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Abstract

Lipid-based nanoparticles (LNPs) are transforming the field of drug delivery, with one gene
therapy product and four mRNA vaccines approved at the time of this report. As with other
novel nanomedicines, the development of reliable and standardized methods for evaluating
their quality attributes- factors that are essential for quality control and regulatory compliance-
is essential to support their bench-to-bedside transition. Frit-Inlet Asymmetric Flow Field-Flow
Fractionation (FI-AF4) combined with Ultraviolet—visible (UV), Multi-angle Light Scattering
(MALS) and Dynamic Light Scattering (DLS) online detectors is widely recognized as a robust
and versatile technique for the physicochemical analysis of LNPs. A robust protocol for FI-AF4
method development was established for a mixture of MC3-LNPs and Bovine Serum Albumin
(BSA), guided by preliminary particle size and polydispersity assessments using low-
resolution techniques such as DLS and Nanoparticle Tracking Analysis (NTA). The FI-AF4
technique was subsequently applied to characterize particle size, morphology, and to evaluate
the most suitable MALS fitting models across different analytical approaches. The coupling of
FI-AF4 with online MALS and DLS detection enabled the simultaneous separation and inline
analysis of large sub-populations contained in the sample (methods 2 - 4) could not be
detected using method 1. The change in particle morphology was found to be significant

jg amongst different methods for each subpopulation (shape factor 0.709 — 0.793 (LNP Peak 1),
47 0.765 —0.853 (LNP Peak 2) and 1.069 — 1.263 (LNP Peak 3)). MALS fit models indicated that
48 the Coated Sphere and Random Coil models were the most appropriate fits for the three LNP
49 subpopulations (R2 > 0.95 and RMSE < 0.009). In summary, implementing the FI-AF4-UV-
g? MALS-DLS protocol provided a successful separation of LNP from biological environments
55 with additional analytical insights not previously described by ISO guidelines. Collecting robust
53 and reproducible information on LNP attributes is key to the several phases of drug
54 development that ideally transform a drug in the pre-clinical phase, from bench-to-bedside.
55
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1 Introduction DOI: 10.1039/D5AY01758K

Lipid nanoparticles (LNPs) have emerged in recent years as a promising nanocarrier-based
delivery system for a diverse therapeutic payload, with several formulations incorporating
small molecule drugs and nucleic acid-based drugs (e.g. siRNA, mRNA) against target
therapeutic indications of unmet clinical need. With such an acceleration in the industry uptake
of LNPs, comes the need for analytical pipelines to profile their formulation and biological
attributes. This need for novel analytical approaches has introduced challenges in the context
of analytical method reliability and reproducibility due to the dynamic and complex nature of
LNPs.

To date, there are only four RNA LNP-based therapeutics on the market, siRNA drug
Onpattro® (Alnylam Pharmaceuticals) [1] for the treatment of hereditary transthyretin-
mediated amyloidosis (hATTR), three mMRNA vaccines against SARS-CoV2 , Spikevax®
(Moderna) [2], mNEXSPIKE [3] and Comirnaty® (Pfizer/BioNTech) [4] and mRESVIA™
(Moderna) mRNA vaccine against respiratory syncytial virus (RSV) in 2023 [5]. The clinical
success of these LNP-based therapeutics has drawn attention to the analytical methodologies
used to characterise these drug delivery systems.

LNPs are typically composed of four primary lipid components: (1) ionizable lipids, which
facilitate the encapsulation of negatively-charged nucleic acid payload and promote
endosomal escape, enabling cytosolic release of nucleic acid [6], (2) helper lipids and (3),
cholesterol both of which support stability during storage and improves circulation time [7] and
(4) polyethylene glycol (PEG)-conjugated lipids that prolong the LNP circulation time by
reducing opsonisation and clearance [8].

While considerable research focus has been invested in establishing the role of each lipid in
the LNP structure [7-12] and modulating LNP immunogenicity [13-18], comparatively less
attention has been given to the pre-clinical characterisation of LNPs using advanced analytical
techniques. A major regulatory challenge lies in the accurate quantification of Critical Quality
Attributes (CQAs) of LNP-based therapeutics. Comprehensive understanding and control of
these CQAs is critical for successful translation, and the safety and efficacy of LNP products
in clinical applications.

While suitable for a quality control setting, lower resolution techniques such as Dynamic Light
Scattering (DLS) and Nanoparticle Tracking Analysis (NTA) offer limited information on LNP
CQAs, including formulation heterogeneity, degradation, and morphology. These limitations
necessitate the use of high-resolution orthogonal techniques that can generate reproducible
data and detect subtle inter-batch variations. However, the high cost and complexity of these
methods can be prohibitive. Compounding these issues is the current lack of regulatory
guidelines and harmonization of analytics specifically tailored to LNPs, which contributes to
inconsistency, ambiguities and a lack of standardization across analytical practices. At present
these gaps are being addressed by various institutions (e.g. European Nanomedicine
Characterisation Laboratory (EUNCL) [19], International Organization for Standardization
(ISO) [20], American Society for Testing and Materials (ASTM) [21], SINTEF and LNE [22]
and Joint Research Centre of the European Commission (JRC) [23].
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The application of Asymmetric Flow Field-Flow Fractionation (AF4) for the analysis, of 1NPB; 21

A
attributes has recently gained prominence for evaluating the impact of manufacturing

processes on LNP attributes [24], measuring particle size [25-32], and profiling LNP nano-bio
interactions [30]. AF4, multiplexed with online detectors can simultaneously perform
separation and analysis of subpopulations within a polydisperse sample. By virtue of its low
shear stress in comparison to chromatographic approaches, AF4 is a non-disruptive and
powerful separation technique widely used for the analysis of nanomedicine physicochemical
attributes [25-32]. In principle, analytes are introduced into the AF4 channel and concentrated
on the accumulation wall. An external force field is applied perpendicular to the parabolic flow
of the channel mobile phase, resulting in size-based separation under diffusion [33].

Unlike traditional chromatographic methods, the absence of a stationary phase compared to
traditional chromatographic techniques and lower system pressures, offers a minimally
disruptive means of separating polydisperse nanoparticle mixtures due to a lack of
nanoparticle adsorption on the stationary phase in chromatography columns, and minimal high
shear forces. This gentle separation allows for the analysis of complex nanoparticle mixtures
that are otherwise challenging to analyse using conventional techniques [34].

Two main modalities of AF4 are commonly employed, conventional AF4 (referred as AF4) and
frit-inlet AF4 (FI-AF4). Firstly, the conventional modality was introduced in 1992 by Giddings
and Wahlund [35] followed by the introduction of FI-AF4 [36]. The FI modality has been
integrated into the AF4 system with the main aim of mitigating the focusing step and improving
the resolution for sensitive samples [36, 37]. Conventional AF4 requires a focusing step, in
which a dedicated focus flow is applied to concentrate the sample at the head of the channel
and establish a steady-state distribution. However, this focusing period can promote sample
loss through interactions with the accumulation wall membrane or induce particle
agglomeration [38, 39]. FI-AF4 eliminates the need for a focus flow. Instead, the sample
undergoes hydrodynamic relaxation as it enters the channel through the porous frit[40].
Sample localisation is achieved by two opposing flows (downstream channel flow and
perpendicular cross-flow, without the use of a focusing step). This reduces the direct exposure
of particles to the membrane, minimising sample loss and agglomeration [30, 40-42]. A further
advantage of using FI-AF4 is the ability to use a higher injection mass while minimising the
overloading effect [37]. Conventional AF4 may prevent the complete relaxation of the samples
into to channel due to the focusing step resulting in an overloading effect [43]. FI-AF4-DLS
has also been shown to provide enhanced resolution for the characterisation of dextran
nanoparticles [41]. Comparable elution profiles have been reported between AF4 and FI-AF4
for the separation of nAg-extracellular polymeric substances (EPS) [44] and improved
recovery of LNPs using FI-AF4-MALS [40]. However, Fuentes et al. showed poor resolution
with FI-AF4 compared to AF4 [37]. Importantly, FI-AF4 is not widely and commercially
available in laboratories. The preferred approach therefore depends on both the analytical
priorities (aggregation, sample-membrane interaction, resolution and recovery) and on
modality availability.

