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Abstract  14 
Lipid nanoparticles (LNPs) are the most clinically advanced nonviral RNA-delivery vehicles, though 15 
challenges remain in fully understanding how LNPs interact with biological systems. In vivo, proteins 16 
form an associated corona on LNPs that redefines their physicochemical properties and influences delivery 17 
outcomes. Despite its importance, the LNP protein corona is challenging to study owing to the technical 18 
difficulty of selectively recovering soft nanoparticles from biological samples. Herein, we developed a 19 
quantitative, label-free mass spectrometry-based proteomics approach to characterize the protein corona 20 
on LNPs. Critically, this protein corona isolation workflow avoids artifacts introduced by the presence of 21 
endogenous nanoparticles in human biofluids. We applied continuous density gradient ultracentrifugation 22 
for protein-LNP complex isolation, with mass spectrometry for protein identification normalized to 23 
protein composition in the biofluid alone. With this approach, we quantify proteins consistently enriched 24 
in the LNP corona including vitronectin, C-reactive protein, and alpha-2-macroglobulin. We explore the 25 
impact of these corona proteins on cell uptake and mRNA expression in HepG2 human liver cells, and 26 
find that, surprisingly, increased levels of cell uptake do not correlate with increased mRNA expression 27 
in part likely due to protein corona-induced lysosomal trafficking of LNPs. Our results underscore the 28 
need to consider the protein corona in the design of LNP-based therapeutics. 29 
 30 
Abstract Figure  31 
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Introduction 33 
Lipid nanoparticles (LNPs) are advanced nonviral ribonucleic acid (RNA) delivery vehicles for clinical 34 
applications. These LNPs function to protect RNA against degradation during transit into cells and 35 
facilitate endosomal escape for the delivery of their RNA cargo following cell internalization.1–5 The 36 
clinical success of these therapeutics has been demonstrated by Alnylam Pharmaceuticals’ LNPs loaded 37 
with small interfering RNA (siRNA) to treat liver amyloidosis6 and messenger RNA (mRNA)-based 38 
vaccines against SARS-CoV-2 from Moderna and Pfizer/BioNTech.7 Current applications of mRNA 39 
delivery additionally include protein replacement therapy, immunotherapy, and gene editing.3,4,8 Despite 40 
the success of locally administered vaccines, achieving organ- and cell-type specific LNP delivery outside 41 
the liver from intravenous administration remains challenging. Given the commercial interest in this space, 42 
the development of additional LNP formulations with enhanced potency is also an area of focus for clinical 43 
translation.9  44 
 45 
To improve LNP potency and develop formulations for selective organ- or cell-type targets, large LNP 46 
formulation libraries with subsequent in vivo screens are conventionally implemented for accelerated 47 
materials discovery.1,10,11 The primary focus of the field has been engineering LNPs through formulation 48 
alterations including changes in lipid structure,12–14 the introduction of targeting ligands such as antibodies 49 
to the surface,15 and tuning polyethylene glycol (PEG) density.16 While this work has shown success in 50 
developing more potent delivery vehicles13,17 and delivery to extrahepatic tissues,18–21 the mechanisms 51 
behind the increased potency from formulation changes or how modification to LNP composition alters 52 
organ tropism remain unclear. This lack of mechanistic understanding limits future rational design. 53 
Moreover, these screening approaches face a high degree of complexity due to the theoretically infinite 54 
design space for LNP synthesis. Currently, these screens fail to predict how changes in particle function 55 
in the context of in vitro screens will translate to LNP function in cellular assays or resulting in vivo 56 
efficacy.22,23 Evidence has established a potential relationship between protein recruitment to the LNP 57 
surface and organ targeting14,24–26 and functionality,27,28 necessitating further characterization of the 58 
interactions between proteins and LNPs.  59 
 60 
As such, we seek to explore how the LNP identity is redefined by the spontaneous adsorption of biofluid 61 
proteins, and how these LNP corona proteins impact their function. Upon injection, nanoparticles 62 
encounter various biological tissues and compartments. Biomolecules such as proteins spontaneously 63 
interact with the nanoparticles and form an associated protein corona.29–32 Proteins with a strong affinity 64 
for the particle surface form a “hard corona,” while more loosely associated proteins form a dynamic “soft 65 
corona”.30 These corona proteins modify nanoparticle function and localization in vivo, as this outer 66 
protein layer changes how nanoparticles interact with cell-surface receptors, impacting cell uptake33,34 and 67 
biodistribution.35,36 Upon systemic injection, most nanoparticles are cleared by the liver and, in particular 68 
for LNPs, adsorption of apolipoprotein E (ApoE) facilitates interactions with low-density lipoprotein 69 
receptors on the surface of hepatocytes to mediate intracellular delivery.25 By connecting protein corona 70 
formation and cellular delivery outcomes observed for LNP formulations, we can better understand how 71 
biomolecular interactions govern LNP transfection efficacy and design LNPs with favorable biomolecular 72 
interactions during library screening to optimize LNP function. 73 
 74 
In this work, we applied a quantitative, label-free mass spectrometry-based proteomics workflow that 75 
leverages continuous density gradients to probe the nano-bio interface of LNPs in human blood plasma. 76 
Our approach accounts for the presence of native particles in the proteomic analysis of the corona without 77 
modification of the LNP formulation or surface. We provide clarity on best practices for sample 78 
preparation to reproducibly collect highly enriched LNP corona proteins, and through this approach, 79 
consistently find proteins associated with lipid transport and metabolism enriched in the corona. 80 
Additionally, we explore the impact of protein-LNP interactions on LNP transfection of cells, and 81 
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discovered a mismatched relationship between how corona proteins affect internalization of protein-LNP 82 
complexes and mRNA expression levels. This work establishes a framework to reliably characterize 83 
proteins enriched on the LNP surface and shows that a subset of these proteins (e.g., vitronectin) 84 
significantly affect LNP uptake into cells and compromise LNP transfection efficiency.  85 
 86 
Results  87 
Limitations of current methods for protein corona characterization on LNPs  88 
The development of methods to study protein-LNP interactions is difficult due to the similar properties of 89 
lipid-based nanomaterials and the nanoparticles intrinsically present in the biological fluids they will 90 
encounter in vivo, such as plasma in the context of intravenous administration. Broadly, biological fluids 91 
