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A B S T R A C T

Research into nanoparticle interactions with biomolecules has become increasingly important in nanomedicine. 
While lipid nanoparticles (LNPs) are widely used as drug delivery systems, there remains a gap in understanding 
their fate in circulation, which is crucial for selecting appropriate lipids during formulation development. This 
study is the first to use Asymmetric Flow Field Flow Fractionation (AF4) to compare two types of LNPs: MC3- 
LNPs and SM-102-LNPs, and their interactions with a model protein, bovine serum albumin (BSA). AF4 offers 
high-resolution separation, with the ability to simultaneously perform multiparametric inline analysis with 
multiple detectors. In this study, the impact of LNP size, morphology and PDI on BSA corona formation were 
examined using inline multiangle light scattering (MALS) and dynamic light scattering (DLS). AF4 separation 
revealed two subpopulations for MC3-LNPs, while SM102-LNPs exhibited a single population. Analysis of shape 
factor indicated a shape factor of 0.783 for SM-102-BSA and 0.741 and 0.795 (peak 1 and 2) for MC3-BSA, 
confirming interaction between LNPs and BSA. Both LNPs exhibited LNP-BSA induced aggregation. Overall, 
this study demonstrates the effectiveness of AF4, particularly when hyphenated with multidetector systems, for 
simultaneously separating LNPs from complex biological media and studying LNP-protein interactions.

1. Introduction

mRNA-based therapies, which target disease-related proteins to alter 
their expression and function, have gained traction as a strategy for 
treating disease. [1] While lipid nanoparticles (LNPs) have proven to be 
an effective drug delivery system, particularly highlighted by their 
success in COVID-19 immunisation efforts, the interactions between 
LNPs and biological systems have not been thoroughly explored. 
Following administration, depending on the route of administration, 
various proteins from the subcutis interstitial fluid and blood serum 
spontaneously adsorb onto the LNP surface, forming a complex termed 
the ‘protein corona’. [2–4] This protein corona is critical in determining 
how LNPs interact with biological systems. The formation of the protein 
corona can alter the LNP surface, impacting its biological activity, 
including its biophysical characteristics in the presence of 
surface-adsorbed biomolecules. These changes can modify LNP physical 
properties, organ biodistribution, physicochemical stability, cellular 
uptake and circulation time. As a result, the behaviour and effectiveness 

of LNPs can significantly vary [5–9].
The fate of LNPs is influenced by the composition of surface- 

adsorbed proteins, and the physicochemical changes induced by the 
biomolecular corona can be correlated with different LNP constituents 
(Fig. 1). Ionisable cationic lipids are particularly important for LNP 
function. Efforts to optimise these cationic lipids for siRNA delivery have 
led to the development of lipids that are now incorporated into clinically 
approved LNPs [10,11]. DLin-MC3-DMA (heptatriaconta-6,9,28,31-tet-
raen-19-yl-4-(dimethylamino)butanoate) and SM-102 (heptadecan-9-yl 
8-((2-hydroxyethyl) (6-oxo-6-(undecyloxy) hexyl) amino) octanoate) 
are two clinically-approved ionisable lipids used in Onpattro® (Alnylam 
Pharmaceuticals) and SpikeVax® (Moderna), respectively [12,13].

Asymmetric Flow Field-Flow Fractionation (AF4) is emerging as a 
valuable technique in the field of nanomedicine due to its low-stress and 
non-disruptive separation capabilities [14–20]. AF4 can be coupled with 
multiple detectors to analyse various LNP critical quality attributes such 
as particle size, polydispersity, and molecular weight. Multi-angle light 
scattering is used to measure the molar mass and size of particles, often 
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expressed as the radius of gyration (Rg). In conjunction with Rg, the 
Stokes radius or hydrodynamic radius (Rh) can be determined using 
inline dynamic light scattering (DLS). The combination of these mea-
surements allows for the assessment of particle shape factor (Rg/Rh). 
[21] A key advantage of AF4 for protein corona analysis is its ability to 
characterise particles in situ without the need for prior separation of 
unbound proteins. This avoids potential alterations to nanoparticle pa-
rameters that may occur with commonly used methods such as 
centrifugation-resuspension [22,23]. AF4 to-date has offered valuable 
insights into the improvement of loop-mediated isothermal amplifica-
tion and lateral flow assay (LAMP-LFA) [24–26]. A recent study by 
Safenkova et al. demonstrated the usefulness of AF4 in characterising 
nucleic acid amplification. [27]

