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Abstract

Despite the growing interest in mMRNA-based therapeutics, the platform’s novelty, and lack
of published knowledge regarding mRNA quality attributes and assessment pose significant
challenges in establishing guidelines and references for therapeutic mRNA analysis. As
bioassays and in vitro translation assays are yet to be widely accepted to assess efficacy,
physicochemical assays such as capillary electrophoresis and ion-pair reversed phase liquid
chromatography serve as surrogates for quality assurance by measuring transcript length.
While both are accepted bioanalytical techniques to assess transcript length, we reveal that
they are not interchangeable and have significant resolution differences. In this work, we
demonstrate how various factors such as method parameters, product-specific sample
preparation, and excipients can easily influence mRNA integrity measurements. We
emphasize the importance of understanding the influence of method parameters on mMRNA
integrity assessment and impurity detection by capillary gel electrophoresis and ion-pair
reversed phase liquid chromatography, especially in a biotherapeutic context where mRNA
is modified and encapsulated. Such knowledge is imperative in making accurate comparisons

between mRNA products and designing practical reference standards.

We anticipate that this work will be valuable for not only biopharmaceutical professionals
but also for regulatory bodies. By providing insight into the performance of different
analytical methods for assessing mRNA integrity, our study can facilitate the development of
more optimized analytical methods and contribute to the overall quality assurance of mRNA-

based therapies.
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1 Introduction

1.1 mRNAVaccines and Therapeutics

In recent years, messenger RNA (MRNA)-based therapeutics have emerged as an
increasingly promising platform for the treatment and prevention of disease, due to their
rapid scalability and their easily modifiable production (1, 2). Unlike traditional protein-
based biotherapeutics that deliver target proteins directly, mMRNA-based therapies deliver
transcripts which are used by host cell machinery to produce functional proteins of interest
(3, 4). This approach can be advantageous in its ability to deliver complex or low-yielding
proteins, and since mRNA can be rapidly modified to produce different target proteins this
platform would enable rapid response to emergencies (5). The swift large-scale application
and subsequent reformulation of mMRNA vaccines during the COVID-19 pandemic
demonstrated the safety, efficacy, and ease of production for these products (6, 7). Given this
development and the anticipated widespread use of mMRNA-based products, reaching a
consensus on the critical quality attributes (CQA) of this product class is a strong area of

interest.

1.1.1 Structure of mRNA vaccines

MRNA is a single-stranded RNA (ssRNA) copy of DNA that serves as a template for protein
synthesis (1, 8). Conventional mRNA-based vaccines encode a target antigen with
untranslated regions (UTRs) at either end (5” and 3’ ends) and take advantage of the host cell
machinery to produce a functional protein (9). In vitro transcribed (IVT) mRNA, like those
used in the COVID-19 vaccines, are designed to resemble naturally occurring mRNA in
eukaryotic cells; therefore, contain critical elements like the 5° cap and 3’polyadenylated
(polyA) for efficient protein synthesis (Figure 1) (1, 10).

1
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cap polyA tail
Figure 1. General structure of in vitro transcribed mRNA.

1.1.1.1 The 5’ cap

5’ caps can be enzymatically incorporated through either post-transcriptional or co-
transcriptional capping (11). In post-transcriptional capping, the 5’ cap is added after IVT
through a series of enzymatic reactions using the Vaccinia virus capping system. Briefly, the
5’triphosphate end of the nascent RNA is converted to a cap-0 intermediate structure, with a
N7-methyl guanosine linked to the 5’ nucleotide via a 5’- 5” triphosphate linkage (Figure 2)
(12-14). The cap-0 intermediate is further methylated at the 2 hydroxyl group of the first
nucleotide proximal to the cap to produce a cap-1 structure. In eukaryotes, this enzymatic
process occurs co-transcriptionally as soon as the first 25-30 nucleotides (nt) are transcribed
(12, 13). The mRNA 5’ cap is crucial for many functions, including the regulation of nuclear
splicing, and the facilitation of nuclear transport and translation (15). Furthermore, the cap-1
structure is recognized by the immune system as a marker of self MRNA which protects it

from degradation by immunomodulatory proteins (15-18).

In co-transcriptional capping, a cap analog is added to the IVT reaction to produce a 5’ capped
mRNA. The cap is directly incorporated at the 5’ end and cannot be added within a growing

transcript because it lacks a free 5’-triphosphate (18).
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Figure 2. Structure of cap-0 and cap-1.

1.1.1.2 The UTRs and 3’ polyA tail

UTRs are non-coding regulatory elements that help regulate mRNA stability and promote
translation efficiency through interactions with RNA-binding proteins (RBP) (5). Like the
MRNA coding region, UTRs can be designed and optimized to modulate the rate of mMRNA
degradation and increase the rate of protein translation. The polyA tail, an extension of the 3’
UTR, is a chain of 100 — 250 adenosines that protects the mRNA 3’ terminal from
degradation (Figure 3) (15, 20). As with the 5’ cap, the polyA tail can be incorporated co-
transcriptionally from a DNA template, or post-transcriptionally through a series of

enzymatic reactions (19).
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Figure 3. Schematic illustrating polyadenylation. A polyA tail is added to the 3” end of an
RNA transcript by a polyA polymerase.

1.1.2 Mechanism of action

MRNA vaccines and therapies deliver mMRNA encoding a specific protein or antigen to the
host cell where it is translated into proteins using the host machinery (3, 20). Once the
proteins are translated they are presented on the cell surface as antigens and elicit an immune

response (Figure 4) (22, 23).
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Figure 4. Schematic illustrating mRNA vaccine mechanism of action. mMRNA encoding a
target antigen is delivered to the host cell in a lipid-nanoparticle. The mMRNA is released into
the cytoplasm where the host translation machinery is used to produce the antigen proteins.
The protein is presented on the cell surface as an antigen where it interacts with antibodies of
immune cells to elicit an immune response. Created with Biorender.com

1.1.3 General manufacturing process

The process of MRNA-LNP vaccine production (Figure 5) starts with a DNA template
encoding the antigen of interest and an upstream T7 RNA polymerase promoter. While many
modified nucleosides are possible, the two currently approved mRNA vaccines substitute
uridine with 1-methylpseudouridine (Figure 6), a synthetic pyrimidine, to reduce the
immunogenicity of the mRNA (5, 23-25). Capping and tailing can occur during or after the
IVT reaction as described in chapter 1.1.1. Some manufacturers opt for co-transcriptional
capping using the TriLink CleanCape technology while others incorporate the cap in a
separate post-transcriptional reaction (24). DNase | and Proteinase K are added in a post-

reaction cleanup to remove the DNA template and inactivate any nucleases that might



degrade the mRNA. Before any further processing, the mRNA is concentrated and purified
by flow filtration to remove potential impurities (26, 27). At the end of these steps a
concentrated mRNA drug substance (DS) is obtained. To get to the final drug product (DP),

the DS must undergo release testing and finally aseptic filling and finishing (28).

[ 1. DNA template linearization
2. mRNA synthesis

MV o
2P
IVT enzymes Nucleotides
T7 RNA polymerase ATR.CTR.GTR UTR,
N1-Me-pUTP
Pyrophosphatase,

3. Post-IVT reaction cleanup inorganic RNase inhibitor

DNA template removal
DNAse |

14 .

.’%:-‘5{ B ~ b
" 'ﬁpﬁ,«%
Tangential flow filtration

Figure 5. General overview of in vitro mMRNA synthesis. Created with Biorender.com
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Figure 6. Structure of uridine compared to N1-methylpseudouridine. N1-methyluridine
is able to form a canonical base pair with adenine as uridine would. However, the additional
methyl group (purple) causes steric hindrance and prevents Toll-like receptor 7 (TLR7)
binding and subsequent immune activation.

1.1.4 Lipid nanoparticles delivery system

Initially, the inherent instability of mMRNA and the lack of an efficient in vivo delivery system
were major bottlenecks in the development and subsequent application of mMRNA-based
vaccines (8, 21, 29). mRNA molecules are highly susceptible to degradation via RNases,
which are ubiquitous environmental contaminants, necessitating a suitable carrier for in vivo
administration (29). This challenge was largely overcome through the use lipid nanoparticles
(LNP) (30-32). LNP used in COVID-19 vaccines are composed of four lipids: cationic
ionizable lipid that interacts with the negative mRNA backbone, pegylated (PEG) lipids,
phospholipids, and cholesterol that contribute to the structure and stability of the LNP
(Figure 7). The LNP encapsulates mRNAs in its hollow core, protecting mRNAs from

degradation while facilitating cellular uptake.
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Figure 7. Diagram of mRNA encapsulated in a lipid-nanoparticle and lipid
components used in COVID-19 vaccines.