Method development for AF4 remains a complex and nuanced process, requiring the careful
optimisation of many parameters, including the choice of membrane, selection of the
appropriate cross-flow, focus flow (AF4), and detector flow rates, choice of channel geometry
and dimensions, accounting for sample surface charge characteristics, sample injection
volume and composition of the carrier liquid. Despite the growing interest in AF4, there is a
distinct lack of method development literature on AF4 applications for LNP separation and
analysis [34], where publishing method development protocols can significantly benefit the
community in implementing robust and reproducible pipelines for profiling nanomedicines
during early discovery efforts.
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The International Organization for Standardization / Technical Specificatign ,ISOITSS; Le

21362:2018(E) guideline ‘Nanotechnologies - Analysis of nano-objects using asymmetrical-
flow and centrifugal field-flow fractionation’ addresses the requirements of analytical
characterisation of nanomaterials using AF4 [20]. While this guideline addresses most
nanomaterials, its practical application for complex nanoparticle mixtures due to their inherent
polydisperse nature is often challenging. Moreover, there is considerable variation in the
published literature on what constitutes a ‘satisfactory’ AF4 method, with one such example
being the satisfactory Relative Standard Deviation (RSD) between replicate runs, the
threshold for acceptable resolution and context-dependent percentage sample recovery.
Resolution is defined as “two adjacent eluting peaks representing two monodisperse
populations”, however the presence of polydisperse populations hinders the calculation of the
resolution factor [20]. The key contribution of this work is the development of FI-AF4 protocol
that directly addresses the several limitations in the current ISO/TS 21362:2018(E) guideline.
The FI-AF4 protocol demonstrated improved run-to-run repeatability and provided superior
resolution of polydisperse populations in the sample, enabling the accurate separation and
characterisation of subpopulation that maybe overlooked by the current available guidelines.
The protocol also incorporates Multi-angle Light Scattering (MALS) fit-model reporting,
ensuring that the assumption and parameters used in data interpretation are reproducible and
comparable across repeated studies. In addition, the FI-AF4 protocol addresses the
occurrence of sample recoveries of >100 %, which are not addressed by previous FI-AF4
guidelines leaving uncertainty in data interpretation. Hence, the parameters established in this
work represent the best practices that can serve as a foundation for future FI-AF4 guidelines
and standardisation efforts.

Multiple detectors can be multiplexed with FI-AF4 to measure nanoparticle CQAs, that include
MALS [29, 40, 45] (measuring Radius of Gyration (Ry) and molecular weight), Ultraviolet-
visible (UV) [44, 46-50] and Refractive Index (RI) (measuring concentration) [30, 42, 48, 51-
56] and DLS (measuring Hydrodynamic Radius (Rn)) [32, 47, 52, 57-60]. Particle structure and
morphology can be inferred from combining readout from both MALS and DLS detectors and
obtaining Ry/Rn [41, 48, 55, 56, 61, 62]. Differences in Rg¢/Ry ratio provide insights into
nanoparticle geometry, with values near 0.77 indicative of an ideal hard sphere [63]. A greater
shape factor value (~ 1.22) suggests a rod-like geometry [64]. Particle morphology is essential
for quality control as it reveals the presence of aggregates in the formulation, a factor that
strongly influences product stability and LNP potency [65, 66]. Analysis of MALS data requires
a consideration of various experimental parameters, including the light scattering angles
selected and the fit models applied to each sample component. Further, theoretical model fits
for optimal approximation of Ry remain limited in the literature. It becomes questionable
whether calculation of Rg and Rg/Rh is a correct approximation in the absence of using optimal
scattering angles and a lack of standardisation of fit models. Such unpublished details and
key parameters of FI-AF4 analysis may hamper interlaboratory harmonisation efforts in
standardising FI-AF4 analytical pipelines for nanomedicines [43].

Sample recovery is a critical parameter in FI-AF4 to ensure the accurate quantification and
representative characterisation of the analyte. ISO/TS 21362 recommends a recovery of >70
% as acceptable for nanoscale particles. While this metric refers to the sample recovery of the
entire sample, selecting a single appropriate detection wavelength becomes challenging for
heterogenous samples, particularly when various sample components absorb light at different
wavelengths (e.g. nucleic acids and proteins absorb light at 260 and 280 nm, respectively)
[67, 68]. Sample loss may arise from poor selection of membrane pore size as molecules may
penetrate through the pores, attractive interactions occurring between sample and the

4
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2

2 membrane, retention wit.hir.1 tuping or channel edges, and solven.t incompatibility. Gonyersely, (s
s inadequate method optimisation can lead to apparent recoveries of >100 % due to mass
6 overloading [69-71].

7

8

9 The focus of this work is to develop different FI-AF4 methods for a sample containing mixture
10 of different nanoparticle classes with different cross-flow and detector flow parameters. We
1; used three detectors (UV, MALS and DLS) to provide detailed FI-AF4 analysis. The selection
13 criteria used in method development were based on minimal overlap between peaks,
14 acceptable signal intensity (distinguishable analyte peak from baseline noise), sample
158 recovery (>70 %) and optimal fit to MALS scattering fit models (R? > 0.9 and Root Mean

& o pOpendcegsibtisleullishedon g9 Enury36 [Rawalopded orly 2052046 10:35:33.PM.
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Square Error (RMSE) < 1). The data generated will complement the ISO/TS 21362:2018(E)
method performance criteria for FI-AF4 method development on heterogenous samples. The
sample mixture used for FI-AF4 data analysis consists of LNP and Bovine Serum Albumin
(BSA). This mixture was used since the nature of the nanoparticles are different hence the FI-
AF4 respective analysis in the case of nanoparticle mixtures is explained.

Aqueous Phase
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Hydrodynamic Diameter Particle Concentration

Method Development Hydrodynamic Diameter

4
45

46 Figure 1 Schematic procedure of MC3-LNPs synthesis, formation of the LNP-BSA mixture and characterisation
47 using DLS,NTA and AF4 coupled to Ultraviolet-visible (UV), Multi-angle Light Scattering (MALS) and DLS
48 detectors.