Although emerging publications demonstrate the use of AF4 for 
analysing LNP formulation stability, there is a notable lack of studies 
focusing on AF4 applications for the separation and online analysis of 
LNPs in biological media. This study aims to understand different in-
teractions of two model LNP prototypes with different ionisable lipid 
composition (MC3 and SM-102) with Bovine Serum Albumin (BSA) as a 
model protein contained in biological media in cell-based assays. This 
work lays the foundation for future studies on LNP biomolecule- 
nanomaterial interactions using a high-resolution characterisation and 
gentle separation technique, which is critical for soft LNP materials.

2. Materials and methods

2.1. Reagents and materials

Polyadenylic acid (PolyA), cholesterol, sodium citrate dihydrate, 
ethanol, and dialysis tubing cellulose membrane (molecular weight cut- 
off size 14 kDa) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Helper lipids 1,2-distearoyl-sn‑glycero-3-phosphocholine (DSPC), 
1,2-dimyristoyl-rac‑glycero-3-methoxypolyethylene glycol-2000 (DMG- 
PEG 2000) were purchased from Avanti Polar Lipids (Alabaster, AL, 

USA). The ionisable lipids (6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31- 
tetraen-19-yl 4-(dimethylamino)butanoate (D-Lin-MC3-DMA) and 8- 
[(2-hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino]-octanoic acid, 
1-octylnonyl ester (SM-102) were 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. Synthesis of lipid nanoparticles

Poly(A) lipid nanoparticles (LNPs) were manufactured using the 
NanoAssemblr® Ignite Precision NanoSystems (Vancouver, BC, Canada) 
using the NxGen microfluidic cartridge, which uses a toroidal mixer. 
Lipid stocks were prepared in ethanol at molar ratios 50:38.5:10:1.5 for 
d-Lin-MC3-DMA/SM102: Cholesterol: DSPC: DMG-PEG 2000, which is 
based on the lipid compositions of Onpattro® and Comirnaty®. [28] The 
aqueous phase consisted of initial Poly(A) stock at 1.5 mg/mL dissolved 
in 50 mM citrate buffer (pH 4.0). 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 N:P (N for lipid nitrogen and P for nucleic acid 
phosphate) was 6:1. LNPs were purified by dialysis to remove ethanol 
and citrate buffer. Resultant suspensions were dialysed at 4 ◦C (MWCO 
14 kDa, Sigma-Aldrich, St. Louis, MO, USA) into 1X phosphate buffered 
saline (PBS, pH 7.4) (500X dialysate ratio) to remove ethanol and citrate 
buffer. All formulations were syringe-filtered through 0.2 µm pore-sized 
Supor® membrane (Pall Corporation, USA) and stored at 4 ◦C until 
further use.

2.3. Sample preparation

MC3 and SM102 LNPs were incubated with Bovine Serum Albumin 
(BSA), which was used as a model protein to study LNP-BSA corona 

Fig. 1. Schematic showing formation (A) Lipid nanoparticles (LNP) components with difference in ionisable lipids (D-Lin-MC3-DMA referred as MC3 and SM-102), 
(B) Side-view of frit-inlet AF4 channel with protein, LNP and LNP-protein corona in the channel and (C) a representative simulated AF4 profile of Bovine Serum 
Albumin (BSA) and LNP with the applied cross-flow (XFlow) and detector signal (A) and (B) created with BioRender.com and (C) NovaAnalysis software.
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formation. MC3-LNP and SM-102 LNPs were incubated at a 1:1 (volu-
metric ratio) with BSA (35 mg/mL in PBS (pH 7.4)), and the mixture was 
incubated for 24 h at 37 ◦C in Protein LoBind eppendorfs. Control 
samples included an equal volume of PBS and LNP.

