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ABSTRACT

The purpose of this thesis is to investigate the utility of capillary electrophoresis (CE) as an
analytical technique for assessing the critical quality attributes of novel therapeutic agents for
their use as innovative drugs, such as peptides, plasmids, mRNA/lipid nano particle formulations,
and recombinant adeno-associated virus (rAAV). The primary objective is to enhance CE's
applicability to these modalities by developing novel approaches for these challenging
therapeutics. The dissertation incorporates four projects that were covered in a total of five
articles published in peer-reviewed analytical chemistry periodicals. The first chapter investigates
the ability of affinity CE to quantify the degree and location of methionine oxidation in peptides
and monoclonal antibodies with the aim of providing a complementary approach to mass
spectrometry. The following chapter provides a direct comparison of the present analytical
methodologies for the analysis of rAAV including transmission electron microscopy, analytical
ultra centrifugation, capillary gel electrophoresis (CGE), capillary zone electrophoresis (CZE) and
ion-pair reverse phase liquid chromatography (IP-RP-LC). The third chapter describes a method
for quantifying and identifying nucleic acid therapeutics using fluorescent peptide nucleic acid
(PNA) hybridization probes in CE. The final part of this work reviews various analytical methods
for the analysis of high-mass oligonucleotides that are incorporated in different delivery vehicles,
highlighting particularly methodological benefits and drawbacks. This includes the PNA-based CE
method from the previous chapter, digital droplet PCR, CGE from the second chapter with the
additional and complementary use of nuclease digestion, IP-RP-LC, and CZE which were all applied
for the comprehensive characterization of oligonucleotides and their quality attributes as

biologics.






“Happiness lies in the joy of achievement, in the thrill of creative effort.”

Franklin Delano Roosevelt
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1. Introduction

Biopharmaceuticals are a broad category of pharmaceutical products, mostly parenterals, that
include any biological drug created by living organisms using recombinant DNA technology.
Prominent examples are recombinant protein therapeutics, vaccines, and cell- and gene-
therapies. [1] While recombinant therapeutics did not reach patients until the 1980s, biological
products such as porcine insulin and poliovirus vaccines were already well established. [2] A
majority of these early products were derived from animal tissues or serum. The inherent
variability in these manufacturing platforms resulted in low product purity and efficacy when
compared to modern standards. [3] Growing understanding of production techniques has played
a significant role in the rapid advancement of biopharmaceuticals and making them available for
patients as new therapeutic approaches, addressing unmet medical needs. [4] The process
operations used today have been influenced by technologies developed in the first half of the
twentieth century that are based on fundamental chemical principles such as chromatography
and electrophoresis. Incremental advancements in these technologies have resulted in present
biopharma techniques that have transcended consistency and reproducibility, resulting in

enhanced product efficacy, quality, and safety.

Today, more than 400 distinct active biopharmaceuticals are available, with 197 regulatory
approvals between 2018 and mid-2022. [5] The biological nature of these products allows for the
development of novel mechanisms of action that would be impossible to achieve with small
molecules, which is exploited for the treatment of a wide range of indications such as cancer,
autoimmune diseases, genetic disorders or infectious diseases. Although a broad variety of
modalities (e.g. hormones, growth factors, enzymes and viral vectors) is available for patients,
the vast majority (> 80%) of commercial biopharmaceuticals are monoclonal antibodies (mAbs).
[5] The ability of antibodies to effectively bind to specific targets with a strong affinity and
specificity, and their potential to activate the immune system based on the desired functionality,
has contributed to their widespread use as therapeutics. This is particularly advantageous
compared to small molecules, which face difficulties in achieving these tasks. [6] The high demand
for therapeutical mAbs has driven much of the biopharma industry's advances in manufacturing
and process improvement, with mAb research results being applied to other products. [4] A
typical example is the prosperity of cell and gene therapies (C&GT). After more than forty years
of research, multiple such therapies were approved by the regulatory authorities over the last

decade. [5] Just as mAbs revolutionized the treatment of various diseases by offering novel




mechanisms of action, C&GTs have the potential to offer personalized treatment options and
long-term or even permanent cures for previously difficult-to-treat diseases. Similarly to mAbs,
the current demand for C&GTs is also anticipated to spur additional developments in the sector.
[7]

1.1 Analytical Method Development for Biopharmaceuticals

A biopharma product's overall life cycle begins with discovery, when a variety of initial candidate
molecules are generated and tested for activity against a specific biological target. The best
candidates are optimized to improve efficacy and safety. Products selected for further human
testing are assigned to process development, where the manufacturing processes required to
supply material in sufficient quantities for clinical trials and, in case successful clinical trials,

commercial needs are developed. [4]

The development and application of reliable analytical techniques is critical throughout the entire
lifecycle (Figure 1). During the early stages of discovery and optimization, analytical methods must
be developed to characterize candidate molecules and measure their activity against the
biological target. The results obtained by these techniques are then used to guide candidate
selection, pre-formulation screening and later to release drug substance or drug product that is
required for non-clinical toxicological studies. [8] This first stage is, therefore, characterized by
the focus to understand the drug substance. Hereafter, analytical development works in tandem
with process development to improve the process's quality and integrity while maximizing
efficiency and cost-effectiveness. Monitoring the process is critical to ensure that the final

product is consistent and reproducible, but also in ensuring high product quality and safety. [9]
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Figure 1: Typical pharmaceutical development lifecycle and the role of analytical methods.




Finally, upon completion of the development phase, validation or verification of the chosen
analytical techniques is performed in order to obtain evidence that the methods are fit for
intended use. Validated methods are mandatory for quality control, release, and stability testing
of drug substance and drug product for clinical studies and later on, if market authorization has

been granted, during commercial manufacturing. [8]

The objective of analytical development is to establish a framework for precise and reliable
surveillance and verification of novel molecular entities throughout their complete life cycle,
specifically by developing robust analytical methodologies. This development process starts by
defining the purpose of the method and the conditions in which it should be employed. For these
quality attributes the product specific requirements for method parameters such as accuracy,
precision, sensitivity etc. are defined. [10] Based on the assumptions made in the initial step a
technology platform that can achieve all criteria is selected. For common modalities such as mAbs
a panel of platform methods including widely accepted generic criteria is typically available,
whereas a complete method development might be necessary for emerging therapeutic entities
such as C&GT products. [8] After selecting the analytical technology platform for a new test
method and establishing the basic method parameters, systematic method evaluation and
development can be performed to assess the potential impact of the various method parameters
on the method's ability to consistently produce robust, accurate, and precise results. This step
may require further fine tuning of the method attributes in order to meet the initial purpose. As
validation of the method after completion of the development incorporates significant
investment, it is closely tied to the lifecycle of the drug candidate. For this reason, the extent of

the validation effort is determined by the method type and clinical phase of the program. [9]

1.2 Quality Attributes of Biopharmaceuticals

Each biopharmaceutical has an individual set of attributes that are critical to safeguard the
desired product quality. These critical quality attributes (CQAs) are defined early on in the product
lifecycle and may be associated with any property (e.g. physical, chemical, biological,
immunological etc. etc.) of the final drug. A manufacturer is defining a set of attributes and claims
and supports these with appropriate test method results before submitting these to the
regulatory authorities. [11,12] Further, CQAs are constantly reviewed as the development of the
product progresses if they still cover all aspects and meet the need to control the product quality

comprehensively.




CQAs can be classified into various categories depending on the nature of the drug product, the
manufacturing process, and other factors. According to Geigert [13] there are eight major classes:
Appearance, Identity, Purity, Potency, Quantity, Adventitious Agent Safety, General and Device
Functionality. Typical categories (excluding device functionality) and some related examples are
shown in Figure 2. Variation in the chemical properties which are linked to a CQA may affect the
drug's stability, resulting in changes in therapeutic potency. For example, if the drug's efficacy
decreases too much due to instability over time, the patient may not receive the anticipated
therapeutic benefit. Other modifications may also have an impact on the drug's safety. Impurities

or contaminants may have toxic side effects on the patient's health if they are introduced.

This work focusses on analytical test methods that address CQAs related to purity and identity.
Identity testing is used to ensure that the active ingredient and drug product are what they are
claimed to be and that they meet the specifications for the intended product. Modern biopharma
manufacturing relies on global production networks which include significant logistical efforts.
Identity testing ensures the use of the anticipated material for production, i.e. prevents mix-up
of products and is thus crucial for product quality and patient safety. [14] The identity of a
biopharmaceutical is defined via unique properties that are specific to the active ingredient or
product. The sequence of the protein or nucleic acid (NA), post-translational modifications (PTM),
glycosylation patterns, and other physicochemical properties are typical examples of these
properties. [13] Purity refers to the proportion of the active ingredient in the product compared
to related substances and/or impurities, e.g. caused by degradation or compounds that were
incorporated during manufacturing. A biopharmaceutical product's purity is critical because
impurities or other compounds in the product can have a negative impact on its safety, efficacy,
and tolerability. A prominent example is represented by mAb aggregation which are of
heightened interest to the health authorities due to their ability to cause strong cytokine and co-
stimulatory signals. [15,16] The higher the purity of the product, the lower the risk of side effects
or other adverse events. [13] There is a broad variety of impurities that can be part of a drug
product. Generally, they can be categorized in two categories: process-related and product-
related. [17]
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1.2.1 Quality attributes of protein pharmaceuticals

As the name suggests, process-related impurities are derived from the cell culture and
purification process and may include chemicals used in the media for active pharmaceutical
ingredient (API) production such as antibiotics, processing agents from purification or impurities
introduced during filling and packaging. [18] Host cell-related contaminants are typical process
related impurities and represent proteins as well as DNA of the host organism that are
unintentionally released e.g. into the cell culture medium. Although the medium or cell lysate
may contain thousands of proteins or nucleic acids, subsequent purification steps will significantly
reduce the number of host cell contaminants during the process. Nevertheless, even impurities
present in the ppm range can have significant impacts on the product. An example are lipases
which can degrade polysorbate a prominent surfactant. [19] At such low levels further reduction
of impurities is difficult and standard analytical techniques often reach their limits, so special
workarounds need to be found. These low level components may additionally cause direct side
effects to the patients as pyrogenics or they may interact with the APl or the formulation and

therefore limit stability and effectiveness. [18]

Due to the complex manufacturing process in living cells, biopharmaceuticals are often
heterogenous and contain various slight variations of the API. In addition, all these variants can
undergo various biochemical and physical degradation processes. Proteins are vulnerable to a
number of chemical degradation pathways, such as fragmentation, deamidation, isomerization,
oxidation, deglycosylation, glycation, and cross-linking (Figure 3; Figure 4). [20] These PTMs have
the potential to alter the biological activity of the therapeutic agent, cause immunogenicity, and
promote further degradation. Gao et al. reported that oxidation of a single methionine amino
acid in the Fc region of mAbs (Met252 or Met428) can affect binding to the neonatal Fc receptor,
thereby decreasing the antibody's half-life. [21] Hydrophobicity, charge heterogeneity, and
conformational changes caused by chemical modifications to amino acid residues can all result in
the therapeutic's physical instability. Deamidation, for example, can cause a change in a product's
charge distribution, which can result in aggregation of a drug product at low pH. [22] Oxidation
of Met and Trp can cause local conformational changes in the tertiary structure, promoting
aggregation. [23] Although the peptide bond is stable under most conditions, several factors
including pH, solvent, temperature, intensity of light exposure, and excipients may accelerate
fragmentation. For mAbs several prominent cleavage sites were identified which are prone to
hydrolysis and should be taken into account when designing the formulation. [24] Because of
their low dissociation energy compared to C-H and C-C bonds, disulfides participate in a variety

of modification processes such as fragmentation, oligomerization, aggregation, disulfide
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Figure 3: Post-translational modifications of proteins that affect a single amino acid.
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Figure 4: Changes in the higher order structure of protein biopharmaceuticals.

cleavage and disulfide bond exchange. [25] For instance, in trastuzumab, one of the early anti-
cancer antibody-based drugs, the loss of a single disulfide bond can lead to a significant loss in
anti-tumor efficacy. [26] In general, chemical changes can cause physical instabilities, which in
turn can cause chemical changes in amino acid residues, demonstrating that the two phenomena

are inextricably linked.




1.2.2 Quality attributes of nucleic acid pharmaceuticals

The picture is similar for therapeutics containing nucleic acids (NAs): Chemical modifications have
the potential to greatly impact the efficacy of the drug. However, the molecular environment of
these biopharmaceuticals is very diverse, ranging from oligonucleotides that are manufactured
by chemical synthesis over plasmids to mRNA, which are produced biotechnologically.
Additionally, NAs might be administered on their own or, more often, with a delivery system such

as Lipid Nano Particles (LNPs) or viral vectors. [27]

All these variables lead to very different process-related and product-related contaminations. For
example mRNA is not produced in cells [28] and thus there is no problem of host-cell impurities,
while DNA plasmids are manufactured in bacteria [29] which can pose a great risk for
immunogenicity. However, the most challenging class of NA therapeutics are those that
incorporate a viral vector which consists out of proteins, potentially lipids and NA. In this case, all
problems that might occur with protein therapeutics (vide supra) need to be considered in
addition to specific NA impurities. The field of NA modifications has been extensively researched
in the context of ageing and cancer research. [30-32] By this, a large variety of chemical
modifications was discovered which probably play an important role for stability of NA
therapeutics, too (Figure 5). [33] However, the application of this knowledge on actual drug
products is currently at a very early stage and it is not yet completely clear which effects play
superior roles for quality control. Similarly to proteins, NAs are vulnerable to a number of
chemical degradation pathways that result in modifications, such as fragmentation, deamination,
oxidation, depurination, and changes in the secondary/tertiary structure. Oxidation can happen
in all five natural bases but is most often observed at guanosine sites. [34] The formation of 8-
Oxo-2'-deoxyguanosine is linked to increased oxidative stress in vivo and ultimately with various
diseases. Modified guanosine can not only form hydrogen bridges with cytosine but also with

adenine, causing mutations and is additionally prone to further oxidation. [35]

DNA Methylation is an in vivo mechanism to regulate protein expression. Adenine and Cytosine
can be methylated, with cytosine methylation being more widespread. Methylation is not a
“modification” per se but represents the characteristics of the production process. Typically,
methylated DNA acts to repress transcription and can thus be critical for efficacy of DNA
therapeutics. [36] On the other hand, hypomethylation can pose risks of immunogenicity. The

ability of the vertebrate immune system to identify the presence of bacterial DNA is based on
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the identification of so-called CpG motifs, which are unmethylated cytosine-guanosine
dinucleotides contained inside a certain pattern of surrounding bases. [37] A recent study has
shown that DNA packaged in adeno associated viruses has little to no methylation in the CpG
motifs [38] and thus leads to immune activation. [39] These examples demonstrate that DNA
methylation needs to be closely monitored and fine-tuned on a case-to-case basis to balance

transcription repression and immunogenicity.

Deamination of (methyl) cytosine is another commonly described reaction of NAs. It has the
potential to transform cytosine to uracil and methylcytosine to thymine and thus significantly
alter the genetic information. The spontaneous reaction is reported to be very slow for single
stranded NAs with a half-time of approx. 200 years and ca. 140 times slower for double stranded
DNA at 37 °Cat pH 7.4. [40] However, certain conditions like high pH or temperature significantly
increase the reaction speed so this variant might be of concern in some NA therapeutics.
Depurination and depyrimidination are both spontaneous hydrolytic reactions which bring the
risk of mutagenesis and represent the most abundant endogenic DNA damage. [33] The reaction
is generally faster for purines and single strands and favors acidic conditions with a half time of
around 200 h at pH 2.5. [41] It is one major limitation in oligonucleotide synthesis, since in the
solid state synthesis an acidic reaction step is necessary. As an additional concern, the resulting
free ribose sugar is very reactive and may lead to fragmentation. A study from Calabretta and
colleagues found that the effect of oxidation and abasic sites is strongly impacting ribosomal
translation of mRNA. [42] While oxidation was classified as a less severe lesion that leads to a
mixture of truncated and full-length polypeptides, abasic sites interrupted the translation process
in total. As with protein biopharmaceuticals small chemical changes can impact the overall

structure of the whole NA and thus lead to reduced safety and efficacy of the drug product.

1.3 Selection of analytical test methods to cover quality attributes

The simplest technique to verify certain critical quality attributes (CQAs), such as the purity and
appearance of pharmaceutical items, is through visual inspection. This includes, for example,
deviation from the expected color of the product but also the detection of particles in the product
that may be caused by impurities, aggregation or suspended particles. The integrity of the
packaging and fill level of the product can also be inspected in this way. Possible damage, such as
cracks, breaks or leaks, can affect the sterility or stability of the product. [43] Some general
chemical properties that are the underlying of CQAs can be determined with abundant laboratory
equipment such as pH meters or UV-photometers. Yet, for the vast majority of quality attributes,

specialist equipment is required. Analytical methods can be classified based on their separation
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principles (see Figure 6) and this chapter aims to give an overview on the analytical toolbox that

is used to address the previously described CQAs.

F Spectroscopy & Imaging
' UV; Vis; IR; Flourescence; TEM;
/ Light Microscope; DSC; CD

Molecular Genetics
PCR; HTS

Charge based
AEX; CZE; iCIEF -(MS)

Affinity assays
ELISA; ACE; ALC; cellular assays

Hydrophobicity
RP-LC; HILIC; HIC; MEKC

Size based
SEC (-MS); CGE; AUC; DLS; MALS, AF4

Figure 6: Classification of prominent analytical techniques based on their separation principle
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1.3.1 Spectroscopic techniques

Spectroscopy refers to a class of physical methods that monitor the interaction between
electromagnetic radiation and matter. The range of electromagnetic radiation wavelengths that
each individual spectroscopic technique can use, serves as the primary defining characteristic
between various approaches. [44] Generally, these interactions occur through the initial
absorption of a portion of the incoming electromagnetic radiation. Fluorescence allows for the
reemission of this absorbed electromagnetic radiation at different wavelengths which is detected
by spectroscopy. Even though spectroscopy is a large field that encompasses numerous methods,
biopharmaceutical scientists are typically interested in techniques that make measurements in
the ultraviolet (UV), visible (VIS), infrared (IR), and radio wave regions of the electromagnetic
spectrum. [44] These spectroscopic techniques have the capacity to offer details regarding the
physicochemical surroundings of each of the functional groups that engage in electromagnetic
radiation interaction. Because the physicochemical environment of these groups is likewise
affected by the biopharmaceutical's folding state, spectroscopic approaches can offer indirect
information when the structure of a biopharmaceutical changes. UV/VIS and fluorescence
spectroscopy use electromagnetic radiation in the UV/VIS range (190-700 nm), whereas Fourier-
transform IR (FTIR) spectroscopy uses electromagnetic radiation in the range of 0.7 um to 1000

pm with 2.5 um to 15 um being the most frequently used range. [45]

UV/VIS spectroscopy is utilized in biopharmaceutical development for a variety of purposes. On
the one hand, it may be used to characterize proteins and NAs. To this end, characteristic
absorption bands are monitored, allowing judgments about the composition and structure of the
molecules to be derived. One example would be the hypochromic effect, which can be used to
distinguish between single-stranded and double-stranded DNA and thus determine melting
temperatures by measuring absorbance at 260 nm at varying temperatures. [46] Purification
procedures can also be monitored. The quotient of absorbance at 260 and 280 nm, for example,
can be used to make inferences about the purity of the protein or NA and confirm that there are
no contaminants. [47] Nevertheless, the most abundant use is the quantification of API
concentrations. [48] The most precise approach uses a direct absorbance measurement for the
intrinsic chromophores in the UV-range, but colorimetric variations like the Bradford protein
assay may be useful in case of nucleic acid contaminations or proteins with no aromatic residues.
[49] Given the simplicity, speed and reliability of UV/VIS spectroscopy, it is performed almost
exclusively to determine the drug concentration. Moreover, UV/Vis spectroscopy serves as the

foundation for detectors used in chromatographic and electrophoretic techniques, allowing the
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separation and quantification of substances in a sample based on their absorption, e.g. at 280 nm
for mAbs or at 260 nm for NAs.

When light of a specific wavelength is absorbed during fluorescence emission spectroscopy, an
electron moves from its ground state to its excited state. Energy is lost as the electron returns to
its ground state, and the system emits light with a longer wavelength and lower energy.
Fluorescent molecules typically have aromatic groups, which in the case of biopharmaceuticals
include aromatic amino acids and nucleobases. [45] In addition, the physicochemical behavior of
the fluorophore is extremely sensitive to its physicochemical environment. In general, aromatic
amino acids, due to their higher hydrophobicity, exhibit a propensity to be integrated into the
central region of a protein, thereby reducing their exposure to the surrounding solvent. It is
commonly observed that the intrinsic fluorescence of a protein tends to exhibit a red-shift during
the process of unfolding. However, it is also possible to observe a blue-shift in some cases. [50]
For instance, a deeply embedded tryptophan exhibits an emission peak at approximately 330 nm,
whereas a tryptophan that is prominently exposed to the surrounding solvent on the protein's
surface, displays an emission peak in the range of 340-350 nm. The process of protein unfolding,
such as through the use of a denaturant, leads to an increased exposure of these residues to the
surrounding solvent. [50] As for UV/Vis spectroscopy, the use as detection system for
chromatographic or electrophoretic systems is of utmost importance. [51] Many biomedical
substances have intrinsic fluorescence but also reactive groups can be used to couple strong
fluorophores. For DNA intercalating dyes are widely employed for this purpose, [52] while for
proteins typically covalent reactions e.g. at a Lysine residue are performed. [53] Derivatization
improves analytical sensitivity significantly when compared to UV/Vis detection but may add a

bias due to selective accessibility of the used dye to the analyte. [54]

The absorption of electromagnetic radiation in FTIR spectroscopy is related to the vibrational
properties of the amide bond in the polypeptide backbone. By this, the amide groups in the
polypeptide chain of the protein are assessed for their flexibility. [55] FTIR analysis is a useful tool
for analyzing changes in a protein's secondary structure because the peptide bond is part of
folding interactions involved in protein stabilization. The technique is thus employed in stability
characterization studies [56] as well as in process controls during manufacturing [57]. However,
the hyphenation of FTIR with CE and LC is difficult, though technically possible, due to absorption

of water that is present in the mobile phase or background electrolyte. [58]
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1.3.2 Hydrodynamic techniques

Methods that study the hydrodynamic properties of biopharmaceuticals are mainly used to
investigate the quaternary structure and thus aggregation. Global properties are studied by
monitoring the movement or transport of the molecule through a fluid medium in response to a

driving force. [44]

In dynamic light scattering (DLS), this force is the thermal kinetic energy of an analyte that leads
to Brownian motion. Light is scattered in all directions when it encounters tiny particles or
macromolecules in suspension or solution (Rayleigh scattering). When coherent, monochromatic
laser light is employed, interference causes slight variations in the scattering intensity because
Brownian molecular motion constantly alters the distances between the scattering sites. [59] By
recording these fluctuations on a time scale, information is thus obtained about the speed at
which the particles move in solution. This can be used, in turn, to calculate a diffusion coefficient,
from which the hydrodynamic radius can be determined according to the Stokes-Einstein
relationship. [60] DLS thus provides size distribution plots which is particularly useful for the
control of aggregation and particle formation. In the majority of contemporary instruments, the
detection process can occur simultaneously at multiple angles through either an array of
detectors positioned at predetermined angular locations or a single photodetector capable of
adjusting its angle. This method is thus called multi-angle light scattering (MALS). [61] A major
advantage of MALS is that it is independent of the sample, meaning it can be used without prior
knowledge of the sample or the specific molecular structure. MALS can be used with a variety of
biopharmaceuticals, such as proteins and antibodies (including chemically modifications like
PEGylation) NAs, and liposomes, even up to nanoparticles, because it does not require for labeling
or sample modification for this testing. Another advantage of MALS is that it provides the ability
to obtain additional information about the composition and conformation of the sample. [59] By
combining MALS with other techniques such as Size Exclusion Chromatography (SEC) or other
chromatographic methods, information on the relative composition and conformation of
biomolecules can be obtained. [62] However, the DLS and MALS technique also have some
disadvantages. One point is the limited resolution as related molecules (such as monomers and
dimers) cannot be resolved in batch mode. Additionally, the technique is prone to error and
artifacts if not handled by an expert analyst as it can be affected by impurities, turbidity, streaks
or air bubbles. [63] In modern devices, results are displayed after complex software processing,

which can be a source of ambiguity when the fitting process is not closely monitored.
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Analytical ultracentrifugation (AUC) is a technique that integrates an ultracentrifuge with optical
monitoring systems. By utilizing specialized instrumentation and adjusting measurement
variables, various types of experiments can be conducted. The most frequently conducted AUC
experiments involve sedimentation velocity (SV) and sedimentation equilibrium. Among these,
the SV mode is considered the most significant. In SV-AUC the movement of the analyte is induced
by a strong centrifugal field (typically above 100 000 g) and tracked by an UV, interference or
fluorescence detector. [64] Such experiments reveal information about a broad range of
biopharmaceuticals regarding size and shape, sample purity and oligomerization or aggregation
states. [65] In most cases the sample can remain in its native environment, potentially even
regarding concentration, and no sample preparation might be required. By adjusting the
centrifugation speed a broad size range from single kilodaltons to gigadaltons can be covered.
[66]. While this technique was historically the gold standard for biomolecule analysis, today it is
mainly used for characterization purposes and as an orthogonal approach to confirm results from
other approaches. This is mainly because of relatively large sample consumption (>100 ul), low
throughput and high labor and data processing requirements. [44] However, in addition to purity
analysis, AUC is also one of the few techniques that can be used to determine the content ratio
of viral vectors which is part of the “quantity” CQAs (Figure 2). For a variety of recombinant viruses
like the rAAV a majority of produced viral particles does not contain the genome and thus the

ratio of empty/genome containing particles has to be determined as quality measure. [67]

1.3.3 Imaging techniques

Parenteral medications may contain intrinsic, extrinsic and inherent particles from a variety of
sources, including fibers, glass, rubber, metal, or silicone oil droplets produced by packing and
storage materials. [68] Yet, due to the API's tendency to aggregate, especially with increasing
concentration in solution, the biophysical characteristics of a protein biopharmaceutical cause a
special inherent problem of particle formation. The additional source of particle formation from
the API itself and the accelerating effect of foreign material, which may enhance particle
formation, exacerbates the property of protein-based biopharmaceuticals to cause immunogenic
effects. [69] As a result, for biopharmaceuticals, the existence of particles is considerably more
important than for small molecule pharmaceuticals. Particles are very diverse and can vary in size
over six magnitudes, from nanometers to millimeters. [70] Visible particles (>100 uM) are often
assessed through direct physical inspection. [71] For subvisible particles, a classical light
microscope that uses the visible light spectrum is able to visualize particles larger than 400 nm.
This approach may be used for particle quantification, but is rather low throughput, gives little

information on the kind of particles and results are dependent on user training. [72] For this
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reason, subvisible particles are typically detected by particle counters. These devices have a flow
cell with controlled media flow and use light scattering detectors for particles smaller than 1 um
or light blocking/obscuration for larger particles. [73] The light obscuration particle represents a
standard method for the analysis of clinical and commercial injectable pharmaceuticals. This test
is founded on the principle of light blockage and enables an automated determination of particle
size and the quantity of particles based on their respective sizes. [71] More modern instruments
combine a microscope with a flow cell and are thus able to directly image particles with a high
definition, high magnification camera. Subsequent data processing can help distinguish different

classes of particles and diminish user variability. [74]

Transmission electron microscopy (TEM) visualizes objects by using electrons rather than light.
The electron beam is sent through a vacuum tube onto the target being studied. It is refracted
and dispersed as it travels through the item, and thus carries information about the structure of
the sample. Specimens must be fixated during this process to generate a clear image. The electron
beam is then captured by a detector and converted into an electrical signal, resulting in a detailed
image. [73] Electron microscopes (EM) can visualize objects with nanometer resolution, through
the significantly lower wavelength of electrons compared to visual light. Biological samples may
be cooled down very quickly in order to achieve fixation (Cryo-EM). This approach brings the
benefit, that the sample can be imaged in its actual environment. Cryo-EM is an established
technique for structure elucidation of biomacromolecules that reaches a resolution in the
Angstrom region. This is achieved by combining information of thousands of pictures with short
exposure times of a molecule in a statistical model. [75] The problem of limited exposure time
can be circumvented by negative staining. The analyzed objects are embedded in an amorphous
substance such as uranyl acetate with a high scattering power in this procedure. Consequently,
images of objects with great contrast can be obtained even when they are hardly apparent in
standard preparations. [76]. This method has been demonstrated to provide detailed information
on aggregate microstructure and to provide insights into the conformational integrity of the
component proteins. [77] Despite its unique features and advantages regarding information
delivery on molecular level, TEM suffers significant drawbacks. The instrumentation is expensive,
the technique is low-throughput [78] and even though automation is possible, quantification
remains challenging. [79] For this reason, it remains a niche method for late-stage protein
biopharmaceutical characterization. A drawback of Cryo-EM technique is, that the strong energy
of the electron beam damages the sample over time limiting the contrast on a specific molecule.
[80] These drawbacks of low-throughput and high instrumentation cost thus limit routine use of

this technique in practice. Historically, electron microscopy was a technique that was widely
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employed to study a certain class of particles that could not be detected with light microscopes:
viruses. With the emergence of viral vectors for C&GT the unique feature of providing direct visual
information of size, shape, and aggregation of the vectors once again proofs to be of high value.
The very first description of negative staining in 1959 mentions “ghost” particles of turnip yellow
mosaic virus which do not contain NAs. [76] These empty viral capsids are now considered a CQA
in modern gene therapy products. Consequently, negative stain TEM has been described as the
gold standard for the determination of the full/empty ratio [81] and there are attempts to offer
a fully automated data interpretation without tedious counting. The technique is also employed
alongside Cryo-EM to monitor morphology of LNPs. [82,83] However, the contrast can be difficult
to interpret for partially filled capsids and no information can be gained on wrongly filled particles.
[84]

1.3.4 Mass spectrometry techniques

Mass spectrometers operate by transferring molecules from a gas or condensed phase into a
vacuum, ionizing them, and then transporting them with the help of electromagnetic fields. This
allows to evaluate the abundance of ionic species based on their mass to charge ratio (m/z). [85]
The most frequent approach for the generation of biomolecular ions from solutions is
electrospray ionization (ESI). The analyte in solution is brought to the ESI source via a thin
capillary, making this ionization approach easy to connect with liquid chromatography (LC) or
capillary electrophoresis (CE). [86] When a strong electrostatic potential is applied to the tip of
the capillary, a thin jet of charged liquid is created. Dispersion of this jet generates charged
aerosol particles, which evaporate a significant amount of solvent and thus raise the droplet
surface charge over the so-called Rayleigh limit. [85] Whenever the droplets have reached the
Rayleigh limit, they begin to disintegrate, which results in the formation of smaller charged
droplets. During numerous iterations of this process on increasingly smaller levels, the analyte
molecules are finally released from the droplets. This results in the generation of ions that,
depending on their dimensions, may hold several charges simultaneously. [86] The capacity of
mass spectrometers to categorize ions according to their m/z values is founded on the distinctive
impact of electric and magnetic fields on the mobility of ions in vacuum in a mass analyzer. In
practice, this is accomplished by using a mix of electrostatic and electrodynamic fields (ion traps
and quadrupoles), electrostatic fields (time of flight /TOF MS), or static magnetic field (ion
cyclotron resonance /ICR MS). [86] As an ion passes by or strikes a surface, a detector records
either the charge generated or the current created. [85] The examination of biomacromolecules

may be conducted either from the bottom up or the top down. Bottom up refers to the digestion
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of the analyte with enzymes and subsequent analysis of the peptides or oligonucleotides, while

the top down technique corresponds to the analysis of intact biopolymers. [87]

For native polymers, the average molecular mass is calculated in most cases. However, if the mass
analyzer has adequate resolution, individual macromolecule isotopes may be distinguished from
one another. Isotope resolution of smaller molecules up to 15 kDa is possible with TOF mass
analyzers [88], while isotope resolution of bigger constructs (<150 kDa) was demonstrated with
Fourier-transform ICR mass analyzers [89]. Since the accurate monoisotopic mass of bigger
molecules is actually not determinable and the molecular envelope width is rather wide, the
isotopic resolution of larger molecules provides only a modest amount of extra information above
the average molecular mass, making the benefit of isotopic resolution for larger molecules
debatable. So far only limited approaches have been presented for long NAs and the top-down
analysis is mostly limited to proteins. [90,91] As a consequence of the phenomenon of multiple
charging that occurs under ESI conditions, even the largest proteins are able to fall within the
mass range of widely used mass analyzers, which is from m/z 500 to 4500. [86] The information
gathered of analytes that are composed of numerous polypeptide chains, such as mAbs, may
improve through preparation of denatured and reduced samples. This combination of tests offers
an initial validation of the gene-derived protein sequence, indicates the structural integrity, and

further discloses post-translational modifications. [92]

The measurement of intact proteins does often not provide the full picture. For example, it may
not reveal the complete amino acid sequence and has limitations in localizing PTMs. Through a
proteolytic digestion by, e.g. trypsin or Lys-C, further structural details are revealed at the peptide
level. [86] This method is known as bottom-up analysis or peptide mapping and often employs
multi-dimensional-MS. A multi-dimensional mass spectrometer is a device capable of successive
cycles of mass spectrometry, typically including some type of molecule fragmentation. [85] For
instance, a mass analyzer can separate a single peptide from the numerous ones that enter a
mass spectrometer. Another second mass analyzer then stabilizes the peptide ions when they
collide with a gas, triggering their collision-induced dissociation (CID). The fragments formed by
the peptides are then sorted by a third mass analyzer. [86] As the cleavage to peptides
dramatically increases the sample's complexity, a high quality separation e.g. by reversed phase
LC or capillary electrophoresis [93] is necessary before MS analysis. Through a peptide map it is
possible to retrieve information on nearly all PTMs, including glycosylation, phosphorylation, and
oxidation can be detected including their position and composition. [94] In addition, it is
considered the safest approach for identity testing of proteins. Bottom-up approaches are also

applied for NA therapeutics. NAs are only formed by four nucleotides, in contrast to proteins,
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which are built out of 20 amino acids. This provides the issue of generating isobaric product ions
that cannot be differentiated by MS. [95] In addition, the strong salt adduction that is often seen
for NAs may sometimes produce ion suppression and make spectra interpretation demanding.
Still, it remains a highly useful approach to not only detect modifications such as deamination or
methylation but also quantify them. [96] Through its ability to analyze multiple CQAs at the same
time it increasingly gained popularity over time and it is now also referred to as multi attribute
monitoring. Today, it is inconceivable to submit dossiers to the regulatory authorities without
including comprehensive MS characterization data. [97] Despite this, MS does have a few
downsides. PTMs might be lost during digestion or CID. Hence, these methods carry with them
the risk of losing essential information that connect with molecule function. A problem that is not
directly caused by MS but by enzyme incompatibility is posed because of the increased stability
of changed residues. This could limit the digestion efficiency. [98] MS devices remain relatively

expensive and the large amount of produced data can complicate the analysis.