are mixtures of many constituents including individual biomolecules and biological particles, with 92 
diameters on the scale of nanometers to micrometers. Plasma, for example, contains proteins such as serum 93 
albumin, the most abundant protein in plasma, and endogenous particles including extracellular vesicles 94 
and lipoproteins. Such particles are primarily composed of lipids and proteins, and have diameters ranging 95 
from 7-1200 nm.37,38 LNPs often have diameters ranging from 30-200 nm,39 and protein corona formation 96 
would likely increase LNP hydrodynamic size.40 Effective isolation of protein-LNP complexes from 97 
biological fluids thus requires separation from these endogenous particles while also maintaining stable 98 
LNPs with an intact corona.39 However, selective LNP isolation has remained a major challenge because 99 
these native particles have similar sizes and compositions relative to protein-LNP complexes (Fig. 100 
1a).39,41,42 Additionally, attempts to isolate protein-LNP complexes may impact particle stability and 101 
corona integrity.39,43 102 
 103 
A further challenge of isolating protein-LNPs is the low density of these soft nanoparticles. For denser 104 
substrates such as polymeric nanoparticles, standard centrifugation is sufficient to pellet protein-105 
nanoparticle complexes from free proteins that remain suspended in solution, leading to well-established 106 
protein corona isolation techniques.44 In contrast, the low density of LNPs renders these particles buoyant 107 
in common buffers such as phosphate-buffered saline (PBS), even upon incubation with biological fluids. 108 
This buoyancy prevents LNP pelleting via table-top centrifugation. We demonstrate this challenge by 109 
characterizing a potent LNP synthesized with the lipidoid, 306O10, as a model LNP.12,19 We used dynamic 110 
light scattering (DLS) to measure the hydrodynamic diameters of constituents in the supernatant post-111 
centrifugation for 30 minutes at 4 °C and 20,000 rcf (Supplementary Fig. 1a). Alternatively, higher g-112 
forces (ultracentrifugation) have been shown to result in aggregation45 or disruption46 of these low-density 113 
lipid-based particles, as we also confirm by ultracentrifugation for 2 hours at 4 °C and 160,000 relative 114 
centrifugal force (rcf) (Supplementary Fig. 1a). Ultracentrifugation also fails to provide LNP separation 115 
from biofluid-derived particles, as all particles eventually sediment to the bottom of the tube at longer 116 
time scales (Fig. 1b). Other techniques such as size exclusion chromatography (SEC) generally preserve 117 
particle stability but fail to effectively separate endogenous particles.45 Additionally, sucrose cushions, 118 
which isolate LNPs at an interface between fluids of different densities, trap endogenous particles with 119 
the protein-LNP complex (Fig. 1c) and a lack of plasma controls makes it challenging to distinguish 120 
between proteins interacting with LNPs and proteins interacting with endogenous similarly-sized 121 
particles, such as exosomes. 122 
 123 
Some methods have been developed in recent years such as photoaffinity-based,47 antibody-based,48 and 124 
magnetic-based49 isolations that are high-throughput and include wash steps to remove native particles. 125 
However, photoaffinity-based and magnetic-based approaches require modifications of the lipid-based 126 
formulations that may impact the corona proteins identified, whereas antibody-based pulldowns targeting 127 
PEG may be biased by PEG desorption from the LNP surface.50 These methods have been highly valuable 128 
in enabling larger formulation screens, whereas a method that does not alter LNP-corona formation or rely 129 
on PEG presence is still needed for further mechanistic studies of protein-LNP complexes. Another 130 
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approach that can be used to study LNP corona proteins while avoiding the contribution of endogenous 131 
particles is to use plasma depleted of lipoproteins, yet the use of depleted plasma fails to capture 132 
interactions between apolipoproteins and the LNP, which are often associated with the mechanism of LNP 133 
uptake, such as ApoE.25  134 
 135 
Density gradient ultracentrifugation (DGC) is a promising method that is gentle on the protein corona, 136 
does not require changes to the LNP formulation, and enables relative separation from more dense 137 
lipoproteins. Within a density gradient, the medium may vary in density in a linear or stepwise manner 138 
depending on the medium selected and the centrifugation conditions. As samples are centrifuged in a 139 
density gradient, lower density particles including LNPs float towards the top, while denser plasma protein 140 
components like serum albumin will sink to the bottom. Previous studies characterizing the LNP corona 141 
using this approach separate particles at relatively short time scales (3-4 hours)28,51 and thus fail to 142 
effectively separate protein-LNP complexes from the more abundant plasma proteins and endogenous 143 
nanoparticles (Supplementary Fig. 1b). As a result, protein corona characterization from these studies 144 
include proteins recovered both from LNPs and from biofluid-derived particles, making it difficult to 145 
assess which of these proteins originated from the LNP corona itself.18,28,51 In contrast, most methods for 146 
separating exosomes from biofluids within a density gradient use longer centrifugation times of ~16-24 147 
hours to accomplish a clean separation.52,53 Here, we hypothesized that by 1) providing adequate 148 
separation time to isolate protein-LNP complexes and 2) accounting and correcting for native particle 149 
contamination, we could identify and quantify the presence of proteins that adsorb to the LNP surface in 150 
human biofluids.  151 

 152 
Figure 1. Challenges of existing methods for LNP corona characterization. (a) The separation process 153 
to isolate protein-LNP complexes from plasma is challenging because of the variety of endogenous 154 
particles (exosomes, lipoproteins, etc.) in plasma with similar physicochemical properties to LNPs with 155 
associated protein coronas, arising from their similar composition of lipid and protein species. Illustrations 156 
demonstrating (b) why ultracentrifugation (that pellets all particles) and (c) discrete sucrose gradients (that 157 
isolate LNPs at the interface of two different density solutions) fail to effectively separate LNPs from 158 
biofluid-derived particles. 159 
 160 
Improved workflow for protein corona isolation from LNPs 161 
To address the limitations of current techniques, we developed a workflow that employs a continuous 162 
linear density gradient to isolate protein-LNP complexes, followed by proteomic analysis (Fig. 2). In this 163 
workflow, we incubated LNPs with pooled human blood plasma for 1 hour at 37°C before loading onto 164 
the bottom of a six-layer iodixanol gradient and centrifuging for 16 hours at 36 kilorotations per minute 165 
(krpm) (Fig. 2a). This workflow was inspired by methods used in the exosome field to separate 166 
subpopulations of exosomes.54,55 Unlike discrete gradients with step-change differences in density (Fig. 167 
1c), an iodixanol gradient linearizes over the course of centrifugation,56 forming a continuous gradient 168 