2.4. Dynamic light scattering

Samples were analysed using a Zetasizer Nano ZS (Malvern Pan-
alytical, Malvern, Worcestershire, UK) to obtain particle size and Poly-
dispersity Index (PDI) for control (LNP in PBS) at 0 h. All measurements 
were performed at 25 ◦C using the non-invasive backscattering setting 
(NIBS, 173◦) at a dilution of 1:10 in PBS (pH 7.4). Final measured sample 
concentrations were theoretical lipid concentration of 125 µg/ mL and 
Poly(A) concentration of 5.5 µg/mL. All measurements were performed 
in three independent replicates and at least three technical replicates.

2.5. Electrophoretic light scattering (ELS)

The ζ-potential of LNP-Control and LNP Corona was measured by 
electrophoretic light scattering at 25 ◦C and the Smoluchowski 
approximation was used. All measurements were performed at 25 ◦C 
using non-invasive backscattering (NIBS, 173◦) at a dilution of 1:10 in 
DNA/RNA free water for control (LNP-PBS) at 0 h. All measurements 
were performed in three independent replicates and five technical 
replicates.

2.6. Encapsulation efficiency (EE)

The encapsulation efficiency of LNPs was determined using Quant- 
iT™ RiboGreen RNA Assay Quantitation (Invitrogen™, Thermo Fisher 
Scientific, UK) as per manufacturer’s instructions and previously re-
ported. [29]

2.7. Frit-Inlet asymmetric flow field-flow fractionation

A Postnova Analytics AF2000 asymmetric Flow Field-Flow Frac-
tionation (AF4) (Landsberg, Germany) was used in this study. The sys-
tem was configured with tip and pressure pumps, a degasser, and 
autosampler. The system was configured with online UV–Vis (PN3242, 
260 nm- PostNova Analytics) and a 21-angle Multi-angle Light Scat-
tering (MALS-PN3621, Postnova Analytics), and online Zetasizer Nano 
ZS (Malvern Panalytical, Malvern, UK) detector integrated into the 
system. AF4-based separation and inline analysis was performed using a 
frit-inlet rectangular channel (300 × 60 × 40 mm) assembled with a 
trapezoidal geometry, (spacer thickness 350 µm). The membrane used 
was a 10 kDa molecular weight cut-off (MWCO) size amphiphilic re-
generated cellulose (RC) membrane, with a 100 µL injection loop size 
and a 20 µL sample injection volume. The compatibility and the pore size 
(MWCO, molecular weight cut-off) of the membrane is crucial since 
sample fractionation occurs close the membrane. Binding between the 
RC membrane and analytes was assumed to be negligible with minimal 
sample adsorption to membrane.

PBS (10 mM, pH 7.4) was used as the carrier liquid. The corre-
sponding detector flow (DF), and cross-flow (XF) settings were based on 
previously-reported parameters, with DF set at 0.2 mL/min, and cross- 
flow initiated with 0.75 mL/min held for 20 min, followed by an 
exponential decrease from 0.75 mL/min to 0 mL/min for 60 min, and 
held at 0 mL/min for 10 min. [20] The cross-flow rate is the defining 
factor for separation. As the cross-flow pushes analytes to the accumu-
lation wall, analytes diffuse in the counter direction by Brownian motion 
according to their diffusion coefficients. A high cross-flow improves 
resolution but also increases the risk of analyte adsorption on the bottom 
wall due to closer proximity to the accumulation wall. In this study, a 
relatively low cross-flow was used, which allowed for analyte separation 
and acceptable mass recovery.

Online DLS measurements were acquired using a Malvern quartz 

flow cell (ZEN0023), at a flow rate of 0.2 mL/min at 25 ◦C at three- 
second intervals. The measurement position was set at 4.2 mm with 
the attenuator set at 11.

Mass recovery for the LNP and LNP-BSA complex at 0 and 24 h were 
determined using the below equation (UV signal at 260 nm): 

R(%) =
Ac
A

x 100 (1) 

Where Ac is the area under the peak of nanoparticles under a cross- 
flow, and A is the area under the peak of the unfractionated sample 
without an applied cross-flow via direct sample injection. Corresponding 
shape factor was calculated using the following equation: 

ρ =
Rg

Rh
(2) 

where ρ is the shape factor, Rg represents the radius of gyration (nm) 
obtained from MALS detector and Rh represents the hydrodynamic 
radius (nm) obtained from DLS detector.