1.3.5 Bio(-chemical) assays

During biotherapeutic development, it is necessary to conduct a bioassay that is both selective
and physiologically relevant in order to provide data on the product's potency and stability as well
as reflect the intended mode of action. Bioassays can be costly to design, conduct, transfer, and
maintain, which complicates the selection of a suitable technique. [99] In spite of attempts to
adopt control measures, cell-based bioassays are naturally imprecise and often miss the accuracy
and robustness of biophysical approaches due to their reliance on live organisms, tissues, or cells.
The use of a strategy for the stepwise creation of bioassays is typically supported by regulators.
In the initial stages of product development, it is often advised to begin with a binding approach,
such as enzyme-linked immunosorbent assays (ELISAs) for easier implementation. Still the
immobilization of the target and the production of a suitable detection antibody remains
challenging. In subsequent phases, this strategy enables designing more complicated cell-based

bioassays. [99]

The most prevalent kind of biochemical tests are binding assays, like ELISA. It relies on the specific
interaction between an antibody and an antigen and is thus limited to protein analytics. In the
reaction, one of the agents has been tagged with an enzyme which causes the production of a
colorimetric product, enabling spectrophotometric detection. [85] As a consequence, the signal
intensity is proportional to the concentration of particular antibody and antigen. On a multiwell
plate, the reaction may be configured in numerous ways, with the sandwich assay serving as the

most common format for quantifying a target antigen or analyte. [100] During research,

20



production, and manufacturing, ELISA is a powerful tool for the quantification of the desired
protein product. It is a helpful instrument for selective quantification of a desired protein from
complex protein mixtures such as cell culture fermentation media or product pools in initial
phases of protein extraction as well as downstream processing. This is because ELISA is highly
selective and has mostly a low susceptibility towards matrix effects, i.e. even complex mixes do
not need considerable sample preparation. [100] Nevertheless, it is vital to verify that the sample
matrix is free of any buffering agents, salts, surfactants, or protein molecules that might disrupt
the antibody—antigen reactions of the ELISA. Another application involves the quantification of
viral capsid titer in gene therapy products. [101] In addition to quantification, ELISA is an effective
approach for determining the presence of certain contaminants, such as aggregates [102] or host
cell proteins [103]. Furthermore, ELISA may be used to quantify the binding that occurs between
a therapeutic mAb and its particular target antigen, and as a result, it can serve as a
straightforward activity test. [104] As most biochemical methods, ELISA suffers from its
imprecision which is typically 20% relative standard deviation but can be as high as 30%. In
addition, the development of specific antigens/antibodies can be difficult and the dynamic range

is rather narrow. [100]

The binding of a therapeutic mAb is only involved in the first phase of a biological event, which is
often followed by numerous reactions like the antibody dependent cytotoxicity or complement
dependent cytotoxicity. [105] An ELISA is not capable of providing a complete representation of
the mode of action of biopharmaceuticals in most cases. Detection and quantification of a
medication's mode of action and implied higher order structure, potency and efficacy are
distinctive to cell-based bioassays and, as such, they are an anticipated component of any
analytical bundle for a biotherapeutic. [99] Bioassays, unlike other analytical procedures, are
typically exclusively designed individually for each combination pharmaceutical and targeted
mode of action. Thus such assays must have a great variety depending on the detected cellular
mechanism and respective readouts. Bioassays may assess cell proliferation, death, cytotoxicity,
or the production of cytokines or membrane markers. [106] The very first efforts to assess
biological activity consisted of in vivo bioassays, in which protein was delivered to animals and
their responses were evaluated. As a result of attempts to limit animal testing, the preferred
procedure nowadays are in vitro tests, in which cells or tissues are cultivated in the laboratory
and utilized as responders to the test substance. [107] Typically, a cell-based bioassay process
involves cellular proliferation in suspension or adherent cultures over multiple days/weeks. In a
next step, various concentrations of the therapeutic of interest and a reference standard are

added in order to activate or inhibit cellular processes in a multiwell assay format. The end-point
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response may be noticed anywhere from several hours to several days later, depending on the
mechanism of action. There is a huge array of readouts and detection methods that may be used
since readouts for an experiment may be obtained from any stage of a cell activation cascade.
[107] As an example polymerase chain reaction may be used to detect mRNA transcription or
flowcytometry for protein expression. The selected readout, which represents the magnitude of
the biological reaction to each concentration of the therapeutic, can be fitted into an equation
for data analysis. [107] Assuming that a cell-based bioassay may be representative for the mode
of action and labor- and cost-efficient, they still often need a lengthy period of operation and
exhibit relatively significant assay variability, with cellular effects typically requiring days to
manifest. [99] For this reason, there are attempts to simplify this crucial testing e.g. through

reporter gene assays. [106]

1.3.6 Molecular biology techniques for nucleic acids

Clinicians and researchers rely heavily on polymerase chain reaction (PCR)-based methodologies
to diagnose illnesses, clone and sequence genes, and conduct advanced quantitative and genomic
analyses with great sensitivity. [108] Recently, the technique became well known in the public
again through its medical application for detection of SARS-CoV-2 pathogens. [109] The method
is used to generate hundreds to millions of copies of a specific DNA sequence by amplifying a
single or a few copies of a piece of DNA by many orders of magnitude. The PCR is based on a
three-step cycling process: first the denaturation of double-stranded DNA, next the annealing of
primers, and last the extension of primers by the polymerase. [110] Denaturation splits the
complementary DNA strands kept together by hydrogen bonds in a duplex structure. Heating the
sample to 95-100 °C is a straightforward and effective method to accomplish this. Primers
(typically 15 nt ssRNA) are bonded to the separated DNA strands during annealing at ca. 55 °C.
[108] Each primer is complementary to either the 5' or right 3' end of the target sequence. After
annealing, thermostable DNA polymerase catalyzes the synthesis of complementary DNA strands
onto the annealed primer at ca. 70 °C. [111] This process is automated in a thermocycler. With
completion of one PCR cycle, the amount of DNA strands doubles. After up to thirty cycles, a
single molecule of target DNA may be amplified to approx. one billion copies. For a simple analysis
and confirmation of the PCR product qualitative detection may be sufficient, for instance using
agarose gel electrophoresis. [110] PCR is not limited to DNA: By reverse transcribing RNA to
complementary DNA quantification and identification of RNA is feasible, too. Quantitative or real-
time PCR (qPCR, RT-PCR) displays the amount of a DNA in a reaction chamber after each
replication cycle. [111] Thus, gPCR permits simultaneous detection and quantification of the PCR

product as it is being generated. Most commonly, fluorescent dyes which non-specifically
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intercalate with dsDNA are employed. [112] Digital droplet PCR (ddPCR) is a variant of PCR in
which the PCR reaction mixture is initially divided into nanoliter droplets containing zero, one, or
multiple template DNAs. After the reaction cycles, individual droplets are studied based on the
fluorescence intensity of a given droplet. [113,114] Therefore, it is possible to identify whether
one or multiple target molecules were present in the droplet prior to the initiation of heat cycles.
The method has the benefit of direct and self-reliant measurement of DNA without standard

curves, resulting in more exact, repeatable and sensitive results compared to qPCR. [113]

In the biopharma industry, gPCR is a routine test technique for quantification of DNA. For protein
formulations, it can be employed to find traces of host cell DNA impurities. [115] PCR is the gold
standard for the identification and quantification of NAs in therapeutics comprising longer NAs
like viral vectors or LNPs. [116-118] It remains unrivaled in terms of sensitivity, since, theoretically,
it can identify a single target molecule. On the other hand, the possibility of cross-contamination
with amplifiable DNA may make this high sensitivity problematic. [118] In addition, only a tiny
portion of the NA gets detected in practice. When just one set of primers is employed, this may

lead to inconsistent findings.

In 2003 the human genome project was declared being complete. This enormous development
included sequencing all of the roughly three billion base pairs of DNA that comprise the human
genome and is considered the largest single undertaking in the history of biological science. [119]
The project took thirteen years to complete costing more than five billion dollars. [120] Since
then, remarkable advances in DNA sequencing technology have been accomplished. Nowadays,
a human genome can be sequenced for a few thousand dollars with a one-day turnaround time.
[121] While the term “next generation” sequencing (NGS) is frequently used it may be misleading
as today the literature describes up to four generations of different techniques. [122] For the sake
of clarity the term, high throughput sequencing (HTS) will be used. One of the most widely used
methods is called lllumina sequencing and is often counted as part of the second generation
sequencing. In this technique, the genetic material is fragmented randomly into approx. 300-
500 bp reads. Each end is ligated with an appropriate adaptor and utilized as a substrate for the
repeated amplification synthesis process. This sample preparation is also referred to as library
generation. [123] A glass slide containing oligonucleotide sequences corresponding to a ligated
adaptor is used to carry out the sequencing. Oligonucleotides on the slide are arranged in a way
that successive cycles of DNA amplification result in the formation of clonal "clusters" containing
about 1000 copies of a fragment. [122] When putting the library into the flow-cell, the dsDNA
fragments are denatured into ssDNA molecules. As soon as they are placed on the flow cell, they

hybridize to the oligonucleotides that are located on the surface of the chamber. These oligo
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nucleotides serve as primers and are utilized to produce an initial copy of the specific DNA
fragment. [124] The original library fragments are discarded, and their copies that are connected
to the flow cell are used in an isothermal amplification process in order to build a cluster of
equivalent template molecules. At 60 °C, this PCR is accomplished by cyclic alternations of three
specialized buffers that facilitate the denaturation, annealing, and extension phases. [124]
Throughout these operations, the 3’ end of the replicated library molecules have the chance to
hybridize with the complementary oligonucleotides on the flow cell, therefore producing a bridge
structure. For this reason this technique is often referred to as bridge amplification. [122] Using
the cleaving site in the surface oligo, one strand of the dsDNA fragments is removed in the last
step, releasing the “bridge”. Bridge amplification is an inefficient technique for clonal
amplification, since 35 amplification cycles only generate 1,000 copies of the original molecule.
[124] Nevertheless, every glass slide can accommodate millions of cluster reactions
simultaneously, which is the foundation of the speed of this approach. Across the course of the
synthesis steps, proprietary modified nucleotides are inserted into the growing DNA chain. These
nucleotides correspond to all four bases and are each tagged with a distinct fluorescent label
which serves for detection as soon the base is incorporated. [122] In addition to this, the
nucleotides carry out the role of synthesis terminators for each reaction, which, once detected,
are released to allow the subsequent cycle of synthesis to take place. At least 300 rounds of the
elongation reactions are performed, with one round lasting 10-60 min depending on the device.
[124] The vast information gathered from millions of clusters is matched through overlaps in the
first readings and sorted into the entire DNA sequence by sophisticated data processing systems.
Sequencing is a very powerful technique for the development of biopharmaceuticals, especially
in the early research. It can be used in nearly all fields such as target identification, biomarker
discovery or study of genetic variations. [125] Moreover, HTS is a fundamental component of
personalized medicine, which takes into consideration the patient's surroundings and habits,
medication history, and their entire genome. [126] It has been reported to rapidly and precisely
filter host sequences and categorize viral readings for the identification of host DNA contaminants
and the protection against adventitious agent safety. [127,128] This aspect is of special interest
for viral therapeutics, since the DS is a virus itself and reversion mutants are a major concern.
Through its holistic approach it is a good choice to verify identity of NA therapeutics with longer
sequences, which cannot be targeted with MS, and can also track down unknown impurities.
[129] HTS remains expensive in routine use due its complexity and the need for specialized staff.
[118,130] Moreover, the library preparation is complicated and can add biases and the steadily

changing sequencing instrumentation makes the definition of standards for QC use difficult.
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Considering the rapid advancements of sequencing during the past twenty years, it can be

assumed, that the importance of HTS will steadily increase through innovation and cost reduction.
1.3.6 Chromatographic methods

Most liquid-chromatography techniques exploit direct enthalpy interactions that engage bonding
interactions between the chemical groups on the surface of a biopharmaceutical and the
stationary phase of the chromatographic material under certain solution conditions. [44]
Historically this chromatography was performed at atmospheric pressure in glass columns.
However, modern devices employ high pressure (>3 MPa) and thus carry the name high
pressure/performance liquid chromatography (HPLC). [85] One type of chromatography which is
highly relevant to the biopharmaceutical industry is not reliant on enthalpic interactions: size
exclusion chromatography (SEC). As a chromatographic technique, SEC separates
biomacromolecules based on their hydrodynamic volume in solution. Separation, like in other
chromatographic modes, is accomplished by a partitioning process. In SEC, the stationary phase
is the liquid located within the pores of chromatographic particles and it shares the same chemical
composition as the mobile phase. [85] The access to the stationary phase is carefully controlled
by the pore structure of the chromatographic beads or particles. In contrast to other modes, SEC's
separation process is based on entropic factors and the presence of enthalpic interactions is
considered deleterious. [131] A large molecule that cannot enter any of the smaller pores can
only enter the interparticle volume and elutes early after this volume of mobile phase has
migrated through the column. On the other hand, if a small particle is able to penetrate each part
of the stationary phase pore system, it has to pass a volume equal to the sum of the pore volume
and the interparticle volume. This small molecule elutes after it has permeated approximately
double the volume of the large molecule and thus will be detected at the end of a run. [132] The
retention mechanism provides general benefits to this technique. The entire sample is eluted
within one column volume, based on its hydrodynamic size, and (optimally) no analyte is
remaining. [133] Taking into account suitable mobile phase conditions, there is low potential for
conformational alterations since the separated molecules should not interfere with a surface, e.g.
the stationary phase. For this reason, this approach is exceedingly mild and protects the function
of biomolecules very well. [85] However, since only substances with molecular sizes between two
rather narrow thresholds may be separated on a given column, SEC has a modest peak capacity.
As a result, it is a poor resolution method, giving at most 6-8 peaks and needing a 1.5 to 2 fold
difference in molecular weight for resolution. [133] SEC's biggest applicability in the industry is its
capacity to analyze the degree of aggregation i.e., high molecular weight species, HMW. It can

typically monitor aggregation with an estimated limit of quantification (LOQ) of 0.1% to 0.5% total

25



aggregation, whereas AUC is in the 2% range. [134] While SEC represents the standard method
for HMW analysis, the nature of these apparent aggregates should be interpreted with care.
Possible causes of SEC data misinterpretation include inherent fragment heterogeneity,
interactions between the analyte and/or its variant forms with the chromatographic material, and
HMW contaminants from excipients. Moreover, HMWs can be diluted during the injection

process and can then dissociate during separation. [44]

Apart from SEC, chromatography is a technology for investigating a biopharmaceutical's unique
surface chemical topology in terms of its interactions with the chromatographic surface in a
specific solution. [44] Normal phase (NP) chromatography is commonly used for adsorption
chromatographic separations where the stationary phase is more polar than the mobile phase.
Silica gels with spherical or irregular shapes feature free silanol groups and adsorptive
characteristics due to aluminum and oxygen ions on their surface. [85] Sample molecules with
free electron pairs, functional groups, or double bonds can form hydrogen bonds, dipole-dipole
interactions, induced dipoles, and complex bonds with these adsorbents. Adsorption columns are
typically eluted with strongly nonpolar liquids (hexane, isooctane). [133] Because these
compounds have considerable impacts on biopolymers, NP columns are rarely employed except
in hydrocarbon analysis. [85] The surface silanol groups of silica gels can be chemically altered
with different polar or hydrophobic functional groups to vary the interaction mode. The reverse
phase (RP-)HPLC stationary phase is created by reacting silanes that have been substituted with
long-chain hydrocarbons with silica gel. Thus, the polar surface of the silica gel particles has been
covered with a non-polar layer of alkanes, “reversing” the polarity. [135] In the characterization
of biopharmaceuticals, RP-LC is used at various levels for protein biopharmaceuticals with mobile
phases that often mix water or buffer and acetonitrile with e.g. trifluoroacetic acid (TFA) as typical
additive. Separation relies on solvophobic and electrostatic interactions, the latter being directed
by the pH of the mobile phase and ion pairing interactions of TFA with basic side chains. [85]
Changing the polarity of the mobile phase by increasing concentrations of organic solvent thus
leads to elution of the analyte. Temperature is frequently utilized as an additional variable to cope
with the slow diffusion of proteins in liquids, which may result in large peaks. The method is able
to detect various PTMs such as Met-oxidation, fragmentation, deamidation and glycosylation.
[92] RP-LC outperforms most chromatographic modes in terms of efficiency and its robustness
makes it suitable for usage in a routine environment. It is the most coupled mode with MS, which
makes it essential for characterization purposes. [86] The main limitation is the use of relatively
harsh parameters (organic solvents; high temperature and acidic conditions) which not only

denature the protein but can also induce fragmentation/clipping as artifacts. [136]
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lon pair (IP)-RP-HPLC is frequently employed to separate NAs by size. By adding counterions to
the mobile phase the analyte forms ion pairs with them. Resulting ion pairs are neutrally charged
and are separated by hydrophobic interactions with the reversed phase and liquid-liquid
chromatographic partitioning processes. [85] Furthermore, the hydrophobicity of the bases in the
sequence is a second important element that impacts separation. [137] Triethylamine (TEA) forms
a cation in acidic mobile phases and is commonly utilized as a DNA counterion. As the number of
phosphodiesters increases with NA length, more counterions bind, resulting in longer molecules
eluting later. [138] The technique is widely used for purity analysis of short, synthetic
oligonucleotides, as it can also achieve a certain degree of sequence specific resolution between
two NAs of the same length. [139] Nevertheless, resolution decreases rapidly beyond 1000

nucleotides, which is one of the main limitations of this approach.

Hydrophobic interactions with the stationary phase describe the core separation process
mechanism in both, RP-LC and hydrophobic interaction chromatography (HIC). The main
difference in HIC is, stationary phases with a hydrophobicity that is only approximately 10% that
of RP materials. Wide-pore hydrophilic gel filtration materials bonded with weakly hydrophobic
alkyl groups being most commonly utilized for this purpose. [85] Through high salt concentrations
in the mobile phase, which improve protein hydrophobicity, a tight contact between stationary
phase and the area of the protein involved in adsorption can be facilitated. Yet, the salt not only
changes the conformational structure, but it also affects the molar concentration of water. As a
result, water molecules are the displacing agents in this process, and proteins are desorbed by a
fall in salt concentration which in turn reduces their hydrophobic characteristics throughout the
gradient. [133] HIC is mainly used as an additional technique for characterization and can resolve
small changes in hydrophobicity that may not be accessible with other techniques such as, Trp
oxidation, carboxy terminal micro-heterogeneity, Asp isomerization and unpaired Cys. [140]
Through the mild elution conditions HIC is also well suited for preparative purification during

downstream processing. [141]

Hydrophilic interaction liquid chromatography (HILIC) is a separation technique based on the use
of polar stationary phases and organic-aqueous mobile phases. A minimal amount of water
(around 2%) is essential to create a permanent water layer between the adsorption surface of the
stationary phase and the organic part of the mobile phase (the eluent). [85] The separation
mechanism of HILIC is a type of partition chromatography. Polar analytes are retained by the
water enriched layer. Depending on the hydrophilic character of the analyte the elution time will
thus vary. Further small increases in the water content of the eluent result in a shortening of the

retention time of polar analytes. Thus, HILIC is a polar pendant to RP-LC and HIC. [85] A key barrier
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in making HILIC compatible for protein separations is the dissolving solvent with a high organic
content as this may lead to limited solubility and precipitation. [142] Nevertheless, HILIC has
become an indispensable approach for monitoring glycans of proteins. [143] Some studies
implemented the technique for oligonucleotides, separating analytes with up to 50 nt, but usage

has been limited to this point. [91,144]

In ion exchange chromatography (IEC), stationary phases are used which carry electrical charges
on their surface. These are, for example, anionic sulfone groups or cationic alkylated amines that
are covalently or electrostatically bonded to the ion exchange resin or gel. [85] The charges on
the ion exchange resin are occupied by oppositely charged ions that are mobile and can be
exchanged for other ions. lonic sample molecules must displace the counter ions occupying the
ion exchange sites of the matrix in order to become bound themselves. The dissociation of the
analyte can take place through increasing the ionic strength of the mobile phase and thus by
preferring the concurrent exchange reaction. [135] Elution can also take place by a pH gradient,
which alters the charge of the analyte and hence reducing its overall charge and then also its
degree of binding to the stationary phase. For biopharmaceuticals, both anion-exchange (AEX)
and cation-exchange (CEX) modes are widely employed, with CEX being typically used for proteins
and AEX for NAs. [133] Samples are injected onto the column at a pH and salt conditions where
the analyte's net charge is opposite the charge of the stationary phase. Given that mAbs
predominantly have a basic pl and are the most important class of biopharmaceuticals, CEX is the
gold standard for monitoring PTMs that cause charge heterogeneity like deamidation or aspartate
isomerization. [92] The technique can be used in moderate conditions, e.g. regarding mobile
phase, column temperature, and is generally robust. It is thus utilized as a validated method
where it is detecting charge variants as low as 0.5% accurately e.g. for release testing of
trastuzumab. [97] Due to its mild elution conditions, high binding capacity, and moderate to high
chromatographic resolution, it is an efficient technique for purifying structurally and functionally
intact proteins with high yields. CEX, like other adsorption methods, does not limit the amount of
applied sample per se, alleviating the need for previous concentration stages. Nonetheless, CEX
has the benefit of allowing concentrated protein fractions to be produced from dilute materials

and is thus used in the purification process of mAbs. [141]

AEX can be used for separating NAs based on their negatively charged phosphate backbones. The
NAs are thereby separated based on the number of their negative charges and thus their length.
As an analytical technique it is limited to oligonucleotides since the differences in charge between
very large NAs is too small in most cases. [91] However it has proven to be very effective for

separation of NAs from proteins during downstream processing, either to remove host cell NA
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from protein biopharmaceuticals [141], proteins from in vitro transcribed mRNA [145] or digested
MRNA from DNA during plasmid purification [29]. Furthermore, AEX is used for purification of

recombinant viruses for gene therapy products such as rAAV or lentiviral vectors. [146]
1.3.7 Electrophoretic techniques

Electrophoresis is one of the most extensively used techniques in molecular biology. The wide
application as slab gel electrophoresis is unquestionably attributable to its comparatively high
resolution in combination with user-friendliness, and minimal apparatus needs. [147] The
fundamental concepts and processes of gel electrophoresis have not changed significantly since
their establishment. The samples are placed onto a gel matrix and subsequently separated by the
simultaneous effects of an electrical field, buffer ions, and the sieve-like gel. [85] When the
electrophoresis has been completed, the separated molecules inside the gel are visualized with
dyes, allowing qualitative or quantitative assessment. Both proteins and NAs are charged
molecules that move in response to electric fields. Two essential physical characteristics for gel
electrophoresis are electrophoretic mobilities and isoelectric points (pl). Analytes are influenced
by their environments in terms of both of these properties. [147] The sieving features of gels have
the greatest effect on migration, while pH, ionic strength and denaturants in the system are other
variables that impact migration. Despite the fact that conventional types of electrophoresis are
capable of resolving the elements of complicated samples, they suffer from a number of
limitations. The analysis time, that is essentially limited by the amount of Joule heating, is
eventually the most glaring disadvantage. Slab gels are restricted to low potential electric fields
because they have a limited capacity for the dissipation of Joule heat. Furthermore, the entire
procedure consists of a series of tedious, time-consuming tasks, beginning with the
polymerization of the gel continuing through sample preparation and loading, separation in the
electric field, and concluding with gel staining and the collection of results. Additional issues
include moderate repeatability, especially for two-dimensional separations, variances in staining
efficiency of different analytes, that make quantitative accuracy challenging to attain, and the

absence of automation potential. [148]

Utilizing capillaries as an electromigration channel for analysis of a broad range of molecules has
various benefits over the traditional solid supports. Especially capillaries with a small diameter
(most frequently made of fused-silica; fs) are well suited for the purpose of electrophoresis due
to their physical features. These capillaries usually have an internal diameter (1.D.) of 10-250 um,
lengths of 20—100 cm, and are externally covered with a polyimide polymer which confers great

flexibility to an otherwise extremely brittle fs capillary. [85] Because of their high surface-to-
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volume ratio, capillaries having these characteristics are capable of dissipating the Joule heat that
is produced by strong electric fields in a very effective manner. Whereas a slab gel has a surface
to volume ratio of 1.3, a conventional 50 cm capillary has a ratio of 80. [148] Due to this capacity
of effectively dispersing heat, electrophoretic separations may be carried out at voltages of up to
300,000V [149] when the capillary exterior is temperature controlled, with commercial
instruments often enabling 30,000 V. Employing capillaries for electrophoresis has several
additional benefits. The narrow diameters of conventional electrophoresis capillaries give total
column volumes in the microliter range, enabling the use of just low milliliter amounts of buffer.
Furthermore, in accordance with a general guideline limiting analyte injection to 1% to 5% of the
entire capillary volume, sample quantities put into the capillary are in the nanoliter range. [148]
Consequently, only 5 uL of sample may be sufficient for multiple runs. In addition, the use of such
low sample volumes is rather limited by sample stability or evaporation than sample consumption

per injection.

The basic CE equipment configuration consists of two buffer vessels coupled by a high voltage
source. The capillary ends are submerged in the buffer solutions. One end of the capillary is

temporarily put into the sample vessel in order to inject the analytes into the capillary using a

Detector

) Sample

High voltage
power supply

Figure 7: Schematic illustration of a capillary electrophoresis instrument with a laser induced fluorescence
detector
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variety of procedures (vide infra). In the electric field, charged molecules move to their counter
electrode and pass through the detector in an electric field (see Figure 7). [148] Compared to
HPLC, injection of samples into CE capillaries is more challenging since considerably lower
guantities must be applied into a miniaturized environment. The following three injection
procedures are favored on commercial devices. With the hydrodynamic approach, a pressure
differential is established between the beginning and end of the capillary by applying pressure to
the sample vessel. With increasing pressure and injection duration, more sample volume is
administered. Similarly, by providing vacuum to the buffer vessel into which the capillary end is
submerged, a pressure differential is generated that leads to injection of the sample. In
electrokinetic injection, the capillary tip is put into the sample container. Short voltage intervals
induce the injection of sample molecules. The amount injected is dependent on the voltage and
time. [85] The detection of the samples may be carried out employing spectroscopic methods

(UV/Vis; Fluorescence) or mass spectrometry. [147]

The electroosmotic flow (EOF) is a separation phenomenon which is highly relevant for CE, and
depending on the use case it may have different effects on the separation. Capillaries made of fs
feature surface silanol groups that are neutral. Above a pH value of approx. 3, hydrogen ions are
released upon contact with buffers, and a negatively charged surface layer is created. [85] This
causes the formation of a static double layer by attracting positively charged ions from the
migration buffer. At increasing distance from this layer, cations and anions organize themselves
in a less ordered format, which is why this region is known as a diffuse layer. [150] When the
distance from the capillary wall increases, the affinity of positive particles for silanol groups
diminishes until a layer of a balanced electrolyte is found. This exponential decline is the cause of
the electroosmosis effect and is characterized by the zeta potential. Due to the cohesive nature
of the hydrogen bonds between the different layers in aqueous solutions, the whole buffer
solution is attracted to the cathode (see Figure 8). [148] Via this electroosmotic flow, dissolved
neutral analytes and larger and smaller or singly and multiple charged anions are also pulled to
the cathode. This implies that under carefully chosen conditions the analysis of all species, anionic
cationic or neutral, can be conducted within a single experiment. The EOF rises as the pH of the
migration buffer increases. This contrasts with most HPLC modes, where continual mass transfer
of sample molecules between the mobile and stationary phases takes place. Thus under ideal
conditions, the analyte’s interaction with the stationary phase is perpendicular to the flow
direction which causes retardation but also contributes to peak broadening during separation. In
ideal CE, a mass transfer does not occur and both driving forces, the electrophoretic movement

of molecules in the electric field and the overlaying EOF, are oriented
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Figure 8: Cross-section of a fused silica capillary with schematic illustration of the electric layers and the
electroosmotic flow

in parallel, potentially with different prefix. This results in a plug shaped profile and ultimately
leads to less peak broadening and increased separation efficiency. [85] In practice, the
interactions of biomacromolecules with the surface of fs capillaries, are identical to those seen
on chromatographic silica substrates. Since these couplings are frequently strong and permanent,
they pose significant challenges to the effective use of CE for biopharmaceutical analysis. As
mentioned before, silanol groups are slightly acidic and ionize at pH higher than 3, with the net
charge on the surface rising until pH 10, upon which the silanol groups are completely
deprotonated. [147] In this environment, proteins with surface-positioned basic amino acid
residues may engage in coulomb interactions with ionized sialons. Although fs consists mainly of
silanol groups, it may incorporate hydrophobic patches on its amorphous surface. Owing to the
heat treatment of the capillary during its production, siloxane is produced by the elimination of
vicinal hydroxyl groups and the subsequent development of a Si-O-Si linkage. Through their
minimal protonation, these structural elements have a limited affinity for water and constitute
hydrophobic sites inside the fs capillary. [151] For this reason, non-polar sites on a macromolecule
might also interact with the silica surface. Although the backbone of NAs is negatively charged
due to phosphate groups, the neutral bases may overcome this repulsion and also adhere to the
fs surface. This effect mainly affects ssNA while, dsNA adhesion is driven in large part by the

creation of intermolecular hydrogen bonds in the phosphate-silica contact layer. [152,153] This
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mass transfer causes peak broadening, tailing, and, in severe cases, a diminished detector
response or the entire disappearance of signals. Moreover, adsorption modifies the condition of
the capillary wall during an analysis and may vary the amount of EOF from one analysis to the
next, resulting in poor repeatability. [151] Therefore, four different techniques frequently utilized
individually or in combination to limit wall interactions have to be mentioned: Operating at high
or low pH, the use of buffer additives, coating of the fs inner surface, and high salt concentrations.
[147]

The family of CE techniques offers a wide variety of separation modes. It is possible to separate
molecules based on charge, hydrodynamic volume, molecular weight, pl, or hydrophobicity. The
very same CE apparatus is suitable for zone electrophoresis, affinity separation, gel
electrophoresis, isoelectric focusing (IEF), isotachophoresis, and chromatographic procedures like
micellar electrokinetic chromatography and capillary electrokinetic chromatography. The modes
encountered primarily in the biopharmaceutical industry are capillary zone electrophoresis (CZE),

capillary IEF (clEF), and capillary gel electrophoresis (CGE).

In a CZE analysis, the simplest mode, the capillary is filled with an adequate separation buffer at
a chosen pH, and subsequently the sample is injected. High voltage is delivered to the system
while the ends of the capillary and the electrodes are positioned in buffer vials. The loaded
molecules in the injection plug travel with an electrophoretic mobility (1) which is determined by
their charge to hydrodynamic radius ratio (g/r), and finally pass a detector where data is gathered.
[85] By a commonly used definition, the "normal" polarity for CZE is inlet = anode, detector, and
outlet = cathode, while “reverse” polarity refers to the opposite. With proceeding
electrophoresis, the ionic species segregate based on their respective electrophoretic mobilities
and traverse the detector as analyte zones. Thus the, the name capillary zone electrophoresis was
coined. [148] The composition of the electrophoretic buffer, also referred to as background
electrolyte (BGE), is the most influential chemical variable on CZE. This includes the buffering
agent type and concentration, chemical modifiers and the pH value. Physical parameters
comprise the capillary dimensions, temperature and the electric field strength. The pH of the BGE
determines the net charges of the sample components and, consequently, their mobilities. The
ideal BGE ought to have adequate buffering capacity in the pH range that offers optimum
resolution, introduces low electro dispersion impact, provides a low background in the detector
system, encompasses low conductivity at concentrations ensure effective pH buffering, and
prevent wall interactions. [147,154] Due to the fact that sample properties determine the
appropriate pH range, no single BGE can be exploited for all analytical tasks. At pH levels that are

closer to the analyte's pl, reduced mobility will cause extended run durations, peak broadening,
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and an increased likelihood of wall adhesion. Therefore, pH is often recommended to be at least

one unit higher or lower than the pl of the target molecule. [148]

Choosing the I.D. of the capillary is a trade-off among resolution, sensitivity, and loading volume.
Lowering the diameter of the capillary to improve heat dissipation yields the highest resolution,
while large I.D. provide the best sensitivity and sample loading capacity. The recommended
capillary 1.D. for most purposes is 50 um, although 75 to 100 um may be necessary for high-
sensitivity or micropreparative operations. [148] The length of the capillary may be increased to
enhance resolution, but often has minimal impact in comparison to BGE composition. In case the
BGE is not able to sufficiently minimize wall interactions, capillaries can be coated by covalent
reaction of various agents to the silanol groups. Most often neutral polymers like poly vinyl

alcohol or polyacrylamide are used for biological analytes. [148]

Simple CZE has limited use for NA, since g/r is very similar for NA of varying lengths. However, it
was reported that oligonucleotides may be separated based on their hydrophobicity and thus
their sequence. [155] Despite this, the main application of CZE is monitoring of charge
heterogeneity of proteins. There are “generic” methods for mAbs [156,157] but also other
prominent examples like insulin [158]. It serves as an orthogonal method to CEX and was shown
to be stability indicating, precise, accurate, robust, linear and sensitive for mAbs. [156] In addition,
it represents an alternative to HILIC for glycan analysis. CZE has various benefits over other
techniques. It can be coupled to MS allowing peak characterization. [159,160] Sample preparation
is often simple, and analysis durations are quick, allowing for high-throughput screening. [148] It
is not constrained by the size of the analyte and may be used to analyze anything ranging from
small molecules, mAbs, viruses, and even cells. [161] On the other side, the design of a BGE which
is tailored to the analyte may be tedious in the beginning and inhibit the application. Additionally,

sensitivity can be an issue, especially with UV detection and narrow capillaries. [85]

Affinity CE (ACE) is a synergistic method that combines CZE separation and affinity interaction
with ligands, hence increasing the selectivity for desired charged species. By adding a ligand to
the separation system, a complex with different migration characteristics than the target itself is
created. This approach may be used to analyze binding reaction parameters (such as
concentration, stoichiometry, and equilibrium) and complex formation processes. [162] An ACE
experiment's design is highly dependent on the analytes and their binding constants (Kp). For tight
binding events (Kp in the nanomolar range), the protein analyte and its antigen can be pre-
incubated prior to CZE separation (equilibrium-mixture analysis). Throughout the analysis, the

generated inert complex will be stable, permitting normal CZE conditions. [148] Less stable
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complexes (Kp in the micromolar range) will lead, as a result of continuing dissociation throughout
the analysis caused by continuously changing equilibria, to extensive zones in which the
equilibrium between ligand and protein is permanently altered. The addition of the ligand to the
BGE, which allows for a stable equilibrium within the capillary through a consistent ligand
concentration, is an efficient strategy for such unstable complexes (mobility-shift analysis). [162]
Nevertheless, not all ligands may be abundant enough to be incorporated into the BGE or might
by incompatible with the separation, e.g. due its own properties or impact on the BGE properties
or homogeneity. In such instances, analyte and ligand may be injected individually into the
capillary (two plug approach). This needs the protein and ligand to have distinct electrophoretic
mobilities so that one can catch up the other. This approach is also known as electrophoretically
mediated microanalysis or flow-through partial-filling (FTPF) ACE. [163] The capillary as a
microreactor offers some advantages: It reduces the consumption of precious analytes and

expands the automation possibilities of the analytical method.

All modes of ACE have a wide range of application like binding interaction characterization,
immunoassays, aptamer evolution and drug discovery. [164] Through its specific action mode it
is mostly employed in the research and characterization phases of drug development, but it was
also described for charge heterogeneity profiling of mAb mixtures [165] or coupled with MS to

monitor oxidation and binding affinity of mAbs simultaneously. [166]

Capillary isoelectric focusing (clEF) unites the resolution of traditional gel isoelectric focusing (IEF)
with the benefits of CE. As the pl is nearly the same for all kinds of NAs, this technique is almost
exclusively used for protein charge heterogeneity profiling. IEF refers to electrophoresis that is
carried out in a pH gradient. When an IEF separation is conducted, the amphoteric compounds in
the sample are separated and concentrated at spots along the pH gradient where their pl is
equivalent to the pH. [147] As with other CE techniques, making use of capillaries provides
effective Joule heat dissipation and enables the application of high voltage, which speeds up the
process of concentrating protein zones. In clEF, the capillary is loaded entirely with a combination
of carrier ampholytes (CAs) and the target molecule, which represents the test sample. A
separation voltage is provided to the two ends of the capillary, which are dipped into the
catholyte and anolyte, respectively. Through isoelectric stacking of components in the CAs, a pH
gradient is formed from the anodic to the cathodic side of the capillary. Proteins in the mixture
travel to sites within the capillary where their pls are analogous to the pH in the pH gradient. As
they are uncharged when reaching the pH that corresponds to their pl, their migration ceases.
This in turn creates compact focused protein zones, which can then be detected. [85] There are

two fundamental prerequisites for an efficient clEF separation column: no flow (electroosmotic
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or hydrodynamic) and no capillary wall adhesion. Therefore, capillaries are typically coated with
stable, neutral coatings to suppress EOF and avoid protein contact with the silica surface. [148]
To avoid hydrodynamic movement during the focusing, the two tips of the capillary should be
kept on a single level. When the two prerequisites are met, a stationary gradient can be
established where the protein zones are focused in narrow zones. Due to the fact that generic CE
devices are typically equipped with a single point detector the static zones inside the capillary
must be mobilized in order to pass the detector, adding an additional step after focusing. Three
strategies to mobilize are available, which might be combined in any way: salt mobilization,
pressure-driven mobilization, and EOF-driven mobilization. [147] The pressure-mobilization
procedure might lower resolution and increases sample analysis times. The chemical mobilization
process, on the other side, requires more method development, but may increase resolution
through additional separation effects. Nowadays, the industry standard is whole-capillary
detection, in which the IEF over the whole length of the separation column is observed by a
UV/Vis detection system usually operated at 280 nm, to avoid CA background noise. [167] These
instruments are commonly referred to as imaged clEF (iclEF). Nevertheless, mobilization may still

be necessary for fractionation or MS-coupling.

Just like BGE in CZE, the CA is the most important condition in clEF. Given that a CA may comprise
more than 900 amphoteric compounds, it is mainly obtained commercially. Owing to the vast
number of CA ingredients, background absorption is a special concern aside from factors like
optimal resolution. Therefore, a compromise between buffering capacity of the ampholyte and
UV absorption must be made. [147] After focusing proteins are concentrated by several
magnitudes into compact zones at net-zero charge, which poses the risk of precipitation and
aggregation. Therefore, sugars, surfactants, and chaotropic salts can serve as additives to the CA
to preserve a protein’s solubility at their pl. Moreover, polymers like methyl cellulose stabilize the
capillary surface, further reduce surface interactions, and improve resolution by decreasing
protein diffusion coefficients. [147] When a sample's pl value is uncertain, a CA with a broad pH
range (e.g. 3-10) is often the first option for pl screening. For most analytes, separation resolution
may be improved in successive runs by using CAs with a tighter pH range. The focusing time is an
additional relevant factor. Stabilization of the focusing current essentially corresponds to
conclusion of CA focusing, whereas target proteins may travel more slowly than CAs, often
necessitating experimental assessment of the focusing time. [148] In QC labs, the iclEF with UV
detection has become a standard technique for charge heterogeneity investigation. It is a rapid
approach that has been confirmed in inter-laboratory investigations for its robustness and

repeatability for charge heterogeneity profiling of therapeutic antibodies. [168] It is particularly
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valuable due to its practically universal application to all kinds of proteins and simple method
development, which has been standardized by commercial suppliers. [169] Coupling with MS has
been described but is often complicated by the need to remove or use uncommon Cas. [170] In
this situation, CEX and CZE are often preferred alternatives. Additionally, some proteins may be

difficult to analyze due to precipitation, even when countermeasures were taken.

