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Session Description and Objectives

* Current understanding and - Learn about the challenges of LNP
requirements for the CMC.
characterization of LNPs. . Learn about innovations in this

* Innovations made with monolithic space.
chromatography.
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Challenges
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Be Early in Establishing Appropriate CMC during Development and Expand your
Analytical Toolkit

Quality Attribute Method
L . Identity RNA identification Sanger Sequencing
= Key missing points:
PCR
* Multiple cargo formulations dentity of lipids P LC.CAD
. . . Content RNA concentration/RNA encapsulation efficiency RiboGreen
= Proper identification of covalent
. L Lipid content RP-LC-CAD
Imuprities
. Integrity LNP size and polydispersity DLS
=  Downfalls of certain methods for RNA size and integrity CGE
. Purity DP related impurities — aggregate quantitation SEC-LC
complex formulations (e.g.
. DP related impurities — percentage of fragmented mRNA IP-RP-LC
Ribogreen and DLS)
. . . Potency Expression Cell-based assay
= (Quantification of LNPs conjugated
Safety Endotoxin USP <85>
with targeting ligands Sterility USP <71>
Other Appearance USP <790>
= | NP stability in blood Residual solvents USP <467>
Osmolality USP <785>
Subvisible particles USP <787>
Extractable volume USP <1>
Container closure integrity USP <1207>
pH USP <791>
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Kovacic et al. 2025

nature reviews chemistry httpss/jdoi.org/H0.1038/s41570-025-00763-x

Covalent impurities: o S

o The impact of chemical reactivity on the quality T vt
RNA- I ] p | d ad d ucts and stability of RNA-LNP pharmaceuticals - = H
\N/\/ R/\/\+l\|l/\/ i Fatty secondary amine
Tristan Kovagia*23455, Hoinrich Haas @™, Lior Stotsky-Oterin?45, Alog Strancar®, Urban Bren®'®"® & Dan Pacr(®2345 K/ oxidation K/
Abstract Sections \ RMO
Lipid nanoparticles (LNPs) are the most established platform for delivery | introducuon Fatty aldehvde
of mRNA payloads. Thelr tunability and streamlined manufacturing e drug product quality ¥ y
H 1+1 1 facilitated an unprecedentedly rapid scale-up during the COVID-19 and chemical Integrity -
" Covalent Impu rltles formEd as dEgradatl pandemic. However, belng multicomponent, complex systemsalso poses | interactions between lipids
achallenge of controlling thelr quality and safety. Analytical checkpolnts | 2dRNA Insida Lues
need to be established to characterize LNPs on multiple levels during, Biologlcal Impacts of LNP
p rOd u Cts development and commerclalization. This Perspective centres on the degradation products
chemical reactivity and purity of mMRNA-LNP components, which need zcmmfaﬂaﬁ%m a ) -
to be addressed as raw materlals, drug substance, exciplents, and the PR —— X
. . .. fully formed andstored product. Hereln, we describe such appropriate | ooty ne N
- Slde rea Ctlons occur bEtween ||p|d5 and/or orthogonal analytics to designand analyse LNP formulations. For such m‘:ﬁ“"i S0 ,-,N’*i/"‘!‘
novel blopharmaceuticals, better controlsthatgo beyond the current _ Ny .
. . .. . . . analytical workflow and address the nuanced chemical stability, which o
their impu rities and nucleic acids fo rming helps ensure reproducibility, stability and safety, need to be established. HO . --.;\>‘°H
_\ mmm;: OH
inactive species. o@ — Packer et al., 2021
s Tﬂg;‘t“ < .
0= —eTe Hashiba et al., 2024.
= Multiple possible chemical mechanisms: @\ ?,H‘ﬁr\ J
e — o—— wa Active mRNA /
- . . A R
= Aldehyde from oxidized tertiary amine Rl e
Haze 1 Y :
pt N M “ R
» Aldehyde from peroxides . an (Ll[):,l\ oo N
0 GcH!fL é R
e, N o N-Aeylation
L. §=h=0 1
= Nucleophilic attack to esters o NAG b
] o U:II'—O R = alkyl
|
o]
= Oxidation of double bonds 2, oa L
RMA-lipid adduct O-Acylation

Estabrook et al. 2025 Peronin et al. 2025
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Going Beyond the 4-lipid Component LNP Introduces Immense Additional

Complexity

=  Using targeting ligands to achieve active targeting of tissues with lipid
nanoparticles

=  Recently, more attention has been gained with Capstan Tx novel in vivo
CAR-T cell generation

=  Chemically conjugating an LNP to a targeting ligand (antibody or their
fragments, peptide, aptamers, small molecule ligands, ...) introduces
immense complexity into the system:

o Unconjugated ligands

o Unconjugated LNPs

o Leftover reactive groups

o Improper orientations of ligands

o Too much or too little ligands conjugated

o Heterogeneity particles with different amount of surface ligands
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Targeting IgGs

Targeted LNPs

\',,
Chromatography o )