49

50

51

52

=3 2 Methodology

§‘5‘ 2.1 Materials

56 Polyadenylic acid (Poly(A)), cholesterol, sodium citrate dihydrate, ethanol, and dialysis tubing
g; cellulose membrane (molecular weight cut-off size 14 kDa) were purchased from Sigma-
59 Aldrich (St. Louis, MO, USA). Helper lipids 1,2-distearoyl-sn-glycero-3-phosphocholine
60 (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG 2000)

5
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were purchased from Avanti Polar Lipids (Alabaster, AL, USA). The ionjsable lipid
(62,92,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate (D-Lin-
MC3-DMA) was purchased from BroadPharm (San Diego, CA, USA). Lyophilised powder
Bovine Serum Albumin (BSA), Invitrogen™ UltraPure™ DNase/RNase-Free Water and
Phosphate-buffered saline (PBS) 10X salt solution pH 7.4 was acquired from Fisher Scientific
(Loughborough, UK).

2.2 Manufacture of Lipid Nanoparticles

Poly(A) LNPs were manufactured using the NanoAssemblr® Ignite Precision NanoSystems
(Vancouver, BC, Canada) using the NxGen microfluidic cartridge. Lipid stocks were prepared
in ethanol at molar ratios 50:38.5:10:1.5 for d-Lin-MC3-DMA: Cholesterol: DSPC: DMG-PEG
2000, which is based on the lipid compositions of Onpattro® and Comirnaty® [30]. The
aqueous phase consisted of initial Poly(A) stock at 1.5 mg/mL dissolved in 50 mM citrate buffer
(pH 4.0). The N:P ratio was (N for lipid nitrogen and P for nucleic acid phosphate) was 6:1.
The Total Flow Rate (TFR) was set at 15 mL/min, and an aqueous-to-organic Flow Rate Ratio
(FRR) of 3:1 was used with a final lipid concentration of 1.25 mg/mL and Poly(A) of 0.055
mg/mL. The resultant suspension was dialysed at 4 °C (MWCO 14 kDa, Sigma-Aldrich, St.
Louis, MO, USA) into 1X PBS (pH 7.4) (500X dialysate ratio) to remove ethanol and citrate
buffer. LNP formulations were filtered through a 0.2 ym pore-sized Supor® membrane (Pall
Corporation, USA), and stored at 4 °C until further use.

2.3 Sample preparation

LNP formulation was incubated with BSA to form LNP-BSA mixture. LNP was incubated at a
1:1 (volumetric ratio) with BSA (35 mg/mL in PBS, representing physiologically-relevant levels)
for 24 hours at 37 °C. The control sample included an equal volume of PBS and LNP.

2.4 Analysis of Lipid Nanoparticle Properties

2.4.1 Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering
(ELS) Measurements

LNP sample attributes were analysed using a Zetasizer Nano ZS (Malvern Panalytical,
Malvern, Worcestershire, UK) to obtain particle size and Polydispersity Index (PDI) for LNPs
(LNP in PBS) at 0 hour-time point (control) and control (LNP-PBS) and treated (LNP-BSA) at
24 hour-time point. All measurements were performed using non-invasive backscattering
(NIBS, 173°) at a dilution of 1:10 in PBS (pH 7.4). The Refractive Index (RI) and viscosity of
the dispersant (PBS) were set at 1.34 and 1.02 cP, respectively. To measure the (-potential,
ELS of LNP-Control was measured using the Smoluchowski approximation. All measurements
were performed at a dilution of 1:10 in DNA/RNA free water. The Rl and viscosity of the
dispersant (DNA/RNA free water) were set at 1.33 and 0.89 cP, respectively. DLS and ELS
measurements were performed at a measurement temperature of 25 °C, and material Rl and

Page 6 of 29
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1

2

3 absorbance were set at 1.45 and 0.001, respectively. All measurements were pgrformed in; oL
g three independent measurements consisting of at least three technical replicates.

6

7

g 2.4.2 Nanoparticle Tracking Analysis (NTA)

10 NTA was used to perform in situ analysis of LNPs incubated with BSA, studying changes in
11 LNP size in response to BSA surface-adsorption. All NTA measurements were performed
12 using a NanoSight NS300 system (Malvern Panalytical, Malvern, Worcestershire, UK),
12 configured with a 488 nm laser and a sCMOS camera. LNP samples were diluted in PBS (pH
153 7.4), and analyzed with the syringe driver set at 50. All measurements were performed at
J65 ambient temperature with five successive videos of 60 second duration captured, with a
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camera level of 14 and a detection threshold of 5 for all measurements. Particle dilutions were
by a factor of 2 x 103. The mean and standard deviation for parameters were determined from
three independent measurements consisting of five technical replicates.

2.4.3 Encapsulation Efficiency (EE)

Quant-iT™ RiboGreen RNA Assay (Invitrogen™, Thermo Fisher Scientific, UK) was used for
the quantification of Poly(A) encapsulation in LNPs as per manufacturer’s instructions.

LNPs were serially diluted in Tris and Ethylenediaminetetraacetic acid (TE buffer) in the
presence and absence 2% v/v Triton X-100 in a 96-well plate. The plate was incubated at 37
°C for 15 minutes, followed by the addition of two dilutions of 1x Ribogreen Reagent (500- and
200-fold) to wells containing TE buffer and Triton X-100, respectively. Fluorescence was
measured using a GloMax® Microplate Reader (Promega Corporation, UK) with an excitation
of 475 nm and emission 500-550 nm wavelength. Encapsulation Efficiency (EE) was
calculated using the following equation:

PO]Y(A)total - POIY(A)free X

0 =
EE (%) PolyAiotal

100

Equation
1

where Poly(A)ta is the total Poly(A) concentration (ug/mL) in wells containing Triton-TE buffer,
Poly(A)ree the concentration (ug/mL) of the unentrapped Poly(A) for wells containing TE buffer.

4

45

j? 2.4.4 Frit-Inlet Asymmetric Flow Field-Flow Fractionation (FI-AF4)

48 FI-AF4 measurements were carried out as previously described by Abdulrahman et al [30].
49 Postnova Analytics AF2000 AF4 (Landsberg, Germany) was used to separate LNP-BSA. The
g? system was configured with three online detectors, (1) UV (PN3242, 260 nm- Postnova
52 Analytics), (2) Multi-angle Light Scattering (MALS-PN3621, Postnova Analytics), and
53 Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK). Separation was performed using a frit-
54 inlet rectangular channel (300 x 60 x 40 mm) assembled with a trapezoidal geometry, (spacer
55 thickness 350 pym). An amphiphilic Regenerated Cellulose (RC) membrane with a 10 kDa
g? Molecular Weight Cut-Off (MWCO) was used, with a 100 uL injection loop and 20 puL sample
58 injection volume. PBS (10 mM at pH 7.4) was used as the carrier liquid. Online DLS
59 measurements were performed using a Malvern quartz flow cell (ZEN0023) with a flow rate of
60
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0.2 mL/min and data collected every 3 seconds. The temperature was set at 25 °C ‘THe(s >l

measurement position was fixed at 4.2 mm, and the attenuator set to 11.

FI-AF4 method development included the optimisation of detector flow, and exponential decay
cross-flow. A total of four methods were simulated (Table 1 and Supplementary Figures S1
and S2). Method development initiated with the LNP-BSA incubated sample at 24-hour time-
point to determine separation efficiency of the two subpopulations. Method development was
based on the flowchart in Figure 2.