The implementation of capillaries eliminated the majority of difficulties related with gels in
electrophoresis, such as the removal of convection due to the quick Joule heat dissipation and
the reduction of diffusion owing to the strong electric field. However, gels have the potential to
actively contribute to the separation by acting as a sieving matrix that selectively impacts the
mobility of analytes according to molecular size. Throughout CZE, biomolecules like NAs and SDS—
protein complexes do not display any substantial mobility variances, regardless of their length,
due to their constant q/r. Thus, the inclusion of an engaging sieving medium is required to achieve
resolution. For the initial implementations of capillary gel electrophoresis (CGE), cross-linked
high-viscosity gels polymerized within the capillary predominated. [171] Newer techniques use
linear, UV-transparent polymers, such as dextrane, cellulose derivatives, or polyethylene glycol,
for simpler and robust handling, improved repeatability, and more injection mode flexibility. [148]
The formation of an entangled superstructure in a solution of noncross-linked polymers can be
observed above a certain concentration threshold and forms the foundation of the sieving effect.
Intermolecular polymer and polymer—solvent interactions are shaping the polymer network
structure, which is further influenced by factors such as temperature, polymer concentration,
molecular weight (Mw), shape, and additives like SDS. [172] The network structure is dynamic,
with channel-like structures in the polymer continuously emerging and vanishing. Therefore, the
theoretical pore size is flexible and solely reliant on the concentration of a given polymer. In
general, increased polymer concentrations facilitate the resolution of analytes of lower molecular
mass. [147] Moreover, the use of an electric field may assist in polymer organization. In contrast
to the fixated cross-linked gels, the dynamic pore structure enables even the largest molecules to
permeate. According to the Ogsten model, analytes with a size similar or lower to the pore size
are resolved by a true sieving process, and their mobility is proportional to exp(-My). [173] Large
Stokes radii molecules, such as the flexible chain of biopolymer molecules, might well transit
through holes far narrower than their size would allow. This is described by the reptation model
(reptation-without-stretching regime), which characterizes macromolecule movement as a
"head-first, snakelike" flow through the pores of the sieve medium. According to this theory, the

mobility of the analyte is inversely related to its M. This holds true up until the point when
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maximal size is reached, at which a repetition-with-stretching process leads to a ceiling for

mobility, and the analytes are not distinguishable. [148]

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) is the most used slab gel
electrophoresis technique for the study of polypeptides. Correspondingly, CE-SDS, its capillary
equivalent, represents the most abundant member of the CE family used in the
biopharmaceutical industry. SDS adheres to peptide chains in an essentially stoichiometric
manner, with about one SDS molecule attached for every two amino acid residues. [172]
Considering that the impacts of ionic functional groups are negligible compared to those of the
detergent sulfate groups, the SDS—protein complexes exhibit a comparable g/r regardless of the
length of the polypeptide chain. Incompletely complexed proteins may display varied mobility
and may be resolved into numerous species, while with smaller proteins, the inherent charge of
the side chains has a greater impact, resulting in larger variability despite similar My. The
surfactant's solubilizing ability is a significant benefit of utilizing SDS, permitting the examination
of proteins that are prone to precipitation. [147] While protein separations via other CE modes is
often adversely impacted by capillary wall interactions, this issue is negligible or absent in CE-SDS.
The BGE pH is adjusted so the fs surface has a negative charge, and the SDS—protein combination
is anionic at virtually all pH levels, leading to electrostatic repulsion and consequently preventing
adsorption. [148] For sample preparation, proteins are diluted in a basic-pH SDS-containing buffer
and subsequently heat-denaturated. Prior to heating, a suitable reducing agent such as B-
mercaptoethanol or dithiothreitol is added if the proteins are to be investigated under reduced
conditions. In instances when increased sensitivity is needed, fluorophore derivatization may be
advised. [147] Due to their practically constant q/r, SDS—protein complexes are injected with an
identical effectiveness. In contrast to CZE, where electrokinetic injection may lead to a bias since
lower mobility analytes will move more slowly into the capillary, resulting in decreased relative
concentrations within the injected zone. When choosing a high ionic strength for the BGE, this
can be exploited for a stacking effect, which sharpens the injected zone and increases sample
concentration. [147] Electrokinetic injection is hence a favorable option, but if the sample has a
significant salt content and desalting is impractical, hydrodynamic injection may be utilized.
Another difference to CZE is the high viscosity of the run buffer which necessitates adequate

pumping time to fill up the capillary.

CE-SDS is a recognized technique for the examination of protein biopharmaceuticals, is included
in a large number of regulatory filings and considered a “generic” method which matches many
different analytes. [172] While it is conceivable to build a CE-SDS method by testing multiple gel

buffer compositions, this is often considered a substantial investment, and in practice the
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majority of laboratories use commercially available analysis buffers. Via the non-reduced form of
the technique fragments, covalently bound aggregates and host cell proteins are assessed, while
with the reduced mode serves for monitoring of fragments and glycan distribution. [172] Due to
its extensive usage, high throughput applications of CE-SDS, such as in short capillaries with
minimal analysis times or with multichannel devices, are also commercially available. [174] As SDS
interacts with ESI, the principal downside of this method is the limited ability to characterize peaks
using MS. The removal of SDS by a two-dimensional CGE-CZE-MS method has been established

but remains a technically demanding niche application with great potential. [175]

CGE was established as a method for DNA analysis and sequencing in the early 1990s and
continues to be one of the leading methods for the purity assessment of NAs. The separation
technique is identical to CE-SDS, and comparable gel matrices may be used. It is applicable to the
whole range of NAs, from single bases to tens of thousands of bases. [173] A difference is the
frequent use of intercalating dyes such as ethidium bromide which raise the resolution and
sensitivity through fluorescence detection by many orders of magnitude. [176] The approach is
utilized orthogonally to IP-RP-HPLC for the sizing of oligonucleotides, but is particularly beneficial
for longer NAs like mRNA as very few techniques can resolve them. In recent years, CGE has
regained attention in the separation of NAs for detection of contaminants, identification of
modifications, or the investigation of secondary structures as a result of the biopharma industry's
shift from mAbs to other modalities. It has been successfully applied for gene therapy products
and mRNA vaccines. [91] Due to BGE components that are incompatible with MS, CGE-MS

applications for NAs have been scarce so far.
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2. Results and Discussions

The objective of this dissertation is to explore the potential of capillary electrophoresis as an
analytical technique to evaluate the properties of novel therapeutic agents, including peptides,
plasmids, mRNA/LNP formulations, and rAAV. The ultimate intent is to expand the applicability of
CE to all these modalities as much as possible. The doctoral thesis encompasses four focus areas
that were addressed in a total of five articles that were published in peer-reviewed analytical
chemistry journals. Each of the sections of the thesis will be presented through a summary of

each project, along with the reprint of the corresponding articles.

In the initial section (2.1), a technique is presented for identifying and measuring the degree of
methionine oxidation in proteins, employing Ag(l) and Au(lll) ions as affinity probes. The process
of methionine oxidation is a frequently occurring PTM that has the potential to impact the
structure and function of proteins. [21] The article presents an investigation on the capability of
ACE to quantify the degree and position of methionine oxidation in peptides and offers

complementary approach to MS.

Section two (2.2) provides a direct comparison of the present analytical methodologies employed
for the analysis of rAAVs, a highly promising vector for gene therapy. The rAAV is a type of small,
non-enveloped ssDNA virus that has the ability to deliver therapeutic genes into target cells. [177]
It exhibits numerous benefits in comparison to alternative gene transfer vehicles but presents
various analytical characterization challenges which are owed to the combinations of viral
proteins and NAs. The research presented in this chapter delineates the benefits and challenges
associated with employing CGE, CZE, TEM, AUC, and IP-RP-LC methodologies for the purpose of
rAAV characterization. The findings demonstrated that CE techniques are capable of providing
distinctive insights into rAAV, which may not be readily accessible through other analytical

approaches.

Chapter three (2.3) presents an approach for quantification and identification of NA therapeutics
through the utilization of fluorescent peptide nucleic acid (PNA) hybridization probes for CE. PNA
probes are artificially synthesized, neutral polymers that have the ability to selectively hybridize
with target NAs [178] and induce changes in their electrophoretic mobility. The article
demonstrates the application of PNA probes in the qualitative and quantitative analysis of NA

therapeutics, including oligonucleotides, rAAVs, and mRNA.
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The final chapter (2.4) describes a study which demonstrates different analytical methods for
longer NAs (> 500 nt), highlighting their specific advantages and limitations. This involves, the PNA
based ACE method (chapter 2.3), ddPCR, CGE (chapter 2.2) which was expanded by the use of

nuclease digestion, IP-RP-LC and CZE. These methods were applied to a variety of NA
formulations: mRNA, rAAV and LNPs.
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2.1 Methionine oxidation of proteins analyzed by affinity capillary
electrophoresis in presence of silver (I) and gold (lll) ions

Methionine (Met) is an amino acid that shows susceptibility to oxidation by reactive oxygen species,
leading to the formation of methionine sulfoxide (MetO). [179] The level of Met oxidation in a protein
is regarded a CQA, due to its potential to cause reduced potency, aggregation and altered
pharmacokinetics depending on the position in the protein’s amino acid sequence. [180] Peptide
mapping via LC-MS is considered the gold standard for addressing this CQA. [181] However, this
approach requires costly equipment, can be complex and is a time-intensive process. For this reason,
the adoption of ACE as a technique for separating peptides and proteins with varying oxidation states
is proposed in this study. This is achieved through the interaction of biomolecules with ligands present
in the BGE. This methodology's feasibility was shown through peptides with differing Met oxidation
variations as model analytes. The metallic cations of Ni, Pd, Pt, Cu, Ag, and Au were subjected to
testing, and the utilization of Au and Ag yielded the most favorable outcomes. The ions of Ag(l) and
Au(l) have the property of exhibiting selective complex formation with thioethers as opposed to
sulfoxides. The introduction of the mentioned ions into the BGE results in a selective formation of
complexes with Met residues. This leads to a modification in the charge, enabling the separation of
species based on their individual oxidation state of Met. Experimental data indicated that gold in its
trivalent state (Au(lll)) undergoes reduction to its monovalent state (Au(l)), while Met oxidizes to
MetO within the capillary. Au(l) has the ability to form complexes with peptides that contain Met and
can thus alter their mobility in ACE. For this reason, the application of AuCls in conjunction with
thioether containing samples is suitable for investigating the conduct of Au(l) in CZE at concentrations
approximately ranging from 250 to 500 puM. Furthermore, AuCl; may be a noteworthy oxidizing agent
for inducing stress in biological specimens. The specific binding of Ag(l) with thioethers has been
effectively utilized in ACE to differentiate between peptides having varying levels of oxidation in their
Met residues. The investigation has demonstrated a distinct differentiation between non-oxidized,
singly-oxidized, and doubly-oxidized variants, which were previously indistinguishable through
conventional CZE. The data obtained indicated that there is a binding interaction between a single
Ag(l) ion and a single Met residue, leading to an increase in the net charge of the analyte. The
logarithmic binding constant (log Kg) of 8-mer peptides that contain a single Met residue was
measured to be approximately 3.6, which is consistent with literature. Studies involving mAbs have
demonstrated that the interaction between Ag ions and large proteins can impact their mobility and

that the method possess the capability to serve as an indicator for protein oxidative stress.
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Methionine oxidation of proteins analyzed
by affinity capillary electrophoresis in
presence of silver(l) and gold(lll) ions

Oxidative damage of biopharmaceuticals during manufacturing and storage is a key con-
cern throughout pharmaceutical development. However, few simple and robust analytical
methods are available for the determination of oxidation sites. Here, the potential of affin-
ity capillary electrophoresis (ACE) in the separation of proteins with oxidized methionine
(Met) residues is shown. Silver(I) and gold(I) ions have the attribute to selectively form
complexes with thicethers over sulfoxides. The addition of these ions to the BGE leads to
a selective complexation of Met residues and, thus, to a change of charge allowing sep-
aration of species according to the different oxidation states of Met. The mechanisms of
these interactions are discussed and binding constants for peptides containing Met with
silver(I) are calculated. Additionally, the proposed method can be used as an indicator of
oxidative stress in large proteins. The presented technique is easily accessible, economi-
cal, and has rapid analysis times, adding new approaches to the analytical toolbox of Met

sulfoxide detection.
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1 Introduction

Damage to proteins caused by oxidation is a commonly ob-
served problem in biopharmaceutical development, mainly
affecting methionine (Met), cysteine (Cys), histidine (His),
and tryptophan [1, 2]. Unlike the side chains of the branched
chain amino acids, the Met side chain is rather flexible
but possess a similar hydrophobicity [3, 4]. This makes Met
unique among the proteinogenic amino acids, allowing it to
adapt its shape to nonpolar structures. Met oxidation caused
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YAM({ox)AAM(ox)KA; MXO, M-(3)-O and M-(6)-O; TETA,
triethylenetetramine
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mation section at the end of the article.

by reactive oxygen species leads to the formation of the po-
lar methionine sulfoxide (MetO). In vivo, this modification is
altering protein structures and accelerating age- dependent
diseases [5, 6]. For proteins stored in vitro, oxidation of Met
residues to MetO causes loss of potency and aggregation [7-
10]. Monoclonal antibodies {(mAbs), which are of special inter-
est to the pharmaceutical industry, tend to have altered phar-
macokinetic properties, due to Met oxidation [11]. The effects
caused by MetO are regarded as critical quality attributes.
Hence, special techniques for the detection of this posttrans-
lational modification are required.

As an antioxidant defense, cells use methionine sulfox-
ide reductases, which catalyze the reduction of MetO using
thioredoxin. For the monitoring of MetO in vive, recombinant
methionine sulfoxide reductases labeled with a fluorescent
marker can be used [12]. For chromatographic detection,
the chemical attributes of MetO can be exploited: It is more
polar, bulkier, and less flexible than Met [13-15]. This change
of attributes may lead to a small increase in polarity if Met is
located on the exterior of the protein. However, the polarity
difference is typically too small for a direct separation with
HPLC. Only if the oxidation takes place at a critical Met
residue and, thus, leads to a conformational change, does the
resulting species have a completely changed hydrophobicity.
Oxidation variants can then be separated in RP-HPLC or
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hydrophobic interaction chromatography [16, 17]. In the
case of a reduced affinity of a protein to its target caused by
critical residue Met oxidation, an affinity chromatography
can be used to separate a protein [11]. Nevertheless, these
approaches can just work for certain classes of proteins and
are not applicable in a generic way. For an overview of all
Met residues typically a proteolytic digest is performed. In
the resulting peptides, the increased polarity of an oxidized
residue is of a greater significance than in a protein, allowing
separation with RP-HPLC. Coupling of LC with MS was
already introduced in the early 90‘s and helps to identify all
oxidized Met in a protein [18]. With the development of high
throughput proteomics, the identification of MetO is now
possible for whole cell extracts [19]. However, this procedure
is relatively time consuming and complex.

Changes in polarity by Met oxidation do not typically
have a great impact on the electrophoretic mobility in CE.
However, Nashabeh and colleagues [20] successfully sep-
arated Met oxidation variants of the 70 amino acid long
insulinlike growth factor I (IGF-I). In a polyacrylamide-
coated capillary with an acidic buffer composed of f-alanine,
citric acid, zwitterionic N-dodecyl-N, N-dimethyl-3-ammonio-
1-propanesulfonate (DAPS) and acetonitrile, hydrophobic in-
teractions between DAPS and the protein separated the Met
and MetO variants of IGF-1. In this study, acetonitrile inhib-
ited micelle formation in the BGE leading to a RP-HPLC-like
separation mode.

The addition of metal ions to the BGE has been shown in
a wide range of studies to be an appropriate method for study-
ing interactions of biomolecules including DNA and proteins
[21-24]. Here, we have performed a feasibility study on identi-
fication and quantification of Met oxidation variants by using
ACE with metal ions as complexing reagent for nonoxidized
Met. In our study, we choose to focus on silver and gold salts.
As softacids, silver and gold tend to strongly bind to soft bases
such as unreduced sulfur. This interaction is known to be sev-
eral orders of magnitude higher than to nitrogen and oxygen
containing compounds [25]. Since the 1940s, thiol concentra-
tions in amino acid and protein containing solutions were de-
termined via amperometric titration in the presence of silver
compounds [26-28]. Gold interactions with Met were mostly
studied in the context of developing new (anticancer) drugs
[29]. To best of our knowledge, the usage of both ions for the
detection and measurement of Met oxidation by ACE has not
yet been reported. We describe the reaction mechanisms be-
tween peptides containing Met and Ag/Au ions that are pro-
posed to take place during electrophoretic separation. Bind-
ing constants between these peptides and Ag are calculated
and the utility of the method for an estimation of protein ox-
idation is demonstrated.

2 Theory of ACE

ACE is a highly efficient tool for binding studies. For the com-
plex formation [PM] between a peptide analyte P with a metal

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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ion M, a simple 1:1 equilibrium (Eq. 1) and the corresponding
mass action law can be formulated (Eq. 2):

Ean

P+M _ PM, (1)
korr
— L — k_"" = _[PM] (2)
"T K kyr [PIIMT

where ki, ky: rate interaction constants of the complex for-
mation and dissociation, respectively. Kg: binding constant
of the complex; Kp: dissociation constant of the complex; and
[PM], [P], [M]: equilibrium concentrations of PM, P, and M.

Most systems with weak to moderate interactions show
fast kinetic reactions. In CZE, a stable equilibrium between
analyte and ligand can be reached by adding the ligand to the
BGE. If the ligand changes the charge of the analyte, as can
be expected for a metal ion, the analyte migration time will be
shifted according to the concentration of the ligand in BGE.
The proportion of the complex in the total analyte population
is given by its mole fraction ypm (Eq. 3):

[PM]
Xem = [

Pl + [PM]’ 3)

The observed mobility of the analyte u is a result of the
mobility of the complex ppy and the mobility of the free an-
alyte g and their mole fraction in equilibrium [30] (Eq. 4):

= (1= xpm) Hp+ Xonabbrn. (4)
Insertion of Egs. (2) and (3) in Eq. (4) yields Eq. (5):

i+ K [M] pepy

14 Kz [M] G)

Since pp and [M] are known, while ppy can be deter-
mined by the saturation plateau of the curve, the resulting
binding curve can be used to estimate Kj via nonlinear regres-
sion. For a more sophisticated stepwise 2:1 metal to peptide
stoichiometry, the following equilibrium can be formulated
(Eq. 6):

+M +M

P T PM PM,. (6)

—M -M

In this case, Eq. (5) is extended to Eq. (7):

u = ip + Kpy [M] ey + Kin KBZ[M]ZMPMZ 7)
1+ Kz [M] 4 Kg; Keo[M] ‘
where @ Py mobility of the double bound complex; Kps:
binding constant of the single bound complex; and Kg,: bind-
ing constant of the double bound complex.
In order to estimate the electrophoretic mobility from
raw data, one can use Eq. (8):

LiL; 1 1
w o= ———. (8)
u ta  tror

where L;: total capillary length; L;: length to detector; U: Sys-
tem voltage; t4, kor: migration time of analyte and EOF, re-
spectively.
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3 Materials and methods
3.1 Reagents

NaOH (Cat. no. 28244.295) and orthophosphoric acid (Cat.
no. 20626.292) were from VWR Chemicals (Radnor,USA).
HCI (Cat. no. 387 800 010) was purchased from Acros organ-
ics (Geel, Belgium) and thiourea/HCI cleaning solution (Cat.
no. 51350102) from Mettler Toledo (Columbus, USA). The
following chemicals were from Sigma-Aldrich/Merck KGaA
(Darmstadt, Germany): AgF (Cat. no. 226 858), AuCl; (Cat.
no. 379948), catalase from bovine liver (Cat. no. C9322),
CuCl; (Cat. no. 203 149), e-aminocaproic acid (EACA) (Cat.
no. A2504), hydrogen peroxide (Cat. no. 16 911), histidine
(Cat. no. 53319), hydroxypropyl methylcellulose (HPMC)
(Cat. no. H7509), NiCl, (Cat. no. 451193), PdCl, (Cat. no.
205 885), PtCl, (Cat. no. 79 840), sodium phosphate dibasic
(Cat. no. S0876), and triethylenetetramine (TETA) (Cat. no.
90 460). Water of HPLC grade was prepared in a Milli-Q-
Station (Merck Millipore/Merck KGaA). Solutions were fil-
tered through 0.2 pm membrane filters (Corning, New York,
USA).

Peptide variants with the base sequence YAMAAMEKA
were synthesized by JPT Peptide Technologies (Berlin,
Germany). This nonoxidized base sequence is referred to
as 2 M. The variant YAM(ox)AAM(ox)KA is abbreviated
as MOMO. Single oxidized species YAM(ox)AAMKA and
YAMAAM (ox)KA are called M-(3)-O (Met3 oxidized) and
M-(6)-O (Met6 oxidized), respectively. When referring to
M-(3)-O and M-(6)-O, the abbreviation MXO is used. The
C- and N-terminus are unmodified. Isoelectric point of all
peptide species: 8.5. mAbl and mAb2 were obtained inter-
nally (F. Hoffmann La Roche, Basel, Switzerland). Properties
of both monoclonal antibodies (mAbs): molecular weight:
7150 kDa; isoelectric point: ~8.5.

3.2 Sample/BGE preparation

For peptide analysis, metals were diluted in BGE (50 mM
Na, HPO., adjusted to pH 3 & 0.05 with H;PO, or HCl using
a SevenExcellence pH/Ion meter S500 (Mettler Toledo) from
2 to 2000 uM, with a 1:2 dilution row (1 + 1 part). The sam-
ples were a mix of 1 mM peptide(s) and 0.5 mM His, used as
a marker, in water. Regarding mAb experiments, AgF was di-
luted at 500 .M in mAb BGE (400 mM EACA, 2 mM TETA,
0.05% HPMC pH 5.7 + 0.05). Preparation of mAb BGE is
described elsewhere [31, 32]. mAb samples were stressed at
1 mg/mL with 1% H,0, at 25°C. The reaction was stopped
after 1 or 6 h with 20 U of catalase. The formulation of the
mADs includes His, which can be used as a marker.

3.3 Apparatus

All experiments were carried out on a SCIEX PA800 plus Sys-
tem (Brea, USA) which was equipped with an UV detector, a

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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214 nm filter (Cat. no. 144 437; SCIEX), a temperature con-
trolled auto sampler (+2°C), and a 30 kV power supply. Fused
silica capillaries from Molex (Lisle, USA) with [.D. of 50 pum,
20 cm length from the inlet to the detection window, and a
total length of 30 cm were used at 20°C. Samples were stored
in the autosampler at 10°C and injected at 0.5 psi for 10 s. Po-
larity was positive (capillary inlet) to negative {capillary outlet)
with separation voltage set at +20 kV. The currents observed
under the described conditions were at around 60 pA (pep-
tide BGE) or 25 pA (mAb BGE). Instrument control, data ac-
quisition, and data evaluation were performed with 32 Karat
10.1 software (SCIEX). Origin software (2019 version, Origin-
Lab Corporation, Northampton, USA) was used for data eval-
uation.

Before each sample injection, capillaries were flushed
with 0.1 M HCI for 1 min and equilibrated for 1 min with
separation buffer (peptide BGE/mAb BGE). All rinsing steps
were performed at 60 psi. Fresh capillaries were primed for
separation buffer conditions by five runs with a peptide or
mADb sample. After ACE separations, silver-coated electrodes
were cleaned by putting them in the thiourea cleaning solu-
tion for 1 h. Gold oxide coating on electrodes was removed
with 1 M NaOH overnight. Capillaries were used for max. 20
injections to avoid metal complex adhesion.

4 Results and discussion

The experiments conducted were based on the hypothesis
that some metal ions selectively bind Met over MetO. Adding
these metals to the BGE in CE analysis would, thus, only
change migration of Met containing samples whereas oxi-
dized samples would not be affected. Literature research has
brought the elements of group 10 (Ni; Pd; Pt) and 11 (Cu; Ag;
Au) of the periodic table to our attention in this regard [33]. Ex-
periments were conducted using a short peptide with the se-
quence YAMAAMKA. This peptide was used in the four pos-
sible Met oxidation variants (2M, M-(3)-O, M-(6)-O, MOMO,
see Section 3 for details). As a marker, for detection of a possi-
ble mobility shift, a molecule that would ideally be uncharged
and not interact with the BGE/metal ions had to be found.
However, a BGE with pH 3 leads to a very low EOF, and un-
charged molecules would not be detected in the migration
timeframe of the peptides. Thus, His as a charged molecule
was chosen, because it maintains its mobility at a broad range
of metal concentrations (up to 4 mM tested) despite increas-
ing ionic strength in the BGE. For practical calculations with
Eq. (8), the detection peak of His was used and not the migra-
tion time of the EOF. The mobility is referred to as the relative
mobility (rel. 1)

4.1 Mechanism of metal complexation of
methionine

For an initial screening of the effects of metal ions on mobil-
ity of peptides, 2 M and MOMO were mixed each at 1 mM
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and separation in 50 mM phosphate buffer at pH 3 was car-
ried out as a standard without observing a clear separation of
the species. In a next step, the metal ions were added at con-
centrations of 0.25-2 mM to the BGE. Counter ions for the
metals, were chosen on the basis of solubility in water. A sig-
nificant alteration of mobility could be obtained for AuCl; and
AgF, but not for NiCl,, PdCly, PtCl,, and CuCl, (not shown).
Addition of AgF to the BGE leads to a clear shift of 2 M, M-
(3)-0, and M-(6}-O, which appears to be stabilized at concen-
trations >250 uM (see Fig. 1A). Under these conditions, a
separation of the oxidized, single oxidized and nonoxidized
species can be achieved. This indicates that the binding of
Ag(I) ions to 2 M, M-(3)-0, and M-(6)-O, strongly relies on
the thioether group since this is the only difference between
the peptides.

Ag(I) has a strong affinity for thioether groups and is re-
ported to form a wide range of coordination geometries, most
of them ranging from linear twofold coordinate to tetrahe-
dral complexes [34]. Sigel et al. conducted studies on dimethyl
sulfide and dimethyl disulfide with several metal species in-
cluding Ag(l) ions [35]. In that study, the equilibrium con-
stants of the soft Ag(l) ion were reported to be 105 times
larger for thioethers than for hard ions like Ca(Il). Luehrs
and colleagues found, that dimethyl sulfoxide does not form
any complexes with Ag(l) in aqueous solutions, as hydrogen
bonding is dominant [36].

Experiments with Met have shown that silver forms [Ag-
Met] complexes below pH 4.5, that solely coordinate through
the thioether group [37]. At higher pH, a [Ag-(Met),] complex
is detected that coordinates also through the amino group,
which was also confirmed in Met-containing peptides [38].
This suggests the binding of two Ag' ions to 2 M and one
Ag" ion to M-(3)-O and M-(6)-O at pH 3 according to Egs. (9)
and (10).

MXO+ Ag' (Ag(Mx0))", 9)
T (aglm)” L (am@M)F. (o)

To prove this theory, we conducted mobility shift studies
using AgF concentrations from 2 pM to 2000 uM in order
to estimate the binding constants in the capillary. For single
oxidized peptides, Eq. (5) can be reformulated (Eq. 11):

B mxo + Kp [Ag+] H{agimxo)]
H= 1+ Kp [Ag* ] -

Fitting mobility plots with Eq. (11) results in accurate
fits for M-(3)-O and M-(6)-O, thus, confirming the [Ag(MXO)]
complex (Fig. 2). Formation constants for [Ag(MXO)] are ap-
proximately log K &~ 3.6 (Fig. 2, Inset table). Measurements
conducted with potentiometric titration on pure Met and Met-
containing dipeptides, have found a very similar value of log
Kg==3.2 [37, 39]. Assuming a second-order equilibrium for
2 M, we have estimated that K, is an average of Kz(M-(3)-O)
and Ky (M-(6)-0) and that the single bound species [Ag(2M)]
has the same migration time as the average of M-(3)-O and

(11)
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Figure 1. Capillary electropherograms of the peptides 2 M (black
lines), M-(3)-0O (red lines), M-(6}-O (green lines}, MOMO (blue
lines), or a mix of all four (teal lines) in 50 mM phosphate buffer,
pH 3. (A) Addition of 250 nM AgF into the BGE. (B} Addition of
375 pM AuCl; into the BGE. (C) Effects on the electropherogram
of 2 M with 0-2000 .M AuCls in the BGE. All lines were shifted
according to the marker peak (His}. Separation voltage of 20 kV;
capillary: fused silica.

M-(6)-O. Eq. (7) then results in Eq. (12):

Han + K [Ag+] M agimx o)) + K1 Kpa [Ag+]zfl[/\gz(zM)]
©= ‘
1+ Kin [Agt] + K Kio[Ag+]*
(12)
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Figure 2. Mobility plot for the peptides 2 M (black); M-(3)-O (red);
M-(6)-O (green); and MOMOC (blue) in 50 mM phosphate buffer, pH
3. The corresponding lines are fits according to Egs. (11) and (12).
Displayed error bars represent standard deviations of four mea-
surements. Separation voltage: 20 kV; capillary: fused silica. In-
set table: Silver complex formation constants for [Ag(MXO)] and
[Ag2(2M)] according to Egs. (9) and (10). Standard deviations of
the fit are given in parentheses.

With these estimates, a very precise fit can be established
which results log Kg,#25.1 (Fig. 2).

Addition of 375 uM AuCl; to the phosphate BGE has a
clear impact on 2 M, leading to a peak that has an increased
mobility and a double peak with an unchanged mobility
(Fig. 1B). The observed species with an increased mobility
migrates in the same timeframe as the [Ag-2M] complex,
thus, this signal is corresponding to a complex of Auions and
2 M. Increasing concentrations of AuCl; in the BGE in order
to shift the equilibrium to the peptide-gold-complex does not
increase the intensity of the new peak. Instead, the newly
formed peak first rises in intensity until approx. 500 pM
AuCl;, then intensity starts decreasing again (Fig. 1C). These
data suggest that a more sophisticated mechanism is taking
place, than a complex formation between the peptide and
Au?t. While a clear [Au-(MXO0)] peak cannot be detected,
peak fronting is detected for both single oxidized peptides at
AuCl; concentrations up to 64 pM (Suppeorting information
Figs. 51 and S2). With higher concentrations, a double peak
is formed. This indicates that the [Au-(MXO)] complex is not
as stable as [Ag-(MXO)].

The similarity of the migration of 2 M with AuCl; and
AgF in the BGE, suggests the existence of Au(I) species in the
BGE. Oxidation of Met with chloroauric acid (HAuCl,) which
can be formed in aqueous solutions out of AuCl; has been
first reported by Bordignon et al. [40] and investigated in
detail in more recent publications [41, 42]. The mechanism
of the redox reaction is depicted in Fig. 3. In a first step, a
[Au(III)-Met] complex (1) is formed quickly by a nucleophilic
Cl substitution by the thioether of Met. This complex is
rather unstable and can only be detected in traces in the first
few minutes of the reaction. In a second step, an additional
Met residue leads to the reduction of Au(III) to Au(l) [43].
As an intermediate product a chlorosulfonium-methionine

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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ion is formed, which further hydrolyses to MetO [42]. The
resulting [Au(I)-Met] complex (2) can dissociate to form free
[AuCL]” or create a linear and polynuclear [Au(l)-(Met),],
complex (3). [AuCl,]" is not stable in solution at room tem-
perature but its elimination to solid Au(0) and [AuCly]™ is
reported to proceed slowly [44].

According to the position and number of free Met
residues, the peptides investigated in this study show dif-
ferent migration changes in CZE when AuCl; is added to
the BGE. The peptide containing two Met, 2 M, shows the
most significant changes. In the context of an oxidation in-
duced by [AuCL ], it is clear that there is a signal that corre-
sponds to the oxidized MOMO peptide that was formed out
of 2 M. MALDI measurements of an equimolar mixture of
AuCl; and 2M peptide further confirmed that oxidation of
2 M to single oxidized and double oxidized species is induced
by Au(IIl) (data not shown). [Au(III)-Met] is reported to be
only detectable in traces by NMR analysis after 3 min of reac-
tion, while [Au(I)—(Met),], is stable for hours. This suggests
that there is no direct detection of the [Au(IIT}—(2M)] com-
plex taking place, but that the newly formed peak for 2 M
is an [Au(1)-(2M)] species. The mobility of the newly formed
peak also highly corresponds to the [Ag(2M)] complex (see
Fig. 1), further sustaining this assumption. With low concen-
trations of AuCl; (2-16 pM) in the BGE, the 2 M peptide
peak starts to show a small delay, without detection of the
newly formed species (Fig. 1C). This indicates the complex-
ation of 2M with Au(IIl), since this complex is not charged
while it enlarges the hydrodynamic radius of the peptide. The
small mobility change can also be detected for the single ox-
idized species, in a smaller range, but is not observed for
the MOMO species, indicating that it is caused by complex-
ation of thioether groups (Supporting information Figs. S1
and S2). With higher AuCl; concentrations, the second reac-
tion step starts to play an increasing role, leading to the de-
tection of [Au(I)-(2M)]. At a concentration of 250-500 pM of
AuCl; in the BGE, this species is most stable for detection.
An [AuClL,]™ excess like in the 1000-2000 wM lanes, leads to
an increased reaction kinetics, so that the peak intensity of
[Au(T)-(2M)] starts decreasing (Fig. 1C). Adjusting the pH of
the BGE with HCl in order to increase concentration of Cl-,
leads to more [AuCly]™ ions at the same AuCl; concentration.
This change led to a reduced complex detection, indicating a
faster reaction process (data not shown), which matches with
observations of Gligic et al. [45]. It remains unclear, whether
[Au(I)-(2M)] consists of one Au(l) bound to both sulfurs of
the peptide, a dinuclear complex with Au(l) bridging be-
tween two peptides, or even more sophisticated polynuclear
structures. NMR studies conducted on a Gly-Met dipeptide
have revealed that this peptide forms polynuclear [Au(I)(Gly-
Met),]n complexes [42]. Detection of an [{Ag);(2M)] complex,
the closely related chemical properties of Au(l) and Ag(I) and
the very similar mobility of [Au(I)(2M)] and [(Ag):(2M)] ob-
served in our data (Fig. 1), suggests that two Au(l) ions bind
to one 2 M peptide under separation conditions. This differ-
ence to literature might occur due to the special conditions
within separation in comparison to NMR or as a consequence
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of sterical problems resulting from the size of an 8-mer
peptide.

4.2 Silver for the detection of oxidative stress in
proteins

In a next step, the usability of the approach in a more sophis-
ticated system was evaluated. For this, two mAbs were tested
in a modified EACA buffer system with pH 5.7. This BGE
has been demonstrated to have a broad applicability for bio-
pharmaceuticals including ACE studies [31, 32, 46]. When
it comes to the adaptation of the method to proteins, some
aspects need to be considered. First, with a rising pH un-
charged amino groups are available in the buffer, giving a new
complexation partner for Ag(I). Although the pKa of the Met
amino group is approximately 9, this effect is reported to be
of relevance at pH > 4.5 [37].

Next, the affinity of silver toward free thiol groups is
known to be higher than for thiocethers, which means that
Ag(l) may bind to Cys residues first. However, this effect
should be constant for stressed and unstressed proteins,
thus, resulting in similar mobility shifts for stressed and un-
stressed proteins. Additionally, most Cys residues are cova-
lently bound in disulfide bonds, which were shown to have
a lower affinity to Ag(l) than thioethers [35]. For our experi-
ment, two standard mAbs, mAb1 and mAb2, each with a pI of
8.5 and with 14 Met residues were used as model biopharma-
ceuticals. These samples were stressed with 1% H,0, for 1 or
6 h. For both mAbs, only minor CZE-profile changes are ob-
served when they are exposed to H;,0,, indicating increased
oxidation (Fig. 4A and B). When these samples were injected
in the presence of 500 pM AgF in the BGE, a mobility shift
of unstressed/nonoxidized and intermediately (1 h) stressed
samples occurred, while highly stressed samples (6 h) were
not affected (Fig. 4C and D). This indicated binding of Ag(I) to
free thioether groups and, thus, demonstrated, that stressed
mADs, containing MetO, were not affected by the presence
of Ag(I) in the BGE while unstressed samples were changing
their mobility (Fig. 4). Alhazmi and colleagues conducted sev-
eral ACE studies on the effect of metal ions, including Ag(l),
on proteins [47-49]. For these studies, a Tris(hydroxymethyl)-
aminomethan (tris) BGE at pH 7.4 was used. Results were
ambiguous for Ag: some proteins as human serum albumin

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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was reported to have an increased mobility, while others are
not affected or show mobility decrease. This can be explained
by the complex formation of Ag at higher pH. In this case, the
participation of amino groups in complex formation leads to
polynuclear [(Ag),(Met);] complexes [39]. Additionally, K; for
amino and thioether groups are reported to be in the same
range, leading to a competitive situation. Since there are usu-
ally more accessible amino groups than thioether groups in
a protein, this increased number of interactions may affect
protein structure and, thus, mobility in very different ways.
For these reasons, it is expected that the method presented
here will show best results in terms of specificity at low pH
(ideally < 4.5).

5 Concluding remarks

Methionine oxidation is linked to decreased stability of
proteins and is, thus, of great interest as a critical quality
attribute in pharmaceutical industry. For development of
an easy and cost-efficient method for determination of the
oxidation state in proteins, we apply ACE in combination
with metal agents in the BGE. This approach has been tested
with six different metals: Ni, Pd, Pt, Cu, Ag, and Au. The best
results were obtained by using Au and Ag. Our data have
shown that Au(III) is reduced to Au(l) and Met is oxidized to
MetO in the capillary. Au(l) can then complex Met containing
peptides and change their mobility in ACE. AuCl; can, thus,
be used together with thioethers containing samples for
studying behavior of Au(l) in CZE at concentration around
250-500 uM. Additionally, AuCl; can be of interest as an
alternative oxidant for stressing biological samples.

The specific interaction of Ag(l) with thioethers could
be successfully exploited in ACE to separate species with
different oxidation status of their Met residues. Studies
with peptides have shown a clear separation of nonoxidized,
single-oxidized, and double- oxidized species, which could
not be separated by classical CZE. Moreover, even different
types of single-oxidized species were distinguished. Our data
suggest the binding of one Ag(I) ion to one Met residue,
which increases the overall charge of the analyte. The bind-
ing constant for 8-mer peptides containing one Met residue
was determined to be log Kpy~3.6 and are well comparable
to literature values obtained by amperometric titration.

www.electrophoresis-journal.com
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Figure 4. Effects of the AgF addition on the mobility of stressed mAb samples: mAb1 (A) and mAb2 (B) were stressed with 1% H,0; for
1 h (red lines) and 6 h (green lines) and compared with unstressed samples (black lines) in a metal-free BGE. The same BGE was modified
with 500 LM AgF and the experiment was repeated for mAb1 (C) and mAb2 (D). BGE: 400 mM EACA, 2 mM TETA, 0.05% HPMC, pH 5.7;
separation voltage: 20 kV; capillary: fused silica. All lines were shifted according to the marker (His).

Experiments with mAbs have shown that the binding of
silver ions also affects mobility of large proteins. However,
mobility changes obtained for mAbs are relatively low com-
pared to those of peptides, because of the low abundance of
Met in the protein. Hence, for proteins the method has the
ability to be used as an indicator for protein oxidation stress.
If a more detailed resolution is necessary, the method needs
to be used on peptide level.