1.1.4.1 LNP encapsulation and mechanism of delivery

MRNA-LNP assembly is a complex physical process involving the assembly of many

components (32, 33). When the LNP components are mixed with mRNA in an aqueous




buffer at approximately pH 4 the ionizable lipid component is protonated and interacts with
the anionic phosphate backbone of mRNA via electrostatic interactions. The hydrophobic
effect then drives lipid vesicle formation around the mRNA — encapsulating it. Following
vesicle formation, the pH is adjusted to physiological pH (7.4) neutralizing the previously
cationic ionizable lipids. This further increases hydrophobicity and drives the vesicles to
fuse, completely sequestering the ionizable lipids and mRNAs in the centre (Figure 7). Upon
vaccine administration, MRNA-LNPs are endocytosed by the host cell. The acidic pH (4.5-
6.5) of the endosome drives protonation of the ionizable lipids. Once this occurs, the cationic
lipids will effectively flip outward to facilitate endosomal release of MRNA into the

cytoplasm where it is translated into protein (Figure 4) (32-34).

1.2 Current Regulatory Guidelines and the Need for Standardization

The assessment of MRNA-LNP products is crucial to ensure their quality and potency.
Currently, there are no comprehensive guidelines regarding the assessment of these products
making their evaluation and regulation challenging. Pharmacopeial organizations like the
United States Pharmacopeial (USP) Convention and the European Medicines Agency (EMA)
are working to establish standards and regulatory references for mRNA vaccines (35-37).
However, the novelty of the platform presents considerable challenges. While the physical
properties of RNA are well-defined in a laboratory context, their attributes in a
biotherapeutic context are not as well explored, especially in comparison to protein-based
therapeutics, which have an extensive history of development (2, 38, 39). This makes it
difficult for the USP and EMA to set acceptable limits for impurities and critical quality

attributes, which are crucial for ensuring product quality.



Standardized practices and analytical methods for the assessment of MRNA-LNP products
are essential. Standardization through pharmacopeial monographs not only ensures
consistency among different manufacturers but also promotes a shared understanding of
MRNA products across regulatory bodies and international authorities. The demand for
robust and well-understood analytical methods with accurate and reliable detection is critical
for quality control, especially considering the pivotal role of mMRNA vaccines in tackling

global health challenges (40, 41).

1.2.1 mRNA vaccine impurities and critical quality attributes

The process of IVT can leave behind many impurities such as: residual DNA template, free
nucleotides, dsRNA, truncated RNA and other process related impurities (42). Though many
of these impurities can be removed through post-1VT cleanup reactions (DNase | treatment)
and filtrations prior to product release, analytical methods are necessary to ensure their
removal. Furthermore, other manufacturing impurities may still arise downstream, such as
the RNA-lipid adducts observed by the Packer group (43). Such impurities may have
biological impacts; therefore, it is imperative that they are identified and appropriately

assessed (37).

CQA are key parameters or characteristics of a pharmaceutical product that must be
controlled within defined limits to ensure consistent quality, efficacy, and safety. They are
typically identified during development and manufacturing based on the understanding of the
product and are often linked to desired clinical outcomes (37). For mMRNA-based
therapeutics, transcript length or mRNA integrity is of particular importance as it is often
used as a stability-indicating attribute. As such, one clear critical quality attribute is transcript

length. Several unique properties of MRNA and its manufacturing process necessitate the
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assessment of transcript fragmentation for monitoring product stability (44). As mentioned
previously, critical elements at the 5’ and 3 termini of mRNA are required for efficient
protein synthesis and these will only be preserved in the full-length molecule (45).
Furthermore, the process of MRNA synthesis relies on enzymes, which tend to produce a
mixture of products with different lengths that are difficult to separate and identify (46).
Finally, MRNA molecules are inherently susceptible to cleavage by hydrolysis in aqueous
conditions and RNases, compromising their stability after manufacturing. Although
encapsulation in LNP offer significant protection against these processes, mMRNA
fragmentation remains a concern for long-term stability (47). Thus, the length profile of a
transcript is a stability indicating CQA likely to fluctuate between batches, products, and
over time. As the degradation of mMRNA is difficult to control and eliminate, it is crucial to
understand how impurities can form and develop standardized analytical methods to detect
them. This approach not only safeguards product quality but also enhances reliability in
clinical outcomes, underscoring the importance of robust quality assurance in mMRNA

biotherapeutic development.

1.3 Analytical Methods Used for the Assessment of mRNA Integrity

Following the first MRNA vaccines, an initial consensus of analytical methods was formed
from both research and manufacturing experience (22, 35, 48). Amongst them, capillary gel
electrophoresis (CGE) and ion-pair reversed-phase liquid chromatography (IP-RPLC) were
the bioanalytical techniques of choice for assessing transcript length and the percentage of

fragments (49, 50).
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1.3.1 Capillary gel electrophoresis

In CGE, nucleic acid analytes are usually electrokinetically injected and migrate through a
capillary containing a gel sieving matrix, typically with denaturing additives (Figure 8).
These analytes are separated by size as larger fragments migrate slower through the matrix
(51). Although commonly for used for DNA oligonucleotide analysis, several groups have
explored various CGE parameters, and additives to improve analysis for large mMRNA
molecules, mostly in a research context (52-55). In the biotherapeutic context, CGE-LIF is

commonly proposed for measuring RNA integrity or “intactness” (35, 49).

Capillary

—— LIF detector

Cathode Anode

Inlet: Outlet:
Gel Waste

High Voltage
Power Supply

Figure 8. RNA migrating through a gel-filled capillary towards the LIF detector.

1.3.2 lon-pair reversed-phase liquid chromatography

IP-RPLC is a chromatographic technique widely used to analyze DNA. In recent years its
application has been extended to RNA analysis (56). This technigque uses alkylammonium
salts to complex the mRNA phosphate backbone, increasing its affinity for the non-polar

stationary phase (Figure 9) (57). RNA is eluted using a mobile phase containing an organic
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solvent; longer nucleic acids have increased affinity to the column, requiring a higher
organic content in the mobile phase for elution. Similar to CGE, IP-RPLC is commonly used

for oligonucleotide analysis (57, 58) and increasingly explored for longer analytes (43, 59,

60).
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Figure 9. Schematic showing the process of RNA analysis by IP-RP HPLC.

1.4 Research Objectives

Since mRNA are precursors to the therapeutic protein there is substantial reliance on
physicochemical aspects such as mRNA integrity as predictors of product effectiveness. As
such we depend heavily on physicochemical assays like CGE and IP-RPLC to assess

13



integrity. While CGE and IP-RPLC are orthogonal methods for mRNA length analyses, CGE
commonly achieves higher sensitivity and resolution for lower sample volumes, particularly
when paired with a laser-induced fluorescence (LIF) detector (42, 61, 62). However, sample
injectors and detectors in modern liquid chromatography systems provide significantly
improved assay-to-assay variability, making chromatography an effective method for
quantifying product content and related impurities in a routine environment. There are many
research gaps especially in the biotherapeutic context (43, 49). Therapeutic products do not
only contain mMRNA — formulated products include lipids and other excipients that have the
potential to interfere with analytical assays (63). As current mMRNA therapeutics are
formulated with LNPs there is potential to form mRNA-lipid adducts. Indeed, such
impurities have been previously reported by Packer et al., (43) to negatively impact product
efficacy. Furthermore, they report that these lipid-adducts were detectable by IP-RPLC but
not by capillary electrophoresis. While both CGE and IP-RPLC are powerful
physicochemical techniques for assaying mRNA length, they operate on different
mechanisms of separation which has the potential to bias the detected impurity profile. Given
these differences and the impacts of impurities and fragmentation to the efficacy of mMRNA
biotherapeutics, it is important to assess the suitability of the techniques and standardize their

applications.

Although a foundation of understanding is gradually forming in the biotherapeutic context of
MRNA (43, 49, 64-69), analyzing and standardizing mRNA quality attributes remain
challenging. Most studies have examined in vitro transcribed mRNA free in solution.
However, some studies have shown that lipid nanoparticle encapsulation is important in

assessing the product purity profile (43, 60, 66). Thus, understanding the advantages and
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limitations of each technique, particularly the detection capabilities and associated impurity
profiles are crucial. This understanding is especially important in the context of
biotherapeutics, where mRNA is modified and encapsulated, and will be critical for making

accurate MRNA product comparisons and designing practical reference standards.

The project aims to achieve two primary objectives: (1) fill the knowledge gap regarding
MRNA assessment in the context of biotherapeutics, and (2) contribute to standardization
efforts by providing insight into the performance of two different analytical methods used for
MRNA integrity assessment. This involves addressing the challenges associated with
comparing results and facilitating more effective product-to-product assessments in the

expanding landscape of mMRNA applications.
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2 Comparative analysis of commercial and in-house capillary gel
electrophoresis for RNA separation

2.1 Background

Capillary gel electrophoresis has emerged as a pivotal tool in the separation of mMRNA,
offering high-resolution separation capabilities essential for analyzing mRNA integrity (42,
49, 51, 52). While various specialized instruments and kits have been marketed for capillary
electrophoresis analysis of mMRNA drug products (70), their proprietary nature can limit
method customization and research. In contrast, the development of in-house CGE methods

presents a compelling alternative, offering several advantages.