The recovery (R %) of the samples for each method was calculated using the following
equation:

Ac
R(%) = T x 100

Equation 2

Where A. is the area under the peak of nanoparticles under a cross-flow, and A the area under
the peak of the unfractionated sample without an applied cross-flow via direct sample injection.
Absorbance was compared between 260 nm and 280 nm wavelengths using a UV detector.
Aggregates eluting after the cross-flow stops were not included in fractogram integration. The
percent recovery was calculated for run-to-run ftriplicates. A criterion to establish optimal
methodology was based on a sample recovery of >70%.

The MALS detector was normalized using BSA and the laser power set to 80%. Four different
model fit transformations for light scattering (Zimm, Coated Sphere, Random Coil and Debye)
were examined for extracting the Ry based on the data obtained from Nova FFF software
(version 2.2.0.1, Postnova Analytics, Landsberg, Germany). The Zimm model assumes
isotropic scattering from small particles (Rg < 50 nm), best suited from near-spherical
nanoparticles as the model assumes angular dependence is minimal [19]. The Coated Sphere
model accounts for a dense core surrounded by a shell-layer. The Debye model describes the
scattering from Gaussian random coils and is particularly applicable for flexible polymers or
proteins [72]. The Random Coil model is an extension of the Debye model. Whereas the
Debye model uses a polynomial function, the Random Coil model fits the angular light
scattering data using the formula for a theoretical random coil [19].

The normalised Root Mean Square Error (RMSE) and Coefficient of Determination (R?) were
obtained using Python 3.12.4 by comparing the actual and the predicted values for the model
from the slope (Re/Kc against sin?(6/2) plot) for the predicted values. The actual and predicted
values were obtained from Nova FFF software. Curve fitting was performed using scattering
angles between 36°-148° for all methods investigated.

Table 1 Corresponding FI-AF4 parameters for four methods. Reader is referred to
Supplementary Figure S1 for simulated methods on NovaAnalysis software.

Method Time Cross-Flow Type Exponent Detector flow (mL/min)
(min) (mL/min)
1 20 0.75 Constant 0 0.2
60 0.75 Power 0.2

Y01758K
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10 0 Constant 0 L Ve
20 1.0 Constant 0 02 77T
2 60 1.0 Power 0.2
10 0 Constant 0
20 1.5 Constant 0 0.2
3 60 1.5 Power 0.2
10 0 Constant 0
20 1.5 Constant 0 0.3
4 60 1.5 Power 0.2
10 0 Constant 0
Shape factor measurements were calculated using the equation below:
Rg
P =R
Equation 3 [73]

Article Online
D5AY01758K

where p is the shape factor, Ry represents the radius of gyration (hnm) obtained from MALS
detector, Rn represents the hydrodynamic radius (nm) obtained from DLS detector.
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DLS and NTA.
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- Sample details: concentration, dn/dc, extinction
coefficient.
- AF4 modality: frit-inlet, conventional.
- Choice of membrane: regenerated cellulose,
polyether-sulfone.
- Pore size of membrane: 1 - 1000 kDa MWCO.
- Spacer thickness: 190 - 500 pm.
- Seperation maode: linear, time-dependent decay.
- Elution step: focus flow, cross flow, sample inlet
flow, slot flow.

- Eluent parameters: pH, viscosity, ionic strength,

- Detector choice: MALS, UV-Vis, RI, FLD, ICP-MS.

compatibility with sample, membrane and detectors.

hange initial method parameters e.g. cross-flow, sampl
injection volume, membrane choice, membrane pre-
conditioning.

Run more replicates until the signal stabilises with
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Choose the method
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method for 0-hour and
24-hour time-points. Is
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similar to the simulated
method with
satisfactory resolution
between protein and
LNP peak?
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Start method

mixture for the 24-hour
time point.

optimisation on LNP-BSA

A 4

Is the signal for each
detector satisfactory?

Check for signal intensity.

I
YES

¥

Check for recovery. Is
method recovery
= T0% using the
concentration detector?

T
YES

v

Choose the appropriate
model to fit MALS data
for each sub-population
in the sample (Zimm,
coated sphere, random
coil and Debye).

v

Run multiple injections
until the signal is

$ siabilised. Did the signal

stabilise following e.g. 3
uns?

YES

v

Measure method

reproducibility. Do the

for inter-day, inter-
: ) e vyEg— | selected runs have e.g.
w operator, and batch signal intensity, Ry, Ry

reproducibility.

<10 % RSD?

Figure 2: Protocol adopted for method optimisation on FI-AF4 for nanoparticle mixtures. Abbreviations: FLD

Fluorescence Detector, ICP-MS Inductively Coupled Plasma Mass Spectrometry,

RSD Relative Standard

Deviation. Method performance criteria used for the selection of the optimal method were guided by the ISO/TS
21362:2021 standards [20]. Criteria included a recovery R% of > 70, retention 0.03 < R < 0.2 and resolution Rs >
1.5 in the case of Gaussian peak and non-overlap peaks in case of non-Gaussian peaks.
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1

2

3 View Article Online
4 DOI: 10.1039/D5AY01758K
5 2.5 Statistical Analysis

6

7

g Statistical analysis was performed with one-way ANOVA followed by Tukey’s multiple

10 comparisons test for post-hoc analysis. Statistical significance was considered at p-value <

11 0.05; *p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001. All data were analyzed using

12 GraphPad Prism 9.5.1 (GraphPad Software Inc) and are expressed as mean + SD (n = 3) or

12 stated otherwise.
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3 Results and Discussion

3.1 Physicochemical characterisation using DLS and NTA for initial batch-
mode characterisation

The CQAs of MC3-LNP prototype are shown in Table 2. LNPs were incubated with BSA and
examined for their particle diameter using distribution algorithm analysis, size distribution
profile, polydispersity and particle concentration. Initial LNP CQAs were measured using DLS
(Z-average and PDI), ELS (zeta-potential) and encapsulation efficiency before corona
formation with BSA and fractionation using FI-AF4. LNPs manufactured had a mean z-average
of 75.9 (£ 4.6) nm, a PDI < 0.2 and a zeta-potential of -3.6 (£ 4.2) mV. The Encapsulation
Efficiency (% EE) in all cases was measured as >95 %.

Table 2 Baseline Critical Quality Attributes (CQAs) for MC3-LNPs. Z-average and Polydispersity Index (PDI) were
measured using DLS cumulant algorithm analysis. Z-average is described for hydrodynamic particle diameter. Zeta
potential was measured by Electrophoretic Light Scattering (ELS). Poly(A) encapsulation efficiency was measured
using the RiboGreen™ RNA Assay. Data are shown as mean + SD, N = 3.

DLS Parameters MC3-LNP

4
45 Z-average (nm)* 75.9 (x4.6)
j? PDI 0.152 (+0.039)
48 Zeta potential (mV) -3.6 (¥4.2)
gg Encapsulation Efficiency (%) 98 (+2)
51
52
53 Following LNP incubation with BSA, the different subpopulations could not be compared using
54 the Z-average cumulant analysis due to the high PDI 0.540 (x 0.049) on DLS and a span of
55 0.61 (£ 0.04) using NTA (Figure 3) occurring as a result of excess unadsorbed BSA contained
56 in the incubation media (Peak 1). Comparing particle size distribution for the BSA-Control and
57 the LNP-Control to the LNP-BSA mixture, Peak 1 and Peak 2 occurring at a particle diameter
58 of 7.5 (£ 0.2) nm was identified as free BSA, and Peak 2 of 92.7 (+ 2.9 nm) were identified as
59 free BSA (BSA-Control) and LNP bound to BSA (LNP-BSA) respectively (Figure 3A and
60

11
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and 24-hour and LNP-BSA 24-hour) are defined as aggregates.