The presented new ACE method for the detection of Met
oxidation is economical and specific. Additionally, it is easily
accessible as using standard equipment and techniques and
has the advantage of rapid analysis times. It is expected to be-
come a valuable tool for MetO detection and characterization.

The authors have declared no conflict of interest.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

Data availability statement
The data that support the findings of this study are available

on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

6 References

[

Cleland, J. L., Powell, M. E, Shire, S. J., Crit. Rev. Ther.
Drug Carrier Syst. 1993, 10, 307-377.

Vogt, W., Free Radic. Biol. Med. 1995, 18, 93-105.

Bernstein, H. D., Poritz, M. A., Strub, K., Hoben, P. J.,
Brenner, S., Walter, P, Nature 1989, 340, 482-486.

Gellman, S. H., Biochemistry 1991, 30, 6633-6636.

[2]
[3

(4

www.electrophoresis-journal.com



1216

[5]

(6

[7

[8

(9]

[10]

(1]

2]

[13]

(4]
[15]

[186]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

A. Hutanu et al.

Stadtman, E. R., Van Remmen, H., Richardson, A., Wehr,
N. B., Levine, R. L., Biochim. Biophys. Acta 2005, 1703,
135-140.

Burney, P. R., White, N., Pfaendtner, J., PLoS One 2014,
9, e86981.

Sasaoki, K., Hiroshima, T, Kusumoto, S., Nishi, K.,
Chem. Pharm. Bull. 1989, 37, 2160-2164.

Frelinger, A. L., 3rd, Zull, J. E., Arch. Biochem. Biophys.
1986, 244, 641-649.

Teh, L. C., Murphy, L. J., Huq, N. L., Surus, A. S, Friesen,
H. G., Lazarus, L., Chapman, G. E., J. Biol. Chem. 1987,
262, 6472-6477.

Mulinacci, F, Poirier, E., Capelle, M. A., Gurny, R., Arv-
inte, T, Eur. J. Pharm. Biopharm. 2013, 85, 42-52.
Stracke, J., Emrich, T.,, Rueger, P, Schlothauer, T., Kling,
L., Knaupp, A., Hertenberger, H., Wolfert, A., Spick, C.,
Lau, W., Drabner, G., Reiff, U., Koll, H., Papadimitriou,
A., mAbs 2014, 6, 1229-1242.

Tarrago, L., Peterfi, Z., Lee, B. C., Michel, T., Gladyshev,
V. N., Nat. Chem. Biol. 2015, 11, 332-338.

Yan, B., Valliere-Douglass, J., Brady, L., Steen, S., Han,
M., Pace, D., Elliott, S., Yates, Z., Han, Y., Balland, A.,
Wang, W., Pettit, D., J. Chromatogr. A 2007, 1164, 153-
161.

Harris, R. J., Dev. Biol. 2005, 122, 117-127.

Lam, X. M., Yang, J. Y., Cleland, J. L., J. Pharm. Sci. 1997,
86, 1250-1255.

Anantharamaiah, G. M., Hughes, T. A, Igbal, M., Gawish,
A., Neame, P J., Medley, M. F, Segrest, J. P, J. Lipid Res.
1988, 29, 309-318.

Boyd, D., Kaschak, T, Yan, B., J. Chromatogr. B: Anal.
Technol. Biomed. Life Sci. 2011, 879, 955-960.

Bouchon, B., Jaquinod, M., Klarskov, K., Trottein, F,
Klein, M., Van Dorsselaer, A., Bischoff, R., Roitsch, C., J.
Chromatogr. B: Biomed. Appl. 1994, 662, 279-290.

Ghesquiere, B., Gevaert, K., Mass Spectrom. Rev. 2014,
33, 147-156.

Nashabeh, W., Greve, K. F, Kirby, D., Foret, F, Karger, B.
L., Reifsnyder, D. H., Builder, S. E., Anal. Chem. 1994, 66,
2148-2154.

Stettler, A. R., Chaurin, V., Constable, E. C., Housecroft,
C.E., Schwarz, M. A., J. Biol. Inorg. Chem. 2007, 12, 194~
203.

Stettler, A. R., Chaurin, V., Constable, E. C., Housecroft,
C. E., Schwarz, M. A., Electrophoresis 2008, 29, 3342-
3348.

Redweik, S., Xu, Y., Watzig, H., Electrophoresis 2012, 33,
3316-3322.

Redweik, S., Cianciulli, C., Hara, M., Xu, Y., Watzig, H.,
Electrophoresis 2013, 34, 1812-1819.

Pearson, R. G., Surv. Prog. Chem. 1969, 5, 1-52.
Kolthoff, J., Harris, W., Ind. Eng. Chem. Anal. Ed. 1946,
78, 161-162.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

[27]

(28]
[29]

[30]

[31]

(32]

[33]

(34]

(35]

[36]

(37]

[38]

(391

(40]

[41]

(42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

Electrophoresis 2021, 42, 1209-1216

Benesch, R., Benesch, R. E., Arch. Biochem. 1948, 19, 35—
45,

Bueton, H., Biochim. Biophys. Acta 1958, 29, 193-201.

Sun, R. W.-Y,, Che, C.-M., Coord. Chem. Rev. 2009, 253,
1682-1691.

Neubert, R. H., Ruttinger, H.-H., Affinity Capillary Elec-
trophoresis in Pharmaceutics and Biopharmaceutics,
CRC Press, New York 2003.

He, Y., Isele, C., Hou, W., Ruesch, M., J. Sep. Sci. 2011, 34,
548-555,

Hutanu, A., Kiessig, S., Bathke, A., Ketterer, R., Riner, S.,
Stracke, J. O., Wild, M., Moritz, B., Electrophoresis 2019,
40, 3014-3022.

McAuliffe, C., Murray, S., Inorg. Chim. Acta Rev. 1972, 6,
103-121.

Young, A. G., Hanton, L. R., Coord. Chem. Rev. 2008, 252,
1346-1386.

Sigel, H., Scheller, K. H., Rheinberger, V. M., Fischer, B.
E., J. Chem. Soc. Dalton Trans. 1980, 7, 1022-1028.
Luehrs, D. C., Nicholas, R. W.,, Hamm, D. A., J. Elec-
troanal. Chem. Interfacial Electrochem. 1971, 29, 417-
420.

Pettit, L. D., Siddiqui, K. F, Koztowski, H., Kowalik, T, In-
org. Chim. Acta 1981, 55, 87-91.

Jezowska-Trzebiatowska, B., Kowalik, T., Koztowski, H.,
Bull. Acad. Pol. Sci. Ser. Sci. Chim. 1977, 25, 797-803.

Lyons, A. Q., Pettit, L. D., J. Chem. Soc. Dalton Trans.
1984, 10, 2305-2308.

Bordignon, E., Cattalini, L., Natile, G., Scatturin, A., J.
Chem. Soc. Chem. Commun. 1973,22, 878-879.

Vujaci¢, A. V., Savi¢, J., Sovilj, S. P, Szécsényi, K. M.,
Todorovié, N., Petkovié, M., Vasi¢, V. M., Polyhedron
2009, 28, 593-599.

Glisi¢, B. D., Rajkovic, S., Stani¢, Z. D., Djuran, M. |., Gold
Buil. 2011, 44, 91-98.

Natile, G., Bordignon, E., Cattalini, L., Inorg. Chem. 1976,
15, 246-248.

Gammons, C. H,, Yu, Y., Williams-Jones, A., Geochim.
Cosmochim. Acta 1997, 61, 1971-1983.

Glisi¢, B. B., Djuran, M. |., Stani¢, Z. D., Rajkovic, S., Gold
Bull. 2014, 47, 33-40.

Moritz, B., Schnaible, V., Kiessig, S., Heyne, A., Wild, M.,
Finkler, C., Christians, S., Mueller, K., Zhang, L., Furuya,
K., J. Chromatogr. B 2015, 983, 101-110.

Alhazmi, H. A., Nachbar, M., Albishri, H. M., El-Hady,
D. A., Redweik, S., El Deeb, S., Watzig, H., J. Pharm.
Biomed. Anal. 2015, 107, 311-317.

Alhazmi, H., Al Bratty, M., Javed, S., Lalitha, K., Phar
mazie 2017, 72, 243-248.

Alhazmi, H. A., Javed, S. A., Ahsan, W., Rehman, Z., Al
Bratty, M., El Deeb, S., Saleh, S. F, Microchem. J. 2019,
145, 2569-265.

www.electrophoresis-journal.com



SUPPORTING INFORMATION

Methionine oxidation of proteins analyzed by affinity capillary
electrophoresis in presence of silver (I) and gold (Ill) ions

Electrophoresis. 2021 Jun; 42(11):1209-16.

52



His [Au(1)-(M-(3)-0)]

0.24 +
unstable
0.22 +
[AuCl3] in BGE [uM]
0.20 +
0.18 \ 500
0.16 \ 250
014 Oxidation to 20 125
gmz 63
0.10 31
0.08 16
0.06 8
[Au(lll)-(M-(3)-0)] 4
0.04 —
0.02 ! 2
0
0.00 +—— T : -+ £ . 7
2 25 3 35 4 45 5
Time [min]

Fig. S1: Effects on the electropherogram of M-(3)-O with 0- 500 uM AuCl; in the BGE. All lines were
adjusted according to the marker peak (His). Separation voltage of 20 kV; capillary: fused silica.
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Fig. S2: Effects on the electropherogram of M-(6)-O with 0- 500 uM AuCls in the BGE. All lines were
adjusted according to the marker peak (His). Separation voltage of 20 kV; capillary: fused silica.



2.2 Analytical techniques for recombinant adeno associated virus

Recombinant adeno-associated viruses are gene therapy vectors, capable of transporting
therapeutic genes to patient cells. [182] They are currently the most prevalent vector for in vivo
gene therapy available to patients with three FDA approved drugs. [183] However, the production
and quality control of rAAV poses significant challenges owing to the intricate and heterogenic
nature of rAAV. The efficacy and safety of gene therapeutics are determined by the NA
encapsulated, which, in turn, is associated with several CQAs. [184] Hence, the development of
reliable and robust analytical methodologies for the characterization of rAAVs is of utmost
significance. When this project was started, we realized that there are little to no reports that
compare analytical methods with the same set of rAAVs. Through the large variability of
commercial specimens and lack of reliable reference standards analytical method development
was challenging. In order to overcome this problem a descriptive study was initiated to obtain a
deeper understanding of the nature of rAAV samples. This chapter presents an evaluation of five
analytical techniques for rAAV analysis, as described in two articles. The techniques evaluated
include TEM, AUC, CGE, CZE and IP-RP-LC.

The first article takes a holistic approach and compares results obtained with TEM, AUC, CGE and
CZE with a consistent set of rAAVs. TEM and AUC techniques are primarily concerned with the
overall state of the viral system but also provide information on the DNA load. On the other hand,
the described CE methods are suitable for analyzing the viral DNA specifically. TEM and AUC
generated equivalent results, with no significant variations detected among the examined rAAVs:
All species that were identified through TEM were also observable via AUC. AUC has the ability to
offer a comprehensive assessment of the variability among sample species and was utilized to
determine the proportional quantities of capsids that are empty, partially filled, filled, or
overfilled. On the other hand, TEM is a powerful imaging technique that visualized impurities such
as proteasomes or damaged virus capsids. The study revealed that the differentiation of partially
filled from fully filled capsids through TEM and AUC techniques could pose a challenge. My
contribution to this publication was to establish orthogonal CE techniques that could address this
challenge. CGE provided a rapid estimation of the size and proportion of the present DNA
molecules. The findings indicated that the detection of fragments in CGE resulted in the
appearance of partially filled species in AUC. Capsids that encapsulate DNA strands larger than
their intended size cannot be visualized through TEM and could thus only be observed through
the use of CGE and AUC. The results obtained from CGE have demonstrated their comparability
and complementarity to AUC. Although CGE proved to be a valuable tool, we observed that the
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estimation of genome titer using this method was a laborious process and lacked an established
calibration procedure. Hence, a simplified CZE workflow was proposed that can be utilized under
native conditions with brief separation times (<5 min/run). The underlying mechanism for
detection was based on the release of DNA due to thermal stress, achieved by subjecting the
sample to a temperature of 70 °C for a duration of 2 minutes. The experimental technique
exhibited linearity over a wide range and yielded consistent outcomes. This approach could thus

aid in comprehending the release of DNA, such as during formulation studies.

As a result of the accumulated knowledge, | was part of a collaboration with peers at the
University of Leiden to assist in the development of an IP-RP-LC method that had not yet been
implemented for rAAV DNA. The publication involved a comparative analysis of the acquired IP-
RP data to AUC and CGE. | provided different preparations of rAAV and plasmid digests and the
corresponding CGE data which helped highlighting the advantages and disadvantages of each
technique. While CGE generally provides higher resolution than IP-RP-LC, the latter technique
allows for analysis under fully denatured conditions, enabling detection of single-stranded DNA.
Overall IP-RP-LC proved to be a valuable addition to AUC and CGE.
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1 Introduction

The adeno-associated virus (AAV) is a small, non-enveloped
$sDNA virus of 25 nm in diameter that belongs to the family
of parvoviridae [1]. The 4.7 kb ssDNA wild-type genome is
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Stronger together: Analytical techniques for
recombinant adeno associated virus

With recent FDA approval of two recombinant adeno-associated virus (rAAV)-based gene
therapies, these vectors have proven that they are suitable to address monogenic diseases.
However, rAAVs are relatively new modalities, and their production and therapy costs sig-
nificantly exceed those of conventional biologics. Thus, significant efforts are made to im-
prove the processes, methods, and techniques used in manufacturing and quality control
(QC). Here, we evaluate transmission electron microscopy (TEM), analytical ultracentrifu-
gation (AUC), and two modes of capillary electrophoresis (CE) for their ability to analyze
the DNA encapsidated by rAAVs. While TEM and AUC are well-established methods for
rAAV, capillary gel electrophoresis (CGE) has been just recently proposed for viral genome
sizing. The data presented reflect that samples are very complex, with various DNA species
incorporated in the virus, including small fragments as well as DNA that is larger than the
targeted transgene. CGE provides a good insight in the filling of rAAVs, but the workflow is
tedious and the method is not applicable for the determination of DNA titer, since a proce-
dure for the absolute quantification (e.g., calibration) is not yet established. For estimating
the genome titer, we propose a simplified capillary zone electrophoresis approach with
minimal sample preparation and short separation times (<5 min/run). Our data show the
benefits of using the four techniques combined, since each of them alone is prone to de-
livering ambiguous results. For this reason, a clear view of the rAAV interior can only be
provided by using several analytical methods simultaneously.

Keywords:

Analytical ultra-centrifugation / Capillary gel electrophoresis / Capillary zone
electrophoresis / Characterization / Transmission electron microscopy
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D Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

surrounded by a capsid with icosahedral symmetry which
is formed by three viral proteins (VP1-3) [2]. The capsid
proteins are all coded by one gene (Cap) and are formed
through alternative splicing and are thus only differing in
their N-terminus. Additionally, the genome contains four
different regulatory proteins (Rep) and is flanked by 145
nucleotide inverted terminal repeats (ITR), which form a
T-shaped hairpin through base pairing [3]. The genome
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can either be a sense (+) or anti-sense (-) DNA strand [4].
Genome packaging into an empty capsid just needs ITRs,
when all helper functions, Rep and Cap are provided by
plasmids. In order to produce recombinant AAV (rAAV),
95% of the AAV genome can thus be removed and replaced
by a transgene [5]. The two main production methods use
transfection of mammalian Human Embryonic Kidney 293
(HEK293) cells or the baculovirus expression vector system
(BEVS) for infecting Spodoptera frugiperda (Sf9) insect cells
[6]. While the Sf9 system is easier to handle and shows better
scalability, it is reported that rAAVs from this source tend
to have a different expression of viral proteins, different
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posttranslational modifications, and different methylation of
genomes, which may lead to a decreased infectivity [7,8].

The ability of site-specific integration of DNA into the
host cell genome [9-11] and the missing pathogenicity [12]
are attributes, that predestine AAVs to the use as gene delivery
vehicles for gene therapy. With the FDA approval of two rAAV
based gene therapies in 2017 and 2019 [13], these viruses
have proven that they are suitable vectors to address mono-
genic diseases. In particular, rAAVs have shown remarkable
improvements for patients with spinal muscular atrophy [14]
and retinal diseases [15], but considerable research is also
made for genetic remedies that affect the central nervous
system, muscles, and liver [16]. Since rAAVs are relatively
new modalities and production costs remain high, significant
efforts are currently being made to improve the processes,
methods, and techniques used in manufacturing and QC.
The goal of analytical development for QC of biopharmaceu-
ticals is to identify physicochemical properties that influence
safety and efficacy and set specific ranges or limits that safe-
guard the high product quality that is required for therapeutic
use. Most of these critical quality attributes (CQAs) have been
identified for rAAVs as well and are discussed in recent re-
views [17,18] (https://alliancerm.org/manufacturing/a-gene-
2021). In this work we will focus on the CQAs discussed in
the following section.

For appropriate dosing, the virus titer or concentration
of the AAV sample is a product-related CQA. There are three
general approaches to determine the titer. The gencme titer
(genome copies per mL: GC/mL) describes the capsids filled
with the correct genome and is thus used for clinical dosing
[19]. When the capsid concentration (viral particles per mL:
VP/mL) is measured regardless of the content, the capsid titer
is estimated. To get a measure of the biological activity, the in-
fectivity titer is evaluated by different in vitro cell-based assays
[20,21].

Production yields remain the main challenge for manu-
facturing rAAV because the majority of capsids tend to not
contain the transgene [22]. For this reason, fast and auto-
mated methods for the estimation of the full to an empty ratio
(or content ratio: full to all) are critical from a QC perspective.
Capsids may also be filled with a part of the transduction cas-
sette, the plasmid backbone, or wild-type sequences. This is
expected to lead to immunotoxicity or genotoxicity [23].

Even though physicochemical methods are only rarely
used in the characterization of viral vector systems during
production, they are considered to play an important role in
the future. Hereby, they will cover CQAs as the content ratio,
the virus (protein) and genome titer, purity, or aggregation, to
name just a few. TEM [24,25] and AUC [24,26] are two orthog-
onal techniques, that can detect different viral populations.
Both have already been widely applied with their specific
advantages and drawbacks. TEM is a very flexible method as
it offers visual information for content ratio, protein impu-
rities, and aggregation. However, inconsistent staining can
lead to ambiguous results of capsid fillings and turnaround
times are high. AUC, on the other hand, easily provides
quantitative results for different viral species with a high

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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resolution. Its limitations include high sample consumption
and low throughput. Additionally, both methods seem to be
challenging to implement in a good manufacturing practice
(GMP) environment. Capillary gel electrophoresis (CGE)
was recently proposed as a method that can separate differ-
ent size variants of DNA in rAAV samples and could even
have the prospect for genome titer estimation [27]. Related
CGE methods are extensively used for the assessment of
protein impurities of biopharmaceuticals including rAAVs
[28-30). In this publication, we discuss the advantage of the
synergistic application of four methods, TEM, AUC, and two
submodes of CE (see Table 1 [24,31-37]), focusing on the
quantity, quality, and state of the genome. HPLC methods
such as RP-HPLC, SEC or AEX, or other CE submethods
as cIEF are not considered here. The applicability of these
approaches and their place in the rAAV analytical toolbox is
under investigation, although some reports consider these
techniques already available [17,18]. The juxtaposition of
these four methods revealed an in-depth understanding of
the filling of complex rAAV samples and shed new light on
the strengths and weaknesses of the CGE approach.

2 Materials and methods

General: HPLC grade water was prepared using a Q-POD®
Ultrapure Water Remote Dispenser (Cat. no. ZMQSP0DO01)
by Merck Millipore/Merck KGaA (Darmstadt; Germany). Pu-
rified AAV2 and AAV3 (approx. 2 x 10" GC/mL by qPCR)
and the ssDNA genome were obtained from different com-
mercial manufacturers. The incorporated genomes should
express an enhanced green fluorescent protein (EGFP) with a
Cytomegalovirus (CMV) promoter. Genome sizes have a the-
oretical size of 2501 bp for Supplier 1 and 2565 bp for Supplier
2. The samples from different sources are abbreviated with S1
(Supplier 1) and S2 (Supplier 2, e.g., AAV2 S2). Samples were
formulated in 1x PBS with 0.001% Pluronic F-68.

TEM: Samples were stained with 1.5% (w/v) uranyl ac-
etate in H,O (Merck 8473; discontinued). TEM Grids: 200
mesh, copper, formvar/carbon-coated (Cat. no. $162) were
from Plano GmbH (Wetzlar; Germany). Sample preparation:
4 wL of each sample was incubated for 30 s on a glow-
discharged carbon-coated TEM grid. After a blotting step,
grids were washed three times with Milli-Q water and neg-
atively stained two times with 4 uL of 1.5% uranyl acetate.
After every staining and washing step, excess liquid was re-
moved using a blotting paper. Image acquisition was per-
formed on a Philips CM100 TEM operated at 80 kV.

AUC: Analysis was performed on an Optima analytical
ultracentrifuge from Beckman Coulter (Indianapolis, USA).
The samples were loaded into AUC cells equipped with
quartz windows and 12 mm double-sector charcoal-filled
EPON centerpieces. A sample volume of 370 wL was loaded
in the sample sector, whereas 390 L of formulation buffer
was loaded in the reference sector. The AUC cells were
equilibrated at 15°C for 1 h before starting the rotation at
the indicated rotor speed. The sedimentation was monitored
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Table 1. Overview of Methods used in this work and the CQAs they address

Nucleic acids 1109

Techniqgue  CQA Specific results Comments Requirements Quality Possible
test sample standard Alternatives
TEM Content ratio Evaluation of empty, filled Uneven staining may lead to =102 VP/mL non-GMP  AUC
and disrupted AAV ambiguous results AEX [24,31]
Evaluation of impurities Simple visual interpretation ELISA/qPCR [32]
0D [32]
AUC Content ratio Estimation of filled and Empty material could be critical =102 VP/mL non-GMP  TEM
empty species Re-homogenization and ca. 400 L Highly AEX [24,31]
Estimation of overfilled and reutilization may be possible purified ELISA/qPCR [32]
partial filled species material 0D [32]
Estimation of degraded No aggregates
AAV
CGEpna Quality of DNA  Identity of genome (based Non-covalent labeling needed =10" GC/mL GMP AGE [19,33]
Genome on size/migration time) (BGE) > 0.2 ng/nlL AUC
titer Size variants CE separation prafile depends
Quantification of target on test sample preparation
variant conditions
CZEpna Quantity of Specific DNA quantification  Evaluation of encapsidated / >10" GC/mL GMP gPCR [19,34]
free DNA hased on g/r free DNA = 0.2ng/pl DBA [35-37]
Genome Evaluation of DNA release
titer under stress conditions

AEX, anion exchange chromatography; qPCR, quantitative polymerase chain reaction; DBA, dye based assay

by UV absorbance at 230, 260, and 280 nm. Scans were col-
lected every 60 s with a radial position data spacing of 10 pm.
The sedimentation coefficient and relative amounts of each
species were determined by processing the data with SEDFIT
(v16.1c) using c(s) model (sourcel). The relative amount of
each subpopulation of the AAV samples was acquired by in-
tegrating the respective peak area in the sedimentation plot.

CE: Amicon Ultra-0.5 mL Centrifugal Filters with a
100 kDa cutoff (Cat. no. UFC5100BK), Benzonase Nucle-
ase (Cat. no. E1014), 0.5 M EDTA (Cat. no. 15575 020),
polyvinylpyrrolidone (PVP; Cat. no. 437190), 10x Tris bo-
rate EDTA (TBE) buffer (Cat. no. 574795), Tris Base (Cat.
no T6066) and Urea (Cat. no. U6504) were supplied by
Sigma—Aldrich/Merck KGaA (Darmstadt; Germany). DNase
I 10x Reaction Buffer (Cat. no. AM8170G), PBS tablets (Cat.
no. 18912 014), Plurenic F-68 (Cat. no. 24040 032), SYBR™
Green IT RNA Gel Stain 10 000x concentrate in DMSO (Cat.
no. S$7564), UltraPure™ DNase/RNase-Free Distilled Water
(Cat. no. 10977 015) were purchased from Thermo Fisher Sci-
entific (Waltham, USA). The QIAquick PCR purification Kit
used for purification was from Qiagen (Germantown, USA).
Acetic acid 99.7% (Cat. no. LC101001) was sourced from
Fisher Chemical (Hampton; USA). Capillaries with an inner
diameter of 50 pwm (Cat. no. TSP-050375) and 100 pm (Cat.
no. TSP-100375) were from Polymicro Technologies /Molex
LLC (Phoenix, USA).

Analysis was carried out using a SCIEX PA800 Plus sys-
tem (Brea; USA) equipped with a solid-state laser with an
excitation wavelength of 488 nm and a 520 nm bandpass
emission filter (Cat. no. 65-699) from Edmund Optics (Bar-
rington; USA), a 30 kV power supply and a temperature-
controlled autosampler (+ 2°C). Data were acquired and an-

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

alyzed using 32 Karat software 10.3. CGE: AAV samples re-
ceived from the different manufacturers were purified follow-
ing the instructions from the QIAquick PCR purification kit
but with two washing steps of the QIAquick column. Before
injection in CE, the sample was heated at 70°C for 2 min fol-
lowed by 5 min in ice. The DNA digestion with benzonase
and later centrifugation to remove benzonase and degraded
material was performed as in [27]. After centrifugation, the
sample was directly purified with the QIAquick PCR purifica-
tion kit and heated at 70°C for 2 min followed by 5 min in ice.
The separation gel buffer consisted of 1% PVP, 4 M Urea in
1xTBE solution with 1:25000 diluted SYBR Green 11[27,38]. A
bare fused silica capillary with a 100 or 50 pm internal diam-
eter and 30 cm effective length was used for the separation.
The separation voltage was 6 kV using reverse polarity. The
samples were injected by applying —4 kV during 2-6 s. Cap-
illary temperature was set to 25°C and 10°C was used for the
autosampler. CZE: The separation buffer was prepared by dis-
solving Tris base to a final concentration of 25 mM and adjust-
ing the pH to 8.0 £ 0.05 with acetic acid. SYBR-Green 1I was
added to a final dilution of 1:10000 shortly before the analysis
run. Purified linear construct which was diluted to the desired
concentration with Nuclease-free distilled water served as a
positive control, while formulation buffer served as blank.
The same procedure as for the AAV sample was followed.
Normal heat-shock: for CZE analysis 10 wL AAV sample was
heated to 70°C for 2 min and placed on ice for 5 min immedi-
ately after. Variations in heating temperature and duration are
described in a later section. Benzonase digest: to determine
DNA content inside and outside capsids, the benzonase di-
gest was performed as in the CGE with subsequent removal
of the DNAse by centrifugal filters. The residue was collected
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and heated to 70°C for 2 min and afterward placed on ice for
5 min. Analysis: a neutral capillary (Cat. no. 477 441) from
SCIEX (Brea; USA) with an L.D. of 50 wm and cut to a total
length of 30 ¢cm and 20 ¢m length to window was employed.
The capillary cartridge was kept at 25°C while samples were
stored at 10°C. Prior to each injection, the capillary was rinsed
with water and equilibrated with separation buffer at 50.0 psi
for 1 min each. Samples were injected at 0.5 psi for 10 s and
separated for 4 min with the separation voltage set to —-30 kV.

After each sequence, the capillary was rinsed with water
for 10 min at 50 psi. For long-term storage, the capillary was
kept in the refrigerator with the capillary tips placed in water.
Each capillary was used for several hundred injections with-
out loss of performance.

3 Results and discussion

In the following sections, we evaluate TEM, AUC, and two
modes of CE for their ability to analyze the DNA encapsidated
by rAAVs. The methods discussed below are based on gener-
ally different separation and/or detection principles but also
the “target molecule” is different. For TEM and AUC analysis,
the intact viral systems are investigated whereas for CE meth-
ods the genome is set on focus. For this purpose, the virus
has to be destroyed with suitable methods or the conditions
have to be chosen in such a way that DNA can escape from
the virus. Starting from the TEM and bridging to the AUC
results, we take a deeper look into the viral filling, which to
a significant extent, changes the physicochemical properties
of the virus itself. Not only the weight (sedimentation coef-
ficient), but also the charge inside and outside, and the zeta
potential to name a few properties.

3.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is a well-
established method for providing visual information on
AAVs. This allows an image-based morphological assessment
of the capsid content [39,40]. The structural characterization
relies on good contrast, which is typically achieved with heavy
metal staining salts. The salt diffuses into the vacancies of the
empty AAV capsids, and due to the electron-dense staining
material, the core of the capsid appears dark in the TEM
images. The higher the filling level (amount of encapsidated
DNA), the less space within the capsid is available for the
staining material, therefore the brighter the core regions of
the AAVs appear (Fig. 1A). It should be noted, that in spite
of the simple principle, automatic full/empty identification
of AAV particles is still challenging, especially for partially
filled particles. Novel software solutions use deep learning
algorithms for quantitative assessments (e.g., from Vironova:
https://cellculturedish.com/automated-integrity-analysis-

of-aav-and-adenovirus-particles-using-minitemy/). These
approaches provide quite accurate results. Furthermore,
TEM images reveal potential aggregates, impurities such

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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as cell debris (Fig. 1C) broken particles (Fig. 1D), residual
DNA (Fig. 1E). As cne of the most abundant proteins with
a size >500 kDa the 20S proteasome core is a common
contamination that can easily be seen with TEM (Fig. 1F).

3.2 Analytical ultracentrifugation

As in a common centrifuge, species are separated in an AUC
experiment by exposure to a centrifugal force. Depending
on their size and weight, species sediment at a specific ve-
locity through the AUC cell. Empty, full, partially filled and
overfilled rAAV capsids can in this way be separated from
each other. The architecture of the AUC allows furthermore
the monitoring of the separation in real-time using, for ex-
ample, absorbance detection [41]. Analysis of the data yields
the intensity of the individual species as a function of their
sedimentation coefficient, providing a sedimentation plot
{Fig. 2A). The intensity is related to the extinction coefficients
of the AAV capsid and the DNA, which both have a profound
absorbance in the UV range (DNA maximum at 260 nm and
capsid maximum at 280 nm). AUC is therefore mainly used
to shed light on the content ratio as a CQA by analyzing at
these wavelengths. As indicated before, the manufacturing of
AAVs is still challenging and solutions often contain mixtures
of species.

As a typical example, the sedimentation plot of the full
AAV3 S2 shows five distinct signals of different intensity
(Fig. 2A, line 1). The most intensive signal is detected with
a sedimentation coefficient of 70 Svedberg. The relative stan-
dard deviation from six AUC measurements of this Svedberg
value accounts to 0.1%. Itis assigned to the full AAV3 species,
in line with the TEM image that mostly shows this species
(Fig. 1A). Furthermore, the intensity at 260 nm is larger than
at 280 nm (Ratio 260/280 is approx. 1.24) indicating that the
capsid contains DNA and is not empty. This argument is
based on the fact that the capsid alone has its maximum ab-
sorbance at 280 nm (Fig. S1) and lower absorbance at 260 nm
(Fig. 2A). By definition, the 260/280 ratio is therefore below
1 when looking at protein samples alone such as empty AAV
capsids. On the contrary, the ratio for DNA is above 1 since its
absorbance at 260 nm is larger than at 280 nm. A ratio of 1.24
for an AAV species in AUC can thus only stem from DNA-
loaded capsids. The second most intense signal is detected at
around 80 Svedberg, which means that it contains even more
DNA than the full species. It is therefore assigned to an over-
filled capsid as well as the signal between 90 and 100 Sved-
berg. Signals of smaller intensity can be detected below the
full species of 70 Svedberg, indicating that they contain less
or no DNA. A comparison to an empty AAV3 52 batch shows
a pronounced intensity at 50 Svedberg that is consequently
associated with the empty capsid (Fig. 2A, line 2). Further-
more, the intensity ratio between 260 nm and 280 nm is 0.58,
that is, a range expected for an empty capsid [41]. This also
shows that 2607280 ratios above approximately 0.6 (and not
only above 1) indicate that the corresponding capsids contain
traces of DNA, that is, they are partially filled. This is the case
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0C
partially filled
empty AAV AAV full AAV

for the signal at around 60 Svedberg, which falls in between
empty and full capsids. The 260/280 ratio accounts to 1.22 for
this signal.

Similar to the full AAV3 S2 batch, the empty AAV3 S2
batch showed five signals at 50, 60, 70, 80, and 90-100 Sved-
berg, but with different relative intensities. Here, the most in-
tensive signal has already been assigned to the empty AAV3
and the remaining signal assignment follows the argumenta-
tion as for the full AAV3 S2 batch. It should be noted, that the
AUC measurements of the AAV2 serotype were not repeat-
able and the samples degraded during the AUC run. Reuse
of the solution was thus not possible and neither was an in-
terpretation of the collected data.

© 2021 The Authors. Efectrophoresis published by Wiley-VCH GmbH
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Figure 1. TEM images of AAV sam-
ples (upper part) with enlarged ex-
cerpts (lower part). (A) AAV3 S2 full,
proteasome showing capsids with and without fill-
ing. (B) AAV3 S2 empty, showing cap-

top/side view
broken AAV P sids with and without filling. (C) AAV2

S1 full, showing impurities and ag-
gregates in the background. (D) AAV2
S1 showing a broken AAV, (E) AAV3
S2 full, stressed, showing DNA in the
background, (F) AAV2 S2 empty, af-
ter AUC showing residual proteasome
impurities in the background.

To further ensure these results, the full and empty
AAV3 S2 samples were mixed in a ratio of 1:1 and also an-
alyzed. A separation of the empty and full capsids was visible
(Fig 2A). The absorbance signal of the raw data consisted of
an OD of 0.4 for both wavelengths at 280 and 260 nm. The
theoretical relative content of empty and full capsids should
be therefore approximately 50%.

AUC experiments were also conducted with a thermally
stressed full AAV3 S2 batch (stressed at 70°C for 5 min).
Slower and faster sedimenting species as in unstressed sam-
ples were present at 34 Svedberg and over 200 Svedberg
respectively (Fig. 2B). We propose that the signal for the
newly appearing but slower sedimenting species is caused by
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Figure 2. (A) Sedimentation distribution plot of AAV3 S2 show-
ing the full batch (line 1), the empty batch (line 2}, and the 1:1
mixture (line 3). The rotor speed was set to 20 000 rpm at 15°C
and detection was conducted at 260 nm. Full and empty batches
were diluted to a concentration of 780 x 10> GC/mL based on
the declared titer. (B) Normalized sedimentation distribution plot
of AAV3 S2 showing the unstressed full batch (line 1) and the
stressed full batch (line 2). Thermal stressing was carried out at
70°C for 5 min, the rotor speed was set to 16 000 rpm at 20°C.
Detection was conducted at 260 nm with a sample concentration
of 2.80 x 10'? GC/mL. (C) Normalized and corrected to standard
conditions (water at 20°C) sedimentation distribution plot com-
paring full AAV3 batches from supplier 1 {dashed purple) and 2
(solid black). The rotor speed was set to 16 000 rpm at 20°C. The
detection was conducted at 260 nm with a sample concentration
of 2.80 x 102 GC/mL.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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capsid-fragments (34 Svedberg) and empty capsids (50 Sved-
berg) as detected in the stressed TEM samples (Fig. 1E). The
faster sedimenting species are most probably aggregates. Fur-
thermore, the intensity of the full capsid signal decreased
whereas the signal for the empty capsid increased (Fig. 2B).
The change indicates that the DNA diffuses/flows out of the
capsid during thermal stressing (DNA release), which is also
shown by TEM (Fig. 1E) and this can be exploited for genome
quantification via CZE (see Fig. 4 later).

The collected data of the AAV3 serotype were compared
between suppliers one and two. There is a slight shift in the
sedimentation rate visible of the fully packed virus (Fig. 2C).
This could be caused either by different packed DNA size or
a general difference in the shape/weight of the vector. How-
ever, no significant differences of the packed DNA between
the two distributors would be expected. By analyzing the con-
tent of the virus proteins VP1, VP2, and VP3 via CE-SDS, it
was observed that the distributor with the faster sedimenting
species showed a higher ratio of VP1 (not shown). This could
explain the difference in the sedimentation behavior due to
the fact that the VP1 protein has a higher molecular weight,
compared to the VP2 and VP3 proteins.

3.3 Capillary gel electrophoresis

In the following, CGE data are used to support and com-
plement the TEM and AUC results. With a CGE analysis, it
is possible to separate all DNA size species, depending on
their sequence length and conformation. In addition, it is
generally possible to quantify by signal intensity using an ap-
propriate reference standard. CGE data are complementary
to qPCR and can be considered a useful extension in order
to identify and characterize the genome, as CGE can distin-
guish between different product-related size variants, but also
process-related variants as an oversized transgene or host cell
DNA impurities.

The gel used in this analysis consisted of 1% PVP, 4 M
Urea in 1xTBE buffer with 1:25000 diluted SYBR Green II
[27,38]. While the electric field strength is an important pa-
rameter to consider in DNA analysis due to its high impact on
separation efficiency and resolution, the optimum strength
is mostly dependent on DNA size [42]. A low electric field of
150 V/cm together with 25°C capillary temperature were ap-
plied to have good resolution for a higher size range in around
30 min separation time. In addition, intermolecular confor-
mation and intermolecular interaction can have a consider-
able impact on the separation profile. Thus, denaturing con-
ditions during separation (4 M Urea in BGE) are indispens-
able [43]. Under these conditions, the separation of nine RNA
transcripts from the 0.2 to 10 kb Transcript RNA Marker was
possible with a resolution of 200 bases in the range of AAV
genome (2 to 5 kb), although non-linear resolution is expected
in this range [44].