Mean and standard deviation of the Rg, Rh and shape factor was 
calculated by averaging the points obtained across the full-width half 
maximum (FWHM) of the eluting peak. Outside the FWHM, noisy DLS 
data were detected, which were excluded from the average. The FWHM 
was determined by first identifying the maximum signal intensity. Next, 
the two points on the peak, where the intensity occurs at half the 
maximum value were located on the x-axis. The distance between these 
two points was determined as the FWHM.

2.8. Statistical analysis

Statistical analysis was performed with one-way ANOVA followed by 
Tukey’s multiple comparisons test for post-hoc analysis. Statistical sig-
nificance was considered at p < 0.05; *p < 0.05, **p < 0.01, ****p <
0.0001. All data were analyzed using GraphPad Prism 8 (GraphPad 
Software Inc) and were expressed as mean ± SD (n = 3). Cumulative 
frequency distribution plots for RG (radius of gyration), RH (hydrody-
namic radius) and SF (shape factor) were plotted using cumulative 
distribution function on GraphPad Prism 8. The percentile values 10 %, 
50 % and 90 % of the distributions were calculated using the TREND 
function on Microsoft Excel.

3. Results

3.1. Characterissation: particle size, zeta potential, PDI and enapsulation 
efficiency

Initial baseline analysis of particle size, PDI and zeta potential was 
measured using batch-mode DLS of LNP prototypes (lipid concentration 
of 1.25 mg/mL) prior to incubation in BSA using cumulant algorithm 
analysis accepted by ISO standards for particle size (ISO 13,321). Both 
LNPs resulted in a measured Z-average < 100 nm (74.9 ± 2.6 nm and 

Table 1 
Baseline Critical Quality Attributes (CQAs) quantified for MC3, SM-102 LNPs 
and Bovine Serum Albumin (BSA). Z-Average and polydispersity index (PDI) 
were measure using DLS cumulant algorithm analysis and ELS for the mea-
surement of zeta potential. Poly (A) encapsulation efficiency was measured 
using the RiboGreen™ RNA Assay. Data are shown as mean ± SD, n=3.

Sample Z- 
Average 
(nm)

PDI Zeta 
Potential 
(mV)

Enapsulation 
Efficiency 
(%)

BSA 7.5 ± 0.0 0.131 ±
0.009

− 12.3 ± 4.6 –

MC3 LNPs 74.9 ±
2.6

0.152 ±
0.010

− 7.6 ± 2.6 98 ± 2

SM-102 
LNPs

67.7 ±
0.6

0.165 ±
0.069

− 5.6 ± 2.3 96 ± 2
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67.7 ± 0.6 nm for MC3 and SM-102, respectively) (Table 1). The cor-
responding PDI showed homogenous LNP prototypes (0.152 ± 0.010 in 
the case of MC3 and 0.165 ± 0.069 for SM-102). Both prototypes were 
negatively charged in formulation buffer (pH 7.4), with encapsulation 
efficiency measured at > 95 % for both prototypes.

3.2. Hydrodynamic radius (Rh) and radius of gyration (Rg) in response to 
incubation with BSA

Previous studies using cryogenic transmission electron microscopy 
(cryo-TEM) have reported a spherical morphology of ionisable cationic 
lipid nanoparticles [30–32]. Therefore, a spherical model was applied to 
fit the MALS data (36◦-156◦), with representative LNP fractograms 
presented in Figure S1. Recovery data (SI S2 and S3) showed excellent 
recovery for LNPs at t = 0 for MC3 LNPs (97 ± 2%) and SM-102 LNPs 
(111 ± 13%). The MALS trace indicated a BSA peak eluting at ~ 5 min 
and LNP (control) / LNP- BSA peaks eluting around 25–30 min (Fig. 2). 
Fig. 2A-B (LNP-BSA at 24 h) shows a reduction in UV signal for the LNP 
peak due to the high absorption of the amino acid residues in BSA. On 
the contrary, Fig. 2C-D (LNP-BSA at 24 h) exhibited a lower MALS signal 
for BSA compared to LNP, due to more light scattering from larger LNPs. 
MC3-LNPs displayed peak splitting with differences in Rg and Rh be-
tween the two sub-populations at 0 h. In contrast, SM-102 LNPs 
exhibited a single peak for both MALS and UV signals. A reduction in 
MALS signal intensity was observed for SM-102 LNPs, with less than a 10 
% difference across all incubations. In contrast, MC3 LNPs showed a 
noticeable increase in intensity with MC3-BSA after 24 h of incubation.