One major advantage of in-house CGE methods is the ability to tailor them specifically to
research needs. Buffer compositions, separation matrices, and running conditions can be
optimized to achieve ideal resolutions and sensitivity depending on RNA fragment lengths.
This flexibility allows for adjustments to experimental protocols as new insights or
requirements emerge. Additionally, in-house CGE methods can be more cost-effective,
eliminating the need for expensive proprietary reagents and consumables associated with

commercial Kits.

The objective of this chapter was to compare the performance of an in-house CGE-LIF
method developed based on a Technical Note (71) to an existing commercial RNA analysis
kit. Both the Technical Note and commercial kit were developed by the same company;
method parameters for both methods are outlined in Table 1. This section aims to provide a
comprehensive overview of the strengths and limitations of the two approaches. The analyses

will inform researchers on practical considerations and potential trade-offs involved in
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selecting an appropriate CGE method for their specific applications, ultimately contributing

to more informed decision-making in laboratory practices.

Table 1. Method parameters for in-house CGE-LIF method and commercial RNA9000
Purity & Integrity Kit.

Parameter In-house CGE method Commercial Kit
Gel buffer composition 1% PVP +4 M urea + 1X TBE Unknown
Dye 0.02% (v/v) SYBR Green Il 0.02% (v/v) SYBR Green Il
Injection voltage 5.0 kv 1.0 kV
Injection time 5s 3s
Separation voltage 6.0 kV 6.0 kV

2.2 Materials and Methods

2.2.1 Reagents and samples

RNA 9000 Purity & Integrity Kit (C48231) was purchased from AB Sciex (Massachusetts,
USA). RNA markers (281 — 6583 b; G3191) was purchased from Promega Corporation
(Wisconsin, USA). ssRNA ladder (0.5 — 9 kb; N0362) and Nuclease-free Water (NFW;
B1500L) were purchased from New England Biolabs (Massachusetts, USA). Diethyl
pyrocarbonate (DEPC)-treated water (AM9916), LC-MS grade water (W6-4), acetonitrile
(A955-4), Tris-Borate-EDTA (TBE) buffer (B52), Seakem™ ME Agarose (BMA50010),
formamide (17899), and SYBR™ Green Il (57564) were purchased from Thermo Fisher
Scientific (Massachusetts, USA). Urea (U1250), polyvinylpyrrolidone (PVP; 437190), and
dibutylammonium acetate (DBAA; 625718) were purchased from MilliporeSigma (Missouri,
USA). Triethylammonium acetate (TEAA; A5702) was purchased from TCI America

(Oregon, USA).
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2.2.2 Sample preparation for CGE-LIF analysis

Commercial RNA ladders were analyzed to compare the performance of the two CGE
methods. The Promega RNA markers was diluted to 0.025 mg/mL in nuclease free water and
the sSRNA ladder was diluted 25-fold in NFW. Both were heat denatured at 70°C for 2

minutes then chilled on ice before being loaded into the instrument.

2.2.3 Instrumentation

CGE analyses were performed on a PA800 Plus Pharmaceutical Analysis System (AB Sciex)
equipped with a solid-state laser-induced fluorescence detector (Aex = 488 nm/Aem = 520
nm) using a 30 cm bare fused silica capillary (effective length: 20 cm, internal diameter: 50
um). Prior to its first use, the capillary was conditioned with a series of rinses as follows: 0.1
M NaOH, DEPC-treated water, 0.1 M HCI, and DEPC-treated water, each injected at 20 psi

for 5 minutes.

IP-RPLC analyses were performed on a Waters Alliance 2695 Separation Module (Waters)
equipped with PDA detector and fluorescence detector models. Sample separation was
performed using a DNAPac RP column with 4 pm particles (length: 100 mm and internal

diameter: 2.1 mm).

2.2.4 Commercial CGE-LIF RNA analysis kit

Commercial RNA 9000 Purity & Integrity Kit was used to analyze RNA ladders per vendor
instructions (72). Briefly, 10 pL of the provided SYBR™ Green 11 RNA Gel Stain (500X)
was added to 5 mL of Nucleic Acid Extended Range Gel. The kit-provided ladder was
diluted 25-fold in NFW and denatured at 70°C for 2 minutes then chilled on ice before being

loaded into the instrument. Separation was performed on the instrument and capillary as
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indicated in chapter 2.2.3. Samples were maintained at 10°C in the autosampler until
electrokinetic injection using reversed polarity mode (anode on detection side) at 1 kV for 3
seconds. Separation was achieved by applying a voltage across the electrodes at 6 kV for 22
minutes while the cartridge temperature was maintained at 30°C. Data acquisition was
performed using the 32Karat (version 10.1) software (AB Sciex), and analysis was

performed using the Empower 3 (version 7.21) software (Waters).

2.2.5 In-house CGE-LIF method parameters and analysis

For each separation the capillary was filled with gel buffer (1% PVP, 4M urea, 1X TBE and
0.02% (v/v) SYBR™ Green 11 (10,000X); pH = 8.6; prepared day-of) by applying 50 psi for
5 minutes. Samples were maintained at 4°C in the autosampler until electrokinetic injection
using reversed polarity mode (anode on detection side) at 5 kV for 5 seconds. Separation was
achieved by applying a voltage across the electrodes at 6 kV for 20 minutes while the
cartridge temperature was maintained at 25°C. Data acquisition was performed using the
32Karat (version 10.1) software (AB Sciex), and analysis was performed using the Empower

3 (version 7.21) software (Waters).

2.2.6 Agarose gel electrophoresis

Agarose gel electrophoresis (AGE) was performed to compare the migration of the different
RNA ladders. A 1% (w/v) agarose solution in 1X TBE buffer was boiled before 0.001%
(v/v) SYBR Green Il was added. The gel mixture was poured into the gel cassette and
covered with aluminum foil then left to airdry. Samples were loaded on the gel at equal
concentrations; electrophoresis was performed in 0.5X TBE buffer run at 180 V for 30

minutes. After the run, the gel was visualized using a ChemiDoc XRS+ System (Bio-Rad).
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2.2.7 IP-RPHPLC

IP-RP-HPLC was additionally performed to determine if separation mechanisms had an
impact on the migration of the different RNA ladders relative to each other. A method from
Packer et al., (43) was adapted to operate on available instrumentation. Flow rate was
maintained at 0.35 mL/min and a column temperature of 60°C was used. Mobile phase A
consisted of 50 mM DBAA, and 100 mM TEAA and mobile phase B consisted of 50%
acetonitrile, 50 mM DBAA, and 100 mM TEAA. 10 pL of sample (0.1 mg/mL) was injected
for each analysis, and mMRNA was detected by UV at 260 nm. Data acquisition and analysis

were performed using the Empower 3 (version 7.21) software (Waters).

2.3 Results and Discussion

Method comparison was conducted by analyzing the Promega RNA markers containing nine
fragments (0.28 kb — 6.2 kb), as well as the kit-provided ssRNA ladder containing ten
fragments (0.05 kb — 9 kb) using both the commercial kit and the in-house method. Method
performance was scored based on the ladder linearity, and resolution factors between

fragments.

2.3.1 Head-to-head comparison of commercial kit and in-house CGE method for
separation of RNA ladders
The initial comparison of RNA ladder separation by the two CGE methods revealed a clear
difference in resolution and fragment visibility (Figure 10). The resolution factors (Rs;
calculation shown in Appendix 9.2) at the low and high molecular weight (MW) ranges
revealed that the commercial kit (Figure 10A) offers higher resolution than the in-house
method (Figure 10B) for both the kit-provided ssRNA ladder and the Promega RNA markers
(Table 2). The resolution difference was especially apparent at the higher MW (>2 kb) for
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the Promega RNA markers, where baseline resolution was achieved using the commercial kit
but not the in-house method. When the kit-provided ssRNA ladder was analyzed using the
in-house CGE method, only nine of the ten fragments are visible. The last two fragments (7
kb and 9 kb) appear to comigrate forming a broader peak indicating that the in-house CGE
method is not suitable for resolving RNA fragments at this particular size range. This is
further evident when the linearity of the ladders was examined for each of the methods

(Table 2).

Table 2. Summary of quantitative values used to compare the performance of a
commercial RNA analysis Kit to an in-house CGE-LIF method. Values were calculated
based on the average of duplicates (n = 2) for each combination of ladders and separation
methods.

Method Ladder Linearity of RNA ladder (R2)  Resolution Factor (RS)

Full Low MW High Low High
Range (<2kb) MW (>2 MW* MW**
range kb) range

In-house CGE Promega 0.988 0.994 0.958 3.43 2.03
Kit-provided N/A***  0.993 N/A*** 1.40 1.56

Commercial Kit Promega 0.963 0.996 0.995 5.53 2.24
Kit-provided  0.976 0.960 0.986 2.73 1.70

*Rs was calculated using the values of the 0.623 kb and 0.981 kb peaks for the Promega
RNA markers and using the values of the 0.5 kb and 1 kb peaks for the kit-provided ladder.
**Rs was calculated using the values of the 3.683 kb and 4.981 kb peaks for the Promega
RNA markers and using the values of the 5 kb and 7 kb peaks for the kit-provided ladder.
**9 kb peak omitted.
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Figure 10. Promega RNA markers (red ) and kit-provided ssRNA ladder (black)
analyzed using the RNA 9000 Purity & Integrity Kit (A) and in-house CGE-LIF
method (B). Both ladders are clearly resolved when analyzed with the commercial kit, but
not with the in-house method. The two largest fragments (7 kb and 9 kb) of the kit-provided
ladder are not resolved and appear to comigrate when the in-house CGE method was used.
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Fragments between the ladders are misaligned from the 1 kb to 5kb range. CGE-LIF analyses
were performed in duplicates (n = 2).