The full AAV3 S1 and AAV3 S2 samples showed a sim-
ilar profile with the main peak as the 2.5 kb ssDNA (Fig. 3
lines 2—4), which was also confirmed by spiking experiments
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Figure 3. Comparison of CGE-LIF separation of (1) empty
AAV3 S2, (2) full AAV3 S2, (3) full AAV2 S1 and (4) ssDNA genome
from S1. Conditions for all lines: BGE: 1% PVF, 4 M Urea in 1xTBE
with 1:25000 SYBR Green Il, Detection at 520 nm, Separation:
30/40 em fs capillary; -6 kV at 25°C capillary temperature. Sam-
ples were purified with the QlAquick PCR purification kit. For fur-
ther conditions, see chapter 2.

and migration time comparison. Larger impurities and a low
amount of smaller DNA fragments can also be found in both
samples. As Fig. 3 shows, empty AAV3 samples did not show
any clear genome material in comparison with the respective
full samples, confirming that these viral vectors do not con-
tain the target transgene.

Benzonase was used to determine if the nucleic acid
impurities observed in Fig. 3 are encapsidated or present
outside the capsid, probably originated from host-cell or
plasmid DNA. To initially check the performance of the
benzonase treatment and subsequent filtration, the ssDNA
material was submitted to this process with the later pu-
rification step with the QIAquick kit. No peak was ob-
served in the sample treated with benzonase, which confirms
the applicability of the conditions used (data not shown).
The same samples from Fig. 3 were also tested by us-
ing these two preparations (with/without benzonase treat-
ment) but no significant changes were observed. This al-
lowed confirming that the observed peaks are only caused by
encapsidated DNA.

Although comparable profiles were always obtained for
all samples, variations in peak shape and relative intensity of
the larger variants were observed between different sample
preparations. In order to prove, that the observed peak profile
is not caused by dsDNA as a method artifact, strategies were
tested to reduce or control the variants, as the addition of 10%
(v/v) formamide, 10% (v/v) DMSO, or 5 min sample sonica-
tion prior to the heating step at 70°C. Only formamide intro-
duced a reduction of high molecular weight (HMW) peaks
(Fig. S$2). Thus, we assess that the observed peaks are related
to different encapsulated ssDNA species.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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When comparing CGE data with AUC and TEM some
interesting observations can be made. The AAV3 S2 empty
sample showed some full capsids in TEM (Fig. 1B) and two
filled species in AUC (Fig. 2B). CGE also shows that there
is DNA inside these samples, which contains smaller frag-
ments than the target genome. These small-sized DNA frag-
ments can also be seen in the full samples from both sup-
pliers, although to a different extent. Most likely they are
assessed as correctly filled in TEM and can be determined
as partially filled by AUC, but may also add up as correctly
filled in this technique. We assume that these capsids con-
tain ssDNA that incorporates some hairpin, mimicking the
TR structure. Interestingly, samples from supplier two con-
tained more of the low molecular weight DNA forms (Fig. 3
line 3) and also showed many partially filled species in AUC
(Fig. 2C). Samples from both manufacturers also contain ss-
DNA that is larger than 2.5 kb, which is generally possible
since the AAV capsid can incorporate up to 5 kb [45]. A com-
mon wrong filling takes place when the plasmid backbone in-
cluding the ITRs is packaged inside the virus [46]. We would
expect a plasmid backbone size of approx. 2.8 kb for Sup-
plier 1 and 4.5 kb for Supplier 2. These differences can also be
seen in different migration times of the HMW DNA in Fig. 3
{lines 2 and 3), which seems to fit this theory. An approximate
look at the CPAs from Fig. 3 suggests that more than 30% of
the viral capsids are filled with DNA larger than intended.
Although one additional species can be expected due to the
packaging of the plasmid backbone, both suppliers show at
least two DNA species that are inside the virus. In AUC heavy
species are detected too (80 and 90 and 100 Svedberg Fig. 2A)
but the fraction seems to be smaller than CGE suggests. It
is thus very likely that these AUC species are caused by the
incorporation of a wrong DNA. Besides the capsid backbone,
it remains unclear what these DNA species may be.

3.4 Capillary zone electrophoresis

The charge density in oligonucleotides is uniform and con-
stant for nucleic acid molecules of varying lengths. Therefore,
they typically migrate based on the charge to hydrodynamic
radius ratio at the same velocity within an electrical field in
a free solution. Thus, the separation of nucleic acid species,
according to their number of nucleotides or nucleotide se-
quence, requires either the addition of a sieving matrix (see
CGE) or the addition of nucleic acid species to the BGE
that can separate the ssDNA in a sequence-selective manner
(affinity capillary electrophoresis). Otherwise, the signal in-
tensity can be evaluated in order to get information on the to-
tal genome concentration. Here, we start with the discussion
on how a simple CZE could be used in order to quantify nu-
cleic acid species getting a result that correlates to the genome
titer. However, it should be noted that this type of analytics is
in its infancy and still needs many investigations, both CZE
with and without additives in the BGE.

As already mentioned, the workflow for CGE showed a
poor reproducibility in signal intensity, which most likely is
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Figure 4. (A) Electropherogram of different mixtures of full and empty AAV2, S1 samples. Total concentration of each sample: 10'3 VP/mL.
Line 1: 0% full; Line 2: 256% full; Line 3: 50% full; Line 4: 75% full; Line 5 100% full. (B) Linearity of determined CPAs from A) Error bars
represent standard deviation from four measurements. CPAs were normalized by setting the highest CPA (line 5 in A) as reference.
(C) Electropherograms of differently treated full AAV2, S1 samples. Line 1: benzonase; no heat stress; no DNA Line 2: no benzonase;
no heat stress; DNA impurities; Line 3: benzonase; heat stress; released encapsidated DNA Line 4: no benzonase; heat stress; released
encapsidated DNA + impurities. (D) CPAs of differently stressed full AAV2, S1 samples. Stress conditions: 2 min of indicated temperature.
Error bars represent standard deviation from two measurements. CPAs were normalized by setting the highest CPA (70°C measurement)
as reference. Conditions for all measurements: BGE: Tris 256 mM; SYBR Green Il 1:10 000; Detection at 520 nm, Separation: 20/30 cm

neutral coated capillary; =30 kV at 25°C capillary temperature.

caused by the two purification steps. CZE could be a good
alternative to determine the DNA titer, whereby the test sam-
ple preparation is clearly simpler and no purification steps
are needed. The analysis is based on the release of the DNA
after rupture of full capsid forced by short thermal stress
(70°C, 2 min). Furthermore, the analysis of free DNA which
is already outside of the virus system, or DNA leaked after
specific stress conditions could be an interesting tool for the
characterization and evaluation of the status of the virus shell.

As a proof of concept, we have diluted an AAV full sam-
ple with a formulation buffer (not shown) or mixed with an
empty probe, and determined the linearity of the total peak
area (Fig., 4A). For the analysis of the signal intensity and
thus the concentration of DNA, the entire peak area was eval-
uated. Using a very simple BGE consisting of 25 mM Tris and
1:10000 SYBR Green 11, a good correlation of virus concen-
tration and the fluorescence signal was observed in the range

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

of 10! and 10'* GC/mL (R? = 0.98). The mixture with empty
virus has a stable viral particle count but different DNA con-
centration and indicates that the method could also be used
for estimation of the content ratio when combined with a cap-
sid protein/particle measurement technique. We have found
that the CZE profile, showing a sharp signal followed by a
broader one, strongly depends on the salt concentration in-
side the sample. Experiments conducted with pure DNA di-
luted in different concentrations of PBS have shown, that at
low salt concentrations only one peak is obtained, while a ris-
ing concentration leads to a more complex profile due tc bind-
ing salt ions (not shown). To ensure that the detected peaks
were indeed DNA, we have performed a benzonase digest af-
ter temperature stress which was able to remove all observed
peaks.

For further assessment of applications of the CZE
method, we have performed a similar workflow as for CGE,
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with the aim to detect the DNA fraction located outside of the
virus and/or the DNA inside the virus. For this purpose, the
sample was either treated with benzonase with subsequent
removal of the DNAse via centrifugal filters (100 kDa MW CO)
or just filtered for comparison. Both preparations were split
and one half was stressed for 2 min at 70°C and the other
half remained untreated. Figure 4C shows that the method
is indeed able to detect DNA outside of the capsid that is cut
by benzonase (Lines 1 and 2) and is thus suitable to estimate
DNA impurities that are not inside the capsids. Using suit-
able DNA reference standards, quantification could also be
carried out, but it must first be thoroughly clarified which
conditions allow stable DNA analysis.

Another interesting application for this assay would be
all kinds of stability studies or studies related to storage con-
ditions (e.g., freeze/thaw, impact of UV irradiation) or formu-
lation development. This setup was used to ensure that un-
stressed viral samples are not leaking DNA when a strong
electric field (1 kV/cm) is applied, by comparing the peak
size of a DNA standard with rAAV sample peak size from
83 to 1000 V/cm. Our results showed no DNA release at any
field strength, indicating that the method is indeed suitable
for rAAV. Additionally, we have estimated the release of viral
DNA through thermal stress for a temperature ranging from
30-90°C and stress duration of 2-20 min (electropherograms
not shown). Fig. 4D shows that the critical temperature for
DNA release is between 60 and 70°C, while little DNA is re-
leased below 60°C. This is in line with the results obtained in
TEM (Fig. 1E) which showed free DNA and more empty par-
ticles (also demonstrated by AUC Fig. 2B) when the virus was
stressed at 70°C. There was no crucial difference detected be-
tween different durations meaning that the process of DNA
release is very fast and is completed within 2 min. Our data
shows how this approach can be used to detect different con-
ditions which lead to DNA release, possibly helping to under-
stand the viral unpacking process.

4 Concluding remarks

Focusing on the quantity, quality, and state of the genome this
worlk has shown the effectiveness of a synergistic approach of
orthogonal physicochemical methods. While TEM and AUC
set the focus on the state of the complete viral system, with
respect to genome filling, the presented CE methods can be
used for the analysis of the genome itself. TEM and AUC de-
livered comparable results, without major discrepancies be-
tween the viral entities observed. All species identified by
TEM were detected by AUC as well. AUC is capable of pro-
viding an overall picture on the heterogeneity of the samples,
which can be used for the determination of relative amounts
of empty, partially filled, filled, and overfilled capsids. TEM
generates impressive images and can be beneficially used for
the visualization of impurities, like proteasomes or broken
virus capsids. CE techniques can help to clarify results ob-
tained with TEM and AUC, which alone would be difficult to
interpret.

© 2021 The Authors. Efectrophoresis published by Wiley-VCH GmbH
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For example, partially filled capsids might be challenging
to distinguish from correctly filled ones by TEM and AUC, as
was demonstrated here for the samples that were supposed
to be containing empty particles. In case the determination
of the filling consistency by AUC or TEM remains challeng-
ing, CGE can quickly reveal an approximate size and rela-
tive amount of the encapsidated DNA strands. Our results
showed that if fragments were identified in CGE, partially
filled species always appeared in the AUC. Capsids contain-
ing larger DNA strands than intended cannot be detected by
TEM at all, and are only seen by CGE and AUC. Although we
would expect only one oversized DNA form, that would rep-
resent the plasmid backbone, AUC and CGE have revealed at
least two additional species in samples from both suppliers.
CGE has thus shown that it provides comparable and comple-
mentary results to AUC. In our opinion, it is conceivable that
CGE will play an important role for the assessment of rAAV
DNA purity in the future.

We found that CGE provides a good insight in the filling
of rAAVs, but for estimation of the genome titer, the workflow
is tedious and the process of calibration is not yet established.
For this reason, we propose a simplified CZE workflow that
can be used under native conditions with short separation
times (< 5 min/run). The detection principle relies on DNA
release under heat stress (2 min at 70°C). The method was
shown to be linear in a broad range and provides reproducible
results. Although dye based assays are using the same prin-
ciple with 96 well-plate in a fluorescence plate reader have
already been reported [35-37, the current CZE approach of:
fers the benefit of selectively detecting the pure DNA, since it
is very likely that DNA and viral proteins are separated under
these conditions. This should lead to less artifacts and bet-
ter reproducibility. DNA concentration could be determined
more accurately and precisely, when using an appropriate ref-
erence standard, and this way support the understanding of
DNA release under different conditions.

The complexity of tAAVs as next-level biopharmaceuti-
cals is much higher compared to conventional protein bio-
logics, e.g., monoclonal antibodies. Thus, relying on a single
analytical technique increases the risk of observing ambigu-
ous data or even misleading results in quality control. The
four methods presented here offer a comprehensive analyti-
cal package to assess potential CQAs related to the capsid fill-
ing, and their use should therefore be considered in combina-
tion. Further developments and improvements, especially for
CE-based methods are expected, since these approaches can
be easily automated, offer fast analysis, and can be operated
with low sample amounts.
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ABSTRACT: After decades of research, gene therapy products ~DNA purification IP-RP-LC AAV-DNA assessment
have reached market maturity in recent years. Recombinant adeno- v =
associated viruses (rAAVs) are one of the most promising gene < Batch1 |
delivery vehicles and are currently under intense scientific -

investigation. These next-generation medicines remain very . ﬂ‘
Batch 2

challenging when it comes to designing appropriate analytical
External DNA

[ihl Metrics & More | @ Ssupporting Information

P

techniques for quality control. One critical quality attribute is the
integrity of ssDNA incorporated in these vectors. The genome is
the active compound driving rAAV therapy and therefore requires
proper assessment and quality control. Current techniques for
rAAV genome characterization include next-generation sequencing,
quantitative polymerase chain reaction, analytical ultracentrifuga-
tion (AUC), and capillary gel electrophoresis (CGE), yet each of
them presents their limitations or lack of user-friendliness. In this work, we demonstrate for the first time the potential of ion pairing-
reverse phase-liquid chromatography (IP-RP-LC) to characterize the integrity of rAAV genomes. The obtained results were
supported by two orthogonal techniques, AUC and CGE. IP-RP-LC can be performed above DNA melting temperatures, avoiding
the detection of secondary DNA isoforms, and does not require the use of dyes due to UV detection. We demonstrate that this
technique is suitable for batch comparability, different rAAV serotypes (AAV2 and AAVS), internal vs external (inside vs outside the
capsid) DNA analysis, and contaminated samples. Overall, it is exceptionally user-friendly, needs limited sample preparation, has
high reproducibility, and permits fractionation for further peak characterization. All of these factors add significant value of IP-RP-LC

—

to the analytical toolbox of rAAV genome assessment.

B INTRODUCTION

Gene therapy products using viral delivery vehicles, such as
recombinant adenovirus, lentivirus, or adeno-associated virus
(AAV), are recently gaining broad attention in the
pharmaceutical industry. In particular, rAAVs combine several
attributes that make them predestined for use as a gene
delivery vehicle. From a safety perspective, the site-specific
genome integration,” lack of pathogenicity in humans,” and
dependency on helper viruses® are very favorable. Additionally,
there are multiple rAAV serotypes with different tropisms for a
specific tissue permitting it to be used to treat diseases very
specifically.” Until 2022, already 136 clinical trials of
recombinant AAV (rAAV) in different phases were reported,
with two rAAV therapies for retinal dystrophy and spinal
muscular atrophy authorized by the FDA.> AAVs are
nonenveloped viruses containing a protein capsid built of
three different proteins, namely, VP1, VP2, and VP3. The wild-
type capsid contains a single-stranded DNA (ssDNA) genome
with a length of up to 4.8 kilobase pairs (kbp).” This ssDNA
usually contains two open reading frames, coding for proteins
necessary for replication, capsid formation, and assembly.”

© XXXX The Authors. Published by
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Both ends of the ssDNA of AAVs are flanked by inverted
terminal repeats (ITRs) that form dsDNA hairpin loops. They
serve as primers for DNA polymerase and thus are crucial for
genome replication. Furthermore, they are necessary for the
loading of the genome into the capsid.® For therapeutic
purposes, AAV vectors are recombinantly produced, and the
aforementioned genes in between the two ITRs can be
exchanged by a transgene cassette, preventing rAAV from
replicating in patients.7 After entering the target cells and
delivering ssDNA into the nucleus, double-stranded DNA
(dsDNA) episomes are formed.”' These are stable and lead
to a long-term expression of the gene of interest in patients
allowing treatment of genetic diseases.'' ™"
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In addition to the intended genome, rAAV preparations can
contain several other DNA impurities, which can either be
located outside the capsid and are copurified during
production or inside the capsid. While the external DNA
might potentially contain host cell DNA, it can also consist of
plasmids used for rAAV production and, thereby, resistance
cassettes that are necessary for cell selection during rAAV
production.]4 The copurified DNA is, in most of the cases,
removed by a Benzonase or DNase I treatment during
downstream processing.]s"]6 These species should be moni-
tored carefully due to their potential genotoxicity.'” Another
source of external DNA can be encapsidated DNA, which can
be ejected from the capsid when samples are stressed.'™"” Next
to the external, also internal DNA can contain selection
markers but also fragments or truncated forms of the intended
genome.”" "% All of these species are potentially immunogenic
and/or genotoxic for patients.'” For this reason, profound
characterization of the rAAV genome is of the utmost
importance to ensure a safe and effective product. Another
critical quality attribute (CQA) relates to the rAAV genome,
which is transferred to human cells and therefore needs to be
monitored carefully. Generally, only the region flanked by the
two ITRs is loaded into the rAAV capsids; however, some
reports describe the encapsidation of the host cell or plasmid
backbone DNA.'"*""** This can be especially concerning since
the production plasmids contain antibiotic resistance genes
and other sequences, which may lead to the expression of
immunogenic proteins or peptides.24 These impurities range
from 1 to 5%”" but can account for the majority (>80%) of the
genome when the unfavorable rep/cazp helper plasmid and
transfer plasmid combinations are used.”’ Some of them can be
a product of reverse transcription of the plasmid necessary for
rAAV production. This can be minimized by using plasmids
that have backbones exceeding the maximum loading capacity
of around 4.8 kbp of AAVs.*

rAAV-DNA impurities are currently characterized by
quantitative real-time PCR (qPCR),”"”® next-generation
sequencin (NGS),27’28 capillary gel electrophoresis
(CGE),"*” and analytical ultracentrifugation (AUC).'**’
qPCR is very sensitive and able to detect single DNA
molecules. However, a disadvantage of qPCR is its biased
approach relying on specific primers that can only detect
certain DNA sequences and therefore is at risk of missing
noncommonly observed DNA impurities.so‘m NGS can give a
good overview of the genome integrity, with single-molecule
real-time (SMRT) sequencing being the gold standard for
rAAVs due to its ability to sequence entire rAAV genomes
without the need for in silico reconstruction.””**** The
generation of dsDNA (necessary to ligate the SMRTbells) can
be achieved either by annealing self-complementary rAAV-
DNA or by extension of the 3 end by terminal transferase.
One drawback of this technique is the bias toward smaller
molecules, therefore under-representing longer DNA frag-
ments.”” In addition, DNA fragments that are unable to ligate
to a SMRTbell adapter can be missed.”””* For these reasons,
complementary techniques able to directly analyze the ssDNA
genome without any need for further sample manipulation are
required. In contrast to the mentioned techniques, AUC
analyzes intact unmodified viruses and allows the evaluation of
empty and filled capsids based on their different densities and
different sedimentation properties. Thus, it can be used to
distinguish between full and empty capsids but also between
rAAV capsids containing ssDNA with large size differences

(2.1 vs 4.3 kbp).””"* However, a downside of AUC is that it
requires high volumes of rAAV sarnples.33 Overall, qPCR,
NGS, and AUC require a high level of expertise but also long
sample preparation and analysis time.”” CGE has demon-
strated to be able to separate different DNA species found in
rAAV and thereby represents a fast and economic possibility to
test the genome integrity.'™”” Yet, no full denaturation of
dsDNA to ssDNA can be achieved, so under commonly used
analysis conditions, some dsDNA artifacts can form,
complicating the data analysis.”* In addition, CGE has the
benefit of very low sample consumption with injection volumes
in the nanoliter range. However, for low-concentrated samples,
this can be a drawback, as it limits sensitivity, especially when
UV detection is employed. Moreover, the low sample volume
represents a significant hurdle when it comes to fractionation,
limiting further characterization options. Ion pairing reversed-
phase liquid chromatography (IP-RP-LC) has, due to its high
user-friendliness and robustness, also great potential to
characterize DNA samples.35 The separation mechanism is
based on the use of a lipophilic ion-pair reagent, such as
triethylamine (TEA), which binds to the negatively charged
DNA phosphate backbone. This ion-paring effect results in an
increased hydrophobicity with an increase in DNA length,
permitting the separation of differently-sized DNA species in
an RP column. Another influence on the separation of different
DNA species results from the different hydrophobicity of the
DNA bases.” Up to date, IP-RP-LC has been applied to
analyze RNA samples’*" as well as short and medium-sized
DNA*** (up to 100 bp) fragments. Here, we demonstrate for
the first time the potential of IP-RP-LC to assess the genome
integrity of rAAVs with transgene sizes ranging from 2.5 to 4.6
kbp and compare our results with the two orthogonal
techniques, AUC and CGE.

B EXPERIMENTAL SECTION

Samples and Chemicals. Reagents and materials used for
this study were at least of analytical grade; for more details, see
Supporting Information Method S1. AAV2-V, AAVS-V, and
AAVE-HEK samples were purchased from supplier 1, while
AAV2-S was from supplier 2.

Preparation of the Plasmid and rAAV-DNA for IP-RP-
LC. 10 or 20 uL of the rAAV sample (titers between 8 X 10
and 2 X 10" vg) was mixed with 50 uL of PB buffer
(QlAquick PCR purification kit, Qiagen), loaded onto a
QIAquick column, and centrifuged at 16,100g for 1 min.
Afterward, the sample was washed with 750 pL of PE buffer
(QIAquick PCR purification kit, Qiagen) and centrifuged for 1
min. After discarding the flow-through and centrifugation for
an additional 1 min, the sample was eluted with S0 uL of
elution buffer (QIAquick PCR purification kit, Qiagen). Before
analysis, the sample was heat treated at 95 °C for 2 min,
followed by 5 min incubation on ice. For DNA digestion,
Benzonase was diluted 1:10 in a 10X digestion buffer (100 mM
Tris—HC, 25 mM MgCl,, $ mM CaCl, at a pH 7.6). 17 L of
the purified DNA sample was mixed with 2 uL of 10X
digestion buffer and 1 pL of the diluted Benzonase. The
mixture was incubated for 1 or 2 h, and digestion was stopped
by heating the samples to 95 °C for 2 min, followed by 5 min
cool-down on ice. For plasmid digestion, 5 ug of plasmid DNA
was mixed with the provided digestion buffer as instructed by
the manufacturer. 10 U of the enzyme per yg of DNA in a total
volume of 100 uL was used and incubated for 60 min at 37 °C.
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The absence of proteins was confirmed using RP-LC
(Supporting Information Method S2).

Analysis of the Plasmid and rAAV-DNA with IP-RP-LC.
For the analysis of plasmid or rAAV-DNA, an Agilent 1200
series instrument equipped with a quaternary pump (G1311A)
combined with a degasser (G1322A), an autosampler
(G1367D) with a thermostat (G1330B), a column oven
(1316B), and a variable wavelength detector (G1314C) with a
standard cell (Agilent Technologies, Waldbronn, Germany)
was employed. Analysis of rAAV-DNA or the plasmid digest
was performed using a DNA-PAC column at 95 °C with 0.1 M
TEAA in water pH 7 (adjusted with TEA) as mobile phase A
and 0.1 M TEAA in 75% H,O with 25% ACN pH 7 as mobile
phase B. The starting condition was 35% B, which was
gradually increased to 70% B in 18 min, followed by an
increase to 100% B in 2 min. After 5 min of cleaning of the
column at 100% B, the starting conditions were reached during
a 3 min gradient, followed by re-equilibration of the column for
7 min, resulting in a total analysis time of 35 min with a
constant flow rate of 0.4 mL/min. The injection volume was
either 20 pL per purified ssDNA rAAV sample or 3 uL
digested plasmid DNA. rAAV-ssDNA was detected using UV
detection at 260 nm. The runs were aligned using a FastRuler
Middle Range DNA Ladder, which was measured together at
the beginning and end of each sequence.

Preparation and Analysis of the Plasmid and rAAV-
DNA for CGE-LIF. § or 20 uL of the rAAV sample was
prediluted with 1x phosphate-buffered saline (PBS) (Sigma-
Aldrich) as required for the specific analysis. Afterward,
samples (rAAV and digested plasmid) were purified following
the instructions from the QIAquick PCR purification kit but
with two washing steps of the QIAquick column. Before
injection in CGE, the sample was heated at 70 °C for 2 min,
followed by 5 min on ice. For analysis, a SCIEX PA800 Plus
system (Brea) equipped with a solid-state laser with an
excitation wavelength of 488 nm and a 520 nm bandpass
emission filter (Cat. no. 65-699) from Edmund Optics
(Barrington) with a temperature-controlled autosampler (+2
°C) was used. Data were acquired with 32 Karat software 10.3.
Separation was performed in a bare fused silica capillary with a
50 um internal diameter and 20 cm effective and 30 cm total
length. As gel buffer 2% PVP, 4 M urea in a 1X TBE solution
with 1:25,000 diluted SYBR green II was used.” 0 Voltage
was set at —6 kV. The electrokinetic injection was performed
for 30 or 60 s at a voltage of —5 kV. The capillary temperature
was set to 25 and 10 °C was used for the autosampler.

Preparation and Analysis of rAAV Samples Using
Sedimentation Velocity Analytical Ultracentrifugation
(SV-AUC). Before analysis, the samples were thawed and
equilibrated at room temperature, followed by the measure-
ment of UV absorbance spectra (using a NanoDrop One UV—
Vis spectrophotometer from Thermo Fisher Scientific) in the
wavelength range of 220—350 nm to confirm a suitable initial
sample concentration. Afterward, samples were diluted to an
optical density (at 230 nm) of 0.8 except for AAVS produced
in HEK cells, which already had an optical density below 0.8.
For measurements of sedimentation velocity, an Optima
analytical ultracentrifuge from Beckman-Coulter (Brea, Cal-
ifornia) with an 8-hole AN-50 Ti analytical rotor and 12 mm
charcoal epon double-sector centerpieces was used. Exper-
imental conditions are detailed in Supporting Information
Method S3.

B RESULTS AND DISCUSSION

Development of the IP-RP-LC Method for rAAV
Genome Characterization. The genomic material in AAV-
based gene therapy products is encapsidated within three
structural proteins, namely, VP1, VP2, and VP3. As these
proteins can influence the separation performance in IP-RP-LC
by coeluting with some ssDNA species, purification of DNA
from the rAAV sample is required prior to analysis. For this
purpose, we performed a silica membrane-based DNA
purification step using commercially available spin columns.
For the approach, we use a limited amount of the rAAV sample
for purification (10 or 20 yL with a titer of 2 X 10" to 8 X 10'*
vg, respectively), which resulted in 50 uL of purified DNA.
This allowed duplicate analysis from a single DNA purification
with 20 pL injection volume for each measurement. To ensure
complete removal of the protein, the sample was analyzed
before and after purification using RP-LC (Figure S1). Before
DNA purification, the proteins could be detected, while no
proteins were visible after DNA purification, excluding any
interference during the DNA separation.

Genomes of rAAVs are ssDNA; however, due to the nature
of the hairpin-shaped ITRs, the DNA molecule can have either
sense or antisense polarity."> When the DNA of rAAVs is
purified for analysis, dsDNA, as well as sophisticated
multiplexes, may form alongside the ssDNA genome. There-
fore, it is important to avoid all forms of dsDNA as these
sample preparation artifacts can add complexity to the analysis.
To reduce additional signals arising from these species, the use
of high temperatures following a fast cooling on ice is often
used.” In our case, we heated the sample to 95 °C (above the
melting temperature of dsDNA, around 85—90 °C depending
on the sequence) for 2 min, followed by 5 min incubation on
ice prior to analysis. The high temperatures should melt
dsDNA into ssDNA and then lead to the formation of internal
double strands in the ITR region of the rAAV genomes due to
the rapid cooling and potentially limiting annealing between
sense and antisense strands. However, as shown by Hutanu et
al,'® this approach is not fully efficient, and still, some dimers
can form, resulting in additional signals. In IP-RP-LC,
oligonucleotides and RNA are commonly analyzed at a
temperature of 50 °C,”***** with few reports showing that
with an increased temperature up to 80 °C, resolution can be
improved.””” Huang et al. showed that increasing the
temperature from 50 to 65 °C simplified the number of
RNA conformation structures detected.* To avoid rearrange-
ments and ensure the detection of rAAV and its impurities in
the single-stranded form, we evaluate the possibility of
performing the analysis above DNA melting temperatures.
Figure 1 shows a comparison of an AAV8-V DNA sample
analysis at 55, 75, and 95 °C. At 55 °C, a main signal between
17 and 19 min was observed. Because this temperature favors
the formation of dsDNA, this signal most likely represents
dsDNA species. Increasing the temperature to 75 °C resulted
in two clusters of signals at 12 and 17 min, suggesting the
coexistence of two populations during the separation (ssDNA
and dsDNA, respectively). Since 75 °C is below the melting
temperature, only a small fraction of DNA is in the single-
stranded form. This is also supported by the separation
mechanism of IP-RP: dsDNA pairs with a higher number of
TEA molecules, resulting in increased hydrophobicity, and
therefore, later elution compared to ssDNA. Increasing the
temperature above the melting point (95 °C) resulted in only
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Figure 1. IP-RP-LC analysis of the purified AAV8-V genome at 55 °C
(green trace), 75 °C (orange trace), and 95 °C (black trace).

one cluster of signals around 11—12 min, which reflects
multiple ssDNA species. Similarly to the profile observed at 75
°C, the large shift in elution time observed (from 18 to 11.5
min) corresponded to the change of the ssDNA conformation
(lower hydrophobicity) rather than to the increase in
temperature itself, which only had a minor influence.
Additionally, the peak shape and resolution improved at
higher column temperatures, as previously shown in the
literature for small DNA fragment analysis.”” As a conse-
quence, the broad peak observed at 35 °C resolved in multiple
signals at 95 °C corresponding to different ssDNA species
present in the rAAV sample.

To further confirm that these signals arise from the genomic
material, we analyzed the corresponding AAV8-V empty capsid
sample (containing no DNA) from the same batch and
performed an identical sample preparation. Figure S2 shows a
comparison between AAVS-V full and empty samples using an
analysis temperature of 95 °C. The AAV8-V empty sample
showed only minor signals (zoom Figure S2), indicating that
the detected peaks in the AAV8-V full sample come from the
loaded genome. To get more information on the resolving
power of the method, a sample consisting of fragments of
different sizes was analyzed. To this end, a plasmid with a
length of 5118 bp was digested using ApaLl, which resulted in
four fragments with sizes of 2070 bp, 1305 bp, 1246 bp, and
497 bp. IP-RP-LC analysis showed four distinct signals
separated by the length of DNA due to the ion pairing with
TEA, resulting in a higher hydrophobicity the longer the DNA
fragments are (Figure 2A). Under the applied conditions, a
baseline separation of the two fragments, which differed only in
59 base pairs in size, could be achieved. To corroborate our
results, we analyzed the same plasmid digest using a CGE-LIF
approach published recently.'®*” CGE-LIF showed very
similar profiles compared to IP-RP-LC with more efhicient
peak shapes for CGE-LIF, which is an intrinsic characteristic of
this technique. In IP-RP-LC analysis, the peak at 497 bp
showed a double peak. This peak was also broader in the CGE
electropherogram (Figure 2B), also indicating a possible
mixture of two DNA fragments such as a clipped variant or
an unspecific cleavage. Additionally, while for the CGE-LIF
method, an SYBR green dye, which binds ssDNA, is necessary,
our IP-RP-LC method can directly detect DNA by UV. This
opens the possibility that DNA can be measured at 95 °C,
which is not possible with SYBR green due to the missing
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Figure 2. Analysis of the ApaLl plasmid digest by (A) IP-RP-LC and
(B) CGE-LIF.

interaction between DNA and dye at these temperatures.
Furthermore, LC has some benefits in the view of user-
friendliness and reproducibility™® and opens the possibility of
peak fractionation for further characterization (which may be
challenging by CGE-LIF due to the low volumes employed).
We also analyzed a digest of the same plasmid with SnaBI and
Xbal, resulting in two fragments of 366 and 4752 bp (Figure
S3). The 366 bp fragment eluted at around 9 min, while 4752
bp eluted much later (around 11.5 min) as expected. Overall,
CGE and IP-RP-LC analysis resulted in very comparable
results with higher peak efficiency for CGE. Finally, we
analyzed one of the most complex AAV samples (AAV2-V)
over the course of 3 days, resulting in a very similar profile and
retention times for all three measurements on the 3 days with
RSD values < 4.7% for the AAV genome peak (11.2 min)
(Figure $4).

Discrimination between Internal and External DNA
Using IP-RP-LC in Combination with Benzonase Treat-
ment. During downstream processing, AAV samples are often
treated with Benzonase in order to remove the potential DNA
material present outside the capsid.45 Yet, in some cases, the
remaining external DNA material can be observed in AAV
preparations. Therefore, we evaluated if we could discriminate
between internal and external DNA by combining our method
with a Benzonase treatment prior to analysis.

As a test sample, we selected a rAAV, which showed a very
complex IP-RP-LC profile with multiple signals, which were
suspected to be external DNA (Figure 3). This sample was a
rAAV from serotype 2 (AAV2-V), which should contain a
genome of around 2.5 kb. After analysis, the expected genome
was detected at around 11 min together with several additional
larger DNA species (Figure 3, black trace). To investigate the
location of these DNA impurities (external or internal), two
Benzonase digestions were performed. One before and one
after the disassembly of the capsids and subsequent DNA
purification. After incubation for 2 h with Benzonase before
capsid disassembly (Figure 3 green trace), a decrease in the
intensity of larger-sized species was observed, in particular for
the peaks between 12 and 14 min. These results suggest that
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Figure 3. IP-RP-LC analysis of the AAV2-V genome at 95 °C without
any Benzonase treatment (black trace), after 2 h Benzonase treatment
before DNA purification (green line), and 2 h Benzonase treatment
after DNA purification (blue trace).

these DNA species are indeed not packed into the AAV2-V
particles and therefore digested, whereas the rAAV genome is
resistant to Benzonase digestion due to its protection by the
protein capsid. For the peak eluting at around 14.5 min, a
significant decrease of signal was observed, yet a minor signal
remained present. Due to its late elution, this signal should
correspond to a DNA species with a size above 10 kb, which
cannot be integrated into AAV. Therefore, we speculate that
the remaining signal may arise from incomplete digestion or
from other non-DNA impurities. AAV2-V was also incubated
with Benzonase for 2 h after capsid disassembly and DNA
purification (Figure 3 blue trace). After this procedure, no
signal for the rAAV genome was observed. Only a minor signal,
around 12 min, which was resistant to Benzonase digestion,
was detected in the chromatogram. This signal was also
observed in the AAV2-V empty sample. For this reason, we
concluded that these peaks do not correspond to DNA but
rather to minor protein impurities.

IP-RP-LC for Integrity Assessment of Different-Sized
AAV Genomes. AAVs can bear diverse genomes, and their
genomic impurities can vary from sample to sample. Therefore,
we purchased rAAV samples loaded with different-sized
genomes and degrees of heterogeneity and applied the
developed IP-RP-LC approach for their characterization.
During method development, we observed an extraordinary
complexity of rAAV samples, often leading to ambiguous
results and difficult data interpretation. To increase compre-
hensiveness, we decided to flank our LC technique with CGE
and SV-AUC. Since all techniques use very different separation
principles, a more accurate picture of the genome integrity can
be retrieved when combining them.

AAVs can accommodate up to 4.8 kbp of the genomic
material. To evaluate the performance of the IP-RP-LC
approach, we analyzed two AAVS loaded with different length
ssDNA. One of the selected AAV8 samples was expressed in
HEK293 cells and was loaded with a 4.6 kbp genome. Figure
4A shows the IP-RP-LC separation obtained for AAV8-HEK
with one main peak at 12 min representing the 4.6 kb ssDNA
genome and some shorter DNA fragments eluting upfront.
CGE-LIF showed a very similar profile with a higher number
of smaller fragments separated from the main peak. In
particular larger fragments migrating around 12.5 min were
not resolved with IP-RP-LC (Figure 4B). The SV-AUC
analysis perfectly matches the results obtained by the other two
approaches, with one main peak at 105 S, as well as some
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Figure 4. Analysis of AAV8-HEK after DNA purification by (A) IP-
RP-LC and (B) CGE-LIF or (C) analysis of the intact rAAV particles
with SV-AUC.

particles with shorter DNA at 80—95 S (Figure 4C). In
contrast to IP-RP-LC and CGE, SV-AUC is also capable of
visualizing empty capsids at around 65 S.

For a shorter genome, we selected a rAAV8-V material
produced in Sf9 insect cells and containing a theoretically
loaded genome of approximately 2.5 kbp (AAV8-V Batch 1).
Analysis of the AAV8-V batch 1 sample with IP-RP-LC showed
a more complex profile comprising two distinct peaks, which
were partially separated, as well as small signals eluting before
and after the main peak (Figure SA). A similar picture could
also be observed with CGE-LIF, where two high abundance
peaks were partially separated (Figure SB). In IP-RP-LC,
additionally, a partial resolution of the first high abundance
peak was observed. We speculate that most probably they
correlate to two ssDNA fragments with a very similar length
but different hydrophobicity (e.g., sense and antisense), which
were not resolved with CGE-LIF or SV-AUC, as their
separation mechanisms are not affected by the hydrophobicity
of the molecule. The species with faster mobility corresponds
to the 2.5 kbp target DNA and the slower signal to a higher-
sized species. SV-AUC further confirmed the findings as it also
showed a very clear separation of two distinct species. Capsids
containing 2.5 kbp DNA were detected around 90 §, and the
heavier species were observed at 105 S (Figure SC). The
longer ssDNA construct most likely represents an elongation of
the ssDNA genome with part of the plasmid backbone to the
maximum loading capacity of a rAAV particle. Similar findings
were also observed by another study using char?ge detection
mass spectrometry as well as mass photometry.”® This effect
might be due to the fact that shorter ssDNA has not had the
optimal loading length for rtAAV particles and therefore can
result in unwanted elongation with the production plasmid
backbone. Because this could lead to the transfer of some
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Figure 5. Analysis of AAV8-V batch 1 after DNA purification by (A) IP-RP-LC and (B) CGE-LIF or of the intact rAAV particles with (C) SV-
AUC, as well as AAVS-V batch 2 by (D) IP-RP-LC, (E) CGE-LIF, and (F) SV-AUC.

selection marker genes into the patient, these species should be
very closely monitored and kept at a minimum to guarantee a
safe rAAV product.