An increase in Rg and Rh values along the sample elution was 

observed for both LNP prototypes, with a higher increase Rg and Rh for 
MC3-LNPs compared to SM-102 LNPs which indicates polydispersity of 
MC3-LNP samples (Fig. 3A-B). Fig. 3C-D displays the cumulative RG 
(radius of gyration) distributions for RG10, RG50, RG90 and Fig. 3E-F as 
a function of RH (radius of hydration). There was a significant reduction 
in RH90 between SM-102-PBS (34.6 ± 0.4 nm) and SM-102-BSA (33.3 
± 0 nm) for 24 h incubation. However no significant difference was seen 
between these two samples in the case of RG. A non-significant lower 
RG90 (26.3 ± 1.2 nm) for SM-102-BSA at 24 hour was shown. The error 
bars for the Rg distribution of SM-102 LNPs overlap between SM-102- 
PBS and SM-102-BSA at 24 h incubation indicating non-significance 
(Fig. 3D). This is compared to MC3-LNP incubations showing small 
variations in cumulative distribution curves (Fig. 3C). Average Rh and 
Rg results show that following a 24 h incubation, a significant difference 
was observed in average Rh for the second subpopulation (39.8 ± 0.0 
nm to 38.9 ± 0.2 nm for MC3-PBS and MC3-BSA, respectively), while Rg 
for peak 1 increased significantly (17.6 ± 0.4 nm to 19.0 ± 0.2 nm for 
MC3-PBS and MC3-BSA, respectively) (Fig. 4 and Table S4). SM-102 
LNPs showed a significant increase in Rg between SM-102-PBS at 
0 hour and 24 h (22.9 ± 0.2 nm to 24.1 ± 0.3 nm respectively) and a 
significant reduction in Rg between SM-102-PBS at LNP-BSA at 24 h 
(24.1 ± 0.3 nm and 23.0 ± 1.0 nm, respectively) (Fig. 4 and Table S4).

3.3. Quantification of MC3 and SM-102 LNP geometry and 
polydispersity in response to incubation with BSA

The shape factor for an ideal solid sphere is approximately 0.77. [21] 
Shape factors > 0.77 indicate a deviation from sphericity or uneven 

Fig. 2. FI-AF4-UV-MALS fractograms for (A) MC3-LNPs (control) and MC3-LNPs incubated in 35 mg/mL Bovine Serum Albumin (BSA), (B) SM-102 LNPs, (C) MALS 
fractograms (90◦) plotted for peak 1 and peak 2 for MC3-LNPs incubated in 35 mg/mL BSA, (D) SM-102 LNPs. Time-points indicate 0 hour (control) and 24 h 
incubation at 37 ◦C. Error bars represent ± S.D mean of triplicate injections. The peaks marked with a red asterisk (*) show enlarged peaks. Vertical dashed lines 
indicate peak region of interest.
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distribution of mass towards the surface of the particle. Upon interaction 
with BSA, the shape factor of SM-102 LNPs decreased at 24 h, remaining 
constant across the peak at 0.806 ± 0.012 for SM-102 LNPs, and 0.783 
± 0.034 for SM-102-BSA at 24 h with no significant difference between 
the shape factors (Fig. 4B and Table S4). In contrast, the shape factor 
increased for MC3-LNPs, with a higher value for sub-peak 2 (0.769 ±

0.011 for MC3-LNPs, and 0.795 ± 0.004 for MC3-BSA for 24 h) 
compared to sub-peak 1 (0.713 ± 0.018 for MC3-LNPs and 0.741 ±
0.006 for MC3-BSA) (Fig. 4A and Table S4). The cumulative shape 
factor distribution (SF) for both LNP prototypes was evaluated for their 
10, 50 and 90th percentile (Fig. 5). Fig. 5E-F show no significant dif-
ferences in SF10, SF50 and SF90 between different incubations, however 