Size measurements by NTA followed a similar trend to that of DLS. Comparing changes in the
NTA-measured LNP-BSA complex, concentration distribution profiles did not show distinct
peaks corresponding to BSA and LNP however it showed a polymodal size distribution (Figure
3B). An increase in concentration resulted from 2.4 x 10" (£ 2.0 x 10"") particles/mL (LNP-
PBS at 24-hour) to 1.4 x 102 (£ 5.9 x 10"") particles/mL which is attributed to the presence of
BSA. The incubation of LNP with BSA for 24-hour resulted in a shift in the mean particle
diameter 96.1 (£ 9.4) nm for LNP-Control and 80.7 (+ 1.8) nm for LNP-BSA.

A 20 = MC3-PBS (0 hr) B 2x 1010 = MC3-PBS (0 hr)
— MC3-PBS (24 hr) 5 — MC3-PBS (24 hr)
Peak 2 ~ MC3-BSA (24 hr) E — MC3-BSA (24 hr)
15 7 £ 6x100 o
= =
= =1
— o
= Z
g 10 5 4x1010
= =
[
g
5 Peak 1 2 2x1010
] S < 8 3
X Peak 3 (&)
1 B A
0 L =5 0 = -
I 10 100 1000 10000 0 100 200 300

Particle diamet i i
article diameter (nm) Particle diameter (nm)

* *

C 1504 D
£ - 3 W BSA-PBS (0 h)
[ 5 : ¢

W MC3-BSA (24 he)

; B BSA-PBS (0 hr)

£ 100 d w2 = M BSA-PBS (24 hr) g BUEE-OB ey

é & B MC3PBS (0hr) z : ::E;i:: Ei};;}r:
L . Fa

g S 2 W MC3-BSA (24 hr)

DLS NTA : PDI Span
Technique Parameter

Figure 3 Particle size analysis using DLS and NTA for MC3-LNPs incubated in PBS (control) and 35 mg/mL Bovine
Serum Albumin (BSA) at 0 hour (control) and 24 hours incubation at 37 °C. Plots represent (A) particle size
distribution by DLS cumulative algorithm analysis (B) NTA patrticle size distribution (C) comparison of particle
diameter obtained using DLS and NTA and (D) polydispersity index (PDI) measured by DLS and Span, calculated
as (D90 — D10) / D50). DLS data were measured by cumulant algorithm analysis for intensity-weighted mean
particle size. Results are shown as mean + S.D, n=3. X’ in plots (C) and (D) refer to samples not measured due to
the polydispersity of the BSA and LNP mixtures for DLS. Peak 1 indicates BSA peak, peak 2 indicates LNP peaks
and Peak 3 refers to aggregate patrticles. *p < 0.05 as determined by a two-tailed paired t-test.

3.2 Optimisation of FI-AF4 parameters for the separation of LNP-BSA
complexes from bulk incubation media

The superior separation power of FI-AF4 allows for the high-resolution separation of free BSA
from LNP-BSA corona complexes, which was otherwise difficult to measure using batch-mode
DLS and NTA due the highly polydisperse nature of these mixtures. Multidetector hyphenation
enabled determination of the signal intensities, particle size and morphology (combining DLS
and MALS detectors to measure Rg/Rn) for the different particle subpopulations within these
complex mixtures. FI-AF4 method development increases in complexity with mixtures of
heterogeneous nanoparticles with varying material compositions.

Here, we used MC3-LNPs and BSA in the mixture to form MC3-BSA corona complexes (BSA
was present in excess concentration at a physiologically-relevant concentration of 35 mg/mL),

12
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1

2

3 followed by the separation of free BSA from the MC3-BSA corona. The cross-flow (Q. 73, T.apd s 21
4 1.5 mL/min), detector flow (0.2 and 0.3 mL/min) and UV detector wavelength (260 nm and 280
Z nm) were varied between methods, while maintaining all other run parameters constant.
7 Ideally, the fractograms for the different detectors exhibit a narrow Gaussian distribution and
8 minimal overlap between free BSA and LNP-BSA corona complex peaks. Prior to method
9 optimisation, the control for BSA and LNPs were carried out using method 1 to identify and
10 assign peaks accurately (Supplementary Figure S3). Each fractogram shows an initial BSA
1 Peak eluting at ~ 5 min, followed by two LNP subpopulations, LNP Peak 1 and Peak 2 eluting
12 after 20 min.

13

14

158

=L 3.2.1 Analysis of LNPs using FI-AF4-UV
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The intensity of the BSA and LNP UV signals were measured at 280 nm and 260 nm,
respectively (Figure 4). Figure 4A and Figure 4B represent a well-defined peak for BSA
(eluting at ~ 5 min). The LNP shows different sub-populations eluting at different time-point in
the UV fractogram elution profile. Figure 4A and Figure 4B showed measured signal for BSA
~ 50-fold higher than that of LNP. The increased signal for BSA at 280 nm is attributed to
Tryptophan (Trp) and Tyrosine (Tyr) residues which absorb at 280 nm [74]. LNP absorbance
at 260 nm is attributed to the aromatic chromophore of the aromatic base adenine in the mRNA
(Poly(A)) encapsulated in the LNP [34].

Methods 1, 2 and 3 were run at progressively higher cross-flow (0.75 mL/min, 1.0 mL/min and
1.5 mL/min respectively), however this did not result in a consistent increase in elution time
accross all sub-populations within the sample. Method 1 had two LNP sub-peaks eluting
without sufficient resolution at 25.5 (+ 0.1) min (Peak 1) and 32.5 (£ 0.5) min (Peak 2) (Figure
4B). The higher cross-flow applied in method 2 eluted the first LNP subpopulation at 30 (+ 0.1)
min and the second subpopulation at 53.5 (+ 0.3) min. However, methods 3 and 4 produced
the longest elution times for the first LNP sub-population, with method 3 yielding 33.2 (£ 0.1)
min and a shorter elution time for method 4 for the same sub-population (29.5 (x 0.1) min).
The UV absorbance for LNPs arises from the encapsulated nucleic acid (Poly(A)), which
maybe distributed unevenly across the elute fractions. Hence, LNP Peak 3 can be identified
as larger LNPs (due to a longer elution time). However, a lower intensity for LNP Peak 3 might
indicate that the Poly(A) encapsulated per particle is lower or might have leaked from the LNP

4 when the aggregates formed or during the elution time period of the method. Methods 3 and
45 - . - . . . .
46 4 exhibited substantial tailing and fractionated larger sizes particles in the sample.
j; In FI-AF4, increasing the cross-flow rate (while maintaining other parameters constant)
49 decreases the detector signal intensity. This trend was not seen for BSA and LNP peaks
50 (Figure 4C and Figure 4D). Increasing the cross-flow rate from 0.75 mL/min to 1.0 mL/min
51 increased the signal intensity from 598 (£ 0) % to 986 (+ 0) % (Figure 4C and Figure 4D).
52 This can be attributed to the saturated peak intensity shown by the peak capping in methods
gi 2 and 3 due to the BSA concentration (35 mg/mL) used. The LNP peaks showed statistically
55 significant differences in intensities across all four methods, both for LNP Peak 1 and LNP
56 Peak 2 with no statistical significance in the case of LNP Peak 3. Statistically significant
57 differences were observed between intensities measured across all four different methods
gg (LNP Peak 1 and LNP Peak 2) (Figure 4D).