that enables a finer degree of separation in fractions throughout the linear region of the tube. We confirmed 169 
the stability of the LNPs after density gradient centrifugation with DLS which showed colloidally stable 170 
particles (Supplementary Fig. 2). As an additional quality control, we checked the density throughout the 171 
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gradient via refractive index and absorbance to ensure that density varies linearly through the tube 172 
(Supplementary Fig. 3,4).  173 
 174 
After centrifugation, we used fluorescence measurements to track LNP localization and selected fractions 175 
for collection. Based on our DLS measurements (Supplementary Fig. 1a) and prior DLS characterization 176 
of LNPs,17 we determined that our synthesized LNPs possessed a low polydispersity and narrow diameter 177 
range. This suggested that LNPs would distribute within a small range of fractions within the iodixanol 178 
gradient. We identified fractions containing LNPs by synthesizing an LNP sample with a fluorescently 179 
tagged lipid (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) and 180 
running the fluorescent LNPs through the iodixanol gradient (Fig. 2b). 0.5-mL fractions were collected 181 
top to bottom and fluorescence was measured to quantify LNP localization (Fig. 2c) as well as absorbance 182 
to confirm linearity of the iodixanol gradient (Supplementary Fig. 4). Based on our fluorescence 183 
measurements, we found that approximately 68% of LNPs localized within fractions 2-6 of the iodixanol 184 
gradient, denoted as a single sharp peak in the early gradient fractions (Fig. 2c, Supplementary Table 1). 185 
We observed a broad minor second fluorescence peak at higher fraction numbers (Fig. 2c), which is likely 186 
due to fluorophores dissociating from the LNP as previously demonstrated.57 The autofluorescence of 187 
proteins in blood plasma was found to be negligible.  188 
 189 
To examine the degree of separation from lipoproteins, which are representative endogenous particles that 190 
confound LNP protein corona results, we quantified the presence of total cholesterol as a key lipoprotein 191 
constituent throughout the gradient (Fig. 2d). We found that most cholesterol is present in fractions 5-10 192 
and later fractions, which has limited overlap with the localization of the LNPs. By pooling fractions 2-6 193 
for characterization via liquid chromatography-tandem mass spectrometry (LC-MS/MS), the 194 
concentration of LNPs was maximized relative to amounts of native particles present in the control sample. 195 
We elected to keep the marginal fractional overlap between localization of the LNPs and lipoproteins in 196 
fraction 5-6 to have sufficient protein amounts for proteomic processing and to avoid biasing the recovery 197 
of proteins from LNPs of slightly smaller size or higher density. Importantly, our control sample accounts 198 
for the fractional overlap of LNPs and lipoproteins through proteomic comparison. This process of fraction 199 
selection allows us to minimize contributions of endogenous blood particles and predominately focus on 200 
LNP corona proteins for downstream analysis. 201 
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Figure 2. Proteomics workflow for label-free, quantitative protein corona profiling on LNPs. (a) 203 
LNPs were incubated with pooled human blood plasma for 1 hour at 37 °C then mixed with the low 204 
osmolarity density gradient medium, iodixanol, to a final concentration of 30% iodixanol before being 205 
loaded under five distinct layers of iodixanol (25%, 20%, 15%, 10%, and 5%) and centrifuged for 16 hours 206 
at 36,000 rpm. 0.5-mL fractions were collected from the top to the bottom and selected fractions were 207 
processed for LC-MS/MS characterization. (b) LNPs were tagged with lissamine rhodamine, incubated 208 
with blood plasma, and loaded under an iodixanol gradient with the same isolation workflow conditions. 209 
(c) Fluorescence measurements of fluorescently tagged LNPs after the DGC isolation workflow reveal 210 
that 0.5-mL fractions 2-6 (dotted lines) in the density gradient have the maximum number of LNPs. 211 
Excitation/emission wavelengths of 560/580 nm were used to detect lissamine rhodamine-tagged LNPs. 212 
(d) Average total cholesterol quantification of plasma fractions collected after DGC isolation workflow 213 
show that lipoproteins are present primarily among fractions 5-10 (dotted lines). 214 
 215 
Proteomic characterization of the protein corona isolated from LNPs 216 
To selectively characterize the LNP corona, we account for the presence of native biological particles 217 
through fraction selection and normalization. We normalize by similarly separating a plasma-alone sample 218 
with DGC and submitting the same selected fractions as those with LNPs present for proteomic 219 
characterization (Fig. 3a). Through this analysis, we identified 56 proteins in the LNP protein corona and 220 
in the plasma-alone sample, which then allowed us to calculate the protein abundance fold-change of 221 
protein-LNP samples relative to plasma control fractions. Peptide coefficients of variations (CV)% 222 
distribution for LNP and plasma samples (Fig. 3b) show low variation with a median CV% of 11.8 and 223 
19.0 for the LNP and plasma samples, respectively. Out of the 56 identified proteins, 53 proteins were 224 
found to have significant differences (false discovery rate (FDR) corrected p-value (q-value) <0.05) 225 
between the protein-LNP sample and the plasma control sample, with 39 proteins enriched in the LNP 226 
corona and 14 proteins depleted (Fig. 3c). The enriched subset of proteins is relatively small compared to 227 
existing literature on protein-LNP complexes, suggesting that our approach removes proteins that are 228 
abundant in plasma alone but not necessarily relevant to the protein corona. We also attempted density 229 
gradient centrifugation using previously reported centrifugation conditions (4 hours), which yielded high 230 
levels of serum albumin in the fractions where the LNPs localized (Supplementary Table 2). As such, our 231 
method of using a longer centrifugation time at a higher speed with a more robust density gradient layering 232 
technique reduces presence of serum albumin in the fractions of interest, suggesting a more effective 233 
separation of protein-LNP complexes from free plasma proteins with longer centrifugation times.  234 
 235 
We next categorized proteins enriched in the LNP corona based on their gene ontology, specifically, their 236 
biological process, cellular component, and molecular function (Fig. 3d). We found that the biological 237 
processes of these proteins are associated with both the innate and adaptive immune responses, as well as 238 
lipid transport and metabolism. As anticipated, the cellular component characterization of these proteins 239 
reveals their associations with the extracellular space, exosomes, and microparticles. Their molecular 240 
functions were associated with lipid-binding, immunoglobulin receptor-binding, and heparin-binding 241 
functions. Further analysis also revealed that enriched LNP-corona proteins were involved in biological 242 