Next to the elongated genome, we detected some additional
low abundance signals before the main peak corresponding to
shorter DNA fragments. These low abundance signals are more
clearly detectable by CGE-LIF. Also, in SV-AUC, capsids
containing smaller DNA fragments were detected at 75—80 S.
AAVs containing shorter DNA fragments are often observed in
rAAV samples and have been previously reported.”® These
rAAV capsids incorporate only a part of the expected genome,
and they may lead to lower efficiency of the gene therapy
product due to the lack of the target genome and can
potentially be immunogenic and/or genotoxic for the patient,
therefore requiring close monitoring, Finally, following the
main peak, some signals were detected with CGE-LIF and IP-
RP-LC. Due to the large size of these signals, we suspected that
they correspond to external DNA, which was not completely
removed by the Benzonase treatment during downstream
processing, similar to the case of AAV2-V (Figure 3). Also, the
fact that these signals are not detected by AUC suggests that
they are not packed into the capsid; otherwise, a signal larger
than 110 S would be expected.

In view of all of these observations, we also analyzed a
second batch of AAV8 loaded with the 2.5 kbp genome
(AAVS-V Batch 2). The IP-RP-LC results showed a similar
picture; however, it seems that the larger DNA signal at 13 min
is not present in this batch anymore. This again suggests that
this large DNA was indeed external DNA from the production
process, which was not properly removed in batch 1 (Figure
SD). Similarly, CGE-LIF also shows a slightly lower signal for
the larger DNA species (Figure SE), with the remaining ones

most likely being dsDNA artifacts as previously reported by
Hutanu et al.'® While the LC data suggest a lower amount of
the elongated genome in batch 1, batch 2 shows nearly a 1:1
ratio. This finding was supported by CGE-LIF data as well as
SV-AUC data (Figure 4F). Overall, these results demonstrate
that the IP-RP-LC method is very well suited for batch
comparability studies and thus adds an additional technique to
the analytical toolbox of rAAVs,

As a last case, we applied the IP-RP-LC method to detect
rAAV genomic contaminations. The AAV-2S sample (3.3 kbp)
contained contamination by another AAV2 strain with a
different genome (4.2 kbp, as indicated upfront by the
supplier). The IP-RP-LC profile of the AAV-2S sample showed
two clear main peaks and an additional small signal around
10.5 min (Figure 6A). The first peak represents the intended
genome with a length of around 3.3 kbp, whereas the second
represents the contaminant genome with a length of around
4.2 kbp. Furthermore, fragmented DNA was detected before
the main peak, which was higher in intensity compared to the
previously analyzed AAV8 samples. CGE-LIF largely supports
these results by detecting two peaks, as well as small fragments,
before the main peak (Figure 6B). Next to these two main
peaks, an additional peak in the CGE profile at 12 min was
observed, which was not detected by IP-RP-LC or SV-AUC. It
cannot be excluded that this is a dsDNA or multiplex artifact
due to incomplete denaturation or as a consequence of the
very low concentration of this sample. Additional artifacts were
observed throughout the complete analysis in CGE-LIF
(Figare S5 marked with *), whereas in IP-RP-LC, no
comparable signals were detected (only an increase in the
baseline between 23 and 30 min due to the gradient). To
exclude carryover effects as a cause for the unexpected signals,
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Figure 6. Analysis of AAV2-S after DNA purification by (A) IP-RP-
LC and (B) CGE-LIF or of the intact rAAV particles with (C) SV-
AUC.

blank injections were performed before and after each CGE
analysis. These injections were blank for two different analyses
on two different devices, so we concluded that the cause for
the observed signals must lie within the specimen (not shown).
In numerous rAAV samples not mentioned in this study, we
observed that CGE tends to have more artifacts in complex
samples, in general. It should be mentioned that for this AAV2-
S sample, the absolute intensity was slightly lower when
compared to other rAAV analyses (most likely due to the lower
virus titer), which could also play a role in the discrepancy
between LC and CGE for this sample. Looking at the SV-AUC
data, empty capsids were observed between 65 and 70 §,
followed by some rAAV particles containing shorter DNA
fragments between 75 and 95 S (Figure 6C). In contrast to I1P-
RP-LC and CGE-LIF, only one peak at 100 S was detected.
These results illustrate the strength of SV-AUC to discriminate
between different species and give a complete picture of the
capsid filling state. However, smaller differences in genome
length (only around 800 bp) may be challenging to detect by
SV-AUC using standard conditions, illustrating once again the
complementarity of these techniques.

B CONCLUSIONS

We have developed an IP-RP-LC approach for the analysis of
the genomic material loaded in rAAV samples. We
demonstrated the capacity of the approach to characterize
the denatured ssDNA material from rAAV samples in a simple,

fast, economic, and user-friendly way. In order to identify
strengths and limitations, we comFared our approach with the
established techniques CGE-LIF'**’ and SV-AUC'®** in a
variety of rAAV samples. Results between all techniques were
mostly consistent, which highlights the general applicability of
the proposed method. Running the analysis at 95 °C allows to
melt dsDNA and thereby analyze only ssDNA in contrast to
the CGE-LIF approach, which also detects and separates
dsDNA'® and other secondary structures.”” By using UV
detection, we avoid the drawbacks of DNA dyes and have a
direct detection of target DNA. Furthermore, LC is already
established in the pharmaceutical industry for biopharmaceut-
ical and small molecule drug characterization and therefore can
be easily implemented. Comparison with CGE-LIF and SV-
AUC supported our findings on the presence of elongated
genomes and fragments of the genome of interest in a variety
of rAAV samples. When the material is scarce, SV-AUC is not
a viable option (approx. 400 uL consumption for a low viral
titer), while IP-RP-LC requires only around 10—20 uL per
injection, and CGE can perform multiple injections out of the
same amount. IP-RP-LC was able to separate the genome of a
rAAV2-S sample from a contaminant differing in 800 bp. Here,
the IP-RP-LC and CGE-LIF approaches showed their benefit
over the SV-AUC method, which was not able to resolve
smaller differences in ssDNA under standard conditions.
Overall, CGE-LIF provided higher peak efficiency compared
to IP-RP-LC. On the other hand, IP-RP-LC allows peak
fractionation and further characterization (e.g, by NGS) in a
straightforward way. Furthermore, with some adaptations (e.g.,
the use of volatile ion pairing reagents or integration in 2D-LC
with an MS-compatible second dimension), [P-RP-LC could
be hyphenated with mass spectrometry for direct peak
identification. Overall, the proposed IP-RP-LC is a very
powerful alternative for the genome integrity assessment of
rAAVs that can be easily adopted in QC labs, thus
complementing the analytical toolbox of these next-generation
therapeutics.
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Figure S1: RP-LC analysis of a AAVS8-V full sample before DNA purification (black line) and after DNA

purification (orange line).
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Supporting information methods

Information S1 — Reagents and materials

Acetonitrile was provided by Actuall Chemicals (Oss, The Netherlands). For all mobile phases,
demineralized water from an Elga water purification system was used. 1 M aqueous solution of
triethylammonium acetate (TEAA) was purchased from Fluka (Buchs, Switzerland). The used SYBR™
Green Il RNA Gel Stain 10,000 x concentrate in DMSO, UltraPure™ DNase/RNase-Free Distilled Water,
FastRuler Middle Range DNA Ladder and the DNAPac RP column 2.1 x 100 mm with a particle size of
4 um were obtained from Thermo Fisher Scientific (Waltham, Massachusetts). The BioResolve RP mAb
Polyphenyl column 2.1 x 150 mm with a particle size of 2.7 pm was purchased from Waters (Milford,
Massachusetts). The QlAquick PCR purification kit was purchased from Qiagen (Hilden, Germany).
Benzonase Nuclease, MgCl, and CaCl, dihydrate were from Sigma Aldrich (St. Louis, Missouri).
Phosphate buffered saline (PBS) tablets (1 tablet in 1L water results in 140 mM NaCl, 10 mM
phosphate buffer, 3 mM KCl, pH 7.4), glacial acetic acid, Polyvinylpyrrolidone (PVP), 10x
tris(hydroxymethyl)aminomethane (Tris) borate EDTA (TBE) buffer, Tween 20, difluoroacetic acid
(DFA), Hellmanex 3 and Urea were supplied by Sigma-Aldrich/Merck KGaA (Darmstadt; Germany).
Tris-HCl was obtained from Invitrogen (Waltham, Massachusetts). Bare fused silica CE capillaries with
an inner diameter of 50 um were purchased from Polymicro Technologies /Molex LLC (Phoenix, USA).
Plasmid DNA (Cat. no. VB190926-1395dab) was provided by VectorBuilder Inc. (Chicago, USA). Apall,
SnaBl and Xbal restriction endonucleases were obtained from New England Biolabs (lpswich, USA).
10x PBS (1.55 M NaCl, 27 mM sodium phosphate dibasic, 15 mM KCI, pH 7.2) and 10% Pluronic F68
were obtained from Gibco Thermo Fisher Scientific (Waltham, Massachusetts). Ethanol absolute was
purchased from VWR (Darmstadt, Germany). Fill hole gaskets (neaprene) and fill hole screws were
provided by Spin Analytical (South Berwick, Maine).

Information S2 - Analysis of AAV proteins with RP-LC

For the analysis of rAAV proteins the AAV sample was either disassembled using 10% acetic acid in the
case of direct analysis or purified with the QlAquick PCR purification kit and thereby disassembled in
the using the provided binding buffer (Buffer PB). For the analysis an Agilent 1200 series instrument
equipped with a quaternary pump (G1311A) combined with a degasser (G1322A), autosampler
(G1367D) with thermostat (G1330B), column oven (1316B) and variable wavelength detector
(G1314C) with a standard cell was used (Agilent Technologies, Waldbronn, Germany) was employed.
Analysis rAAV proteins either before or after purification was performed using a BioResolve RP mAb
Polyphenyl column 2.1 x 150 mm column at 80 °C with 0.1% DFA in water as mobile phase A and 0.1%
DFA in ACN as mobile phase B. The starting condition was 35% B which was gradually increased to
50% B in 25 min followed by an increase to 95% B in 1 min. After 4 min cleaning of the column at 95%
B the starting conditions were reached during a 1 min gradient followed by a re-equilibration of the
column for 9 min resulting in a total analysis time of 40 min with a constant flowrate of 0.15 mL/min.
The injection volume was 10 pL. The proteins were detected using UV detection at 280 nm.

Information S3 - Analysis of rAAV by sedimentation-velocity analytical ultracentrifugation (SV-AUC)

For measurements of sedimentation velocity an Optima analytical ultracentrifuge from Beckman-
Coulter (Brea, California) with an 8-hole AN-50 Ti analytical rotor and 12-mm charcoal-epon double-
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sector centerpieces was used. Cleaning upfront AUC measurements was performed using AUC cell
washers (Spin Analytical, South Berwick, Maine), and was confirmed by two consecutive absorbance
intensity scans through empty cells. Afterwards the sample sector was filled with 380 pL rAAV sample
and the reference sector with 400 pL formulation buffer. The formulation buffer consisted of 1 x PBS
(Gibco) and 0.001% Pluronic F-68 in case of AAV 8 samples or 1 x PBS (Gibco) with 0.014% Tween 20
in case of AAV2 samples. After a temperature equilibration of sample and rotor with resting rotor, the
sedimentation profiles were recorded using the absorbance detection optics in intensity mode (at 230
nm and 280 nm) at 12000 rpm. Scans 1-50 were analyzed using UltraScan Ill using a partial specific
volume of 0.73 mL/g and a radial data range from approximately 0.03 cm above meniscus position to
7.10 cm. The raw data were pre-processed (meniscus position fit, time invariant and radial invariant
noise corrections) by using 2-dimensional spectrum analysis (2DSA). Afterwards, the obtained results
were refined by using parametrically constrained spectrum analysis (PCSA) applying the straight line
(SL) model. Estimation of confidence intervals was performed by 100 Monte Carlo {MC) iterations on
top of the PCSA-SL results. The calculations were carried out at Coriolis Pharma Research GmbH on an
in-house Boston Server cluster with 128-core AMD Epyc™ 7702 processors. Pseudo-3D distributions
were analyzed with a sample-specific s-value range bin set to determine the content of empty capsids,
full capsids, light molecular weight species (LMWS) and heavy molecular weight species (HMWS).
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2.3 Using Peptide Nucleic Acid Hybridization Probes for Qualitative and
Quantitative Analysis of Nucleic Acid Therapeutics by Capillary
Electrophoresis

The analysis of rAAV vectors revealed that methods for NA are not always straight forward and
that the industry is currently seeking new approaches that complement the analytical repertoire.
A lot of fundamental work on CE for NAs has been done in the 1990s but remained rather
unnoticed. Throughout my research the idea came up to use fluorescent oligonucleotides as
probes in CE. A detailed literature research revealed an article from O'Keefe and colleagues [185]
that initiated working analytically with peptide nucleic acids (PNAs). PNAs are synthetic organic
polymers that possess chemical properties that are characteristic of DNA and RNA. The primary
distinguishing feature is the presence of a backbone composed of N-(2-aminoethyl)glycine
monomers, which are connected by peptide bonds. [186] The biological stability of PNAs is
attributed to their uncharged nature, which renders them resistant to digestion by proteases and
nucleases. The absence of electrostatic repulsion provides a greater attraction towards
complementary NA sequences, compared to normal NAs. This enables hybridization conditions
that are outside the reach of conventional nucleic acid oligomers, such as low levels of sodium
and high temperatures, among others. The electrophoretic separation of PNA and hybridized NA
is feasible due to the significant difference in their charge-to-hydrodynamic radius ratio. [187]
Thus, PNA oligomers were utilized as probes in CE to identify particular DNA sequences. By
labeling the PNAs with fluorescent labels, a detailed and sensitive monitoring of hybridization was
possible. The investigation involved a series of proof-of-concept trials that aimed at determining
the capacity of PNA probes to detect NAs in new therapeutic entities, both qualitatively and
guantitatively. The method obtained was suitable for a broad range of NA sizes, making it valuable
for drug product formulations with varying levels of intricacy, including oligonucleotides, mRNA
vaccines, or rAAVs. The method was highly reproducible and determined the quantity and identity
of ssNAs within a broad range of 20 to 1000 nt. The concept was successfully implemented for
mMRNA, with a LOQ in the picomolar range achieved through the use of multiple probes. However,
in ds samples only fragments identical to PNA size could be measured. This constraint could be

overcome by means of enzymatic digestion and by employing multiple probes.
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ABSTRACT: The space of advanced therapeutic modalities is Target NA ra— N
currently evolving in rapid pace necessitating continuous improve- + Flabeled PNA + r'/{{ . // -
ment of analytical quality control methods. In order to evaluate the
identity of nucleic acid species in gene therapy products, we + T T
. 3 o.5a g LUUUUUUILLL - Unspecific NA

propose a capillary electrophoresis-based gel free hybridization

: : . L PNANA PNA
assay in which fluorescently labeled peptide nucleic acids (PNAs) Hybridization heteroduplex  excess
are applied as affinity probes. PNAs are engineered organic ¢ ¢
polymers that share the base pairing properties with DNA and e PNANA ACE
RNA but have an uncharged peptide backbone. In the present neteroduplex AL'VS'; /\ \
study, we conduct various proof-of-concept studies to identify the + /\ / \
potential of PNA probes for advanced analytical characterization of 4

novel therapeutic modalities like oligonucleotides, plasmids,

mRNA, and DNA released by recombinant adeno-associated virus. For single-stranded nucleic acids up to 1000 nucleotides, the
method is an excellent choice that proved to be highly specific by detecting DNA traces in complex samples, while having a limit of
quantification in the picomolar range when multiple probes are used. For double-stranded samples, only fragments that are similar in
size to the probe could be quantified. This limitation can be circumvented when target DNA is digested and multiple probes are used
opening an alternative to quantitative PCR.

H INTRODUCTION dealing with single-stranded NAs (ssNAs) that have more than
200 nucleotides (nt), options to confirm their identity and
quantity are very limited. This is due to the large size itself (>
kDa range), the high variability of instable secondary

There is an estimate of 5000—10,000 rare diseases for the
human population, and a significant part of them is caused by
genetic mutations.”” After decades of research, health

authorities approved the first gene therapy products for structures, and the increased enzymatic susceptibility in the
monogenic diseases like spinal muscular atrophy or Leber’s case of RNA. Physicochemical techniques such as hydrophilic
congenital amaurosis,”~ and there are efforts to use vectors interaction liquid chromatography, anicn-exchange chroma-
such as the recombinant adeno-associated virus (rAAV) as a tography, or ion-pairing reversed phase liquid are powerful in
generic platform to tackle a wide range of rare diseases.’ the low size range,'* but evaluation of identity by elution time
However, the application of gene delivery medications is still of long NA fragments often remains challenging.'® The
extremely challenging, as there are several obstacles that need situation is similar for capillary electrophoresis (CE)-based
to be overcome. From a clinical perspective, immunogenicity, methods such as capillary gel electrophoresis. Even though the
efficacy, genotoxicity, and genomic persistence are key factors separation efliciency is greater, analysis of ssNAs show
that need to be considered when designing gene therapies.” ' difficulties with regard to robust and reproducible separa-

Ensuring high product quality is essential to address safety
concerns linked to immunogenicity and genotoxicity and is,
thus, currently a field under intense investigation. Several
reviews have suggested critical quality attributes that need to ]
be addressed to safeguard top-class gene therapy prod- Received:  October 31, 2022
ucts. 11 Accepted: February 2, 2023
From an analytical perspective, these drug products tend to Published: March 8, 2023

be heterogeneous and highly complex since there is both a

delivery vehicle (virus and lipids) and a nucleic acid (NA)

payload (DNA/RNA) required for most applications. When

tions."” Therefore, polymerase chain reaction (PCR)-based
techniques are typically used for NA identity and quantifica-

© 2023 The Authors. Published b
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tion.'* " Their great benefit is a very high sensitivity and the

general abundance of the necessary equipment. On the other
side, handling can be challenging as cross-contamination with
amplifiable DNA is possible.2 In practice, just a small piece of
the target NA is actually identified, which might cause
misleading results when only one set of primers is used. This
can be avoided by next-generation sequencing (NGS) where
all NAs in an analyte are completely identified.”"** In this way,
a holistic view of the state of a sample is gathered. However,
NGS remains complex as extensive sample preparation and
data analysis are required in comparison to PCR. As a result, it
is mainly used in early development and not for routine testing,
In the case of RNA, both methods need a reverse transcription
step, which can add a hidden bias. The rapidly rising number
of gene therapy candidate drugs, their wide variety,” and
increasingly accelerated development times underscore the
need for novel, fast, versatile, and direct analytical approaches.
The goal of our work was to develop a fast, accurate, and
inexpensive method for identification and quantitation of NAs
of various origins. As a methodological platform, we chose a
combination of target—probe hybridization with separation of
hybrids from the unreacted probes by gel-free CE. Hereby,
peptide nucleic acids (PNAs) were chosen as probes. This
approach has been previously used by Hu et al.”* for the
determination of multiple miRNAs in the low mass range (<25
nt). We propose a method in which PNAs are applied as
hybridization probes binding to a wide size range of NAs in the
presence of complementary or nonspecific NA strands. PNAs
are engineered organic polymers that share chemical properties
with DNA and RNA. The main difference is the backbone that
consists of N-(2-aminoethyl)glycine monomers, which are
linked through peptide bonds while the secondary amine group
is substituted with an acetate derivative of a nucleobase.”” The
uncharged nature of PNAs makes them more biologically
stable since proteases and nucleases cannot digest them. The
missing electrostatic repulsion additionally gives them a higher
affinity for complementary NA sequences than analogue NA
oligomers.”® This allows hybridization conditions that are not
achievable with standard NA oligomers, for example, low
sodium concentrations, high temperature, so forth. An
electrophoretic separation between PNA and hybridized NA
is easily realized since both macromolecules have a very
different charge-to-hydrodynamic radius ratio. Fluorescently
labeled PNA oligomers could, thus, be used as probes in CE
for the detection of specific DNA sequences”””’*” as an
alternative to PCR. In the present study, we conduct various
proof-of-concept experiments to identify the potential of PNA
probes for qualitative and quantitative detection of NAs in
novel therapeutic modalities. To this end, optimal conditions
for hybridization and separation in CE were screened and then
applied to NA species that are currently of particular interest
for the development of gene therapies, for example,
oligonucleotides, plasmids, mRNA, and rAAVs.

B EXPERIMENTAL SECTION

Reagents. Eurofins Genomics (Ebersberg; Germany)
synthesized all DNA oligonucleotides. All PNAs were from
PNABio (Newbury Park, USA), and the EGFP mRNA (cat.
no. L-7601) was sourced by TriLink Biotechnologies (San
Diego; USA). rAAV production plasmid DNA (cat. no.
VB190926-1395dab) and a corresponding AAV2 sample
were from VectorBuilder Inc. (Chicago, USA). For all the
remaining reagents and the sequences of all nucleic acids used
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in this study (Scheme S1 and Tables S1 and S2), please refer
to the Supporting Information.

Hybridization. Stock solutions were 25 M in formamide
for PNAs or in TE buffer {10 mM Tris; 1 mM EDTA) for
DNA oligonucleotides. Screening for hybridization conditions
was conducted in 15 mM Tris for a stable pH while various
agents were tested (Table S3). The final hybridization
conditions were 15 mM Tris and 2 mM sodium dodecyl
sulfate (SDS) together with PNA, DNA, or mRNA in varying
concentrations in a total volume of 30 uL. Up to 5% of
formamide was accepted in the solution when high PNA excess
was used. This mixture was heated to 95 °C for 10 min in a
Thermomixer R (Eppendorf SE; Hamburg; Germany) and
then cooled down slowly for 90 min until the block reached a
temperature below 40 °C. For clarity, all the used nucleic acids
were given a nomenclature as is described in Scheme 1. For
details on the digest of plasmid and rAAV DNA, please refer to
the Supporting Information.

Scheme 1. Nomenclature of Nucleic Acids Used in This
Study

(i)XNAnt;F

Polarity: Type of nucleic acid: Number of Fluorescent
(+) sense PNA: Peptide- nucleotides label

(-) anti-sense DNA: Deoxyribo- F: yes
(%) double strand RNA: Ribo- (Empty): no

D/PNA: hybrid of DNA and PNA
RI/PNA: hybrid of RNA and PNA

(x) Scrambled sequence

Capillary Electrophoresis. Analysis was carried out using
a SciEx PASQO Plus system (Brea; USA) equipped with a solid-
state laser with an excitation wavelength of 488 nm and a 520
nm band pass emission filter (cat. no. 65-699) from Edmund
Optics (Barrington; USA), a 30 kV power supply, and a
temperature-controlled autosampler (+2 °C). Data were
acquired and analyzed using 32 Karat software 10.3. For the
background electrolyte (BGE) optimization, 1X TBE was the
base, and several agents were varied (Table S$4). The
composition of 1X TBE is 89.0 mM Tris, 89.0 mM boric
acid, and 2.0 mM EDTA. The final BGE used in all PNA
experiments after the screening was 6.6X TBE (587 mM Tris,
587 mM boric acid, and 13 mM EDTA), 3 M urea, and pH
was controlled to be 8.3 + 0.1. In some cases, 1:10,000 SYBR
Green 11 was added to visualize unlabeled DNA as mentioned
in the figure caption. For analysis, an eCAP neutral capillary,
which uses a polyacrylamide coating (cat. no. 477441) from
SciEx (Brea; USA) with an LD. of 50 pm and cut to a total
length of 30 and 20 cm length to window, was employed. The
capillary cartridge was kept at 25 °C while samples were stored
at 10 °C. Prior to each injection, the capillary was rinsed with
water and 8 M urea and equilibrated with separation buffer at
345 kPa (50.0 psi) for 1 min each. The samples were injected
at 6.9 kPa (1.0 psi) for 10 s, and the separation voltage was set
to —30 kV reverse polarity. After each sequence, the capillary
was rinsed with water for 10 min at 345 kPa. Data analysis of
velocity corrected peak areas (CPAs): error bars represent the
standard deviation from three measurements. CPAs were
normalized by setting the highest value in a measurement as
reference to 1.

https://doi.org/10.1021/acs.analchem.2c04813
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B RESULTS AND DISCUSSION

Basic Principles of Interaction between PNA and
DNA Oligonucleotides. In our previous report,”” we used
orthogonal analytical techniques including transmission
electron microscopy, analytical ultra centrifugation, and CGE
to get a better idea of DNA heterogeneity inside rAAV capsids.
The complex DNA purity profiles that were observed with
CGE naturally caused the question to identify the unknown
species. An article from Perry-OKeefe and colleagues showed
an alternative to PCR or southern blotting by the use of
fluorescently labeled PNAs as affinity probes. In this work,
PNA-hybridized DNA (ss as well as dsDNA) of differently
digested plasmids was used for qualitative analysis with CE,
agarose gel electrophoresis, and CGE.* The basic principle of
the technique is that in certain conditions, the PNA-to-DNA
interaction (see Figure S1) is stronger than DNA-to-DNA
bonding. In this case, a PNA sequence that is binding to one
strand of a target DNA can be mixed and heated until DNA
denatures. In the subsequent reannealing process, a PNA/
DNA hybrid is formed, which can be detected due to
fluorescent labeling of the PNA. The study has demonstrated
that it is possible to select BGEs that keep PNA/DNA hybrids
intact while DNA/DNA binding is inhibited, allowing
detection of specific sequences in the sample. These results
encouraged us to extend this technique on various forms of
NAs. However, reports that actually used this PNA hybrid-
ization are scarce,” """ and we thus decided to begin
method development from scratch to get a better under-
standing for crucial parameters.

Interaction of PNA and ssDNA. Our development
process started in the simplest possible environment: our
hypothesis was that a fluorescently labeled DNA 20mer
((+)DNAy,p) should hybridize with an antisense and labeled
PNA 15mer ((—)PNA,5;) enabling subsequent analysis by
CE. For hybridization, PNA and DNA oligonucleotides were
mixed 1:1. The mixture was analyzed in a 1X TBE, 3 M urea
BGE together with single injections of (—)PNAlsiF and
(+)DNA,: (Figure S2A, upper three lines). However, the
profile of the PNA was not reproducible, varying from hardly
detectable (as shown in Figure S2A, upper red line) to clear
peaks for different repetitions. DNA has a strongly negatively
charged backbone that explains its fast migration. On the other
hand, PNA is completely uncharged but carries a carboxy-
fluorescein (FAM) label that brings in a negatively charged
carboxyl group, leading to migration in the electric field. Out of
these results, we concluded that a mobility shift of DNA
happened due to the formation of the DNA/PNA hetero-
duplex but that the PNA probe was not sufficiently soluble in
the chosen conditions. For this reason, various agents were
screened, including chaotropic salts, ionic and non-ionic
detergents, and organic solvents that are known to increase
the solubility of lipophilic molecules and are, in addition,
compatible with CE. A detailed description regarding the
effects of the tested agents can be found in Table S§3. The
screening showed most favorable results when adding 2 mM
SDS to the hybridization reaction (Figure S2A, lower three
lines). Under these conditions, the PNA profile was always
reproducible, while DNA was not affected. Also, the hybrid
peak shape was sharper and more stable, It is well reported in
the literature that DNA hybrids are stabilized in sodium
containin§ buffers and SDS is an agent that can be used for this
purpose.”” For the use of PNA as a probe, the dodecyl sulfate
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seemed to be particularly important for increasing the
solubility of the PNA and thus accessibility for hybridization.
The hybridization of PNA to DNA led to a minor migration
time shift of the DNA. While the overall charge of the hybrid
was probably similar to the one of ssDNA, the heteroduplex
had a higher hydrodynamic radius. This migration time shift is
expected to become smaller with increasing size of target DNA.
To improve the resolution of ssDNA to hybrid and to get a
better understanding of hybrid stability during electrophoresis,
we decided to vary the BGE (see Table S4), Increasing salt
concentration from 1X TBE to 6.6x TBE (Figure 1, upper

:[ 200 RFU

4 (*£)D/PNAzo/15:F

(+)DNAge
(-)PNA1s¢
<
(+)DNA20;F (X)PNA15;F
1 3 5 7 9 11 13
Time [min]

Figure 1. Hybridization of DNA and PNA oligonucleotides analyzed
by CE. PNA and DNA signals are overlaid, while mixed samples are
shifted on the y-axis for clarity. PNA and DNA samples were injected
individually (upper blue and red line) or as a mixture (upper black
line) at a concentration of 1 #M each. Hybridization takes place, and
a shift of the DNA signal can be detected when incubated with PNA.
Best separation results, in terms of signal intensity and resolution,
were obtained with a BGE consisting out of 6.6X TBE with 3 M urea.
The lower three lines serve as negative control: incubation of DNA
with a PNA that has an unspecific sequence [(X)PNA;;] does not
lead to a typical migration shift, and areas of PNA and DNA peaks are
not affected.

three lines), a significant improvement in terms of signal
intensity and resolution of heteroduplex from DNA was
achieved. Through the increased resolution (Figure S2B,
inset), it was possible to test the specificity of the approach by
using a random PNA ((X)PNA,;) as a negative control. This
PNA was mixed with the DNA sample. The mixture and the
single components were also injected separately. No formation
of hybrid was detected. The mixture of the two species led to
an electropherogram that locked like the overlay of the single
species (Figure 1B, lower three lines). After proving that the
general concept works, we decided to apply the method to
unlabeled DNA oligonucleotides. To evaluate the effect of
DNA length, size was varied from 20 to 150 nt. The first goal
was to detect the migration time of the unlabeled DNA by
using a modified BGE, which contained SYBR Green IL
Thereafter, the idea was to compare this with a run that did
not use dye but labeled PNA to detect the hybrid. For this
purpose, a two-fold DNA excess was used. Therefore, free
DNA should be detectable by the dye. As mentioned before,
migration time differences between plain DNA and hybrid
should decrease with rising DNA length. The reason for this

https://doi.org/10.1021/acs.analchem.2c04813
Anal. Chem. 2023, 95, 4914-4922
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difference is the lower impact of the PNA on the charge-to-
hydrodynamic radius ratio with increasing target size. The
results presented in Figure 2A showed that heteroduplex
formation took place for all oligonucleotide sizes (black lines;
hybrid peak) and that the excess DNA was detected in a
separate peak when dye was added to the BGE (green lines;
DNA peak). As expected, the migration time difference

A
DNA
I 10 RFU
Hybrid
(+)DNA1so
m SYBRin BGE mno dye in BGE
DNA
Hybrid
(+)DNAsq
DA Hybrid
(+)DNA20
no DNA
1.5 2 2.5 3
Time [min]
B
.} wPNA = Hybrid
PNA:DNA
— 0.8 + 2:1
- . I
< PNA:DNA T
S 0.6 1 11
o T 1
H PNA:DNA
T 1 o051
£ 0.4
=
o
c
N “]l l l I l
0
g oO0OWNe o OO WNnNe o OO WNnNe o
ZNBAKRSAH ZALNSWH ZNHAKNSH
o - - o - ™ o ~ =

Figure 2. Hybridization of unlabeled ssDNA and labeled PNA
oligonucleotides analyzed by CE. (A) (—)PNA,s; and 0—150 nt
(+)DNA were injected as a mixture at a concentration of 37.5 nM
(PNA) and 75 nM (DNA) each. Samples were measured in a BGE
containing SYBR Green II (green) or no dye (black). (B) (+)DNA
with varying length was mixed with different amounts of (—)PNA,
in order to evaluate the potential effects of oligonucleotide size. DNA
concentration was stable at 75 nM for all measurements (except PNA-
positive control), and PNA varied from 37.5 to 75 nM and 150 nM.
Black bars represent the measured CPA of the PNA peak in an
electropherogram, while blue bars correspond to the hybrid peak.
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between DNA and hybrid decreased with rising nucleotide
count in CE.

In a second step, we wanted to observe the binding
efficiency of PNA depending on ssDNA length. For this, the
oligonucleotide concentration was kept stable at 75 nM, and
the (—)PNA,;: concentration varied with a factor of 0.5X to
2X to DNA. Results presented in Figure 2B showed that in
conditions of DNA excess and equimolar concentration, all
PNA was bound by the target DNA, no matter what size the
oligonucleotide had. In the runs containing a 2-fold PNA
excess, half of the PNA was bound to the DNA, the other half
was free, and the hybrid peaks were approximately the same
size as in the equimolar mixture. This confirms that the PNA is
bound quantitatively, which makes this approach not only
valuable for identity confirmation but also for quantification.

Interaction of PNA and dsDNA. Using PNA as a probe
for dsDNA would be of particular interest for a large variety of
therapeutics like dsDNA viruses as adenovirus or herpes virus.
As discussed in the previous section, we continued our
assessment with fluorescently labeled 20 nt oligonucleotide
probes to understand the basic principles and then moved onto
longer unlabeled samples. The same (—)PNA,;; probe was
used, which binds to the (+)DNA,yr strand and should not
interact with the antisense (—)DNAyyy strand. Figure 3A
shows the mixture of sense and antisense 20 nt oligonucleo-
tides with different amounts of PNA. The analysis conducted
in the 6.6X TBE BGE was able to distinguish between the
ssDNA strands and dsDNA (Figure 3A, lower three lines). The
reason for this is the more compact structure of the dsDNA
double helix compared to more bulky secondary structures of
ssDNA. Consequently, the charge-to-hydrodynamic radius
ratio was increased for dsDNA in comparison to ssDNA,
which led to an accelerated mobility. Another observation was
that hybridization of the two strands did not seem to be
complete with chosen conditions, even when no PNA was
added. This could be due to the low salt concentration in the
sample, which was chosen to favor PNA hybridization. When
DNA was still in 2-fold excess, the PNA primarily hybridized
with the unbound (+)DNA, ;. Therefore, the (£)DNA,qp
peak barely decreased, but a new (+)D/PNA, heteroduplex
appeared, which had a decelerated mobility as was also seen in
Figure 1. However, as soon as enough PNA was available
(equimolar or excess), (+)DNA,r was bound completely.
The (+)DNA,q; peak disappeared and the signal for
(—)DNA,or increased due to (+)D/PNAy,r hybrid peak
formation (Figure 3A, upper two lines). This showed that the
same principles that were demonstrated for ssDNA can be
applied to dsDNA. In the next step, we proceeded with the
unlabeled and longer targets that were also used in the
previous section, but now were complemented with an
antisense strand. In Figure 3B, unlabeled 20 and 50 nt DNA
at 75 nM were combined with a 1.5-fold PNA excess. For both
sizes, the (=) strand showed no formation of hybrid (upper
black lines), while the (+) strand was forming hybrids with the
(—)PNA,sr probe (green lines). The (+)DNA,, run was
forming hybrids in the same amount as the (+)DNA,, alone,
which reproduced the results with labeled samples from Figure
3A. However, for a longer (+)DNA,, the picture changed.
The hybrid peak was significantly reduced, and the PNA peak
indicated that (+)DNA;, was not bound completely to the
PNA but was hybridizing (—)DNA;, (Figure 3B, upper two
lines) A significantly higher PNA excess of 20X did not change
this pattern (data not shown). To get a better picture of this

https://doi.org/10.1021/acs.analchem.2c04813
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Figure 3. Competitive hybridization of DNA and PNA oligonucleo-
tides analyzed by CE. (A) Two labeled and complementary 20 nt
oligonucleotides were mixed 1:1 and different concentrations of PNA
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Figure 3. continued

were added. ssDNA was always at 150 nM, while the PNA varied with
a multiplier from 0 to 2. The “Reference” line is an overlay of the two
ssDNA strands injected independently. In the “0” line, both
complementary strands are actual mixes, but no PNA is added. For
lines “0.5%, “17, and “2%, the corresponding relative amount of PNA
was added. (B) Two unlabeled and complementary 20 nt and 50 nt
oligonucleotides were mixed 1:1 at 75 nM, and a 1.5-fold excess of
PNA was added (blue lines). The results were compared with a
mixture of PNA and a ssDNA oligonucleotide. Either the (+) strand
that is binding to the PNA (green lines) or the (—) strand that serves
as a negative control (black lines). The (+)DNA lines are shifted by 1
min, while the dsDNA lines are shifted by 2 min, respectively. (C)
Comparison of CPAs of the PNA peak to the hybrid peak in
competitive conditions described in (B) for dsDNA oligos with a
length varying from 20 to 150 nt. The dashed line indicates the
expected CPA if all of the target DNA would be bound by the PNA
(as is the case for the 20 nt strands).

effect, larger DNAs were tested. It was found that the longer
the target dsDNA was, the broader the peak became. This
showed that the hybrid was not completely stable. When
analyzing the CPAs of these hybrid peaks, it was observed that
only 25—35% of the target DNA could be bound by the PNA
(Figure 3C, blue bars vs dashed line). These results showed
that PNA was not able to completely displace a longer DNA
strand that binds to the same sequence. For this reason, PNA
hybridizations can be useful for quantitative analysis of very
short dsDNA fragments that are similar in size to the used
PNA.