Linearity is often used to determine the suitability of a method for a given fragment size
range. When linearity was calculated across the entire range of the ladders, the commercial
kit exhibited slightly higher linearity for the kit-provided ladder (R?= 0.976) than the
Promega RNA markers (R? = 0.969). Interestingly, a different observation was made using
the in-house method. While the linearity of the kit-provided ladder could not be accurately
calculated, due to the poorly resolved 7 kb and 9 kb peaks, the linearity of the Promega RNA
markers (R? = 0.988) was higher than that of the commercial kit. This indicated that the in-
house gel is more suitable for the separation of fragments of this particular size range (0.2 —
6.5 kb) but not for the separation of RNA above the 7 kb in length. When the relationship
between migration time and RNA length was plotted for each combination of ladder and
method, we noticed that the linear regression demonstrated a biphasic fit Figure 11).This
prompted us to consider the RNA fragments in each ladder as two separate regimes (low and
high MW). When the linearities were recalculated with this in mind, we observed that the
relationship between migration time and RNA length exhibits high linearity from 0.1 kb up
to 2 kb for both methods. Beyond this point the linearity by the in-house method noticeably
decreases compared to the commercial Kit. This observation is consistent with a study by
Todorov et al., where they demonstrate that RNA mobility and migration through a matrix is
dependent on its viscosity (73). In the study, Todorov et al., explains that every semi dilute
polymer matrix has a concentration or ‘entanglement threshold” above which the polymer
molecules form a flexible network. Above this entanglement threshold, two mobility regimes
for RNA are observed — similar to what is shown in Figure 11. The study suggests that for

each semi dilute polymer system and entanglement threshold there is a corresponding critical
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length of RNA, beyond which point separation efficiency is diminished. This suggests that a
single gel buffer composition is not ideal for the separation and analysis of a large range of

RNA sizes.
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Figure 11. Relationships between migration time and RNA length appear biphasic for
both the Promega and kit-provided ladder. The linearity of the kit-provided ladder by the
commercial kit (A) and in-house method (C), and the Promega ladder by the commercial kit
(B) and in-house method (D) exhibit biphasic linearity with a breakpoint of approximately 2
kb. Linear regressions were fitted on the natural logarithmic plots of RNA size as a function
of migration time. The red line is fitted to fragments with lengths up to 2 kb, and the blue to
fragments above 2 kb. CGE-LIF analyses were performed in duplicate (n = 2) for all
combinations of ladders and separation methods.

To further test the method performance and robustness another RNA ladder from a different
vendor (NEB) was analyzed using both methods (Figure 12). Coincidentally, the NEB

sSRNA ladder trace overlays exactly with the kit-provided ladder with the exception of the
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three smallest fragments (0.05, 0.1, and 0.3 kb) that were not present in the NEB ladder. As
expected, the observations made with the Kit-provided ladder were applicable to the NEB
ladder: the NEB ssRNA ladder was well-separated and all fragments were visible when
separated using the commercial kit. When analyzed with the in-house method the same
larger peak was observed at the end, a result of the 7 kb and 9 kb fragments comigrating.
Fragment comigration is a resolution deficit that could potentially lead to inaccuracies in size

determination RNA molecules in that range.

We also observed that first peak of the Promega ladder consistently splits into a doublet
when analyzed with the commercial kit. Because of its proprietary nature and lack of
transparency regarding buffer composition we were unable to determine the cause of this

anomaly.
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Figure 12. Different ladders analyzed using the RNA 9000 Purity & Integrity Kit (A)
and in-house CGE-LIF method (B) appear to be misaligned. The kit-provided ssRNA
ladder (black) and the NEB ladder (blue) align exactly from 0.5 kb to 9 kb. Fragments
between the Promega RNA markers (red) and the others are misaligned from the 1 kb to 5kb
range. CGE-LIF analyses were performed in duplicate (n = 2).
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2.3.2 Investigation of RNA ladder misalighment

The use of RNA ladders is a common practice to determine size and integrity of RNA
molecules during separation and analysis. However, discrepancies can arise when different
RNA ladders appear to misalign as previously observed when the various RNA ladders were
analyzed by CGE-LIF (Figure 12). In this case, the 2 kb fragment of the kit-provided ladder
appeared to align with the 1.3 kb fragment of the Promega RNA markers. To determine if the
source of the misalignment was related to the mechanism of separation or product-related,

the ladders were analyzed by orthogonal methods, AGE, and IP-RP HPLC (Figure 13).
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region; an observation that is consistent across three different separation methods. Analyses
by IP-RP HPLC were performed in triplicate (n = 3).
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When the Promega RNA markers and NEB ssRNA ladder were analyzed by AGE and IP-RP
HPLC a similar misalignment was observed, revealing that the misalignment of the RNA
ladders is related to the RNA ladders themselves. RNA products can exhibit significant
variability due to differences in their sequence composition, secondary structures, and
interactions with the buffer system. Certain sequence compositions can promote the
formation of secondary structures which can influence RNA migration through the gel

matrix even under denaturing conditions (73).

2.4 Conclusion

Overall, the commercial kit separation method offers higher resolution and convenience
compared to our in-house method and is particularly suitable for the analysis of mMRNA
products spanning a large size range (0.05 kb to 9 kb). However, for mRNA products, such
as the COVID-19 vaccines, this extensive size range is not particularly necessary. One
major limitation of using the commercial kit is its proprietary nature. The lack of
transparency regarding buffer compositions and kit components makes troubleshooting
challenging and complicates the ability to predict how the components may interact with

MRNA products or influence their behaviors.

In contrast, the customization and control provided by in-house methods can address these
issues, offering a tailored and flexible approach to RNA analysis. Developing an in-house
CGE method offers better control over method parameters which can be optimized to
achieve research needs. This flexibility is especially crucial to address the unique and
evolving research surrounding mRNA therapeutics and allow for continuous progress. The
ability to modify and fine-tune the method enhances the understanding of the technique and

the different aspects that can influence results; a topic that will be further covered in the next
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chapter. Ultimately, the level of control and adaptability provided by developing in-house
methods is crucial for advancing RNA research and developing novel mRNA therapeutics,

demonstrating the significant benefits of in-house over commercial CGE systems.

Misalignment of RNA ladders observed independently within each separation technique
underscores the complexities associated with RNA products and the inherent difficulties in
their analysis. These complexities of RNA analysis are further exacerbated by the variability
in the separation media and conditions used across different techniques. For instance,
capillary gel electrophoresis, agarose gel electrophoresis, and high-performance liquid
chromatography each have unique separation mechanisms and matrix interactions that can
differentially influence RNA migration. In the biotherapeutic context, where RNA integrity
serves as a primary CQA, maintaining consistency and accuracy in RNA size determination
is crucial. Therefore, a predictable reference standard is paramount. This standardization
ensures that any variations observed in RNA integrity measurements are not due to

methodological inconsistencies but rather reflect true changes in product quality.
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3 A comprehensive evaluation of method parameters critical to the
reliable assessment of therapeutic mRNA integrity by capillary gel
electrophoresis

3.1 Background

In the previous chapter, we compared the performance of our in-house CGE-LIF method to
an existing commercial kit for RNA analysis. We found that although the commercial kit
offered higher resolution separation for the various ladders, the ability to fine-tune and

optimize the performance of an in-house method is more valuable in the context of research.

With this in mind, we sought to explore various CGE-LIF method parameters to gain a better
understanding of how they influence results and the measured mRNA integrity of mMRNA-
LNP drug products. Since instrument parameters have been previously explored (71), we
decided to focus on the gel buffer composition as well as methods of LNP disruption.
Additionally, a design of experiments (DOE) approach was taken to look at the interactive

effects of gel additives and observe their impacts on measured mRNA integrity.

3.2 Materials and Methods

3.2.1 Reagents and samples

RNA markers (281 — 6583 b; G3191) was purchased from Promega Corporation (Wisconsin,
USA). Nuclease-free Water (B1500L) was purchased from New England Biolabs
(Massachusetts, USA). Reagents for CGE-LIF analysis were purchased from various vendors
as previously indicated in chapter 2.2.1. Isopropanol (IPA; PX1834-1), and Triton X-100

(T9284) were purchased from MilliporeSigma (Missouri, USA).
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A vendor product composed of mMRNA (0.1 mg/mL; approximately 4200 bases in length)
encapsulated in a mixture of PEGylated lipids (ALC-0159), ionizable lipids (ALC-0315),
phospholipid 1,2-diasteroyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol was used

for the evaluation of LNP disruption methods and the DOE.