pathways including cholesterol metabolism (Fig. 3e) and components in apolipoproteins (Fig. 3f). Despite 243 
apolipoprotein A-I (ApoA-I) and apolipoprotein A-II (ApoA-II) being the two most abundant 244 
apolipoproteins in blood plasma,58 we do not identify ApoA-I or ApoA-II as enriched in the protein 245 
corona, suggesting we are selectively identifying apolipoproteins that interact with LNPs. Additionally, 246 
we find that proteins implicated in complement and coagulation cascades are enriched in the corona phase 247 
(Fig. 3e).  248 
 249 
We compared the fold change in protein abundance relative to plasma alone (Fig. 3g), which revealed 250 
enriched proteins such as c-reactive protein (CR) that have a high affinity for the LNPs. In previous 251 
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methods, this low abundance protein would be challenging to identify as an enriched protein due to high 252 
levels of contamination from high-abundance proteins, such as serum albumin, and apolipoproteins. We 253 
also found that vitronectin, a cell adhesion and spreading factor that interacts with glycosaminoglycans 254 
and proteoglycans, is highly enriched in the LNP protein corona, in agreement with prior work.28  255 
 256 
To highlight the merits of this approach, we examined the relationship between proteomic analyses that 257 
considered the relative protein abundance only upon LNP incubation and our approach that quantifies 258 
differences between the LNP sample and a biofluid control (Supplementary Fig. 5a). In previous LNP 259 
corona work,28 the relative abundance was reported as the percent abundance of each protein identified in 260 
the LNP experiment without a biofluid-alone control. In contrast, we quantify the absolute protein 261 
abundance and report the fold change in the LNP sample relative to the biofluid control. We found a near 262 
zero and negative correlation for our data analysis (fold change relative to plasma) and previous 263 
approaches for reporting top enriched proteins (relative abundance (%)) for all identified proteins and 264 
apolipoproteins, respectively (Supplementary Fig. 5b-c). These results suggest that examining the relative 265 
abundance in an LNP sample is not sufficient for selective identification of proteins that comprise the 266 
LNP protein corona. Analyzing the LNP sample by highest relative abundance (%) likely biases toward 267 
higher abundance plasma proteins. As such, proteins that are more abundant in the biofluid, including 268 
ApoA-I, may appear highly enriched in the corona. Therefore, characterizing the LNP protein corona with 269 
centrifugation-based approaches by only considering the most abundant proteins in the corona is less 270 
accurate, and is largely overwhelmed by proteins introduced by particles native to plasma, and not 271 
interaction with the LNPs. 272 
 273 
 274 
 275 
  276 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 24, 2025. ; https://doi.org/10.1101/2025.01.20.633942doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.20.633942


 

 277 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 24, 2025. ; https://doi.org/10.1101/2025.01.20.633942doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.20.633942


 
Figure 3. Proteomic analysis of the LNP protein corona. (a) Normalization across density gradient 278 
fractions enables proteomic analysis that accounts for native lipoproteins found in plasma. (b) Peptide 279 
coefficient of variation (CV) analysis shows low variation in peptide quantification during LC-MS/MS. 280 
(c) Log2 fold-change of LNP-corona proteins discovered via LC-MS/MS vs. negative log10 of the q-281 
value, showing nonsignificant proteins in grey, significantly enriched corona proteins in red, and 282 
significantly depleted corona proteins in blue (n = 3). (d) Gene Ontology analysis of enriched corona 283 
proteins and (e) KEGG pathway analysis of enriched corona proteins are shown for p-values < 0.05. (f) 284 
Enriched proteins mapped to lipoprotein components with identified proteins starred. (g) Log2 fold-285 
change of LNP-corona proteins, with bubble size denoting femtomolar (fmol) abundance. 286 
 287 
Effect of proteins enriched in the LNP corona on LNP function 288 
Ultimately, we are interested in studying how proteins consistently enriched in the LNP protein corona 289 
affect LNP transfection efficiency. Our analysis thus far highlights the proteins most enriched in the LNP 290 
protein corona from three technical replicates. Our group has previously shown that experimental 291 
replicates, particularly those performed on different days and analyzed at different LC-MS/MS core 292 
facilities, exhibit very high variability, with less than 2% common proteins identified from different LC-293 
MS/MS core facilities from otherwise identical protein corona samples.59,60 Therefore, we performed 3 294 
independent experimental replicates of our protein isolation workflow to assess the true variation within 295 
our method. To do so, we compared enriched proteins from samples processed in parallel, which have 296 
limited LC-MS/MS instrument variation, and samples processed via LC-MS/MS independently across 297 
different weeks, each with 3 replicates of the isolation workflow. This experiment ensures that proteins 298 
we find across several independent and time-separated replicate datasets are consistently enriched in the 299 
corona. Samples processed in parallel (Supplementary Fig. 6) show similar proteins enriched in the 300 
corona. We therefore conclude that these proteins have a high association with the LNP surface and their 301 
consistent enrichment through the density gradient isolation strategy suggests that these proteins are likely 302 
“hard corona” proteins.  303 
 304 
We next analyzed specifically which subset of proteins is consistently enriched in the LNP corona across 305 
the different batches processed by LC-MS/MS (Supplementary Table 3). This analysis reduces the 306 
variability contributed by the LC-MS/MS method itself in detecting low-abundance corona proteins and 307 
enables us to study consistently enriched proteins in greater mechanistic depth: alpha-2-macroglobulin, 308 
C-reactive protein, and vitronectin, as summarized in Table 1. Thus, by including independent batches of 309 
experimental runs that include both technical and experimental replicates, analyzing our data relative to 310 
the plasma control, and using a continuous iodixanol gradient protocol, we reproducibly measure and 311 
identify proteins that are consistently enriched in the LNP protein corona. Having identified several LNP-312 
corona proteins consistently observed with high enrichment in the protein corona across independent 313 
batches and parallel replicates, as summarized in Table 1, we sought to study their effects on LNP cellular 314 
interactions and function. Additionally, we included ApoE in our downstream studies because of its 315 
putative relevance to LNP cellular internalization, despite the variability with which we measured its 316 
presence in the corona (Supplementary Fig. 6). 317 
 318 
Table 1. Proteins enriched in the LNP corona chosen for in vitro study. 319 

Protein  Entry Function   Ref.  