Application of the Technique in Complex Test
Sample Matrices. In the previous section, we demonstrated
that ssDNA binding to PNA probes is very strong and, thus,
quantification of target sequences was possible. In order to find
a working range, we prepared mixtures of 1000 nM PNA with
a 100 nt DNA. The DNA concentration varied from 12.5 to
800 nM, and the change of hybrid CPA was measured (data
not shown). Since the results showed a strong linear response
(R* = 0.9995), we decided to test if the method can be used to
quantify a specific target in the presence of an unspecific DNA
at high concentration levels. Therefore, a mixture of unspecific
180 nt DNA ((X)DNA;) at 1000 nM with a target
(+)DNA,q, with varying concentration was prepared. The
results are presented in Figure 4A. The mixture of the
(+)DNA;y and (X)DNAg strands (320 and 1000 nM,
respectively) were injected in a BGE-containing SYBR and
compared with a simple (+)DNA;,, (320 nM) injection.
Although the exact interaction of SYBR green II and ssNAs is
still not fully understood, it is hypothesized that it binds to
nucleotides in a regular manner, similarly to intercalating dyes.
If this would be the case, the signal intensity of the DNA signal
(Figure 4A, upper line) should be approx. 15% of the signal
related to the mixed DNA (lower line). Note that not only the
DNA concentration is different but also the 180 nt DNA
induces a higher signal intensity due to staining. However, the
observed signal was <9% most likely because SYBR Green 11
tends to bind with a different affinity to the individual
nucleotides as more recent research has shown.*> When 500
nM PNA was added to these samples, and the measurement
was performed without a dye, the signals remained unchanged
(Figure 4B). This showed that PNAs are very sequence
specific, even when a large amount of unspecific DNA is
present in the sample. To test the linearity of the method

https://doi.org/10.1021/acs.analchem.2c04813
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Figure 4. Quantification of a 100 nt DNA sequence in a mixed DNA
sample. (A) Limitation of SYBR Green for quantification: (+)DNA,
(target) was measured individually at 0.32 yM (upper line) or mixed
with 1 #M of unspecific (X)DNA,4, (lower line) in a BGE containing
SYBR Green IL. (B) To test the specificity of the method, samples
from (A) were mixed with 500 nM (—)PNA;;; (probe) and
measured in a BGE that does not contain SYBR Green.

under even more unfavorable conditions, the target (+)-
DNA, o was prepared in various concentrations from 10 to 320
nM. Additionally, an unspecific (X)DNA 5, was added at a
concentration of 1000 nM. As a result, the target varied from 1
to 24.2% of the total DNA strand molarity. The obtained
linearity is satisfactory (R* = 0.9991; Figure $3) and confirms
that the test method is specific, selective, and robust to
quantify traces of impurities in oligonucleotide samples.

Plasmids and Corresponding Gene Therapy Prod-
ucts. Our initial goal was to identify DNA species in gene
therapy products. However, we showed that binding of dsDNA
by PNA probes was only partial, unless the target had a similar
size as the PNA. PNA synthesis is limited to approx. 35 nt, and
the target sequences exceeded this size in almost all cases.
Hence, with a single PNA probe, only qualitative analysis of
dsDNA samples was possible. To overcome this issue, we
decided to use multiple PNA probes that should hinder the
target DNA-forming dsDNA. An additional advantage of this
approach is a further increase of the signal intensity since
multiple labels are binding the target. The principle was tested
using (+)DNA,; oligonucleotides shown in Figure 3C.
(+)DNA,; oligonucleotides were hybridized with the (—)-
PNAs; strand and two additional (—)PNA,q that bind
upstream and downstream of the initial target sequence.
Thereby, only 20 nt of the target DNA was not covered. This
should prevent the formation of dsDNA and favor the
formation of the DNA(PNA), quadruplex. Indeed, under
these conditions, the target DNA was bound completely and
remains unchanged regarding signal intensity, when compared
with a (+)DNA,, run (Figure S4).

With this demonstration, we moved to a more complex
system: the rAAV production plasmid (containing the
transgene) and the corresponding rAAV. Although rAAVs
have a ssDNA genome, there is a mixture of (+) and (—)
polarity DNA encapsidated, so dsDNA starts to form as soon
as the DNA gets extracted.’®”” In order to get fragments that
are small enough, a digestion was needed. For a proof of
concept, we designed a digest that cuts a sequence of 54 ntas a
target, which is present in the EGFP gene. The (—)PNA
and one of the (—)PNA,,; were used as probes. Because of
overhangs that were produced by the restriction enzymes, only
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46 nt of the target was in fact double-stranded, of which 35 nt
was covered by PNAs. Before digestion, the extracted rAAV
DNA and plasmid DNA were measured with a UV photometer
in TE buffer. After digestion, all samples were hybridized with
both PNAs each at 75 nM. Figure 5 shows the resulting hybrid

Hybrid

P/DNA
. Virus

I 1RFU
Plasmid
PNA impurity
PNA control
1.5 2 2.5 3 3.5
Time [min]

Figure 5. Hybridization of digested dsDNA using two PNAs.
(=)PNAsr and (—)PNA,)z were each 75 nM and mixed with
digested rAAV production plasmid (middle line) and digested rAAV
genomic DNA (upper line). The target sequence was in the EGFP
gene and had a length of 54 nt.

peaks in comparison to a PNA control (lower line). PNA
impurities led to a peak close to 2 min, while the target DNA
was detected for the plasmid (middle line) and virus (upper
line) around 2.6 min. The relative CPA percentages of these
hybrid peaks in comparison to the total CPA, which includes
the PNA signals, were linear (R* > 0.99) for the plasmid and
viral DNA. Assuming that the injected amount of 150 nM
PNA results in a corresponding signal, the concentration of
DNA in the test sample solution (final concentration) can be
deduced from the CPA percentage of the hybrid peak.
Considering all dilution and purification steps, test sample
concentrations of 4.9 nM (plasmid dsDNA) and 3.0 nM (virus
ssDNA) were calculated (exact calculations can be found in
the Supporting Information). For the plasmid, this value was
very close to the photometric measurement of 4.6 nM, while
the calculated virus DNA concentration was approximately half
the UV measurement of 6.4 nM. To double-check this result,
we compared the value we obtained for the virus with
quantitative PCR (qPCR) results provided by the manufac-
turer (1.03 X 10" vg/mL). For exact comparability, a factor
needs to be applied on the initial value obtained by CE: the
method detects only (+)DNA, while gPCR measures all
genomes, sense, and antisense. A comprehensive comparison
of the values obtained by various techniques and their
conversion in different units is summarized in Table 1.
Under the assumption that every genome is intact, a
concentration of 17.1 nM was measured by qPCR, so our
CE method detected only 17.5% of this value, while UV found
36.9%. However, qPCR was performed using primers for the
inverted terminal repeat (ITRs) sequence, which serves as the
primary packaging signal of the DNA within the vector plasmid
during the manufacturing process. It is thus possible that
fragmented sequences that did not contain the EGFP target
were packaged in the capsids. Additionally, the incorporated
plasmid backbone also carries ITRs which would lead to an
increased value for qPCR. A report from Burnham et al. found

https://doi.org/10.1021/acs.analchem.2c04813
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Table 1. Comparison of DNA Concentration Values That
Were Detected with Different Techniques for a rAAV
Sample”

titer [vg/mL]  p [ng/uL] ¢ [nM] standard deviation (%)
gPCR  1.03 x 1013° 132 17.1 +10°
uv 3.9 x 1012 49" 6.4 +22
CE 1.8 x 1012 2.3 3.0° +1.5

“The exact calculations can be found in the Supporting Information.
“Indicates that this value was obtained by actual measurement. All
other values in the corresponding row are calculated out of this value
under the assumption that each technique detects only intact ssDNA
genomes with a size of 2500 nt and M,, of 770 kg/mol. “This value
was not obtained through measurement but from the literature.'”

that under unfavorable conditions, more than 80% of rAAVs
may not contain the intended genome.38 For verification, this
rAAV sample was also measured with CGE, and we found
plenty of unknown and fragmented species (see Figure S3). A
transduction efficiency test conducted on U87 cells showed
only limited production of EGFP when compared to other
rAAV batches (data not shown). The picture that is drawn by
combining gPCR, UV photometry, PNA-CE assay, CGE, and
potency assays could be an indication that only a very small
fraction of the analyzed rAAV sample contained an EGFP
target sequence that was bound by PNA probes and highlights
that qPCR assays that use ITRs for quantification might
overestimate the actual titer. Our CE approach proved to be
valuable for this highly complex sample. However, the use of
purification columns brings the risk of sample loss, and the
choice of DNA nucleases must be individual for each sequence
that needs to be detected. The nucleases digest only dsDNA,
so rAAV reannealing must be complete for an accurate
estimation by CE.

Although CE and gPCR provide some sequence informa-
tion, the data can be misleading when a target region is chosen,
which is overrepresented in the capsids, for example, the ITRs.
It remains difficult to assess if a target is a good choice due to
potential fragmentation.

Quantification of (m)RNA and Determination of the
Limit of Quantification. Most RNA-containing medications
are single-stranded, which is an advantage for the CE method.
Digests are considered unnecessary since no competitive
strand is present, and intramolecular interactions should be a
less critical factor than dsNA formation. We applied the PNA
hybridization method for a mRNA that was coding for EGFP
and had a size of approx. 996 nt {(+)RNAyy), including the
poly A tail, according to the manufacturer. To this end,
(—)PNA,;; used in previous experiments and two additional
(=)PNA,(; to enhance the signal intensity were chosen as
probes. The obtained hybrid signal was in a range of 0—50 nM
(R* = 0.994). For limit of quantification (LOQ) estimation, we
used the same (+)RNAyys and three corresponding PNAs.
Each of them was set at 20 nM, and the initiall RNA
concentration was set to 15 nM (Figure 6, upper line) and
then diluted to get a final concentration of 0.94 nM (middle
line). All conditions showed hybrid formation with the
corresponding signal intensity. In our experiment, the
limitations for the LOQ resulted from the nature of the
PNA probes, and we did not reach the device maximum. PNAs
do contain some impurities themselves that are typically below
1% of CPA of the main peak. When using a large excess of
PNA, these signals might comigrate with the hybrid signal, as
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I 0.15RFU

(+)RNAggs 15 nM

(+)RNAggs 0.94 nM

PNA control
} — 0
1.5 2 2.5 3 3.5
Time [min]

Figure 6. Hybridization of three PNAs and mRNA and estimation of
the LOQ. (—)PNA,;; and two (—)PNA,,y were each 20 nM and
mixed with mRNA (+)RNAgg at 15 nM (upper line) and 0.9375 nM
(middle line).

can be seen in Figure 6. However, this problem can be
circumvented by using a lower PNA excess and thus decreasing
the PNA impurity peaks. Considering all these points, the
LOQ under carefully chosen conditions can certainly be in the
picomolar range. Direct detection of mRNA is an especially
promising application of the CE method, as it avoids the
reverse transcriptase step that qPCR requires and therefore
saves time and reduces biases. PCR methods cannot be
outpaced in terms of sensitivity since they are theoretically able
to detect a single molecule. Nevertheless, the demonstrated
sensitivity of the CE method is comfortably in the range of
most RNA therapeutics such as mRNA vaccines.

B CONCLUSIONS

The space of advanced therapeutic modalities is currently
evolving in rapid pace necessitating continuous evolvement of
analytical quality control methods. Quantification and
identification of nucleic acid species in these drug products
are of pivotal importance to ensure product quality. We
presented a versatile CE-based gel-free hybridization assay that
uses fluorescently labeled PNAs as probes for NA identity. It is
applicable for a wide size range of NAs and, therefore, useful
for drug product formulations with different levels of
complexity such as oligonucleotides, mRNA vaccines, or
rAAVs. Suitable application fields and considerations that
need to be made before starting method development are
summarized in Figure 7. For ssNAs (Figure 7A,B) ranging
from 20 to 1000 nt, the method is an excellent choice that
provides information on quantity and identity in a broad range
with high reproducibility. It proved to be highly specific by
detecting ssDNA oligonucleotide traces in a comflex test
sample matrix as was also described previously.” In the
present work, we were able to apply this concept for mRNA,
while having an LOQ in the picomolar range when multiple
probes were used. For double-stranded samples (Figure 7C,D),
only DNA fragments that are similar to PNA size can be
quantified. This limitation can be circumvented by digesting
and by using multiple probes. By means of digesting a transfer
plasmid and the corresponding rAAV genomic DNA, we have
shown in a concept study that quantification of complex
samples without a standard is possible, but molecule-specific
optimization and calibration with an appropriate reference
material might be advantageous. The comparison with
orthogonal techniques showed that none of the methods are

https://doi.org/10.1021/acs.analchem.2c04813
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A) pure ssNA (20-1000 nt) e.g. oligonucleotides or mRNA

+ —
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(-)PNA;
(+JDNA (£)P/DNA;
(+)RNA (£)P/RNA;

B) ssNA (20-1000 nt) that is a fraction of all NAs in the sample

‘ Quantitative
I
+ 3 + —lp % + | Excess of
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(+)DNA (X)DNA (£)P/DNA,
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Figure 7. Application fields of a CE-based PNA assay.

fully capable of identifying and thus quantifying NAs for this
particularly complex sample. For the purpose of quality
control, several techniques must be considered in combination
to gain a clear picture of complex gene therapy analytes. In this
regard, the use of PNAs as hybridization probes in CE is a
powerful orthogonal approach to qPCR adding significant
value to the analytical toolbox of nucleic acid therapeutics.
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1 Sequence of nucleic acids used in this study

Figure S1: Simplified depiction of PNA and DNA forming a hybrid.

All following sequences are written in a 5'-to-3’ direction.

Scheme S1: Used DNA oligonucleotides and their target sequence bound by PNAs

(-)PMNAzgr (-)PNAIL (-)PNAz:
GrGarGAL TG I0a [T GH GG [CHALD Gl G n::{;lwcxz.l:cmaﬁ. VUt 2 G At c;nc]r;c;cx;m:;c:[ AUCLATGLUAR | GE | SATTE IGART I8 16 1GATGM TH CAMGEI L
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Table S1: Sequence of utilized DNA oligomers in this study. Only DNA sense (+) strands are shown; antisense (-) were
the reverse complement; (+)DNAowas also labeled with FAM (+)DNAzo.r depending on the experiment; (x)DNA1go was
a random sequence and no antiparallel strand was used.

Name Sequence

(+)DNAy; | AGTTCAGCGTGTCCGGCGAG

(+)DNAsy | ACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCC

(+)DNA7s | CGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGA

TGCCACCTACGGCAA

(+)DNA1go | CCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGT

GTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCT

(+)DNA1sp | GCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGG
CCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTG

AAGTTCATCTGCACCACCGGCAAGCTGC

(x) DNA1gp | GGGTCCCCGTACGCCCACGCCTGCTCGCCCGTCGCATGCATAAAAGGGTAGACGCGATGACG
GGCGCACTCCTCTGGCCACATCGGTTCCTGCTCCCGCTGGGATCCAGGGTTGGCGGCCGAGG
CCGCCTCTCCGTAGTGAGTCCTTCGTCCGTGGCTAACCGTGCCAGATCGCCTGG

Table S2: Sequence of utilized PNA oligomers in this study.

Name Comment Sequence

(-)PNA:sr | Used in all experiments FAM—0O-TCGCCGGACACGCTG

(X)PNAs; | Unspecific FAM—-OO-ATTTATACCCTGCGC

(-)PNAzr | downstream of (-)PNA;sr | FAM—OO—-CTTGTGGCCGTTTACGTCGC
(-)PNAzr | upstream of (-)PNA;s; FAM—-O0O-CCGTAGGTGGCATCGCCCTC
(-)PNAr | Used for mRNA FAM—-OO-TCTCGTTGGGGTCTTTGCTC-Glu-Glu
(-)PNAzr | Used for mRNA FAM—-OO-TTCTGCTTGTCGGCCATGAT-Glu-Glu

The complete sequence of the EGFP gene (green markup was targeted by PNASs)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGEGACGTAAACGGCCACAAGTT
CAGCGTGTCCGGCGAGGGCEAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCG
TGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTT
CTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGA
GGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCCTGGGGCACAAGCTGGAGTACAACTACAACA
GCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCA
GCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
CCCAGTCCGCCCTGAGCAAAGACCECAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTC
TCGGCATGGACGAGCTGTACAAGTAA

After digest with BtgZl and Eael the following sequence of EGFP was the target for two PNAs:

GGCCACAAGTTCAGEGTGTCCEECEAGGGCEAGGECEATGECACCTACEECAAG
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2 Addendum to the experimental section

Reagents

NaOH (Cat. no. 28244.295) was from VWR Chemicals (Radnor; USA). HCI (Cat. no. 387800010) was purchased from
Acros organics (Geel; Belgium) and 10% SDS Solution (Cat. no. 1610416) from Bio-Rad Laboratories (Hercules; USA).
The following chemicals were from Sigma-Aldrich/Merck KGaA (Darmstadt; Germany): Acetonitrile (Cat. no. 34851)
DMSO (Cat. no. 276855), 0.5 M EDTA (Cat. no. 15575020), formamide (Cat. no. 47671), cetyltrimethylammonium
bromide (CTAB; Cat. no. H6269), polyvinylpyrrolidone (PVP; Cat. no. 437190), 10x Tris borate EDTA (TBE) buffer (Cat.
no. 574795), Tris Base (Cat. no. T6066), 10% Tween® 20 solution (Polysorbate 20; Cat. no. 11332465001) and urea (Cat.
no. U6504). SYBR™ Green Il RNA Gel Stain 10,000 x concentrate in DMSO (Cat. no. S7564), UltraPure™ DNase/RNase-
Free Distilled Water (Cat. no. 10977015) were purchased from Thermo Fisher Scientific (Waltham; USA). The QlAquick
PCR purification kit (Cat. no. 28104) and QlAquick nucleotide removal kit (Cat. no. 28306) used for DNA purification
were from Qiagen (Germantown, USA). Eael (Cat. no. RO508) and BtgZI (Cat. no. R0703) nucleases were obtained from
New England Biolabs Inc. (Ipswich, USA). Water of HPLC grade was prepared in a Milli-Q-Station (Merck
Millipore/Merck KGaA; Darmstadt; Germany). Solutions were filtered through 0.2 pm membrane filters (Corning; New

York; USA).

Digestion

Prior to digestion 125 pL rAAV genome was purified with the Qiaquick PCR purification kit as described in the
manufacturers protocol or our previous report?* and eluted in 100 pL TE buffer. Afterwards the sample was heated at
95 °C for 10 min and cooled down slowly for 90 min in the heat block to allow hybridization. DNA concentration was
measured with a NanoDrop™ 2000 spectral photometer (Cat. no. ND-2000) from Thermo Fisher Scientific (Waltham,
USA). The plasmid stock was diluted in TE buffer to the same molar concentration and then the concentration was
checked with the photometer. The Eael digest was performed in a total volume of 119 ulL containing 30 U (6 L) of Eael,
12.5 pL digestion buffer (rCutSmart 10x; provided with the nuclease) and 0.6 g (virus) or 1.4 pg (plasmid) of DNA at
37 °C for 60 min. Afterwards 30 U (6 uL) of BtgZl were added to a total volume of 125 pL and the samples were
incubated at 60 °C for 60 min. Purification of the digested DNA was performed with the Qiaquick nucleotide removal
kit as described in the manufacturers manual and samples were eluted in 30 pL TE buffer. A twofold dilution row of the
samples was created (four concentrations in total) to check for linearity of the hybrid signal. The different dilutions

were then hybridized with target PNAs at 75 nM as described above and analyzed by CE.

CGE
The CGE control was performed as described in our previous report® in a gel buffer consisting out of 2% PVP, 4 M urea

in 1XTBE solution with 1:25,000 diluted SYBR Green Il at -6 kV in a 20/30 cm, 50 pum I.D. fused silica capillary
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3 Chemical agents used for optimization of the assay

Table S3: Agents used for optimization of hybridization reaction

DMSO

SDS

ACN

CTAB

Polysorbate
20

Urea

0.1-50%
(viv)

0.3-290 mM

CMC=7.5 mM

0.1-30%
(viv)

0.27 - 137 mM
CMC=0.9 mM

0.01-8.4%
(wiv)
CMC=0.06%

01-7M

PNA: reproducible above 10%

DNA: none

Hybrid: slight stabilization above 20%

Migration time shifts at high concentration for all species

PNA: reproducible at any concentration above 1 mM, peak broadening above CMC
DNA: no effect up to 3 mM, peak broadening above CMC

Hybrid: sharper peaks above 1 mM, broadening above CMC

Best conditions were found at 2 mM

PNA: reproducible above 10%

DNA: none

Hybrid: peak broadening

Considerable evaporation in autosampler at high concentration

DNA peak broadening at 0.27 mM; visible precipitation at 2.7 mM

PNA: reproducible above 0.01%, no impact with higher concentrations
DNA: none
Hybrid: none; destabilizing at 8.4%

PNA: reproducible above 0.1 M, no impact with higher concentrations
DNA: peak broadening starting with 1 M
Hybrid: destabilizing above 3M

Table S4: BGE optimization screening. 1x TBE was the base and the variables/agents below were

altered (e.g. 1X TBE; 30% DMSO).

DMSO

SDS

Urea

Higher pH

Salt
concentration

0.1-30%
(viv)

0.3-290 mM

CMC=7.5 mM

0.1-7M
(viv)

pH 10

0.25 - 6.6x
TBE

PNA: reproducible above 1%
DNA: none
Hybrid: slight stabilization above 20%

Migration time shifts at high concentration for all species

SDS tends to interfere with the coating of the capillary, results are not reproducible

PNA: not reproducible
DNA: none
Hybrid: peak broadening above 5 M

Only feasible in fs capillary, PNA not reproducible, Fluorescence signal decreases.

PNA: very reproducible at 6.6x TBE

DNA: higher signal intensity at 6.6x TBE

Hybrid: Improved separation from DNA peak, correlating with increasing salt
concentration
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4 Supplementary figures

A no SDS
200 RFU

(£)D/PNALu/15: +2 mM SDS

— } } } } >
1 2 3 4 5 6
Time [min]
B
(—=)PNAssr
(X)PNAs;;
3 9 11 13
Time [min]
(+)DNA?D;F «— (i}D/PNAzU;'ls;‘
(+)DNA20;r
1 1.5 2 25 3 3.5
Time [min]
m(+)DNAzpr W (—)PNAjs; m (X)PNAys;p

u (i)D/PNAzng'l&;F -(‘l‘)DNAzn;F & (X)PNA g.r

Figure S2: Hybridization of DNA and PNA
oligonucleotides analyzed by CZE. The RFU scale is valid
for A) and B). PNA and DNA signals are overlaid while
mixed samples are shifted on the y-axis for clarity.
A) Starting point for method development. PNA and DNA
samples were injected individually or as a mixture at a
concentration of 1 pM each. PNA signals are not
reproducible under these conditions while a clear DNA
peak is visible (upper red and blue line). However,
hybridization can take place and a shift of the DNA signal
can be detected when incubated with PNA (upper black
line). Addition of 2mM SDS to the samples before
incubation leads to reproducible signals for PNAs,
improves peak shape of the hybrid, while it has no
negative effect on DNA (lower three lines). BGE: 1x TBE,
3 M urea. B) Separation further improves by adjusting the
BGE to 6.6x TBE with 3 M urea. Signal intensity and
resolution between hybrid and DNA peaks were improved
in comparison to A) (upper three lines). The lower three
lines serve as negative control: Incubation of DNA with a
PNA that has an unspecific sequence ((X)PNA1sF) does
not lead to a typical migration shift and areas of PNA and
DNA peaks are not affected (lower three lines). The insert

reprints the same data set from 1-4 min.
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Figure S3: For linearity estimation, (+)DNA10o0 from Figure 4 was varied in concentration (10-320 nM) while it was mixed with 1000 nM
of (X)DNA1s0. (=)PNA1sF was kept constant at 500 nM for all measurements. The target DNA concentration was plotted against the
CPA of the hybrid peak that was observed in the electropherogram.

r 3
T (+)DNA7s
35 +
Labeled by 3 PNAs
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Figure S4: Two unlabeled and complementary 75 nt DNAs were mixed at 75 nM and a 2 fold excess of three
PNAs was added: (-)PNA1sr strand and two additional (-)PNAzor that bind upstream and downstream of the
initial target sequence (upper line; dsDNA). The results were compared with a mixture of PNA and the ssDNA
oligo that does not contain the (-)DNA7s strand (lower line; ssDNA).

10

RFU [-]

v

Time [min]

Figure S$5: Analysis of the rAAV sample by CGE. Additionally to a cluster of main peaks, also plenty of shorter
fragments can be detected. BGE: 2% PVP; 1x TBE; 4 M Urea SYBR-Green Il 1:25,000
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5 Calculations

qPCR
Amount of viral genomes per mL according to gqPCR conducted by manufacturer:

N 1%
— = 103101 2
mlL

T.?g'
=1. -1 16
7 =1.03-10 7

The number of particles per volume % needs to be divided by the Avogadro constant N, =

6.022141 - 1023 .
mol

N 1.03-10% 1

T, _g Mol
C=yN. = T = 1.7104-10 Tzl’/.lnM
4 6.022141-10% —
mol

The intact rAAV genome has 2498 nt according to the manufacturer with a molar mass (M) of

770,353 %. The mass concentration p is given by:
mol n
p=c-M=770353 - 1.7104-10~% - = 13176 - 102 L ~ 132 4
mol L L uL

ACE

The ACE measurement provided CPA percentage (CPA%) of 3.1% of the total peak area for the
AAV and 8.1% for the plasmid. With the total concentration of the PNA cpy4 = 150 nM this leads to
a molar concentration of rAAV/plasmid DNA in the hybridized sample c44y;sampie @nd

CPIasmt'd;sample:
CAAV;sampie = CPAO/()AAV *Cpna = 3.1% 150 nM = 4.65 nM
Cpiasmid;sample = CPA%piasmia * cpna = 8.1% + 150 nM = 12.15 nM

This value only reflects the (+) sense target DNA so a factor Fpy,4 = 2 needs to be multiplied. The
sample was diluted from 30 yL to 40 yuL when the PNA was added after dilution, so a dilution

factor Fp, = % is required. Initially 125 pL of rAAV were used and then eluted after the digest into

30 pL leading to another dilution factor Fj, = % Applying all these factors leads to an estimate of
the actual molar concentration of rAAV DNA ¢4y :

4 30
Caav = CAAV;sampLe - FDNA - FD]_ ' FDZ = 4.65 nM-2-—-——=2976 nM = 3.0 nM

3 125
This value can be transferred with the formulas used above to
— M= 9 . 1p-90 Mol _ 10-39 .02 ™
Paay = ¢ M = 770,353 — 2.976-10 = 2.293-10 7 2.3 L
N mol 1 1 vg
— = "N, =2976-10"? — - 6.022141- 103 — =1.792-10"° - = 1.8-10'? —
(V)AAV Canv A L mo! L mL
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For the plasmid Fp; = g and a different factor Fp; = % are necessary for comparison with UV,

since the intial UV measurement took place in 100 pL:

0
Cpiasmid = Cprlasmid;sample " Fpy - Fp3 = 12.15nM - § m =486 nM =~ 49nM

_, mol g g ng
Pplasmia = Cplasmid * Mpiasmia = 4.86-107° A 3,094,096 ol = 1.504-1072 T~ 15.0 L

UV photometer:

This measurement was conducted before the digest in a volume of 100 pL and provided:
pAAV;sampIe = 6-1 and Prlasmid = 14. 2 ﬂg

The molecular weight used here is for dsDNA:

Mpay = 1,517,285 ﬁand Mpigsmia = 3,094,096 ﬁ

-3 9
PAAV sample 6.1-10 T 4 mol
Caav,sample = M = g =4.020-107° I = 4.0 nM
AAV 1,517,285 =
e mol
And
.10-2 4
onaomia = Lriasmia _ 2L cgg 1000 MO 46y
asmi . .
Mpiasmia 3,094,096 % L

Initially 125 pL of rAAV were used and extracted into 100 pL so a dilution factor Fp, = % is needed

to obtain p44y,. For comparison with qPCR also a DNA factor Fpy, = 2 is required for the molar value
because the above value represents dsDNA.

ng . 100 ng
Paav = Paav;sample * Fp1 = 6.1 — L 125 4.88 _L ~ 4.9 ,u_L
100
CAAV = CAAV,sampIe 'FDI'FDNA =4.020 ?‘!M 125 2 == 6433 ?’LM =~ 64?’.‘.M
N mol 1 1 v
(—) = cpay Ny = 6.433-107° — - 6.022141 - 10> — = 3.874-10'° — =~ 3.9-10'2 Y9
V/aav L mol L mL
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2.4 Electrophoretic characterization of LNP/AAV encapsulated nucleic
acids — strengths and weaknesses

Previous studies on NAs from diverse sources have demonstrated their complex nature. No single
analytical method has been found to be universally effective in handling all types of NAs
holistically. Due to the recognition of certain analytical gaps for longer NAs, a study was launched
to demonstrate different analytical methods, highlighting their specific advantages and
limitations. The first half of the investigation involved the assessment of mRNA identity and
guantity in free state through the utilization of ddPCR and PNA based ACE, as well as the
confirmation of pDNA and viral DNA identity and purity via CGE combined with enzymatic
digestion of the DNA. The second part of the investigation focused on the measurement of mRNA
in a LNP formulation by ACE, CZE, and IP-RP. In addition, a CZE method was described, which

allowed for the visualization of the electric charge distribution of complete LNPs.

My involvement in this publication included the acquisition of CE data for the first two chapters
of the study, as well as consolidating data from multiple contributors into a comprehensive
package. The employed methodologies effectively addressed various CQAs including quantity,
identity, purity, and encapsulation efficacy. The different optimal utilization scenarios for every
technology were delineated and displayed, that the selection of the analytical approach should

be executed on a case-by-case basis.
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Abstract

The use of nucleic acids (NAs) has revolutionized medical approaches and
ushered in a new era of combating various diseases. Accordingly, there is an
increasing demand for accurate identification, localization, quantification, and
characterization of NAs encapsulated in nonviral or viral vectors. The vast
spectrum of molecular dimensions and intra- and intermolecular interactions
presents a formidable obstacle for NA analytical development. Typically, the
comprehensive analysis of encapsulated NAs, free NAs, and their spatial distri-
bution poses a challenge that is seldom tackled in its complete complexity. The
identification of appropriate physicochemical methodologies for large nonen-
capsulated or encapsulated NAs is particularly intricate and necessitates an
evaluation of the analytical outcomes and their appropriateness in addressing
critical quality attributes. In this work, we examine the analytics of non-
encapsulated or encapsulated large NAs (>500 nucleotides) utilizing capillary
electrophoresis (CE) and liquid chromatography (LC) methodologies such as free
zone CE, gel CE, affinity CE, and ion pair high-performance liquid chromatogra-
phy (HPLC). These methodologies create a complete picture of the NA’s critical
quality attributes, including quantity, identity, purity, and content ratio.

KEYWORDS
CGE, IP-RP-LC, lipid nanoparticle, peptide nucleic acid, recombinant adeno associated virus

1 | INTRODUCTION

Abbreviations: ASO, antisense oligonucleotides; CQA, critical quality
attribute; ddPCR, digital droplet PCR; ds, double stranded; GFP, green
fluorescent protein; HILIC, hydrophilic interaction chromatography; IP,
ion pair; LNP, lipid nanoparticle; NA, nucleic acid; nt, nucleotides;
pDNA, plasmid DNA; PNA, peptide nucleic acid; rAAV, recombinant
adeno-associated virus; RT, reverse transcriptase; siRNA, small

interfering RNA; ss, single stranded.

RNA and DNA play an increasingly important role in
being used as therapeutics in various pharmaceutical
modalities, for example, plasmids [1], (antisense) oligonu-
cleotides (ASO) [2], aptamers [3], gene therapy products
[4], and mRNA vaccines [5, 6], which have been a partic-
ular focus of attention in the last 3 years. Nucleic acids

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 F. Hoffmann-La Roche Ltd. Electrophoresis published by Wiley-VCH GmbH.
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FIGURE 1 Strategic overview of the analytical methods used

in this work for characterizing (non-) encapsulated nucleic acid
(NA). For more details, see Section 3.

(NAs) are impressive molecules, both from a biochemical
and chemical perspective. Due to their intrinsic molecular
structure and their remarkable length, they are predesti-
nated to interact in a specific and nonspecific way with
many other molecules. Partially, these properties are well
described and support the explanation of biochemical reac-
tions where NAs interact with inorganic and organic ions,
proteins, peptides, and of course with themselves. Not
unusual for large molecules, but a challenge from the
analytical perspective, is the fact that NAs change their
secondary, tertiary, and quaternary structure significantly
depending on the surrounding environment, especially if
single-strand NAs are considered [7].

Since the presence of the wrong NA in a formulation is
linked to genotoxicity and immunogenic effects, [8] purity
and the presence of impurities of NAs are considered
critical quality attributes (CQAs) for all NA therapeutics
such as lipid nanoparticles (LNPs) [9] or recombinant
adeno-associated viruses (rAAVs) [10]. Other NA-related
CQAs that can be assessed with physicochemical methods
include content/quantity and encapsulation efficiency
[9] (see Figure 1). Currently, the testing panel for CQA
assessment is dominated by molecular biology techniques;
however, it is to be expected that as knowledge on specific
modalities increases, physicochemical characterization
will be required. In general, for short NAs (e.g., ASO,
small interfering [siRNA], or aptamers) analysis, a sig-
nificantly higher number of techniques are available,
whereas for large NAs the choice is more limited. For
short single-stranded NA, various options could be useful;
ion pair-reversed phase (IP-RP), hydrophilic interac-
tion chromatography (HILIC), and also ion pair-anion
exchange chromatography are quite suitable separation

technologies that are able to identify, quantify, and track
NA-related impurities [11-13]. In most cases, UV detection
is applied. A particular advantage of IP-RP and HILIC is
that they can also be used with an online coupling to MS,
identifying the main components but also traces of impuri-
ties at the lower mass range [14]. Capillary electrophoresis
(CE), mainly gel CE (CGE), is being widely used for
single-stranded NA (ssNA) analysis with applications to
the analysis of ASOs or siRNA [15]. However, analysis of
ssNA with a significant length (>500 nucleotides [nt])
as mRNAs is more challenging. The NA strand is more
instable regarding tertiary structure and moreover enzy-
matically susceptible. LC and CGE methods show reduced
separation performance in the higher mass range [16].
Although CGE shows less instrumental limitations and
slightly higher separation efficiency for ssNA than chro-
matographic methods, it can struggle with robust and
reproducible separations [15]. Techniques such as PCR
and high-throughput sequencing (HTS) are applied for the
study of critical quality attributes of ssNA but also bring
their own advantages and disadvantages. PCR remains
unrivaled in terms of sensitivity, since, theoretically, it
can identify a single target molecule. On the other hand,
the possibility of cross-contamination with amplifiable
DNA may make this high sensitivity problematic [17]. In
addition, only a small portion of the NA gets detected in
practice. When just one set of primers is employed, this
may lead to inconsistent findings. The holistic approach of
HTS is a good choice to verify identity of NA therapeutics
with longer sequences, which cannot be targeted with
MS, and it can also track down unknown impurities [18].
Nevertheless, HTS remains expensive in routine use due
its complexity and the need for specialized staff [17, 19].
Moreover, the library preparation is complicated and can
add biases and the steadily changing sequencing instru-
mentation makes the definition of standards for quality
control use difficult. Pre-equilibrium affinity capillary
electrophoresis (ACE) seems to be an excellent fit for the
ssNA category. It has demonstrated in previous studies
that NA with a size of 1000 nt can be specifically detected
in the lower nM range [20]. The applicability of ACE for
quantification and identification of a large ssNA will be
discussed in this paper and compared to other orthogonal
techniques such as digital droplet PCR (ddPCR).
Considering double-stranded NAs (dsNAs) the analyt-
ical world looks much friendlier than for ssNA due to
higher stability in terms of tertiary structure and sus-
ceptibility to enzymatical degradation. In general, for the
smaller strands, all techniques that are also used for
the ssNAs can be considered. The examination of dsNA
exceeding 6000 nt may present challenges, as separa-
tion techniques are approaching their limits. CGE is well
established as a fast, sensitive, and robust alternative to
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traditional agarose gel electrophoresis for plasmid DNA
purity. However, identification becomes challenging in
general for the chromatographic and electrophoretic meth-
ods due to the lower resolution. An alternative approach
for identification might be charge detection mass spec-
trometry, which was recently applied to determine the
intact molecular mass of AAV-extracted DNA [21]. Enzy-
matic digestion of larger dsNAs brings us back into a
size range that is analytically manageable, especially for
the high-resolution techniques such as CGE [22] and IP-
RP [23]. This approach could be of great interest for the
analytics of adenovirus genomes after capsid degradation.
Hereby quantification and identification are feasible. A
recent study demonstrated that a highly controlled diges-
tion with RNAse makes this approach also applicable to
mRNA [24].

Additionally, a large proportion of NA formulations
are not administered in free form to patients but are
using some sort of the delivery system. This is to prevent
degradation and to increase transduction or lipofection
efficiency [1], but makes suitable sample preparation for
NA analysis necessary. It is crucial to add that during
the test sample preparation, a change in the secondary
and tertiary structure is to be expected due to increased
temperature, addition of detergents, enzymes, or salts at
high concentration, which must be considered in any case.
This means that the test sample preparation must also be
developed to not only remove the protein or lipid shell
and release of NA, but also to ensure that the NAisin a
suitable form for analysis. Some efforts have been made
for the analysis of mRNA [25-28]. Classical capillary zone
electrophoresis (CZE) can offer a significant contribution
in the case that the NA is encapsulated into an LNP. CZE
can be used to estimate the concentration of free and total
RNA, after degradation of the LNP system, but also to
observe the entire LNP particle with its RNA filling. Both
are very important criteria, which were not accessible for
quality control so far, and will be discussed in this study.

The objective of this study is to address some CQAs of
NA therapeutics through diverse analytical approaches.
Starting from a self-developed strategy based on different
analytical methods suitable for the specific type of encap-
sulated and free NA, the applicability of these methods
will be discussed. These methods could serve as a valuable
complement to established molecular biology techniques,
such as ddPCR, and they cover both RNA and DNA.
The initial sections of our study focus on the verifica-
tion of identity and quantity of mRNA in a free state
using ddPCR and ACE as well as plasmid DNA (pDNA)
and viral DNA identity and purity by CGE. The next part
of the study is centered on the quantification of mRNA
present in an LNP formulation and the methods used to

determine the total and free NA content, specifically ACE,
CZE, and IP-RP. Finally, we will introduce a novel CZE
approach that enables the observation of the electrical
charge distribution of intact LNPs.