Vi

Unbound IgGs

Tarab-Ravski et al., JCR, 2024
Kon et al., Nat Rev Clin Oncol, 2023
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Innovations
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Traditional vs Monolith Approach

Porous Particle Media

Traditional approach:

= Packing required

Diffusion limitations — slow process

= Dead-ends — entrapment of large biomolecules

Lower DBC for larger biomolecules

Higher backpressure — slower flow rate

Monolithic Columns

Monolith approach:

Pre-packed and ready to use

Convective mass transport (no diffusion) — fast process
Homogeneous channels (no dead ends) — no entrapment
High DBC for large molecules — the larger the better

Shear-less process due to laminar flow — low backpressure
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Journal of Chromatography B 1265 (2025) 124751 . B o - B o

Contents lists available at ScienceDirect

2. ANALYSIS 1
]

] W i
Journal of Chromatography B aney @250 B ' _ J—
1] SEVII H jounal homepage: www.elsevier.com/locate/jchromb [ m “"’7 ‘ —5— > '\"*-)- -
o . . o |§“ 3. LNP ELUTION
Analysis of lipid nanoparticles using two-dimensional chromatography: | & s &
Simultaneous determination of encapsulation efficiency, nucleic acid BN E
) ) integrity, and size of LNP formulations Sk } = : e
PATfIX LN P SWItCh erena bles ' Nejc Pavlin , Mojca Bavear, Tristan Kovacic, Tjasa Kascek, Anze Martinéi¢ Celjar, Ines Bergoc, [ :l &"‘.—)_ ‘ - > ¢$‘+-
. L. . Andreja Grame Livk, Ales Strancar : v — =7
= Directinjection of LNPs i S — - -
4. ANALYSIS 2
*  Online particle deformulation ) (:_.l pi‘i*
OHPuwrp BE 3 ,': i J S0VB Pug
= Determination of encapsulation efficiency :
B @ st
= Co-encapsulated cargo quantification =l
* Size and size distribution determination

ANALYEIS 1 LNP ELUTION ANALYSIS 2

=  Determination of mRNA integrity

Non-oncapeulsted mRNA )
- ok ) o iy

* Nucleic acid-lipid adduct quantification

» ddps
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Two-dimensional Column Setup For LNP Characterization

LNP capture, elution & size determination Nucleic acid separation and quantification

A A

I -

particles 2 *@:' > MALS —> In-linediluton ——> *@:’ — > UV/Vis ———>

OH Column SDVB Column

CIMac OH 0.1 mL Analytical Column (6 pum)

CIMac SDVB 0.1 mL Analytical Column (2 pm)

The two columns are connected in-line and separated through valve switching.

» ddps
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2D Chromatographic Set-up Enables Comprehensive Analytics of Multiple Cargo
LNP formulations

Encapsulated Lipid = Separation and quantification of multiple-cargo

Adducts .
UV 260 nm DNA formulations
Uv280nm Free . . o )
e E.E.(RNA) = 65% = Examples: CRISPR, CAR-T, combination vaccines
EE (DNA)=62%
Free mRNA = Accurate detection of different nucleic acid
mRNA Adducts species
FrontingshowingmRNA =16%
fragmentation = Encapsulation efficiency determination
» Heterogeneity assessment
LNP
MALS 90° Size separationshowing  Particles = RNA-lipid adduct detection
i heterogeneity
Radius = Fragmentation of RNA assessment
4
1 2 3
)
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Addressing Complex tLNPs by Monitoring their Manufacturing

= Conjugation reactions are poorly

controlled

=A HIC method was developed to
separate free protein or its conjugate

from particles

= Can be used for reaction monitoring,

QC or purification

Nov » ddps
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Non-conjugated protein
Tryptophan fluorescence
MALS detector shows particle heterogeneity
AN
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Separating tLNPs from LNPs on a Particle Level

- 100

1204
110 |- 20
=On particles level especially ;23:& . =i
L
there are very limited methods § O 4 S — . =8
S ] E £
£ 31 & 30 8
20 |20
= An IEX method was developed o 1o
-0
to address this issue 25| I Ik
2 ‘ — - — . = e T —_ ~ _ . 80
: [0F
=You can successfully separate . - - 08
o 1k N —= B A 2
8 o 40 £
. . S| e 30 8
conjugated from non-conjugated 500 [
0 —e————— — — e —_— —F10
particles using this method with e
6k -,
high recovery AS':t:/L Untargeted LNP e
Z 4.5k 70 &
> 4k . &
= 60 §
£asc uorly conjugated tLNPs Pt
L{/j:ZSk— 40 g
3 5] /L Successfully conjugated rLNPs 4
5015_ 10
1 1 T T T 1 1 1 1 T U 1 1 1 O
(0] 1 2 3 4 5 6 ¥ 8 9 10 n 12 13 14
Time (min)
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Questions

Tristan Kovacic _
tristan.kovacic@biaseparations.com

Project Manager Edward Hannon
Process Analytics Development PC4 edward.hannon@sartorius.com
Sartorius BIA Separations d.o.o. Product and Business Specialist

Sartorius USA
Stop by booth #2653 to chat more.
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