Alpha-2-macroglobulin  A2M Inhibits all four classes of proteinases  61 

Apolipoprotein E ApoE Facilitates interactions with low-density lipoprotein receptors for lipid transport 25 

C-reactive protein CR Activates the complement pathway 62 

Vitronectin VTN Cell adhesion and spreading factor 63 
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 320 
Figure 4. In vitro mRNA expression with delivery by protein-LNP complexes. (a) LNPs loaded with 321 
mRNA encoding luciferase were incubated with selected high-binding corona proteins (0.05 ng mRNA : 322 
1 ng protein) prior to introduction to HepG2 cells seeded at 4.7× 10!	cells	per	cm"	(100 ng mRNA per 323 
well). The luminescence was measured as a proxy for mRNA expression to understand the effect of 324 
proteins on LNP delivery efficiency. Luminescence was normalized to the average of each no-corona LNP 325 
biological control for all in vitro studies. (b) Resulting luminescence of pre-incubations of individual 326 
proteins with LNPs showed no significant change in luminescence (mRNA expression) for ApoE, A2M, 327 
or a mixture of the proteins, while showing a significant decrease for VTN or CR, each compared to the 328 
no-corona LNP control. (c) Dose-response of protein concentrations for VTN incubated LNPs showed a 329 
significant decrease in mRNA expression compared to the no-corona LNP control. (d) Cell viability 330 
showed no statistical difference for protein incubations. N = 4 technical replicates, n = 3 biological 331 
replicates. Data points shown are biological replicates. Error bars all denote standard deviation, One-way 332 
ANOVA test where * and ** represent p ≤ 0.05 and p ≤ 0.01 respectively. 333 
 334 
Protein-nanoparticle interactions impact nanoparticle functionality  335 
To understand the effect of corona proteins on LNP-mediated mRNA delivery, we assessed the mRNA 336 
delivery and protein expression efficiency in cell culture for LNPs with coronas pre-formed using proteins 337 
identified in our proteomic analysis (Table 1). We considered both single protein LNP coronas and an 338 
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LNP corona formed from the combination of the selected top-enriched proteins. LNPs were loaded with 339 
a luciferase mRNA that provides a quantitative, luminescent readout upon successful luciferase mRNA 340 
translation to protein. 2 µg of each protein (0.05 ng mRNA : 1 ng protein, 0.01 mg/mL protein), an amount 341 
that is in excess of its presence in the corona as measured by LC-MS/MS (Supplementary Table 4), was 342 
incubated for 1 hour at 37 °C with each LNP formulation before LNP introduction to HepG2 human liver 343 
cells in serum-free media for attempted transfection. Of note, protein concentrations are within the same 344 
order of magnitude as native plasma protein concentrations, except for A2M which is more highly 345 
abundant in plasma (Supplementary Table 5). The output luminescence was measured with a plate reader 346 
after 24 hours and compared across protein corona conditions (Fig. 4a). We found that LNP protein 347 
coronas formed from proteins ApoE, A2M, and the protein mixture of all four proteins together did not 348 
have a significant impact on mRNA expression levels relative to LNPs without a pre-formed protein 349 
corona. In contrast, LNPs with VTN or CR pre-formed coronas showed decreased mRNA expression 350 
relative to LNPs without a pre-formed corona (Fig. 4b). We observed an approximately 50% decrease in 351 
mRNA expression for LNPs with a VTN corona and approximately 90% decrease in mRNA expression 352 
for LNPs with a CR corona.  353 
 354 
Based on the observed decrease in mRNA expression driven by single-constituent protein coronas, we 355 
next investigated concentration dependency for the case of LNPs with a pre-formed VTN corona on 356 
mRNA expression. A dose-response experiment shows that the effect on mRNA expression is dependent 357 
on the VTN protein concentrations used to generate the pre-formed corona during incubation with LNPs, 358 
with VTN protein concentrations above 0.005 mg/mL (1000 ng added) exhibiting significantly decreased 359 
mRNA expression efficiency relative to LNPs without a protein corona (Fig. 4c). This protein 360 
concentration at 0.005 mg/mL represents a lower VTN concentration than found in native plasma 361 
(Supplementary Table 5). We also considered that LNPs with pre-formed coronas may affect cell viability 362 
and thus indirectly affect transfection efficiency. However, we found that the pre-formed single-363 
constituent protein coronas had no significant impact on cell viability (Fig. 4d). These results demonstrate 364 
that the pre-formed protein coronas result in decreased mRNA expression through mechanisms that are 365 
independent of cell viability (Fig. 4d).  366 
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 367 
Figure 5. Uptake and lysosomal co-localization of protein-LNP complexes in HepG2 cells. (a) HepG2 368 
cells internalizing LNPs loaded with Cy5-mRNA incubated with high-binding corona proteins were 369 
visualized by confocal microscopy. Representative image of LNP + VTN incubations showing LNPs 370 
(Cy5; red), cell membrane (CellBrite membrane dye; green) and nuclei (Hoechst; blue). (b) Inset showing 371 
a magnified view of the region outlined by the red box in panel (a). (c) Quantification of Cy5 (LNP) signal 372 
per cell demonstrates differences in cell uptake between select protein incubations (n = 4 technical 373 
replicates, n = 3 biological replicates). To compare endosome entrapment for select protein incubations, 374 
co-localization of the Cy5 signal (LNP) and fluorescently labeled lysosomes (green) were analyzed. 375 
Representative image of LNP + ApoE incubation shows (d) LNPs (red), lysosomes (green) and nuclei 376 
(blue) fluorescently labeled. (e) Quantification of overlapping Cy5 (LNP) and lysosome signal per cell (n 377 
= 4 technical replicates, n = 4 biological replicates). Data points shown are 3 averaged FOV for each 378 
technical replicate. Error bars all denote standard deviation, Kruskal-Wallis one-way ANOVA (non-379 
parametric) test where *, ***, and **** represent p ≤ 0.05, 0.001, and 0.0001, respectively. 380 
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 381 
From these cell transfection expression experiments, we conclude that protein-LNP interactions impact 382 
the ability of LNPs to deliver mRNA into cells’ cytoplasm for transfection. We hypothesize that pre-383 
formed coronas on LNPs, which compromise LNP transfection efficiency, may show altered interactions 384 
with cells during cargo delivery. To investigate how pre-formed LNP coronas affect LNP-cell interactions, 385 
we first considered how pre-formed LNP coronas influence LNP cellular uptake, an essential step for 386 