60
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Figure 4 The use of UV detector coupled to FI-AF4 for determining the differences between signal intensities
between methods 1-4 with different cross-flow rate (XF) and detector flow rates (DF). Plots represent MC3-Lipid
Nanopatrticles (LNP) incubated in 35 mg/mL Bovine Serum Albumin (BSA) at 37 °C for 24 hours. (A) FI-AF4-UV
fractogram profile at 280 nm (B) 260 nm (C) signal intensities measured for UV detection at 280 nm (D) 260 nm.
Error bars represent + S.D mean of triplicate injections. The peaks marked with asterisks (*) show enlarged peaks.
Statistical analysis was performed using one-way ANOVA followed by post-hoc Tukey's test. *p < 0.05, **p < 0.01,
****p < 0.0001, ns non-significant. Refer to Supplementary Figure S4 for BSA and LNP Peaks 1 — 3 identifications.

3.2.2 Method repeatability

The repeatability of the cross-flow profile for each method was tested by three replicate
injections under identical conditions (Supplementary Figure S4 and Supplementary Table
83), and the Relative Standard Deviation (RSD) of UV signal intensity calculated for each
method for a polydisperse sample (LNP-BSA mixture).
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Figure 5 illustrates the RSD of peak intensities across the four FI-AF4 methods, Method 45" 2
had the lowest RSD for LNP Peaks 1 -3 (1 -4 %). Method 1 showed a clear trend in increased
RSD with higher particle size (3 — 13 %). Method 2 showed the highest variabiliy for the BSA
peak (16%) indicating low injection precision for the protein. In the case of LNP peaks,
methods 1 and 3 exhibit signal intensities (> 5%) between replicate injections, whereas
methods 2 and 4 maintain variability within the acceptance criteria of ISO/TS 21362 (< 5%).
These findings demonstrate that increasing the cross-flow rate (0.75 — 1.5 mL/min) does not
inherently enhance run-to-run repeatability, and in some cases may contribute to variability.
An optimized cross-flow to detector-flow ratio (method 4) contributed to consistent retention

behaviour for each component in the sample across three replicate runs.

207
@ Method 1
® Method 2
154 ® Method 3

® Method 4

5—0.000.000...0 L R R I R R I

0
s N g
F & & &
S &S
A kd v
Peak identity

Figure 5 Relative standard deviation (% RSD) of UV signal intensities of LNP-BSA sample across three replicate
runs for four FI-AF4 methods. The signal intensities were measured using the UV detector at 260 and 280 nm
wavelength for Lipid Nanoparticle (LNP) and Bovine Serum Albumin (BSA) respectively. Refer to Supplementary
Figure S4 for FI-AF4-UV fractograms for peak identification and run-to-run replicates and Supplementary Table
83 for signal intensities of methods 1 — 4 for UV 260 and 280 nm. Dotted horizonal line indicates 5 % RSD.

3.2.3 Contribution of UV detector at 260 nm and 280 nm signal intensity for
percentage sample recovery

15
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The presence of analyte mixtures with different optical characteristics (i.e. BSA and LN 2L

renders the quantification of sample recovery at a single UV detector wavelength challenging.
Method 3 exhibited a more prominent truncation of the BSA peak relative to the other methods,
while method 4 showed incomplete elution of LNP Peak 3 (Supplementary Figure S4),
resulting in non-representative recovery data. Therefore, methods 1 and 2 were selected for
determining sample recovery. Methods 1 and 2 achieved an acceptable sample recovery level
of > 70%. Method 1 has resulted in no statistical significance in recovery between 260 nm and
280 nm (105 % for 260 nm and 96 % for 280 nm) but a statistical significance for method 2
(102 % for 260 nm and 127 % for 280 nm) (Figure 6 and Supplementary Figure S5). An
increased concentration of the sample can improve detection using FI-AF4 but it can also
cause overloading (recovery of >100 %). Marioli et al. observed higher retention times, peak
broadening, and fronting peaks with overloaded fractograms [43]. To mitigate these artefacts,
samples should be diluted to fall within the lower and upper limits of the detector with sample
loading to be adjusted to avoid channel saturation. The type of protein, membrane protein
permeability [43], carrier liquid [43], spacer dimensions [75] and sample viscosity [43] may
also impact sample recovery. The analysis found that comparing methods 1 and 2 for the
same wavelength with an increase in cross-flow rate, exhibited a non-significant reduction for
260 nm, but a significant increase for the 280 nm signal. Generally, higher cross-flow rates
result in lower recovery rates, which may be explained by sample constituents being pushed
close to the membrane by the channel perpendicular cross-flow, which increases interactions
between sample analytes and the membrane [43]. This trend was observed with the UV 260
nm trace (Figure 4D). The non-significant increase at 280 nm was attributed to increased
saturation of the UV detector at 280 nm due to high BSA concentrations (35 mg/mL).

B UV260nm M UV 280nm

*%

kK |

1505
127

102

_
)
e

Recovery (%)

W
i

Method

Figure 6 Sample recovery of LNP-BSA mixture incubated for 24 hr at 37 °C. Methods 1 and 2 have a cross-flow
rate of 0.75 mL/min and 1.0 mL/min respectively. Detector flow rate for both methods is 0.2 mL/min. Statistical

16
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1

2

3 analysis was performed using one-way ANOVA followed by post-hoc Tukey's test. Error bars represent + S.D Yiregnicle Online
4 of triplicate injections, **p < 0.01, ***p < 0.001. |- 10.1039/D5AY01758K
5

6

573 3.2.3 MALS scattering improves light-scattering model precision

9

10

11 The FI-AF4-MALS fractograms for the four methods are presented in Figure 7. Coupling UV

12 and MALS detectors to FI-AF4 enabled the detection of sub-populations eluting at identical

12. retention times, indicating appropriate flow path alignment between detectors, and suggesting

158 that methods 1-4 did not induce aggregation and exhibited minimal sample interaction with

the FI-AF4 RC membrane. The principles underlying light scattering are well-established [76,
771, with scattered intensity directly related to the Ry of the particles. Accordingly, in the case
of LNP-BSA mixture, BSA, which has a smaller particle size as confirmed by batch-mode DLS
(batch-mode DLS hydrodyanmic diameter (7.5 (£ 0.2) nm) (Figure 3A), exhibited lower light
scattering intensity in comparison to larger-sized LNPs (batch-mode DLS hydrodyanmic
diameter (92.7 (x 2.9) nm). Methods 1 and 2 yielded a monomodal peak for BSA indicating a
homogeneous population. In contrast, methods 3 and 4, with a higher cross-flow rate of 1.5
mL/min, revealed two unresolved BSA sub-populations, consistent with the presence of
oligomeric forms. These sub-populations were more clearly shown in the FI-AF4-MALS
fractograms (Figure 4 and Figure 7). For LNPs, methods 3 and 4 indicated the presence of a
third, higher-size sub-population (LNP Peak 3) further demonstrating the resolving power of
the FI-AF4-MALS approach.
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Figure 7 FI-AF4-MALS fractograms for MC3-Lipid Nanoparticles (LNP) incubated in 35 mg/mL Bovine Serulir Articte Online
Albumin (BSA) for 24 hr at 37 °C. Methods 1 — 4 represent differences in cross-flow rate (XF) and ettt > Y0758 K

rate (DF). Plots represent (A) Method 1 (B) Method 2 (C) Method 3 (D) Method 4. The peaks represent an initial
Bovine Serum Albumin (BSA) peak and Peaks 1-3 represent different LNP subpopulations. Error bars represent
+ S.D mean of triplicate injections. Vertical dashed lines indicate peak region of interest.