Fig. 3. Radius of gyration (Rg) and hydrodynamic radius (Rh)obtained by obtained by FI-AF-MALS-DLS for (A) MC3-LNPs incubated in 35 mg/mL BSA, (B) SM-102 
LNPs (C) Rg distribution RG10, RG50, RG90 corresponding to the percentages 10 %, 50 % and 90 % respectively of LNPs under the reported Rg value for MC3 LNPs, 
(D) SM-102 LNPs (E) Rh distribution RH10, RH50, RH90 corresponding to the percentages 10 %, 50 % and 90 % respectively of LNPs under the reported Rh value for 
MC3 LNPs, (F) SM-102 LNPs. Time-points indicate 0 hour (control) and 24 h incubation at 37 ◦C. Error bars represent ± S.D mean of triplicate injections.
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the differences are still meaningful. MC3-BSA showed a higher 90th 
percentile shape factor for both peak 1 (0.762 ± 0.007) and peak 2 
(0.804 ± 0.004) compared to MC3-PBS incubation at 24 h for peak 1 
(0.753 ± 0.006) and peak 2 (0.780 ± 0.009). In contrast, SM-102-BSA at 
24 h exhibited a lower SF90 (0.804 ± 0.045) compared to SM-102 LNPs 
at 24 h (0.823 ± 0.012).

4. Discussion

LNP characterisation with AF4 has been explored in previous studies 
[18,20,33], but this study is the first to direct the significance of 
different lipid choices and their differential impact on LNP protein 
corona formation for SM-102 and MC3 LNPs. AF4 offers high resolution 
separation and inline analysis of particles, which is crucial for charac-
terizing the protein corona with minimal perturbation of the 
LNP-protein complex. The low-shear separation allows for gentle 
handling of the LNP-protein interactions, preserving their morphology.

In this study, we used parameters such as the Rh, Rg and shape factor 
to evaluate these interactions. The AF4 separation at low PDI (~0.1) and 
specific peak selection make the hydrodynamic size measured by AF4 
more reliable for studying the protein corona. The shape factor, which 
indicates deviation from spherical conformation, was useful for assess-
ing BSA binding [21,34] as it indicates a deviation from the spherical 
conformation of the LNP or confirms retention of the spherical confor-
mation with higher mass distributed towards the edge of the nano-
particle. Assuming protein adsorption occurs at the periphery will result 
in a larger increase in Rg relative to Rh, resulting in an increase in shape 
factor. This is based on the assumption that the density of BSA is higher 
than the average density of the LNP. In the case of MC3, the increase in 
shape factor with both sub-peaks 1 and 2 indicates BSA binding on the 
surface resulting in shifts to a spherical conformation. Conversely, with 
SM-102 LNPs, the decreased shape factor following BSA incubation, 
indicates a restructuring of the internal architecture of LNPs resulting in 
a denser core. This LNP restructuring may also be evident from signifi-
cant differences in measured mean radii and the differences in the 90 % 
variant for both Rg and Rh following BSA adsorption. This restructuring 
is emphasised from the cumulative distribution plots for Rg comparing 
MC3 and SM-102 prototypes. Although, the same protein has been used 
for studying protein corona formation, significant differences between 
LNP control and the protein corona were only evident in the case of MC3 

LNPs. The differences in shape factor values can be attributed to dif-
ferences in ionisable lipid composition; SM-102 lipid contains a 
branched tail and extended aliphatic branches similar to multi-tail 
structures, whilst MC3 contains unsaturated linear chains. This ren-
ders different packing geometries, with a cylindrical geometry in the 
case of MC3 and cone-shape geometry for SM-102. [20] The lipid 
packing results in different surface chemistries leading to different in-
teractions with BSA.