mRNA expression. We define cellular uptake to include LNP uptake into the cell membrane and not 387 
necessarily the cell cytoplasm where mRNA expression occurs. We used confocal microscopy to visualize 388 
and quantify differences in cell uptake of LNPs loaded with Cy5-tagged mRNA, each with a pre-formed 389 
single-constituent protein corona formed with ApoE, VTN, A2M, or CR (Fig. 5a-b). We specifically 390 
selected the mRNA for fluorophore-based visualization to enable tracking of the functional cargo, because 391 
fluorescent tagging of other LNP constituents such as lipids may exchange in the surrounding 392 
environment.57 We quantified the Cy5 signal found inside the cell membrane as a proxy for LNP uptake 393 
within the cells.  394 
 395 
We analyzed the Cy5 signal within the labeled cell membranes and normalized this signal per cell by the 396 
nuclei count. We found significantly increased Cy5 signal per cell for LNPs with pre-formed ApoE or 397 
VTN coronas and no significant difference in Cy5 signal per cell for LNPs with pre-formed A2M or CR 398 
coronas (Fig. 5c). No signal was observed from protein-only controls added to cells (Supplemental Fig. 399 
7a). In the case of the ApoE-LNP corona, we found five-fold higher levels of Cy5 signal per cell compared 400 
to the LNPs without a pre-formed protein corona. This increase in uptake of LNPs with a pre-formed 401 
ApoE corona is supported by previous literature that associates ApoE with more uptake in hepatocytes 402 
via receptor-mediated uptake.25 Additionally, LNPs with pre-formed VTN coronas had four-fold observed 403 
higher Cy5 signal per cell than cells treated with LNPs alone. However, unlike ApoE, VTN is not 404 
associated with increased uptake in HepG2 cells. Alternatively, VTN is a cell adhesion protein which may 405 
drive LNP adhesion to the outer cell surface. This counterintuitive result that certain single-component 406 
pre-formed protein coronas increase cell uptake while decreasing transfection efficiency suggests that 407 
corona proteins may affect the efficiency of LNP endosomal escape.  408 
 409 
We investigated if the increase in Cy5 signal per cell for ApoE and VTN may be due to LNPs associating 410 
with the outer membrane of the cell rather than internalization into the cytoplasm. Images were collected 411 
from adherent cells with a 4.5 µm offset from the bottom of the cell, enabling visualization through an 412 
intermediate slice of each cell. This approach enables us to observe LNP association with the membrane 413 
as signal localized to the outer region on the cell. Through an erosion analysis of the cell within this focal 414 
plane, we studied the relative signal from the outer region of the cell where LNPs may be stuck within the 415 
extracellular matrix or cell membrane and the inner region of the cell (Supplemental Fig. 7b-c). We 416 
calculated the fraction of Cy5 signal from the outer region relative to Cy5 signal from entire cell 417 
(Supplemental Fig. 7d) and found that the LNPs incubated with either ApoE or VTN pre-formed coronas 418 
had significantly more signal in this outer cell region compared to cells incubated with LNPs alone. LNP 419 
incubations with A2M and CR did not have a significant difference in the fraction of the signal in the 420 
cell’s outer region compared to protein-free LNPs. However, LNPs with an ApoE corona showed a 3.5% 421 
increase in signal localization to the cell’s outer region compared LNPs without a pre-formed protein 422 
corona. Additionally, LNPs with VTN pre-formed coronas had the highest fraction of signal from the 423 
outer region relative to protein-free LNPs with an 8.5% increase for VTN-LNP coronas from the LNP 424 
control. These results suggest that this increased Cy5 signal inside of the cell may be partially due to 425 
protein corona-induced LNP adhesion to the outer cell membrane. We also confirmed that these observed 426 
trends hold for increased amounts of erosion, which compares the signal within different thicknesses of 427 
the outer cell region (Supplemental Fig. 7e).  428 
 429 
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Next, we considered if pre-formed LNP coronas further affect LNP-cell interactions by influencing LNP 430 
endosomal escape, driving our observed discrepancies between LNP uptake and mRNA expression. For 431 
effective cargo delivery, LNPs must escape the endosome before LNPs are trafficked to the lysosome for 432 
degradation.2 To investigate differences between pre-formed coronas during intracellular trafficking, we 433 
compared co-localization of lysosomes and LNPs. We quantified the co-localization of the Cy5-tagged 434 
LNP with the lysosome signal and normalized this signal per cell by the nuclei. We found significantly 435 
increased lysosomal co-localization for LNPs with pre-formed ApoE coronas and no significant difference 436 
in lysosomal co-localization signal for LNPs with pre-formed VTN or A2M or CR coronas (Fig. 5d-e). 437 
Specifically, we observe greater than five-fold higher levels of LNP and lysosomal co-localization per cell 438 
for LNPs with an ApoE corona compared to the LNPs without a pre-formed protein corona. Although we 439 
observe no statistically significant difference between the VTN-LNPs and LNPs without coronas, our data 440 
suggests that the LNPs with the pre-formed VTN corona have the second highest lysosomal co-441 
localization signal. These results, in combination with the trends observed for the impact of protein 442 
coronas on mRNA expression, suggest that proteins influence LNP delivery efficiency at the level of both 443 
cell uptake and lysosomal trafficking. 444 
 445 
Discussion  446 
In this work, we describe a workflow to characterize the protein corona on LNPs in a quantitative manner. 447 
We account for the presence of native particles in the biological fluid (here, blood plasma) through a 448 
continuous density gradient and abundance normalization. As informed by tracking separation of 449 
fluorophore-tagged LNPs, we collect a subset of fractions from DGC that maximizes the concentration of 450 
LNPs and limits contamination from non-interacting proteins for proteomic analysis. We identify enriched 451 
LNP-corona proteins consistent with literature such as apolipoproteins and vitronectin,28 as well as lower 452 
abundance proteins not previously identified within the LNP protein corona, such as C-reactive protein. 453 
We also detect only select apolipoproteins within the LNP protein corona, as demonstrated by the lack of 454 
highly abundant apolipoproteins ApoA-I and ApoA-II in our analysis.  455 
 456 
Further analysis of enriched proteins revealed their functions as associated with lipid transport and 457 
cholesterol metabolism. The association of corona protein functions with both the innate and adaptative 458 