3.2.2 Lipid nanoparticle disruption and sample preparation

Prior to analysis, the Promega RNA markers were diluted to 0.025 mg/mL in 0.05X TBE and
heat denatured at 70°C for 2 minutes then chilled on ice before being loaded into the
instrument. LNP encapsulating mRNA were disrupted as follows: disruption by detergent
was achieved by mixing 0.1 mg/mL of mRNA-LNP with a disruption solution containing
either 2% or 20% Triton X-100 (w/w) in a 1:1 ratio (v/v) and incubating the mixture at 30°C
while shaking at 600 rpm for 20 minutes. Isopropanol precipitation was achieved as
previously described (43). For agarose gel electrophoresis, 0.3 pg of mRNA was mixed with
RNA loading dye (2X) and heat denatured at 70°C for 2 minutes then cooled on ice for 5
minutes. For CGE-LIF analysis, 12 pL of disrupted mRNA was added to 132 pL of either
0.05X TBE or 0.05X TBE with 25% (v/v) formamide, heat-denatured at 70°C for 2 minutes

and cooled on ice for 5 minutes.

3.2.3 AGE

AGE was performed as previously described in chapter 2.2.6 to evaluate the disruption of

LNPs.

3.2.4 CGE-LIF instrumentation

CGE analyses were performed on a PA800 Plus Pharmaceutical Analysis System (AB Sciex)

as previously described in chapter 2.2.3.
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3.2.5 CGE-LIF analysis

CGE-LIF analysis was performed as previously described in chapter 2.2.5.

3.2.6 DOE set up and data analysis

For the DOE analysis, four different gel buffers were prepared as described above with
adjustments made to urea concentration (2M or 6M) and dye concentration (0.005% (v/v)
and 0.04% (v/v)). Samples containing formamide were prepared as described in section 0. A
set of DOE analyses included two sequences designed to run eight different combinations
(Table 3) of factors in duplicate (n = 32). The sequences were generated to account for day-
to-day variability, and to assess order dependent effects by scrambling the run order. Three
sets of DOE were performed to increase statistical power (n = 96). Peak integration was
performed using the Empower 3 (version 7.21) software (Waters). Electropherograms were
integrated into three areas: an early-migrating shoulder, the main peak, and a late-migrating
smear (Figure A 1). Outliers were identified by calculating the percent difference the percent
main peak area between replicates within a single sequence for each of the four sequences
run (two sets); any combinations with a percent difference >20% was considered an outlier
and was removed. A total of 20 runs were removed (n = 76). ANOVASs to examine factor-
dependent effects were performed using RStudio (version 4.2.1). General linear models
(GLM) were generated by Jun Gao with SAS® PROC GLMSELECT using a stepwise

selection process.
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Table 3. Eight DOE combinations and the associated conditions.

Combination # Urea conc. (low Formamide Dye conc. (% Combination

or high) VIv) name
1 Low Y Low 1LYL
2 Low Y High 2LYH
3 Low N Low 3LNL
4 Low N High 4L.NH
5 High Y Low SHYL
6 High Y High 6HYH
7 High N Low THNL
8 High N High 8HNH

3.3 Results and Discussion

3.3.1 Effect of denaturants and gel additives on the separation of RNA by CGE-LIF
in one-factor at a time experiments
In this study, we focused on gel buffer additives such as urea, formamide, and
polyvinylpyrrolidone (PVP) since various instrument parameters have been explored
elsewhere (71). One characteristic property of large RNA molecules is the propensity to form
extensive secondary structures, which can interfere with accurate size-based separation (73,
74). Thus, common denaturants of RNA secondary structure such as urea and formamide are
used to improve resolution of large mMRNA molecules (52). With decreasing urea
concentrations, RNA peaks were significantly broadened, and their electrophoretic mobility
was increased (Figure 14A), reflecting previous reports (73). Urea acts as a nucleic acid
denaturant by disrupting Watson-Crick base pairing and destabilizing secondary structure
formation which can prevent dye molecules from being in the correct conformation (planar)
to promote fluorescence (75). This is consistent with one past report suggested that urea

significantly decreased fluorescence in CGE (76).
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When formamide was added to samples prior to analysis, this seemed to increase variability
and decrease signal intensity. Interestingly, the addition of formamide in-sample showed
only minor improvements in peak resolution regardless of urea concentration (Figure 14B).
Although formamide is commonly used to denature samples prior to analysis, the results
suggested that its presence as a diluent is insufficient for significant denaturation by the time
of analysis. Resolution was only improved when formamide was included in-gel (Figure
14C), which has been demonstrated by Lu et al (52). However, higher concentrations of in-
gel formamide appear to abrogate fluorescence, possibly due to its impact on dye binding
(69).

As the sieving polymer, PVP concentration is often adjusted based on the size of the
analytes, with higher concentrations improving the resolution of larger fragments. Overall,
increased PVP concentrations did improve resolution of larger fragments, albeit with

reductions in overall intensity (Figure 14D).
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Figure 14. CGE-LIF traces of Promega RNA markers in various change one factor at a
time experiments. Decreasing urea concentrations results in peak broadening in the absence
(A) and presence (B) of formamide in the sample buffer. Formamide in the sample buffer (B)
does not appear to significantly increase the resolution; however, formamide added directly
to the gel buffer (C) does to an extent. Increasing PVP concentration (D) in the gel buffer
slightly improves the resolution of larger fragments. Light coloured traces are the same as

37



their respective colours but with intensities normalized to improve visualization of the low-
intensity peaks. CGE-LIF analyses were performed in triplicate (n = 3).

3.3.2 Separation of MRNA-LNP samples and quantification of disruption
efficiency

In order to analyse mRNA quality in most biotherapeutic products, the stable and protective

encapsulating LNP needs to be disrupted. Only extracted and free MRNA molecules can be

evaluated by CGE-LIF. After disruption, the free mRNA profile can be visualized as a single

sharp peak, the intact material, and a broad earlier-eluting shoulder (49), which contains

MRNA fragments caused by the production or encapsulation process.

Since CGE-LIF is a method that depends on dye-binding to mMRNA to produce a signal,
LNPs encapsulating the mRNA must be disrupted prior to analysis. A common method seen
in literature is a detergent-based disruption that uses Triton X-100 or similar reagent (66, 69).
Another method, used by Packer et al., is an isopropanol precipitation where mRNA is

precipitated and spun into a pellet that is reconstituted in NFW (43).

When an mRNA-LNP biotherapeutic was disrupted by Triton X-100, the overall
fluorescence signal was strongly impacted, even at low concentrations (1%), while
isopropanol precipitation produced the highest signal (Figure 15A). In addition, treatment
with Triton X-100 influenced the relative area of the main peaks compared to the shoulder
(Table 4). When the disruption treatments were applied to an RNA ladder, a similar trend
was observed (Figure 15B), suggesting that the removal of non-precipitating buffer
components improves assay sensitivity. Interestingly, when RNA samples were treated and

analyzed by agarose gel electrophoresis, high detergent concentrations appeared to disrupt
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the electrophoretic mobility of RNA, causing faint bands and streakiness (Figure 16). This

was observed in both control RNA and disrupted mRNA-LNP samples.
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Figure 15. Impact of LNP disruption method on CGE-LIF signal intensity. mMRNA-LNP
samples analyzed by CGE-LIF after LNP disruption (A) and Promega RNA markers mock
disrupted with the same disruption protocols (B). Treatment with Triton X-100 appears to
impact the overall fluorescence signals by CGE-LIF. Untreated sample trace was duplicated
and stacked to improve visualization. CGE-LIF analyses were performed in triplicate (n = 3).
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Figure 16. Verification of LNP disruption by agarose gel electrophoresis. The intact
MRNA-LNP lane contains a sharp band that corresponds with the expected size of the
MRNA product and a larger unresolved band that is not observed in the lanes containing
disrupted samples. The presence of detergent appears to disrupt the electrophoretic mobility
of RNA resulting in streaking.

Since isopropanol precipitation did not appear to strongly influence fluorescence intensity
(Figure 15), this method of sample preparation was chosen for the disruption of mMRNA-

LNPs.

Table 4. Peak area (%) composition of MRNA-LNP samples disrupted using different
protocols. Values were calculated based on the average of triplicates (n = 3).

Disruption Method Shoulder Main peak Late migrating smear
Avg % peak area  Avg % peak area  Avg % peak area
Isopropanol precipitation 39.42 55.42 5.16
1% Triton X-100 50.77 43.39 5.84
10% Triton X-100 76.67 10.59 12.74
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3.3.3 Design of experiments approach to systematically evaluate interactive

effects of method parameters that influence CGE-LIF method performance
One recurring observation was the impact of sample and gel additives on peak signal and
variability of peak profiles. In particular, urea and formamide are ubiquitous in RNA analysis
and their usage can vary greatly depending on the method (52, 73), potentially impacting
interpretation of results. Lower urea concentrations could bias relative peak intensities and
increasing formamide could hinder run-to-run reproducibility. In addition, both additives
reduced the overall peak signals, potentially impacting fluorescent dye binding to RNA.
Since the shoulder profile containing mRNA fragments is significantly lower than the main
peak, a lower signal-to-noise ratio could present problems for consistent or accurate

integration (77).