Four different MALS scattering fit models were compared (Zimm, Coated Sphere, Random
Coil and Debye) to dermine the Ry for each nanoparticle fraction in the fractogram profile. The
four fit models relate to the different relations of scattering intensity to sin?(9/2) [78].
Mathematical equations and first principles for each mathematical transformation of Ry from
the fit models are described elsewhere [79]. Figure 8 shows MALS best fit models using two
key statistical metrics, the Coefficient of Determination (R?) and the Root Mean Square Error
(RMSE).

R? measures the proportion of variance in the actual data that is explained by model
predictions, with values closer to 1 indicating a stronger fit [80]. Conversely, RMSE quantifies
the average magnitude of the prediction errors, representing how closely the predicted values
match the observed measurements in absolute terms [81]. For the purpose of this study, the
R2 and RMSE were used to accurately characterise the Rg. Error! Reference source not
found. depicts the Ry as determined from light scattering data for Nova FFF software version
2.2.0.1 (Postnova Analytics, Landsberg, Germany) for each fitting method. Table 3 shows
variations in of light scattering for Ry calculation. Results suggest that BSA (Rg ~ 4 — 8 nm
amongst all methods and model fits) has the least best-fit (R? ranging between 0.22 - 0.59)
among the diffferent fits and methods. Small molecules (< 10 nm) have no angle-dependent
light scattering, and scatter light isotropically, making it difficult to extract meaningful
information about Ry even though the right method parameters are chosen. The Zimm model
fit for BSA and LNP Peaks 1 - 3 demonstrate zero gradient (Figure 8 and Supplementary
Table S4), indicating the scattering intensity is independent of the scattering angle. This
exhibits unsuitability of the Zimm approximation for the LNP size. Therefore, the derived Rq
for LNP subpopulations (Peaks 1 - 3) for the Zimm model is unreliable. Furthermore, the
RMSE for BSA using the Coated Sphere, Random Coil and Debye models resulted in a
relatively low RMSE and low R2. Hence, even though RMSE is low suggesting a low prediction
error, the model may not capture variance in the data. Correlating the variance with FI-AF4,
this can be attributed to non-uniform flow profile of BSA where the BSA particles are interacting
with the RC FFF membrane.

For LNP Peak 1, the Coated Sphere and the Random Coil had the highest R? and lowest
normalised and RMSE values (R? 0.95 — 0.98 and normalised RMSE 0.006 — 0.011 for Coated
Sphere and R? 0.95 — 0.98 and normalised RMSE 0.004 — 0.011 for Random Caoil) (Figure 8).
This was comparable to LNP Peak 2, which has also resulted in the Coated Sphere and the
Random Coil as best fits. For larger particles in the case of LNP Peak 2, the Coated Sphere,
Random Coil and Debye resulted in the highest R? (average R? 0.981, 0.976 and 0.932,
respectively). Larger nanoparticles, in the case of LNP Peak 3, had the lowest RMSE for the
Random Coil fit (0.075 (x 0.010) and 0.072 (£ 0.020) for Method 3 and Method 4,
respectively).
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4= In relation to comparing Rq between the different FI-AF4 methods, method 4 having the highest
4l cross-flow and the highest detector flow resulted in the largest Rg for BSA and LNP Peaks 1 -
24 3. However, there was no trend of particle size with increased cross-flow (methods 1 - 3) for

the same nanoparticle fraction. Method 2 has resulted in the largest Rq for both LNP Peaks 1

22 and 2 (209 (x0.1) nm -21.4 (x 0) nm for LNP 1 and 47.4 (£ 0.5) nm - 72.7 (x 1.3) nm for
47 LNP 2).

22 Figure 9 and Supplementary Table S5 shows an indirect correlation between the Ry and the
50 cross-flow, the Ry does not increase with an increase in cross-flow. This is evident for all the
51 methods among the Coated Sphere, Random Coil and Debye fit models. However, results
52 show that an increase in detector flow results in an increase in Ry (method 3 versus method
53 4), which was consistent with Coated Sphere, Random Coil and Debye fit models (in the case
>4 of LNP Peak 1, Coated Sphere model 31.1 (+ 0.7) nm for method 3 to 32.1 (+ 0.7) nm for
gg method 4, Random Coil 18.1 (+ 0.8) nm method 3 to 19.9 (£ 0.3) nm method 4 and 17.6 (x
57 0.7) nm to 19.2 (x 0.3) nm). This can be attributed to the poor resolution in the seperation of
58 particles and a broader Ry with increased detector flow. Methods 3 and 4 (cross-flow of 1.5
59 mL/min) had higher fractionation power for the same elution profile as the other methods. Both
60 methods resulted in the third LNP fraction (LNP Peak 3) ( > 50 nm). Comparing all methods,
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the Debye model gave the lowest values of Rq for LNP Peaks 1 — 3 . The Debye model tends s 25
to underestimate Ry for particles >70 nm. This underestimation arises because the model
assumptions do not adequately account for the structural complexities of larger particles [82].
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3 Figure 9: Comparison Radius of Gyration (Ry) obtained from the different MALS fit models for FI-AF4 methdds Aticle Online
4 4 for LNP peaks 1-3. Data is shown as + S.D mean of at least two injections. Refer to Figure 7 fOrbetinftion or 01/ >8K
5 the peaks BSA and LNP Peaks 1 - 3. A hyphen (-) indicates no peak identified.
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14 3.2.4 FI-AF4-DLS demonstrated significant differences in Hydrodynamic

15 Radius (Rn) among the four methods

The DLS detector (in flow-mode) coupled in-line to FI-AF4 provides a high resolution
measurement of Rn for each component in a sample. The results obtained following
fractionation in the channel revealed the presence of multiple size populations in-line with the
fractograms for the MALS and UV detector (Table 3 and Supplementary Figure S6). FI-AF4
multiplexed with MALS, UV and DLS detected sub-populations at the same elution time (Table
3). The Ry obtained by coupling FI-AF4 to DLS can be compared with batch-mode DLS for the
BSA particle in MC3-BSA mixture. In the case of batch-mode DLS, this has shown a single
monomodal peak in the particle size distribution (Rn 3.8 (£ 0.2 nm)). In the case of FI-AF4
coupled to DLS, the broader distribution of Rn (methods 3 and 4 at cross-flow of 1.5 mL/min)
for BSA suggests the resolving oligomeric forms. Similarly, whereas batch-mode DLS resulted
in a single LNP peak at Rn of 46.4 (£ 2.9) nm, in-line FI-AF4-DLS showed distinct populations
of the LNP in the LNP-BSA. The Ry obtained for LNP Peak 1 ranged between (24.3 (+ 0.1)
nm to 27.1 (£ 0.3) nm), LNP Peak 2 (38.4 (+ 0.2) nm to 63.9 (£ 0.9) nm) and LNP Peak 3 (67.3
(x7.2)nmto 71.1 (x 2.0) nm). Method 2 has resulted in the highest R, compared to the other
methods. This is similar to Rq for method 2 obtained using MALS detector. Despite an increase
in cross-flow between methods 1 to 3, there was no trend in increase in Rn which was in-line
with results obtained for the Ry (Figure 10). An increase in detector flow (Methods 3 and 4),
resulted in a significance increase in Ry for LNP Peaks 1 and 2, but no significance decreases
for LNP Peak 3.