immune responses, as well as lipid transport and metabolism, is supported by previous work.24,51,64 These 459 
observed functional associations with lipid transport align with the lipid composition of the LNPs, 460 
confirming interactions with proteins that are exchanged on lipoproteins during blood circulation. 461 
Additionally, identification of lipid-binding and immunoglobulin receptor-binding molecular functions 462 
suggests that we successfully isolated proteins that are biologically relevant to the LNP corona. 463 
Interestingly, gene ontology analysis also links seven enriched proteins to heparin binding, which may 464 
impact cell internalization, as seen with liposomes.65 The discovery of proteins related to complement and 465 
coagulation cascades enriched in the corona phase is also in line with previous literature demonstrating 466 
that nanoparticles are often tagged for removal by the complement activation pathway.66  467 
 468 
We studied the impact of putative hard corona proteins on LNP functionality in vitro by comparing mRNA 469 
expression of LNPs pre-incubated with top corona proteins versus LNPs without a pre-formed corona. We 470 
found significantly decreased mRNA expression for LNPs incubated with VTN or CR proteins and no 471 
significant change in mRNA expression for LNPs incubated with ApoE, A2M, or protein mixtures. The 472 
decrease in mRNA expression for CR incubated LNPs is likely because CR, a protein secreted by the liver 473 
and associated with inflammation, activates the complement pathway and has a role in LNP destruction 474 
or clearance.62 Conversely, VTN functions as a cell adhesion and spreading factor.63 LNPs with a VTN-475 
rich corona relative to ApoE have previously shown worse delivery outcomes in HepG2 cells.28 476 
Additionally, previous research has linked LNP formulations with specificity toward the lungs for mRNA 477 
expression with a VTN-rich corona. 24 Decreased mRNA expression in liver cells for LNP formulations 478 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 24, 2025. ; https://doi.org/10.1101/2025.01.20.633942doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.20.633942


 
with VTN-rich coronas aligns with our results, potentially enhancing the overall selectivity of LNPs to 479 
other organs such as the lungs.24 Our results therefore highlight the significance of understanding how 480 
protein-LNP interactions, and specifically the LNP protein corona, enhances or inhibits LNP cellular 481 
uptake and transfection of the mRNA cargo.  482 
 483 
To understand the observed differences in mRNA expression for certain protein coronas, we compared 484 
the levels of cell uptake and lysosomal trafficking for LNPs pre-incubated with our selected proteins. 485 
Counterintuitively, we found that although LNPs incubated with VTN or CR displayed decreased levels 486 
of mRNA expression, they did not have decreased levels of cell uptake (Fig. 6a). In fact, VTN-LNPs 487 
showed increased cell uptake relative to LNPs not pre-incubated with protein, while LNPs incubated with 488 
CR had no significant difference in uptake relative to LNPs without a pre-formed corona. We hypothesized 489 
that this increase in cellular uptake for VTN-LNPs may be due to their association with the membrane 490 
rather than internalization into the cell cytoplasm, as our localization analysis supported the conclusion 491 
that VTN-LNPs generally adhere more to the outside of the cell relative to protein-free LNPs. Specifically, 492 
VTN-LNPs, when compared to LNPs incubated without protein, show 8.5% more signal localized to the 493 
outer region of the cell versus inside the cell, suggesting that the association with the outside of the cell 494 
may prevent effective cargo delivery, leading to decreased mRNA expression. However, the four-fold 495 
increase in cell uptake for VTN-LNPs paired with decreased mRNA expression is not fully explained by 496 
the ~1.7 fold difference in LNP signal associated with the cell membrane. To further investigate this 497 
discrepancy, we considered whether VTN corona proteins may have an additional impact on LNP 498 
endosomal escape (Fig. 6b). Interestingly, we do not observe a significant difference in lysosomal co-499 
localization for LNPs with pre-formed VTN coronas despite significantly higher levels of VTN-LNPs 500 
observed for cell uptake and decreased levels of mRNA expression. These results suggest additional as-501 
of-yet unidentified mechanisms associated with how corona proteins affect LNP function. 502 
 503 
The observed mRNA expression and uptake patterns for LNPs with pre-formed ApoE coronas also 504 
provide evidence that proteins influence LNP functionality beyond uptake. LNPs pre-incubated with 505 
ApoE had no significant increase in mRNA expression but had a five-fold increase in cellular uptake in 506 
comparison to LNPs without pre-formed coronas. Co-localization analysis of ApoE-LNPs with lysosomes 507 
revealed a 5.8-fold increase in lysosome co-localization for LNPs with pre-formed ApoE coronas relative 508 
to LNPs alone. In this case, we find a similar increase in both cell uptake and lysosome co-localization for 509 
LNPs with pre-formed ApoE coronas. Specifically, the five-fold increase in cell uptake and the 5.8-fold 510 
increase in lysosomal co-localization suggests that, as more LNPs enter the cell, more LNPs are also 511 
trafficked to the lysosome for degradation. Lysosomal degradation of these LNPs likely accounts for the 512 
similar levels of mRNA expression between the ApoE-LNPs and the LNPs without a pre-formed corona. 513 
These results suggest that although the presence of an ApoE corona is beneficial for cell uptake into 514 
hepatocytes, the ApoE corona may also be inhibiting endosomal escape for this LNP. As these proteins 515 
enter the acidic environment of the early endosome, the net negative charge of ApoE shifts to a net positive 516 
charge with an isoelectric point of approximately 5.65, potentially influencing ApoE-lipid interactions 517 
and affecting endosomal escape.67,68  These mismatched patterns in mRNA expression and cell uptake 518 
highlight the importance of continued research to fully elucidate the impact of corona proteins on 519 
mechanisms of LNP functionality.  520 
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 521 
Figure 6. Mismatch between mRNA expression and cell uptake. (a) Differences in cell uptake, 522 
lysosome co-localization, and mRNA expression for protein-LNP complexes (arrows indicate increase or 523 
decrease and bars indicate no change). (b) Proteins influence LNP uptake into the cell through non-specific 524 
(1a) and/or receptor-mediated uptake (1b). These protein-LNP complexes enter (2) early endosomes 525 
where the lower pH (pH ~5) environment ionizes the LNP and may impact the protein charge depending 526 