Given the complexity and potential for interplay between urea, formamide, and dye, a
structured and systematic DOE was carried out to examine factor effects. Three factors were
chosen (urea concentration, addition of formamide to the sample, and concentration of dye)
at 2 levels each (Table 5), for a 23 full factorial design. Two sequences were constructed,
with randomized orders (Figure 17). The overall time of each sequence was less than 9 hours
in order to minimize the sample 4°C storage time in the autosampler. Longer storage times
impacted peak intensities due to the sensitive nature of RNA (Figure 18). Both sequences

were repeated as a set to increase statistical power (n = 64).

Table 5. Factors and levels in the full factorial design. Three factors chosen to be
evaluated at two levels each.

Factor Levels
Urea Low (2M) High (6 M)
Formamide No Yes
Dye Low (0.005% v/v) High (0.04% v/v)
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Sequence 1 [Day 1) Sequence 2 ( Day 2)

Run# |Time (mins)| CombinationID | Ureaconc. | Formamide [ Dye conc. Run# |Time {mins)| CombinationID | Ureaconc. | Formamide | Dye conc.
1 25 1 Low (2M) Yes Low({0.5X) 1 25 3 High (6M) No High (4X)
2 50 5 High (6M) Yes Low{0.5%) 2 50 4 Low (2M) No High (4X)
3 75 3 Low (2M) No Low({0.5X) 3 75 6 High (6M) Yes High (4X)
4 100 7 High (6M) No Low({0.5X) 4 100 2 Low (2M) Yes High (4X)
5 125 2 Low (2M) Yes High (4X) 5 125 7 High (6M) No Low(0.5X)
6 150 6 High (6M) Yes High (4X) 6 150 3 Low (2M) No Low{0.5%)
7 175 4 Low (2M) No High (4X) 7 175 5 High (6M) Yes Low(0.5X)
8 200 8 High (6M) No High (4X) 8 200 1 Low (2M) Yes Low{0.5%)
3 225 1 Low {2M) Yes Low{0.5X) 9 225 8 High (6M) No High (4X)
10 250 5 High (6M) Yes Low{0.5X) 10 250 4 Low (2M) No High (4X)
11 275 3 Low (2M) No Low(0.5X) 11 275 6 High (6M) Yes High (4X)
12 300 7 High (6M) No Low({0.5X) 12 300 2 Low (2M) Yes High (4X)
13 325 2 Low (2M) Yes High (4X) 13 325 7 High (6M) No Low(0.5X)
14 350 6 High (6M) Yes High (4X) 14 350 3 Low (2M) No Low({0.5X)
15 375 4 Low (2M) No High (4X) 15 375 5 High (6M) Yes Low({0.5X%)
16 400 8 High (6M) No High (4%) 16 400 1 Low (2M) Yes Low{0.5%)

Figure 17. Two sequences constructed to test 8 combinations of factors in a randomized
order. Replicates within a sequence control for time-dependence effects. Running the
sequence on different days controls for day-to-day variability and the scrambled sequence
controls for order-dependence effects.
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Figure 18. CGE-LIF traces of disrupted mRNA-LNP samples over the course of 36
hours in the auto-sampler. Peak intensity decreases over time and appears to plateau after
approximately 29 hours.
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The resulting electropherograms (Figure 19) were integrated into three areas: the early-
migrating shoulder, the main mMRNA peak, and any late-migrating smear. Box plots of the
main peak percentage within each condition (Figure 20) showed that variability was highest
when all factors were at their lowest levels and highest levels. Interestingly, the conditions
with the lowest urea consistently resulted in the highest main peak percentage or integrity.
As seen in Figure 19, all combinations with low urea (top row) show a compact shoulder
relative to the combinations with high urea (bottom row). This along with the observations
from chapter 3.3.1 (Figure 14A) suggests that low concentrations of urea may result in an
inflated integrity measurement due to the poor resolution between the early-migrating

shoulder and the main peak.
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Figure 19. Electropherograms of each of the 8 combinations of conditions for one set
(two sequences) of analyses. High urea conditions (bottom row) appear to better separate
the shoulder region from the main peak (bottom row). Under low urea conditions (top row)
the shoulder appears more compact. The full DOE experiment was performed thrice (n = 96).
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Table 3. The top panel (A) shows the variability before outlier removal (n = 96), and the
bottom panel (B) after outlier removal (n = 76). Low urea conditions consistently show
higher main peak percentages/integrity measurements than high urea conditions.

An examination of factor-dependent effects by GLM (Table 6) showed that the combination
of urea concentration and formamide was significantly correlated with the main peak
percentage, with low urea concentration and absence of formamide resulting in a larger main
peak area. Interestingly, the shoulder percentage was also significantly impacted by changing
urea conditions which supported prior observations that urea concentration
disproportionately impacted fragments based on size. The addition of formamide appeared to
impact the late-migrating smear percentage, suggesting that the variability associated with
formamide addition could be caused by peak tailing.

Table 6. GLMSELECT Stepwise selection model. In stepwise selection, effects are
iteratively added and/or removed. If at any step in the method, any effect in the model is
considered to be not significant, the least significant effect is removed from the model before
it proceeds to the next step. This iterative approach ensures that a new effect cannot be added

to the model if an existing one is deemed insignificant, decreasing the likelihood of
misattributing significance (78).

Main peak percentage

Parameter DF Estimate Standard Error t value Pr> [t
Intercept 1 39.516230 0.603920 65.43 <0.0001
urea_conc*formamide20 1  8.471641 1.122470 7.55 <0.0001

Shoulder percentage

Parameter DF Estimate Standard Error t value Pr> ||
Intercept 1 55.647895 0.698129 79.71 <0.0001
urea_conc 2 1 -6.964474 0.987303 -7.05 <0.0001

Late-migrating smear percentage

Parameter DF Estimate Standard Error t value Pr > [t
Intercept 1 9.188667 0.668824 13.74 <0.0001
formamide 0 1 -5.490841 0.859686 -6.39 <0.0001

3.4 Conclusion

High-resolution analysis of large mMRNA molecules can be challenging by CGE-LIF. The

propensity for mRNA to form extensive secondary structure produces many conformers,
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which are difficult to separate. The susceptibility of large mMRNA molecules to hydrolyze at
random positions also limits acceptable experimental conditions. Several groups have
evaluated methods to analyse purified RNA, although the majority of these were developed
for research applications in mind (49, 59, 70). Since mMRNA drug substances are complex
mixtures containing various sizes and impurities, it is important to understand which

parameters would have the highest impact on the quality assessment.

While DOE is often used for the optimization of desired outputs or responses, it can also be a
valuable tool to identify interactions that could be missed with one factor at a time
experiments (79). The results of our one factor at a time and DOE experiments revealed that
MRNA integrity results by CGE-LIF are extremely sensitive to method parameters. For
example, varying urea conditions evidently influences the integrity measurement — with low
urea conditions contributing to a higher mean peak percentage. Therefore, maintaining a
tight control on urea conditions is important. Common errors such as not taking the volume
of urea salt into account would not be acceptable batch-to-batch. Furthermore, using higher
urea concentrations avoids inflating the integrity percentage by improving the separation
between the shoulder and the main peak. The results also reveal that while formamide is not
necessary to include in the diluent, it can be used to improve resolution when added directly
to the gel buffer. Ultimately, integrity values between different methods cannot be compared
and it is abundantly clear that standardization is necessary to be able to appropriately

compare mMRNA products head-to-head.
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4 A comparative analysis of capillary gel electrophoresis and ion-pair
reversed phase liquid chromatography for the assessment of
MRNA therapeutics

4.1 Background

While mRNA is well-understood as a research tool, its complexities as a biotherapeutic
product are still being explored. Indeed, one critical quality attribute of interest is integrity.
Currently, two analytical methods dominate mMRNA integrity assessments: capillary gel
electrophoresis (CGE) and ion-pair reverse phase liquid chromatography (IP-RPLC). The
two techniques operate on significantly different separation mechanisms which suggests that
the impurity profile measured may also differ; therefore, the orthogonality of these methods
should be examined.

The lack of consensus, available data, and reference standards make product-to-product
assessments difficult. To address this gap, our lab evaluated and compared CGE and IP-
RPLC for mRNA integrity analysis with the aim of clearly defining differences between

methods.

4.2 Materials and Methods

4.2.1 Reagents and samples

RNA markers (281 — 6583 b; G3191), Luciferase Control RNA (1803 b; L4561), and
Kanamycin Positive Control RNA (1.2 kb; C1381) were purchased from Promega
Corporation (Wisconsin, USA). Reagents for CGE-LIF analysis, IP-RP HPLC analysis and
LNP disruption were purchased from various vendors as previously indicated in chapters

2.2.1and 3.2.1.
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A vendor product composed of mMRNA (0.1 mg/mL; approximately 4200 bases in length)
encapsulated in a mixture of PEGylated lipids (ALC-0159), ionizable lipids (ALC-0315),

DSPC and cholesterol was used to evaluate method performance.