Table 3 Hydrodynamic Radius (Rn) obtained from batch-mode Dynamic Light Scattering (DLS) and FI-AF4 coupled
to DLS detector (FI-AF4-DLS) for methods 1 - 4. Data is shown as + S.D mean of 3 replicate injections (n=3). A
hyphen (-) indicates no peak identified.
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4 Sample Constituents Batch-mode DLS FI-AF4-DLS

45 R (nm) R (nm)

46 Method

47 1 2 3 4

48 BSA 3.8(+0.2) 3.4 (£0.0) 3.4 (£ 0.0) 3.7 (£ 0.0) 4.2 (+0.1)
LNP 46.4 (£ 2.9) LNP Peak 1 LNP Peak 1 LNP Peak 1 LNP Peak 1

49 25.3 (£0.1) 27.1(£0.3) 24.3 (£ 0.1) 26.2 (£ 0.7)

g? MC3-BSA LNP Peak 2 LNP Peak 2 LNP Peak 2 LNP Peak 2

52 38.4(+0.2) 63.9 (£ 0.9) 40.0 (£ 0.2) 42.3(£0.5)

53 LNP Peak 3 LNPPeak3 | LNP Peak3 LNP Peak 3

54 - - 71.1(£2.0) 67.3(£7.2)

55 Aggregates 259.0 (+ 897.2) - -

56

57

58

59

60
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3.2.5 Combined contributions of FI-AF4 multiplexed with MALS and DLS for
determining particle morphology

The availability of both MALS and DLS detectors enables determination of particle morphology
through calculation of the shape factor, defined as the ratio of R¢/Rn (Equation 3). The effect
of varying FI-AF4 parameters on shape factor has not previously been reported. To gain
insights into potential differences between shape factor values among different LNP sub-
populations under different cross-flow and detector flow conditions, we evaluated the shape
factor between distinct eluting sub-populations. Ry was extrapolated for the Coated Sphere fit
model for light scattering data from the MALS detector for LNP Peaks 1 - 3. The shape factor
for an ideal sphere is ~ 0.77 [73]. Oblong or rod-shaped particles have a p value of > 1 [83].
We found significant differences in the shape factor values of each LNP subpopulation
between different methods (Figure 10 and Supplementary Table S6). Shape factor values
ranged between 0.709 — 0.793 (LNP Peak 1), 0.765 — 0.853 (LNP Peak 2) and 1.069 — 1.263
(LNP Peak 3) (Figure 10). The differences in the shape factor values between the different
sample constituents can be attributed to the interaction of BSA with LNP forming the protein
corona [30, 84]. A small increase in shape factor typically suggests minimal protein association
with the nanoparticle surface, whereas a larger increase indicates substantial protein
adsorption [85]. Figure 10 shows that particle morphology is not constant amongst the
different resolved sample subpopulations. Assuming BSA adsorption occurs at the surface of
the LNP, the Ry increases more than the Ry leading to an elevated shape factor (0.765 — 0.853
(Peak 2) and 1.069 — 1.263 (Peak 3) compared to 0.709 — 0.793 (Peak 1)).

These findings indicate that LNPs examined span a morphological spectrum ranging from
coated spheres to rod-like structures, with measurable changes in morphology occurring
throughout the FI-AF4 elution profile. The applied cross-flow and detector flow conditions in
FI-AF4 altered nanoparticle morphology likely due to particle alignment with flow and the force
pushing particles towards the accumulation wall. The external forces and nanoparticles
interactions with the accumulation wall and channel surfaces alter nanoparticle Ry and Ry,
consequently altering the shape factor (R¢/Rn). Monitoring the shape factor is valuable, as it
distinguishes the main particle population from additional subpopulations, such as aggregates
or particles bearing a protein corona (shape factor > 0.77). The shape factor parameter also
provides critical insights into formulation stability and biomolecular interactions that would not
be apparent from particle size measurements alone. DLS and NTA used for the initial
characterisation of the LNP sample did not provide information on the morphology or
heterogeneity of the different subpopulations. In contrast, AF4-MALS-DLS enabled
assessment of particle morphology across the elution profile, as evidenced by analysis of the
shape factor. Our previous work by Davidson et al. [86] and Roamcharern et al.
[87],established direct correlations between AF4-derived shape factor (~ 0.7) values and
particle morphologies determined by TEM and SEM imaging, demonstrating strong agreement
between AF4 measurements and imaging-based approaches. Marassi et al. [88], similarly
reported a shape factor value of 1.2 for aggregated human amniotic mesenchymal stromal
cell-derived extracellular vesicles (hAMSC-EVs), further supporting the interpretation that
elevated shape factor values are indicative of aggregated or non-spherical species.
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Figure 10 Contribution of different detectors coupled to FI-AF4 for determining (A) Hydrodynamic radius (Ry)
obtained by FI-AF4-DLS (B) Shape factor (R¢/Rn) obtained by FI-AF4-MALS-DLS. Characterisation was carried
out for different subpopulations of LNP (Peak 1 — 3). Refer to Supplementary Figure S6 for DLS distribution
plots and Figure 7 for MALS (90°) signal and LNP peak identities. Statistical analysis for LNP Peak 1 and Peak
2 were performed using one-way ANOVA followed by post-hoc Tukey's test. Statistical analysis for LNP Peak 3
was carried out using un-paired t-test. Error bars represent + S.D mean of triplicate injections, *p < 0.05, **p <
0.01, ****p < 0.0001, ns non-significant.

4 Conclusions

In this study, we presented a detailed methodological and analysis framework for
implementing FI-AF4 coupled to online detectors UV, MALS and DLS to separate and
characterize polydisperse nanoparticle mixtures comprising of LNPs and BSA. Our findings
highlight the importance of careful method selection as a critical first step in bionanomaterial
characterization, directly influencing detector signal, resolution, light scattering model fit, and
the accurate determination of particle size (Ry and Rn) and morphology (shape factor, Rg/Rn
ratio). One of the key strengths of the FI-AF4 technique is its ability to resolve broad and
heterogeneous particle size distributions, including the presence of large agglomerates,
capabilities that outperform conventional analytical techniques. Particularly, methods
employing elevated cross-flow rates improved the resolution of larger agglomerates, further
highlighting advantages of FI-AF4 for analysing complex mixtures. Accurate interpretation of
AF4-MALS data requires careful selection and reporting of the appropriate light-scattering
model, as the choice of fit substantially affects calculated parameters such as Rg and the
resulting shape factor. While the results presented here focus on LNPs and proteins, the
workflow and analytical considerations described are broadly applicable to a wide range of
heterogeneous nanoparticle systems. Moreover, we emphasize the importance of extracting
and critically evaluating raw AF4 data to guide robust method development and improve
reproducibility in the characterization of complex bionanomaterials.
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