emerging in the pipeline of pharmaceutical companies.174 For example, siRNAs 

frequently contain fluoride atoms in their structures.138, 175, 176 The drawback here would be that 

the fluoride quantification is not the most sensitive approach due to a relatively noisy 

background (Table 1), that we think is related to the sample preparation. Additionally, the 

fluoride atoms tend to be incorporated into both strands of the siRNAs. Thus, it is not possible 

to distinguish the sense strand from the antisense strand which is carrying the gene silencing 

property. Adding a halogen label (iodide or bromide), at least in the antisense strand, could be 

an option. This will make it possible to determine the intracellular fate of both strands and 

obtain a sense/antisense strands ratio to further characterize the biodistribution of siRNAs at 

the subcellular level. This holds true for small activating RNAs as well, which have the same 

double-stranded structure as siRNAs but work to enhance gene expression rather than decrease 

it.177 

Despite these numerous possibilities, it is essential to consider the fixability of the target 

molecule and the concentration required for NanoSIMS detection, in relation to the LODs 

reported in this thesis (Table 1), before beginning such quantification experiments. Another 

factor to consider is the sensitivity, which is correlated with the number of labels that can be 

placed into the chemical structure of the target molecule. Indeed, the sensitivity will increase 

with the number of labels (Figure 27), but that could impair the chemical and biological 

properties of the target molecule. Moreover, despite being a highly sensitive method, 

NanoSIMS does not offer the highest throughput. Thus, only a few therapeutic compounds of 

interest can be evaluated using this method in a comparative manner and NanoSIMS should be 

used at crucial stages of the drug development cascade to balance the throughput issue. 
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