4.2.2 LNP disruption and sample preparation

Promega RNA markers and vendor mRNA-LNP were prepared as described in chapter 3.2.2.
Luciferase Control RNA was diluted to 0.025 mg/mL in 0.05X TBE; both the diluted
Promega RNA markers and the Luciferase Control RNA were spiked with the Kanamycin
Positive Control RNA (0.005 mg/mL). For IP-RPLC analysis, disrupted mRNA and
commercial RNA were diluted to the same concentration as CGE-LIF in NFW before
injection.

4.2.3 Instrumentation

CGE analyses were performed on a PA800 Plus Pharmaceutical Analysis System (AB Sciex)
and IP-RPLC analyses were performed on a Waters Alliance e2695 Separation Module

(Waters) as previously described in chapter 2.2.3.

4.2.4 CGE-LIF analysis

CGE-LIF analysis was performed as previously described in chapter 2.2.5.

4.2.5 IP-RPHPLC

An adapted method was used for available instrumentation (43). Flow rate was maintained at
0.35 mL/min and a column temperature of 60°C was used. Mobile phase A consisted of 50
mM DBAA, and 100 mM TEAA and mobile phase B consisted of 50% acetonitrile, 50 mM

DBAA, and 100 mM TEAA. 10 puL of sample (approximately 40 ng of mRNA) was injected
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for each analysis, and mRNA was detected by UV at 260 nm. Data acquisition and analysis

were performed using the Empower 3 (version 7.21) software (Waters).

4.2.6 Electropherogram integration and data analysis
Peak integration was performed using the Empower 3 (version 7.21) software (\Waters).
Electropherograms were integrated into three areas: an early-migrating shoulder, the main

peak, and a late-migrating smear (Figure A 1).

4.3 Results and Discussion

4.3.1 Evaluation of method performance

To compare the performance of CGE to IP-RPLC, a method described by Packer et al., (43)
was implemented. Luciferase Control RNA spiked with the Kanamycin Positive Control
RNA internal standard (IST; marked by an asterisk) was analyzed alongside a nine-fragment
RNA marker (Figure 21). Chromatogram quality served as the basis for method performance
assessment, focusing on RNA marker linearity, resolution factors and accuracy in
determining RNA size (Table 7). The resolution factors between the IST and luciferase RNA
peak showed that CGE offers higher resolution than IP-RPLC. Similar to the observations
regarding the relationship between migration time and RNA length described in chapter
2.3.1, we noticed that the linearity of the RNA markers again exhibit a biphasic trend (Figure
22). When the RNA marker fragments were considered as two separate populations (low and
high molecular weight) the resolution factors indicated that CGE offers better separation and
resolution across the entire fragment range. The low resolution of IP-RPLC, particularly for
higher molecular weight (>2.5 kb) fragments, made it difficult to precisely determine RNA

length. For instance, the overlaid luciferase peak elutes in the region between the 1.9 kb and
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2.6 kb fragments, and the poor resolution compromises the precision when determining

fragment size resulting in a higher % error in size determination.
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Figure 21. Luciferase RNA spiked with IST analyzed by CGE-LIF (A) and IP-RP
HPLC (B). Luciferase Control RNA (red) was analyzed alongside RNA markers (black);
both were spiked with a 1.2 kb IST (*). Analyses were performed in triplicate (n = 3) for
each technique.

Table 7. Summary of quantitative values used to compare chromatogram
quality. Values were calculated based on the average of triplicates (n = 3).

Method Linearity of RNA markers  Resolution Factor (RS) Calculated %

(R?) sizeof  difference
Full Low High Between Between Between Luciferase of
Range MW MW 623 and 3638 and IST and RNA calculated
range  range 955 4981  control  (bases) size
peaks  peaks RNA
CGE 0.990 0.968 0.936 6.12 5.0 3.26 2074 6.04

IP-RPLC 0.883 0.929 0.963 5.00 1.08 1.45 2783 46.28
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Figure 22. Linear and biphasic relationship between migration time and RNA length by
CGE-LIF and IP-RP HPLC. The linearity of the Promega ladder by CGE-LIF (A) and IP-
RP HPLC (B) exhibit biphasic linearity with a breakpoint of approximately 2 kb. The red
line is fitted up to fragments with lengths up to 2 kb, and the blue to fragments above 2 kb.
Analyses were performed in triplicate (n = 3) for each technique.

4.3.2 Integrity analysis of mMRNA-LNP samples

When mRNA-LNP samples were analyzed (Figure 23), similar observations regarding
resolution could be made. While a main peak is evident by both methods, CGE also reveals a
clear shoulder caused by the presence of truncated RNA and related impurities. This

51



shoulder is not as well resolved from the main peak by IP-RPLC. Integration values were
also different (Table 4 and Table 8). IP-RPLC values were consistently higher, potentially
due to its lower resolving power and broader peaks compared to CGE. This broadening

effect may obscure similarly sized fragments within the main peak, inflating the integrity

value.
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Figure 23. mMRNA-LNP samples analyzed by CGE-LIF (A) and IP-RP HPLC (B). High
concentrations of Triton X-100 (>10%) interfere with the UV detection of mMRNA at 260 nm.
Analyses were performed in triplicate (n = 3).

Table 8. Peak area (%) composition of mMRNA-LNP samples disrupted using different
protocols analyzed by IP-RPLC. Values were calculated based on the average of triplicates
(n=3).

Disruption Method Shoulder Main peak
Avg % peak area Avg % peak area
No disruption 23.24 76.76
Isopropanol precipitation 19.28 80.72
1% Triton X-100 17.88 82.12
10% Triton X-100 N/A N/A
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The mRNA-LNP analyses also highlight the impact of disruption methods on results,
underscoring the critical role of sample preparation in obtaining accurate and reliable data.
For instance, IP-RPLC analysis of an mRNA-LNP sample disrupted with 10% triton reveals
interference due to triton's overlapping absorbance spectrum with mRNA (80). This can
potentially skew absorbance readings, masking or distorting the true signal of mMRNA. This
highlights how the choice technique along with disruption methods can yield different
impurity profiles, directly influencing the quality and interpretability of analytical results.
Similarly, CGE results are affected by disruption methods, with sample matrix influencing
signal intensities. The concentration of triton in the sample matrix alters the signal
intensities, leading to signal suppression. This potentially results in inaccurate quantification

and misleading conclusions regarding the integrity of mRNA products.

These observations illustrate the broader principle that sample preparation is a crucial
determinant of analytical outcomes and interpretability of results. In addition to the choice of
analytical technique, choice of disruption methods, buffers, and other preparative steps must
be scrutinized to appropriately compare products head-to-head. Therefore, in the context
MRNA therapeutics, understanding and appropriately controlling the impact of method
parameters is vital to inform standardization of practices and analytical techniques. By
establishing standardized protocols, the reliability of analyses will be enhanced — leading to

more robust development and quality control of mMRNA-based therapeutics.

4.4 Conclusion

Although both CGE and IP-RP HPLC can be used to assess mMRNA integrity, our studies
have shown that they are not interchangeable, and each have unique advantages and

disadvantages. By shedding light on these limitations, we hope to support the development of
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appropriate methods and standards. It is fundamental to understand the advantages and
limitations of each technique to be able to accurately assess and compare products and

achieve standardization of assessment.
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5 Protection of mMRNA payloads by LNP and the thermal stability of
mRNA-LNP

5.1 Background

Central to the success of mMRNA-based therapies is their stability, which directly impacts
their efficacy, safety, and shelf life. Ensuring the stability of mRNA therapeutic products is
crucial, as instability can lead to degradation of the mRNA molecules, loss of therapeutic
potency, and potential immunogenicity issues (32, 81, 82). A critical innovation in enhancing
the stability of mMRNA vaccines is the use of LNPs. LNPs encapsulate the mRNA, conferring
protection against enzymatic degradation and physical stress during storage and delivery.
LNP encapsulation not only improves the stability of mMRNA but also facilitates the efficient

delivery into target cells — enhancing the overall product effectiveness (34).

Given the complexity and sensitivity of mMRNA molecules, rigorous stability testing is
imperative to meet regulatory requirements and to guarantee the quality and consistency of
MRNA therapeutics (22). This involves both real-time and accelerated stability studies to
predict the shelf life and optimal storage conditions of these products. Moreover, stability
data guide the development of formulation strategies and the design of delivery systems that
protect mMRNA from degradation. Monitoring the stability of mMRNA therapeutics involves a
comprehensive understanding of the factors that influence RNA integrity, including
temperature, pH, enzymatic activity, and the presence of impurities. Analytical techniques
are employed to assess the stability profile of mMRNA products, ensuring that they maintain

their structural and functional integrity from production through to delivery to patients (83).
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In this context, the importance of monitoring the stability of mRNA therapeutic products
cannot be overstated. It is a critical aspect of the development process that ensures the
reliability and success of mMRNA-based interventions, ultimately contributing to the

advancement of precision medicine and the improvement of patient outcomes.