2 | MATERIALS AND METHODS

2.1 | Reagents and test sample material
NaOH (Cat. no. 28244.295) was obtained from VWR
Chemicals. HCI (Cat. No. 387800010) was purchased from
Acros Organics and 10% SDS solution (Cat. No. 1610416)
was obtained from Bio-Rad Laboratories. The following
chemicals were obtained from Sigma-Aldrich/Merck
KGaA: gradient-grade acetonitrile (Cat. No. 100030),
1 M triethylammonium acetate (TEAA, Cat. No. 625718),
ammonium acetate (Cat. No. BCCG2345), ethanol (Cat.
No. 100983), TBE buffer 10x (Cat. No. 574795), 0.5 M
EDTA (Cat. No. 15575020), formamide (Cat. No. 47671),
polyvinylpyrrolidone (PVP; Cat. No. 437190), 10x Tris
borate EDTA (TBE) buffer (890 mM Tris, 890 mM boric
acid, 20 mM EDTA) (Cat. No. 574795), Tris Base (Cat.
No T6066), TritonX-100 (Cat. No. T8787), and urea (Cat.
No. U6504). Nuclease-free water (not DEPC-treated)
(Cat. No. 4387936) and SYBR Green II RNA Gel Stain
10,000 x concentrated in DMSO (Cat. No. S7564) were
purchased from Thermo Fisher Scientific. The QIAquick
PCR purification kit (Cat. No. 28104) used for DNA purifi-
cation was obtained from Qiagen. Eurofins Genomics
synthesized all primers. All peptide nucleic acids (PNAs)
were obtained from PNABio. The sequences of all nucleic
acids used in this study and the sequence of the enhanced
green fluorescent protein (EGFP) gene can be found in
the Supporting Information. Eael (Cat. No. R0508) and
BtgZI (Cat. No. R0703) nucleases were obtained from New
England Biolabs Inc.. Water of HPLC grade was prepared
in a Milli-Q-Station (Merck Millipore/Merck KGaA).
Solutions were filtered through 0.2 yum membrane filters
(Corning).

rAAV production plasmid DNA (Cat. No. VB190926-
1395dab) and a corresponding rAAV samples (serotypes
AAV2, AAV3, and AAV5) were from VectorBuilder Inc..
CleanCap EGFP mRNA (Cat. No. L-7601, chapter 3.1) was
obtained from TriLink Biotechnologies. LNP1 and LNP2
were obtained from different commercial manufacturers.
The incorporated mRNA should express EGFP. mRNAs
have a theoretical size of approximately 1000 nt for Sup-
plier 1 (LNP1) and >2000 nt for Supplier 2 (LNP2). The
exact lipid composition of the LNPs is kept proprietary by
the manufacturers. The mRNA (reference, chapter 3.3)
from Supplier 1 was also obtained in a pure form.
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2.2 | Methods

2.21 | One-step ddPCR

The EGFP mRNA was diluted 5 x 10® times from the stock
concentration (=1 mg/mL), resulting in a final concentra-
tion of 2 x 10~ mg/mL. Non-DEPC treated water was used
for the dilutions. The reaction mixtures were assembled
using a ddPCR One-Step Supermix kit (Bio-Rad; Cat. No.
1864022) with 900 and 250 nM as final concentration for
primers and probes, respectively, in a final volume of 24 pL.
The PCR plate was sealed and centrifuged at 2000 rcf for
2 min, vortexed at 1400 rpm for 1 min, and centrifuged
again at 2000 rcf for 2 min. The samples were trans-
ferred to a QX ONE cartridge (Bio-Rad; Cat. No. 12006859),
sealed with a PCR plate heat seal foil (Bio-Rad; Cat. No.
12006843), and centrifuged at 1150 rcf for 30 s. The plate
was then scanned in the QX ONE Droplet Digital PCR
system from BioRad, and the samples were run using the
following thermal cycling conditions: 25°C for 3 min, 45°C
for 60 min, 95°C for 10 min, 40 cycles of 95°C for 30 s and
60°C for 1 min, followed by a heat treatment at 98°C for
10 min and a final step at 25°C for 1 min before the droplets
were read for flourescein signal. The data were analyzed
with the QX ONE software 1.2 Standard Edition from Bio-
Rad. The concentration per well was obtained in copies
per microliter. Only values in the range 50—5000 copies/uL
were considered (below 50 copies/uL was considered as
the limit of detection and above 5000 copies/uL as a sat-
urated signal). The EGFP mRNA concentration was then
calculated taking into account the value obtained from the
reading and correcting for the dilution plus the dilution in
the PCR plate well (6 uL of sample added in a total volume
of 24 pL) and the molecular weight of the mRNA molecule.

2.2.2 | Capillary electrophoresis

Analysis was carried out using a SCIEX PA800 Plus
system equipped with a solid-state laser with an excitation
wavelength of 488 nm and a 520 nm band pass emission
filter (Cat. No. 65-699) from Edmund Optics, a 30 kV
power supply, and a temperature controlled auto sam-
pler (+2°C). Data were acquired and analyzed using 32
Karat software 10.3.

223 | ACE

Separation conditions were as in our previous report [20].
A neutral capillary (Cat. No. 477441) from SCIEX with an
I.D. of 50 um and cut to 20/30 cm was employed. The back-
ground electrolyte (BGE) used in all PNA experiments was

6.6x TBE, 3 M urea, and pH was controlled to be 8.3 + 0.1,
and analysis was run at —30 kV.

224 | CGE

The methodology employed in this study was consistent
with that outlined in a prior publication [29]. The gel buffer
consisted of 1% (LNP RNA) or 4% (pDNA and rAAV DNA)
PVP and 4 M urea in 1x TBE solution with 1:25,000 diluted
SYBR Green II. Analysis was performed at —6 kV (pDNA
and rAAV DNA) or —3 kV (LNP RNA) in a 20/30 cm fused
silica capillaries with 50 ym L.D. (Cat. No. TSP-050375,
Polymicro Technologies/Molex LLC).

225 | CZE

The BGE was 25 mM Tris at pH 8.0 and 1:10,000 diluted
(1/100) SYBR Green II. Analysis was performed in a
30/40 cm, 50 um L.D. fused silica capillary at 30 kV with
normal polarity for total LNP analysis and reverse polarity
for mRNA direct RNA analysis. Prior to analysis, capil-
laries were conditioned for 1 min with 0.1 M NaOH (for
the normal mode) and with conditioning solution (SCIEX,
Cat. No. 713333) for 1 min (for the reversed mode). Sample
injection was performed hydrodynamically at 1 psi for 10 s.

22.6 | IP-RP

Analyses were performed on an Agilent 1260 Infinity 11
HPLC, equipped with a quaternary pump, autosampler
with flow through needle injector, thermostated column
compartment followed by a diode array detector (DAD).
Analyses at 70°C were performed using the G7116A col-
umn compartment with standard flow pre-heater. The
column outlet was directly connected to the detector inlet
without post-column temperature control. Signals were
acquired at 260 nm. The modules were connected with
the shortest possible 0.12 mm I1.D. stainless steel capil-
laries. The nominal volume of DAD flow cell was 1 pL.
The gradient delay volume of the system was measured
to be 680 pL. System control, data acquisition, and evalua-
tion were performed using Chromeleon 7.2 CDS (Thermo
Fisher Scientific). The DNAPac RP column (50 x 2.1 mm,
4 pum, Cat. No. 088924) used in the study has been pur-
chased from Thermo Fisher Scientific. Mobile phase A
was water containing 100 mM TEAA (pH 7.0), and mobile
phase B was water containing 100 mM TEAA (pH 7.0)
mixed with 25 v/v% acetonitrile. The applied gradient was
started with an isocratic step of 0% B for 0.6 min, then the
following linear increments were set: 4% B at 0.75 min,
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39% B to 2.6 min hold till 2.7 min, 51% at 7.5 min, 55% B
at 12.5 min, 55.6% B at 23.7 min, 60% B at 30 min, and 100%
B at 35 min. For equilibration, it was decreased to 0% B at
36 min and hold for 14 min.

2.3 | Test sample preparation

2.3.1 | Hybridization PNA to mRNA for ACE
PNA stock solutions were 25 pM in formamide. The
hybridization conditions were as follows: 15 mM Tris and
2 mM SDS together with 500 nM PNA (approximately
threefold excess of PNA to mRNA). When LNP formu-
lations were analyzed during ACE analysis, 1% TritonX
was added. This mixture was heated to 95°C for 10 min
in a Thermomixer R (Eppendorf SE) and then cooled
down slowly for 90 min until the block reached a tem-
perature below 40°C and subsequently analyzed in CE.
Calculations for mRNA concentration were performed as
described in our previous work [20].

2.3.2 | Digest of plasmid and rAAV DNA

Prior to digestion, 125 unL rAAV genome was purified with
the QIAquick PCR purification kit as described in the man-
ufacturer’s protocol or our previous report [29] and eluted
in 100 pL TE buffer. Afterward, the sample was heated at
95°C for 10 min and cooled down slowly for 90 min in
the heat block to allow hybridization. DNA concentration
was measured with a NanoDrop 2000 spectral photome-
ter (Cat. No. ND-2000) from Thermo Fisher Scientific. The
plasmid stock was diluted in TE to the same molar con-
centration and then the concentration was checked with
the photometer. The Eael digest was performed in a total
volume of 119 pL containing 30 U (6 uL) of Eael, 12.5 pL
digestion buffer (rCutSmart 10x; provided with the nucle-
ase), and 2 pg (virus) or 4 pg (plasmid) of DNA at 37°C
for 60 min. Afterward, 30 U (6 puL) of BtgZI was added to
a total volume of 125 pL and the samples were incubated
at 60°C for 60 min. Purification of the digested DNA was
performed again using the QIAquick PCR purification kit.

2.3.3 | LNP test sample solution for CZE

The LNP test sample solution was either directly injected
or incubated with TritionX (1%—3%, v/v) for 10 min at dif-
ferent temperatures (25°C, 30°C, 60°C, and 70°C). In the
case of the analysis of the intact LNP, 10% v/v Sybr green
II (1:100 dilution of SYBR Green II) was added to the test
sample.

2.3.4 | LNP mRNA precipitation for IP-RP
Note that 90 uL of the LNP test sample (0.1 mg/mL) or 45uL
of the reference mRNA (1.0 mg/mL) was mixed in a ratio
of 9:1 with 5 M ammonium acetate buffer. Afterward, the
solution was mixed in a ratio of 1:3 with ice cold ethanol
and incubated overnight at —20°C. After the incubation,
the mixture was centrifuged at 16,100 g at 4°C for 15 min,
the supernatant was discarded, and the pellet was washed
with 400 pL 70% ice cold ethanol with the same centrifu-
gation conditions. The resulting pellet was dried for 1 h at
room temperature under a flow hood. The pellet was resus-
pended in 1x TBE to a final volume of 50 pL. Injection
volumes (HPLC) were set to 2.0 uL for LNP samples and
0.2 uL for mRNA samples.

3 | RESULTS AND DISCUSSION

3.1 | Identity testing and quantification
of free mRNA

In this article, the focus was laid on the analysis of NA
raw material (see Figure 1). To this end, quantification and
unambiguous identification of an green fluorescent pro-
tein (GFP) encoding mRNA were performed using ddPCR
and an orthogonal pre-equilibrium ACE approach. ddPCR
is a form of PCR that involves partitioning the PCR reac-
tion mixture into nanoliter-sized droplets. These droplets
contain zero, one, or multiple copies of the target nucleic
acid template. Individual droplets can be analyzed, and
based on the fluorescence intensity of a specific droplet,
it is possible to ascertain if a target molecule was present
in the droplet prior to the initiation of thermal cycles. The
main benefits of the technique are a very high sensitivity,
specificity, good reproducibility, and absolute quantifica-
tion without the need for a standard curve [30]. However,
when RNA is analyzed, reverse transcription (RT) is
required to generate complementary DNA. This may add
a bias to the test result as this step needs its own primers.
A related way to quantify RNA is through the use of a PNA
probe that hybridizes with the target molecule and subse-
quent analysis by CE. The concentration of mRNA in the
sample is calculated based on the amount of PNA-mRNA
complex that is detected as described previously [20].
For an initial comparison of the techniques, an mRNA
sample coding for EGFP with 996 nt and a concentration
of 1132 + 24 pg/mL (determined by UV measurement) was
used. The EGFP mRNA concentration obtained through
one-step ddPCR was 880 + 54 ug/mL. In the 1D amplitude
graph (Figure S1), a clear separation between the positive
and the negative droplets with a high amplitude was
observed.
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On the other hand, the ACE method obtained a con-
centration of 1161 + 6 ug/mL. Our experiments led us to
two conclusions. First, the ACE and UV measurement are
very similar indicating that the sample contains little to
no process-related impurities. Second, the lower value for
ddPCR is most likely linked to the RT efficiency. How-
ever, the lower value could also arise through a different
specificity: the primers used are covering a larger part of
the gene than the two PNAs used in ACE (100 vs. 40 nt).
Overall, ddPCR is the method of choice when a low sen-
sitivity is crucial, while the PNA hybridization approach
is most powerful for RNA samples that are higher in con-
centration. The main benefit of the ACE approach is that it
avoids the RT and amplification steps. Through this direct
detection, the test sample preparation is easy to handle and
the overall process is more robust. However, for both tech-
niques, accurate quantification is only feasible if no RNA
fragments are expected. In order to confirm integrity, it is
necessary to employ size-based separation methodologies
in parallel, as will be demonstrated subsequently.

3.2 | Identity testing and purity
assessment of rAAV DNA

DNA analysis of large molecules can be difficult as
the resolution of most techniques decreases with rising
nucleotide counts. One potential method to overcome this
constraint involves the enzymatic hydrolysis of dsDNA,
resulting in the generation of shorter fragments. This tech-
nique is widespread as an identity test for plasmids in the
laboratory setting and is typically performed via agarose gel
electrophoresis. In the case of intricate gene therapy prod-
ucts, enhanced resolution for purity determination and
identity data can be achieved by conducting a simultane-
ous digestion of the production plasmid and the viral DNA.
The therapeutic DNA would possess a distinct peak profile,
which is juxtaposed against the pDNA profile. While the
identity can also be covered by ddPCR or ACE, the purity
profile adds significant value here.

In this section, we present this approach for the rAAV
production plasmid (containing an EGFP transgene) and
the corresponding rAAV therapeutic DNA (Figure 2A).
Several batches and serotypes of rAAV were tested, so the
aspect of purity assessment could be demonstrated. The
digestion process was designed to produce fragments of
less than 1500 nt, thereby ensuring that the method’s res-
olution falls within the optimal range. Although rAAVs
have a ssDNA genome, there is a mixture of (+) and (-
) polarity DNA encapsulated, so dsDNA starts to form as
soon as the DNA leaves the capsid [31, 32]. It is noteworthy
that sufficient time must be allocated to the hybridization
process to ensure almost complete dsDNA formation. The
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FIGURE 2 (A) Simplified scheme of a DNA fingerprinting
experiment with the recombinant adeno-associated virus (rAAV)
production plasmid with the rAAV genome. It is noteworthy that
the plasmid consists of double standard DNA (dsDNA), while the
single-standard DNA (ssDNA) of the rAAV needs to be hybridized
to dsDNA first before digestion is possible. (B) Comparing digested
plasmid and rAAV samples reveals batch-specific impurities. rAAV
DNA of four different batches that contained the same genome was
purified, hybridized, and then digested with Eael and BigZI
restriction nucleases. An empty AAV2 batch that was produced
without the vector plasmid was treated the same way as blank. After
a second purification step, samples were analyzed with gel CE
(CGE). The length of the fragments is indicated on the top.

exgr?

Fragments marked with “*” are only expected in the plasmid
sample, while those marked with “%” are only expected in the rAAV
samples. Two different AAV2 batches were measured, namely,

AAV2 Bl and B2.
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dsDNAs that were obtained during test sample preparation
of rAAVs and the corresponding plasmid underwent diges-
tion using identical enzymes, and subsequently, the peak
patterns were compared (Figure 2A). In addition, an in
silico digestion was performed to assign peaks. Due to vari-
ations between pDNA and therapeutic DNA, certain peaks
were anticipated to solely belong to the plasmid (denoted
by asterisk) and others exclusively to the therapeutic DNA
(denoted by I; Figure 2B). Data from the in silico diges-
tion implied that there should be seven main signals (54,
147, 319, 361, 391, 419, and 600 bp) present in pDNA and
rAAV samples. The actual electropherograms of all rAAV
batches in comparison to the plasmid clearly demonstrated
that these signals are present, thereby confirming the DNA
identity.

In addition, comparison among batches and the plas-
mid digests exhibited unexpected minor peaks in between
147 and 319 bp as well as 423 and 1019 bp (Figure 2B).
Some of them are present in all performed runs. These are
plausibly artifacts of the methodology owing to aberrant
enzymatic activity and could not be assigned to any plau-
sible miscleavage. However, these signals may represent
impurities that are present in the production plasmids,
and subsequently get transferred into the rAAV capsid dur-
ing manufacturing. Peaks that are specific to a particular
batch are likely to be caused by variations in the manu-
facturing process and therefore require special attention.
In the presented example, four peaks of the rAAV exhib-
ited a high degree of proximity during separation, with
their respective length spanning from 319 to 419 nt. The
formation of the shoulder peaks, that is, at the 419 nt
peak of AAV3, suggests the presence of additional unex-
pected DNA fragments, which could represent impurities
and are “hidden” behind these signals. In case charac-
terization of these signals is the primary objective, the
electropherograms need to be compared to undigested
samples and with samples that were digested by differ-
ent enzyme sets. Through the high specificity of the used
enzymes, signals detected prior to digestion are suspected
to be impurities with an unknown sequence, and their
mobility should remain unchanged after the digestion
process. If novel signals appear after digestion and the pre-
sumed contaminant disappears, it is probable that this NA
is a constituent of the intended DNA. However, further
confirmation is required by employing alternative sets of
enzymes. The digestion approach is not restricted to rAAV
alone, but could be extended to any dsDNA therapeu-
tics, such as adenoviruses or herpesviruses. Furthermore,
it could potentially exhibit transferability toward ssNA
therapeutics through the utilization of a Cas9 nuclease
that cleaves ssNA [19]. In this scenario, the production of
detectable short fragments would require the utilization of
multiple single guide RNAs. Nevertheless, it seems that the

commercial unavailability of these altered Cas9 versions
would pose a significant challenge to their routine testing
and application.

3.3 | Characterization and quantification
of LNP mRNA

The ensuing discussion centers on the quantification
and characterization of mRNA formulated into an LNP-
containing solution. The essential question hereby is:
What is the concentration of the RNA both inside and out-
side of the LNP, and in which form is the RNA present?
In classical CZE, the separation of NA size variants is hin-
dered by their constant hydrodynamic radius to charge
ratio. However, CZE can detect the total comigrating RNA
variants present in a formulation in their free form by
directly injecting the test sample without any additional
treatment. For this, the analysis was performed at neg-
ative polarity with SYBR Green II present in the BGE.
Under these conditions, RNA encapsulated in LNPs will
not be detected because the overall charge of the LNPs
inhibits migration to the anode. Quantification of free
RNA would be certainly possible by utilizing an RNA
reference material with a predetermined mass concen-
tration. An identical methodology can be employed to
measure the total mRNA content when the LNP system
is disrupted with a suitable surfactant under appropriate
conditions prior to analysis. Through combination of both
approaches, the ratio of free to total mRNA can be deter-
mined, which is a CQA due to its substantial influence on
the product’s effectiveness. The analysis of free mRNA is
compared to a test sample containing the mRNA encap-
sulated into an LNP system, which was released through
TritonX treatment at different temperatures, as shown in
Figure 3.

As the increasing temperature and the presence of the
nonionic surfactant lead to disruption of the LNP struc-
ture, the signal intensity increases. The data suggest that
the amount of total RNA present in the LNP system is
released at 60°C. For the chosen test sample, it was pos-
sible to determine the signal intensity ratio between free
and total RNA to be about seven times. It is noteworthy
that the analytical outcome of this CZE assay does not
provide any inference about the state of the RNA, such
as the progress advancement of degradation or any other
chemical modifications.

In order to focus on potential degradation products, a
CGE analysis was performed based on the same approach:
untreated test sample (displaying the mRNA that is local-
ized outside of the LNPs, or free RNA) was compared with
the result of the test sample in which the entire RNA is
in a state of free dissolution (Figure 4A). Compared to
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FIGURE 3 Treatment of lipid nanoparticle (LNP)

formulations with nonionic surfactants at different temperatures.
Overlay of capillary zone electrophoresis (CZE) electropherograms
of reference material: reference mRNA (black), untreated LNP test
sample, displaying the mRNA that is localized outside of the LNPs
or free mRNA (green) and released mRNA after treatment with
TritonX at given temperatures, total mRNA (blue).

CZE, not only signal intensities but also the separation pro-
file of RNA size variants can offer valuable insights. This
observation is potentially significant since the degradation
process within the LNP may exhibit distinct characteristics
compared to degradation outside the nanoparticle’s pro-
tective environment. Accurately quantifying the variants
can be challenging, particularly in case of complex pro-
files or significant degradation (see Figure 4A, insert). The
underlying cause for this is that the signal intensity is pro-
portional to the mRNA size and intercalating dyes exhibit a
specific affinity toward different nucleobases [33]. Further-
more, the laser-induced fluorescence (LIF) response can
vary considerably within an analytical CE sequence.

In addition, beyond the utilization of CGE and CZE,
the investigations were expanded to ACE and IP-RP for
quantifying RNA in LNP formulations that underwent
either TritonX treatment or RNA precipitation. ACE was
shown in Section 3.1 to be well suited for mRNA in free
solution, but it is noteworthy that there may be certain
challenges associated with utilizing PNAs for the purpose
of RNA quantification in LNP formulations. The LNPs
might interfere with the hybridization of the PNA probe to
the RNA molecule, or alternatively, the LNPs could impede
the separation and subsequent detection of the PNA-RNA
complex. Nevertheless, these challenges should be reduced
through the disintegration of the LNPs with TritonX. The
mRNA level of LNP1 was quantified in a solution contain-

ing 1% TritonX by utilizing two PNAs that bind to GFP. The
observed value of 95 pg/mL was in close proximity to the
manufacturer’s specified concentration of 100 pg/mL, indi-
cating the efficacy of the ACE methodology in detecting
and measuring mRNA levels in complex formulations.

IP-RP was also tested for the same set of LNP samples in
order to understand the capabilities of HPLC to quantify
and characterize LNP mRNA. Due to strong disturbance
of TritonX in the HPLC system, both LNPs were prepared
by RNA precipitation. Quantification in the presence of
lipids through precipitation is generally challenging due
to the highly variable recovery, which can be below 50%
in certain cases. These values were obtained utilizing a UV
spectrophotometer and CGE (data not shown). The strong
interaction between lipids and NA could be the reason
for the reduced recovery in this scenario. To ensure pre-
cise quantification, additional investigations are required
regarding the preparation and handling during precipita-
tion. This would be intriguing, as quantification using a
UV detector in HPLC can be deemed more straightforward
compared to quantification using CE-LIF with fluorescent
dyes. Comparing the profiles of the total RNA for LNP1 in
Figure 4A,B (green traces), it seems that with IP-RP less
size variants are revealed. Differences in sample prepara-
tion could be a possible cause for this observation, because
the separation efficiency in this mass range should be
comparable to CGE (data not shown).

The analytical results clearly showed that both CGE
and the IP-RP require further development and investi-
gations, especially for the test sample preparation. It is
imperative to enhance our comprehension of the higher
order structures of ssNA during test sample preparation
and separation processes. This is decisive for effectively
controlling the secondary and tertiary structure during
analysis, leading to improved interpretation of analyti-
cal results. The utilization of techniques such as circular
dichroism would be a fitting approach for this purpose.
Investigating the higher order structure of ssNA in the
presence of ion pair reagents, detergents such as TritonX
or denaturants like formamide, would be of great use for
the interpretation of size-based techniques.

3.4 | Characterization of intact LNP

Apart from addressing the localization of mRNA in LNP
formulations, the nanoparticles’ size and charge dis-
tribution are of significant interest. In this section, a
conventional CZE is employed for the examination of com-
plete LNP formulations that comprise RNA. The process
involves the use of a fluorescent dye to stain the mRNA,
which could either be located within the particle or linked
directly to the lipids. To this end, SYBR Green II was
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Comparison of gel CE (CGE) (A) and ion pair-reversed phase (IP-RP) (B) for the assessment of size distribution of mRNA

present in two different lipid nanoparticle (LNP) formulations. (A) Free RNA in LNP1 (blue) and total RNA in LNPI after treatment with
triton (green). Insert: Size distribution pattern for RNA in LNP2 after stress. (B) Total RNA in LNPI after precipitation (green) and RNA
reference without LNP (black). Insert: Size distribution pattern for RNA in LNP2 after stress.

pre-incubated with the samples and also incorporated into
the BGE. A recent study from Brader and colleagues found
that cationic dyes can permeate the LNP without disturb-
ing its morphology [28]. As opposed to utilizing nonspe-
cific interacting reagents to stain the lipid particle, a direct
RNA binding dye offers a significant advantage as the sig-
nal intensity is directly proportional to the concentration of
the enclosed RNA. Additionally, it enables the identifica-
tion of various RNA-containing species at their anticipated
electrophoretic migration velocity. The determination of
the ionic mobility provides insight into the overall charge
and surface charge of the nanoparticle, ultimately yielding
information on the zeta potential. Due to the formation
of an electrochemical double layer caused by the surface
charge, the LNP particle acquires a specific charge when
it moves in an electrolyte, which corresponds to charge
located at the slipping plane. The charge to hydrodynamic
radius distribution is anticipated to be individual for each
LNP system. Predicting of the distribution is not possible,
but it is highly probable that it correlates with the changes
in morphology during stress studies of the LNP system.
In our study, we have chosen to examine two distinct
LNP mRNA systems that vary in RNA size, concentration,

and lipid composition (LNP1 and LNP2). We selected a
simple BGE (25 mM Tris pH 8.0), which is expected to have
no impact on the LNPs during the analysis. Upon initial
observation, Figure 5 displays notable differences in migra-
tion time, profile, shape, and signal intensity between the
electropherograms of the different LNPs, which can be
attributed to the inherent characteristics of the LNP-RNA
systems. At the selected pH, the main signal associated
with the LNPs exhibits a slightly negative net charge
(migrating behind the electroosmotic flow [EOF]). How-
ever, LNP2 displays a more negative ionic mobility/charge
and a sharper peak shape than LNPI, indicating a lower
charge to hydrodynamic radius distribution. Together
with the primary signal in the normal polarity mode,
signals in proximity to the EOF with reduced negative
mobility were observed in both samples (Figure 5). The
species in question may be associated with LNP aggregates
that exhibit RNA-binding properties, as suggested by
repeatedly nonreproducible profiles in this region. The
signals detected in this normal polarity mode disappeared
upon treatment of the test sample with TritonX (data not
shown), indicating disruption of the LNP. Conversely, the
signal intensity of mRNA in the reverse polarity mode is
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FIGURE 5 Capillary zone electrophoresis (CZE) analysis of

two intact mRNA lipid nanoparticle (LNP) formulations reveals the
charge to hydrodynamic radius (q/ry,) distribution of RNA and
LNPs. The dashed line shows the approximate migration time of the
electroosmotic flow (EOF) (determined in separate UV
measurement).

amplified in accordance with the total RNA content (see
Section 3.3).

In order to estimate the charge and charge distribu-
tion, it is vital to initially compute the ionic mobility. To
achieve this, the experimental determination of the EOF is
required. Neutral fluorescent molecules, such as coumarin
dyes, are good candidates to accomplish this task. In the
LNP2 system, an observed mobility of —3.5 x 10~* cm?/Vs
was recorded, while in the LNP1 system, a mobility of —3.4
x 10~* cm?/Vs was found. Thus, the range of ionic mobil-
ity within which the primary signal is observed can be
computed, along with that of any other variants present
in the electropherogram. For example, the range for LNP2
falls within —3.0 X 10~ cm?/Vs and —4.1 X 10~* cm?/Vs.
Assuming a constant hydrodynamic radius, the charge of a
particle exhibits a direct proportionality to its ionic mobil-
ity. By determining the hydrodynamic radius through
techniques such as dynamic light scattering, it becomes
possible to assess the average charge of the particle.

The precise quantification of concentration may present
challenges due to the complex calibration process and
the influence of the lipid shell’s shielding effects. How-
ever, it is possible to effectively observe relative changes
by comparing the system to a reference LNP-containing
system.

To achieve reproducible results, it is crucial to carefully
select the preparation method for the test sample. First, the

establishment of a chemical equilibrium in the distribu-
tion of dye between the various phases, both external and
internal to the particle. In comparison, the significance of
incubation temperature and duration is lower, although
these variables must still be evaluated in a final stage.
These parameters have to be carefully balanced around
room temperature, so that the particle is still intact before
measurement. Starting from a predetermined concentra-
tion of dye, which was approximately tenfold greater in the
test sample solution than in the BGE, the dye concentra-
tion was altered by +20%, and the resultant signal intensity
was assessed. If the intensity remained constant, it was
inferred that saturation had occurred and the chemical
equilibrium has been reached.

Assuming optimal conditions are chosen, CZE proved
to be valuable in the individual characterization of
diverse LNP systems. This includes the determination
of the charge /hydrodynamic radius and corresponding
distribution of the LNP, and the relative concentration
of encapsulated RNA. The comprehensive characteriza-
tion of intact LNPs could provide significant value for
identification and quantification purposes, as well as for
stability, comparability, and forced degradation studies.
This method/approach could be a valuable extension of
the pool of analytical methods, which are helpful for the
characterization of nano particles in general. However,
in order to establish the method with a significant, sci-
entific relevant value, various complementary methods
such as zeta potential or AF4 measurements should be
implemented in a systematic way. Moreover, of utmost
significance for these fundamental investigations is the
commercial availability of diverse LNP systems, with well-
defined compositions and concentrations of the manifold
constituents. This would greatly aid to scrutinize LNPs
stability attributes, storage prerequisites, or conditions for
incorporation of specific and nonspecific dyes.

4 | CONCLUDING REMARKS

The present investigation demonstrates that the primary
aim of analytical development for NA therapeutics is to
integrate the distinct advantages of various techniques to
attain a comprehensive and precise analytical result. CZE,
ACE, and ddPCR are all viable options for quantifying
NA. Nevertheless, all of them encounter challenges as
well. The use of designated probes/primers in ACE and
ddPCR may result in neglecting fragmentation, whereas
in CZE, comigration of all NA species could lead to
an overestimation of the drug substance. While CZE’s
main advantage is its simplicity and speed, ACE and
particularly ddPCR offer the benefit of superior specificity
and sensitivity. Nonetheless, CZE is valuable for assessing
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the ratio of nonencapsuled to encapsulated NAs in LNP
formulations.

ACE and ddPCR are essential methodologies for identity
testing, and the advantages and disadvantages mentioned
above are also applicable for this objective. For dsDNA,
an alternative is CGE with previous enzymatic digestion.
The primary advantage of this approach is its ability to
provide data on both purity and identity, resulting in a
comprehensive picture. The use of IP-RP for this purpose
is certainly possible; however, it was not investigated in
detail in the present study. In general, CGE and IP-RP are
the most potent options for assessing overall purity, includ-
ing ssNA. Nonetheless, quantification poses a challenge
due to the fact that each size variant exhibits a distinct
UV/LIF response that is contingent upon the nucleotide
counts of each fragment. CGE is expected to contribute sig-
nificantly to the characterization of encapsulated NA and
their stability-indicating properties. Equally intriguing is
the examination of NA inside and outside the vector with
CGE.

CZE analysis of intact LNPs that are permeable for dyes
is anticipated to address a significant knowledge gap. For
the first time, it was shown that by specific staining of the
RNA present in the nanoparticle, both the ionic mobil-
ity and its distribution can be directly determined, with
the signal intensity being directly proportional to the RNA
concentration. This approach makes the technique attrac-
tive for the study of stability indicating features, since not
only the ionic mobility and thus charge is accessible, but
also unexpected new species can be identified. Funda-
mental investigations may be carried out to examine the
physicochemical characteristics of an LNP in relation to its
surrounding environment, such as the ionic strength, pH,
or formulation buffer composition.
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The complete sequence of the EGFP gene; green markup was targeted by PNAs; yellow markup by
ddPCR.

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGG
CCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCAC
CACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTAC

CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCT

TCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAG

CTGAAGGGCATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAG

AAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTAC
CAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGA
GCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCA

TGGACGAGCTGTACAAGTAA

Primers and probes. All sequences from 5’ to 3’ end. The following primers and probes were used for
ddPCR to detect the EGFP mRNA sequence : forward primer CGCACCATCTTCTTCAAGGA, reverse primer
CTTGAAGTCGATGCCCTTCA, probe ACCCGCGCCGAGGTGAAGTTCGA,; the 5’ end of the probe was labeled
with the FAM fluorophore and the fluorescence was quenched with an internal ZEN quencher and 3’
Black Hole Quencher-1.

PNA probes for ACE were labeled with Oregon green followed by two spacers. Two Glu residues were
added for faster CZE mobility and better solubility.

0G488-00-TCTCGTTGGGGTCTTTGCTC-Glu-Glu;

0G488-00-TTCTGCTTGTCGGCCATGAT-Glu-Glu
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Supplementary Figures

1000

-1000

A0 ADZ A3 A4 EO1 E04

Figure S1: 1D amplitude graph obtained from QX ONE Software: Wells A01, A02, and A03
show the population of both negative and positive droplets in the FAM channel (experiment was
performed as triplicate). The well A04 is the non-templacte control, in which no sample was
added but the other conditions were maintained. WellEO1 and E04 are the equivalent to AO1 and
AO04 but no reverse transcriptase was added and therefore no retro-transcription was possible to
obtain DNA for PCR amplification (negative control).

123



3. Conclusion

This thesis aimed to evaluate the utility of CE in analyzing critical quality attributes of emerging
therapeutic agents for their use as innovative drugs, such as peptides, plasmids, mRNA/lipid nano
particle formulations, and recombinant adeno-associated virus (rAAV). The main goal was to
improve CE's applicability for these modalities by developing novel approaches for these complex
therapeutics. The dissertation encompassed four projects that have been presented and
discussed in a collection of five articles published in peer-reviewed analytical chemistry journals.
The first chapter explored the potential of affinity CE to measure the extent and specific sites of
methionine oxidation in peptides and monoclonal antibodies. Thus, it aimed to offer an
alternative approach to mass spectrometry. The subsequent chapter presented a comprehensive
direct comparison of the current analytical techniques employed in the examination of
recombinant adeno-associated viruses (rAAV), encompassing TEM, AUC, CGE, CZE, and IP-RP-LC.
In the third chapter, a technique was outlined for the quantification and identification of nucleic
acid therapeutics using fluorescent PNA hybridization probes in CE. The concluding section of this
dissertation examined different analytical techniques used to analyze larger oligonucleotides
(>500 nt) incorporated in diverse delivery systems, emphasizing the advantages and limitations
of each method. The methods employed in this study encompassed the utilization of PNA-based
CE as described in the previous chapter, ddPCR, CGE with the incorporation of nuclease digestion,
IP-RP-LC, and CZE. These techniques were collectively employed to thoroughly analyze NAs and
assess their quality attributes as biologics. In conclusion, this dissertation provided a
comprehensive analysis of various techniques and methods utilized in the study of
biopharmaceutical molecules and molecular systems, emphasizing their interconnectedness. The
examination of minor alterations within complex molecules and the characterization of large
molecules collectively outlined the broad applicability of CE based methods for new modalities.
The results presented in the scientific publications serve as a robust foundation for future

research and development for analytical laboratories in the biopharmaceutical sector.
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4. Tools and References

3.1 Tools

Deepl Translate ; Deepl SE: https://www.deepl.com/translator
o Translation of text passages; entire document.

QuillBot ; QuillBot (Course Hero), LLC : https://quillbot.com
o Paraphrasing of text passages; Used in the introduction section.

Biorender; Science Suite. Inc. : https://www.biorender.com
o Generating images: Figure 1-8 and in the publications as cited.

Microsoft Bing Image Creator (DALL-E); Microsoft Corporation:
https://www.bing.com/images/create?form=FLPGEN
o Generation of the cover image, slightly modified.
o Used prompt: a chromatogram electropherogram that contains a range of
mountains with the matterhorn, digital art, book cover, scientific, minimalist,
HPLC, colorful on a royal blue background, 4k
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5. Abbreviations

AEX
AF4

ALC
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AUC
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CEX
C&GT
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CID
CQA
ddPCR
DLS
ds
DSC

EGFP

ELISA

ESI

FTIR

HIC

HILIC

HMW
HPLC

HTS
IEC
IP-RP-HPLC

anion-exchange

Asymmetric flow field flow
fractionation

Affinity LC

active pharmaceutical
ingredient

antisense oligonucleotides
analytical ultracentrifugation
Circular dichroism

capillary electrophoresis
cation-exchange

cell and gene therapy
capillary gel electrophoresis
collision-induced dissociation
critical quality attributes
digital droplet PCR

dynamic light scattering
double stranded

Differential scanning
calorimetry

enhanced green fluorescent
protein

enzyme-linked
immunosorbent assay
electrospray ionization
fourier-transform-IR
hydrophobic interaction
chromatography

hydrophilic interaction liquid
chromatography

high molecular weight species
high pressure/performance
liquid chromatography

high throughput sequencing
ion exchange chromatography
ion pair-RP-HPLC

LC
LNP
LoQ
mAb
MALS
MEKC

MS
Mw
NA
NGS
NP
nt
PCR
pDNA
pl
PNA
PTM

QcC
gPCR
rAAV

RP

RT
SEC
siRNA
SPR
SS

uv
VIS
TEM

TFA

infrared

liquid chromatography
lipid nano particle

limit of quantification
monoclonal antibody

multi angle light scattering
Micellar electrokinetic
chromatography

mass spectrometry
molecular weight

nucleic acid

next generation sequencing
normal phase

nucleotides

polymerase chain reaction
plasmid DNA

isoelectric point

peptide nucleic acid
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