Both MC3 and SM-102 LNPs manufactured in this study contain 
polyethylene glycol (PEG)ylated lipid, which is widely used as an anti- 
opsonization strategy. PEG increases surface hydrophilicity and forms 
protrusions on the nanoparticle surface, which plays a critical role in 
hindering interactions between nanoparticles and opsonins. [35] This 
explains why the size and conformational properties of LNPs were not 
significantly altered following LNP incubation with BSA. The MC3 LNP 
prototype fractograms show two peaks, which are not fully resolved. 
Although peak 2 can be treated as a sub-population of larger LNP size, 
high-resolution AF4 characterisation indicated the presence of other 
lipid-based nanoparticles contributing to the second sub-peak, giving 
rise to different size (Rg, Rh), morphology (shape factor) and light 
scattering properties. Previous findings have shown that PEG-shedding 
following intravenous (i.v.) administration enables LNPs to fuse with 
endosomal membranes and release their cargo. [35] PEG-shedding has 
also been demonstrated following the induction of anti-PEG IgM as a 
useful means of controlling LNP interactions with cellular components. 
[36]

Proteins can undergo conformational changes upon interaction with 
nanoparticles [37]. Protein secondary structures include alpha-helices 
and beta-sheets stabilised by various non-covalent interactions, tmay 
unfold and expose different regions upon surface adsorption onto LNPs. 
[38] This unfolding can be influenced by the surface properties of the 
LNPs, including their hydrophilicity and charge. For example, BSA may 
unfold and expose its hydrophobic and opposite charges when inter-
acting with LNPs. [39] It cannot be assumed that upon BSA adsorption 
on the LNP surface, that BSA remains folded resulting in an increase in 
Rg and Rh of the protein corona. The complexity in protein unfolding 
renders determination of the formation of the protein corona chal-
lenging. These results demonstrate the power of AF4 as a technique for 
probing the interactions between LNP prototypes with binary protein 
systems, providing detailed information on physicochemical attribute 

Fig. 4. Average radius of gyration (Rg), hydrodynamic radius (Rh) and shape factor (Rg/Rh) calculated from peaks integrated in Fig. 3. Plots represent (A) MC3 LNPs 
incubated in PBS (control) and in 35 mg/mL BSA (B)SM-102 LNPs. Time-points indicate 0 hour (control) and 24 h incubation at 37 ◦C. Statistical analysis was 
performed using one-way ANOVA followed by post-hoc Tukey’s test. Error bars represent ± S.D mean of triplicate injections, *p < 0.05, **p < 0.01, ****p < 0.0001. 
Refer to Table S4 for Rg, Rh and shape factor values and Figure S5 for Tukey’s test sample comparisons.
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changes upon exposure to protein-containing media. Further, comple-
mentary orthogonal techniques can be used for the in situ analysis of 
corona complexes, followed by downstream analysis using a variety of 
techniques such as liquid chromatography-tandem mass spectrometry 
(LC-MS/MS), [40] fluorescence-based techniques, [41–43] isothermal 
titration calorimetry (ITC), [44] and circular dichroism (CD) spectros-
copy. [45,46]

5. Conclusions

In this work, AF4 characterisation of SM-102 and MC3 LNPs in the 
presence of BSA was performed as an approach to recover LNPs from 
bulk biological media. This study presents an opportunity to advance 
research on LNP interactions with biological matrices, paving the way 
for new developments in RNA-based drug delivery systems. Although 

Fig. 5. Shape factor obtained by FI-AF-MALS-DLS. Plots represent (A) simultaneous MALS (90◦) signal and shape factor for MC3-LNPs incubated in PBS (control) and 
35 mg/mL BSA, (B) SM-102 LNPs, (C) shape factor distribution for shape factor (SF) SF10, SF50, SF90 corresponding to the percentages 10 %, 50 % and 90 % of LNPs 
under the reported shape factor value for MC3 LNPs, (D) SM-102 LNPs, (E) statistical analysis using one-way ANOVA followed by post-hoc Tukey’s test comparing the 
10, 50, and 90th percentile (SF10, SF50 and SF90) between incubation, (F) SM-102 LNPs. Time-points indicate 0 hour (control) and 24 h incubation at 37 ◦C. Error 
bars which represent ± S.D mean of triplicate injections. ns; not significant. Refer to Figure S6 for Tukey’s test sample comparisons. The peaks marked with a red 
asterisk (*) show enlarged shape factor trace. Abbreviations: ns: not significant, SF: shape factor.
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BSA has been used as the model biomolecules and two LNP prototypes, 
the versatility of AF4 makes it suitable for handling different LNP pro-
totypes and biomolecules ensuring sample integrity. The integration of 
high-resolution, robust analytical techniques in the characterization of 
nanomedicine paves the way for future evaluation of novel lipids and 
LNP manufacturing technologies.
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