5.2 Materials and Methods

5.2.1 Reagents and samples

Reagents for CGE-LIF analysis and LNP disruption were purchased from various vendors as

previously indicated in chapter 3.2.1.

The mMRNA-LNP samples used for this thermal stability study were kindly gifted by Dr.
Michael Johnston (Nanomedicine laboratory, Health Canada). The samples consist of firefly
luciferase RNA (FLuc) encapsulated in one of three lipid formulations as follows: 1) KC2
cationic ionizable lipids: DSPC: cholesterol: 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMGPEG-2000) (% molar ratio; 50:10:38.5:1.5), 2)
SM102 cationic ionizable lipids: DSPC: cholesterol: DMGPEG-2000 (% molar ratio;
50:10:38.5:1.5), and 3) ALC-0315 cationic ionizable lipids: DSPC: cholesterol: ALC-0159
pegylated lipids (% molar ratio; 46.3:9.4:42.7:1.6). Prior to receipt, these samples were
stored at either 4°C, room temperature (23°C), or 37°C for three weeks. Upon receipt, the
samples were stored in their respective conditions (as indicated) for two weeks before all

were moved to -80°C.

5.2.2 LNP disruption and thermal stability study

For each of the three FLuc mRNA samples encapsulated in different lipid formulations, the

LNPs encapsulating the payloads were disrupted using the isopropanol precipitation as
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described in chapter 3.2.2. A thermal stability study test was conducted by extracting FLuc
mMRNA from the LNP and incubating the samples at -80°C, 4°C, and at room temperature
(RT) for four weeks. Each week an aliquot was taken and analyzed by CGE-LIF to monitor
integrity and fragmentation. Since previous CGE-LIF analyses (chapter 3.2.1) were
performed with ALC-0315 containing LNP formulations, a comparable formulation was

chosen for the FLuc mRNA stability studies.

5.2.3 CGE-LIF instrumentation

CGE analyses were performed on a PA800 Plus Pharmaceutical Analysis System (AB Sciex)

as previously described in chapter 2.2.3.

5.2.4 CGE-LIF analysis

CGE-LIF analysis was performed as previously described in 2.2.5.

5.2.5 Electropherogram integration and data analysis
Peak integration was performed using the Empower 3 (version 7.21) software (Waters).
Electropherograms were integrated into two areas: an early-migrating shoulder, and the main

peak (Figure A 1).

5.3 Results and Discussion

5.3.1 Protective effect of LNP on mRNA

The first set of preliminary experiments revealed that LNP encapsulation of mRNA
conferred significant protection against thermal degradation at 4°C. We found that mMRNA
encapsulated in LNP remained stable and intact upon disruption and CGE-LIF analysis even
after more than five weeks of storage at 4°C (Figure 24, magenta trace). This mMRNA sample
had a main peak percentage of approximately 55.9% (
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Table 9), which is comparable to integrity values measured for the product (Table 4). These
observations regarding stability are similar to the ones made by Tong et al., (64) where they
demonstrated mRNA integrity remains stable for up to 3 months at 4°C when it remains
encapsulated in LNPs. However, after the LNP of the same sample is disrupted and stored
under the same 4°C conditions, mMRNA quickly degrades with significant shift in peak area
towards the shoulder region (Figure 24, blue trace; Table 9).

Freshly disrupted ALC-0315 mRNA
| 3-day old disrupted ALC-0315 mRNA stored at 4°C

200 300 400 500
| | |

Relative Fluorescence Units (RFU)
100
|

L

I 1 I I | I I |
4 6 8 10 12 14 16 18

Migration time (min)

Figure 24. Comparison of FLuc mRNA-LNP after 5 weeks of storage at 4°C (magenta)
to the sample FLuc mRNA-LNP sample after 3 days at 4°C but with the LNP
disrupted. Analyses were performed in triplicate (n = 3).
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Table 9. Area distribution of MRNA-LNP samples by CGE-LIF after LNP disruption.
Values were calculated based on the average of triplicates (n = 3).

% peak area

Sample Shoulder Main peak
FLuc mRNA-LNP stored at 44.07 55.93
4°C for 5 weeks
Disrupted FLuc mRNA-LNP 64.57 35.43

stored at 4°C for 3 days

5.3.2 Thermal stability of mRNA extracted from LNP over time

To better understand the conditions under which mRNA degrades following LNP disruption,
a thermal stability study was conducted over the course of four weeks. We observed a clear
difference in the mRNA profile over the course of five weeks stored at the different
temperatures (Figure 25). The sample stored in the -80°C remained quite stable with little
shifts in the peak profile and integrity (Table 10). At 4°C and room temperature (RT)
storage, the main peak area decreases over time and appears to contribute to the growing
shoulder region — degradation is much more significant at RT. To quantify the degradation
observed, each trace was integrated to determine the mRNA integrity and monitor the change
at the various temperatures and timepoints (Table 10). The profile of the traces appears
extremely consistent across all the samples from week to week, regardless of storage
temperature. This may suggest that the mechanism of mMRNA fragmentation by thermal stress
will yield the same products regardless of temperature as long as there is sufficient energy

for bond breaking (64).
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Figure 25. FLuc mRNA profile over four weeks stored at -80°C (second row, dark
blue), 4°C (third row, magenta), and RT (fourth row, cyan) after extraction from LNPs,
with an overall overlay presented in the first row. Analyses for each sample were
performed in triplicate (n = 3).

Table 10. Main peak area (%) of FLuc RNA over the course of four weeks stored at
different temperatures after extraction from LNPs. Values were calculated based on the
average of triplicates (n = 3).

Storage % main peak area (%)

Condition Day 0 Day 3 Day 10 Day 14 Day 21 Day 28

-80°C 53.94 64.46 57.75 53.96 56.20
4°C 51.08 28.24 27.85 15.31 10.67

RT 35.47 13.04 36.02 N/A N/A
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6 Conclusion

The analysis of mMRNA-based products presents significant challenges, as evidenced by
inconsistencies in both product integrity and sizing across various separation techniques such
as CGE-LIF and IP-RP HPLC. Each method employs unique mechanisms influencing RNA
migration and impurity profiles differently; therefore, a comprehensive understanding is
necessary to be able to compare products. As it currently stands, integrity measured by CGE-
LIF and IP-RP HPLC are not directly comparable out of the box and require careful

comparability exercises.

Moreover, the field of mMRNA biotherapeutics and its regulation is still in its early stages,
necessitating further exploration. Although a foundational understanding is gradually
emerging, the analysis and standardization of mMRNA quality attributes remain challenging.
Despite the development of numerous RNA analysis methods, most were not designed for
biotherapeutics. Many existing methods come from research environments; therefore, there
is a pressing need to identify parameters in a biotherapeutic context. DOE has proven
valuable in probing analytical method parameters by revealing interactions missed in single-
factor experiments. Our research shows that mMRNA integrity measurements by CGE are
highly sensitive to additives, demonstrating the need for further exploration of their effects
on therapeutic RNA.

As therapeutics trend toward personalized products, it becomes increasingly difficult to
develop specific assays for each individual product. In such cases where bioassays are not
feasible or practical, physicochemical assays are relied upon to ensure product quality,
safety, and efficacy. This dependence necessitates a focus on developing a strong

understanding of analytical techniques and how each component of a therapeutic product
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(RNA, excipients etc.) interacts with the analytical system to influence results. As such, we
hope that this work will bring more focus on elucidating interactions and mechanisms
involved in mRNA analysis and lay the groundwork to establishing clear specifications and

regulatory requirements for this product class.
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9 Appendices

9.1 Electropherogram integration example

Auto-Scaled Chromatogram

120.00
100.00 )

Peak Results
Width | Start Height | End Height Width @ Tangent
RT Area Height | % Area (sec) (V) ) Start p/v | End piv (USP Resolution)
1| 13.200 | 700406766 | 12632952 | 55.65| 312500 0 12632952 1.000000
2| 13.278 | 493874700 | 119046560 39.24 | 14.500 12632052 3566495 | 9.423495 | 33.379146 9.817697e-002
3 (13442 | 64222614 | 3566495 510 80.250 3566495 0| 1.000000

20.00

Figure A 1. Electropherogram with peak area divided into three parts: shoulder (yellow),

main peak (blue), and late-migrating smear (pink).

9.2 Appendix A: Calculation of resolution factor (R;)

Example calculation for resolution factor between IST and Luciferase RNA analyzed by IP-

RP HPLC.
try — t
Rs — T R2 R1
5 Wi+ W2)
tr, = retention time of first peak
tr, = retention time of second peak
W, = width of first peak
W, = width of second peak
14.971 minutes — 13.833 minutes 68.28 seconds

s = =

1 (36.50 seconds + 57.65 seconds) 1 (94.15 seconds)
2 2
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= 1.4504