on its isoelectric point. Next, the mRNA must escape the endosome for protein expression (3). These 527 
proteins likely impact LNP endosomal escape leading to different mRNA expression outcomes. 528 
 529 
Our results highlight the importance of characterizing proteins with a high affinity for the LNP surface 530 
and provide a workflow that is easily adoptable for a wide range of particle formulations. More broadly, 531 
our workflow can be applied to other soft nanoparticles such as liposomes, protein-based nanoparticles, 532 
and DNA nanostructures that fail to separate using conventional corona-isolation techniques. These 533 
historically understudied soft nanoparticles, which comprise 44% of nanoparticles in clinical trials, would 534 
benefit from further study of biomolecular interaction governing nanoparticle functionality using our 535 
workflow.69,70 The incorporation of fluorophores in the LNPs and quality-control measurements 536 
throughout the protocol enable more widespread applicability of our protocol to particles beyond LNPs 537 
and to biofluids beyond blood plasma. However, this workflow is limited to probing proteins with a high 538 
affinity for the LNP surface, known as the “hard corona”, whereas proteins comprising the more transient 539 
and dynamic soft LNP corona remain to be characterized. 540 
 541 
In summary, we provide clarity on methods in an area of interest within the LNP field: the LNP protein 542 
corona. We found that select proteins distinctly influence LNP internalization, endosomal escape, and 543 
subsequent mRNA expression. These findings contribute to the growing evidence that biomolecular 544 
interactions heavily influence the mechanism of LNP delivery outcomes, shown here for mRNA delivery 545 
efficiency in cells, but likely also for additional outcome measures including biodistribution, 546 
biocompatibility, stability, and in vivo efficacy. Further study is required to untangle the complexity of 547 
these protein-LNP interactions and their influence on the broad and growing range of clinical applications 548 
supported by LNP technologies. By understanding these protein-nanoparticle interactions, we can tune 549 
the design of future mRNA-based biotechnologies for improved translation to clinical practice.  550 
 551 
Methods  552 
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Materials 553 
Helper lipids (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine: DOPE, 850725), C-14-poly(ethylene 554 
glycol) (PEG)-2000 (880150P), and Liss Rhod PE (810150) were purchased from Avanti Polar Lipids. 555 
Cholesterol (C8667) was purchased from Sigma-Aldrich. Cre recombinase and luciferase mRNA were 556 
acquired from Translate Bio, now Sanofi. EZ CapTM Cy5 Firefly Luciferase mRNA (R1010) was 557 
purchased from ApexBio Technology. Thermo Scientific™ Slide-A-Lyzer™ dialysis cassettes (66330) 558 
were purchased from Thermo Fisher Scientific. Pooled human blood plasma (991-58-P-RC) was 559 
purchased from Lee BioSolutions. OptiPrep Density Gradient Medium (ab286850) was purchased from 560 
Abcam. Open-top polyclear 12-mL ultracentrifuge tubes (NC9863486) were purchased from Thermo 561 
Fisher Scientific. The21-gauge needles (305167) were purchased from BD. Cholesterol assay kit 562 
(AB65390) was purchased from Abcam. The protein detergent removal kit (1632130) was purchased from 563 
Bio-Rad. Trypsin/Lys-C Mix (V5073) was purchased from Promega. Amicon 0.5-mL 3-kDa (UFC5003) 564 
and 30-kDa (UFC503024) molecular weight cut-off (MWCO) centrifugal filters were purchased from 565 
Sigma-Aldrich. EZQ Protein Quantitation Kit (R33200) and Pierce Peptide Quantitation Kit (23290) were 566 
purchased from Thermo Fisher Scientific. Escherichia coli chaperone protein ClpB, Hi3 E. coli standard 567 
(186006012) was purchased from Waters. Recombinant human apolipoprotein E (ApoE) (AB280330), 568 
recombinant human vitronectin (ab217407), recombinant human C-reactive protein (ab167710), and 569 
native human alpha-2-macroglobulin (ab77935) were purchased from Abcam. Greiner white-bottom 96-570 
well plates (655083) and PerkinElmer black, clear-bottom 96-well plate (6055300) were purchased. The 571 
Bright-Glo™ Luciferase Assay System kit (E2610) was purchased from Promega. Hoechst 33342 572 
(H1399) was purchased from Fisher Scientific. CellBrite™ Cytoplasmic Membrane Labeling Kit (30021) 573 
was purchased from Biotium. Invitrogen™ LysoTracker™ Green DND-26 (L7526) was purchased from 574 
Fisher Scientific. 575 
 576 
LNP synthesis 577 
LNPs were synthesized according to our previously published work.71 Lipidoid (306O10), helper lipids 578 
(DOPE), cholesterol, and C-14- poly(ethylene glycol)(PEG)-2000 were dissolved in reagent-grade ethanol 579 
at 10 mg/mL. The lipidoid, helper lipid, cholesterol, and PEG were mixed in a 35:16:46.5:2.5 molar ratio, 580 
respectively. Subsequently, the citrate buffer was added to the lipid solution in a 1:10 volumetric ratio. 581 
Cre recombinase or luciferase mRNA was dissolved in 10 mM sodium citrate buffer at 1 mg/mL. Cre 582 
recombinase mRNA was used in LNPs for protein corona composition experiments and luciferase mRNA 583 
was used in LNPs for in vitro experiments. The lipid solution was added to the mRNA solution at a 10:1 584 
lipidoid to mRNA mass ratio and mixed by pipetting. The solution was then diluted with an equal volume 585 
of phosphate-buffered saline (PBS). Lastly, the LNPs were dialyzed against 2 L of PBS for 1 hour in 0.5-586 
mL 3.5-kDa MWCO Thermo Scientific™ Slide-A-Lyzer™ dialysis cassettes. Lipid nanoparticles for 587 
protein corona isolation and in vitro studies were formulated at final mRNA concentrations of 0.05 and 588 
0.01 mg/mL mRNA, respectively. 589 
 590 
Fluorescently tagged LNP synthesis  591 
Fluorescently tagged LNPs were synthesized based on the standard LNP synthesis method described 592 
above, with the addition of 0.5 mol % fluorescently tagged lipid, 1,2-dioleoyl-sn-glycero-3-593 
phosphoethanolamine-N- (lissamine rhodamine B sulfonyl) (Liss Rhod PE). The lipidoid, helper lipid, 594 
fluorescently tagged lipid, cholesterol, and PEG were mixed in a 35:15.5:0.5:46.5:2.5 molar ratio, 595 
respectively. 596 
 597 
Dynamic Light Scattering (DLS) 598 
Hydrodynamic size distribution of LNPs were determined in a 10-fold PBS dilution to a concentration of 599 
0.005 mRNA mg/mL LNPs using dynamic light scattering (DLS) (Malvern ZetaSizer Nano, Malvern 600 
Instruments).  601 
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 602 
Protein corona isolation 603 
LNPs synthesized at a concentration of 0.05 mg/mL mRNA with Cre recombinase mRNA were incubated 604 
with an equal volume (400 µL) of pooled human blood plasma at 37 °C, the physiologically relevant 605 
temperature, for 1 hour, which has previously been determined as sufficient time for corona formation to 606 
occur.40 Simultaneously, a PBS control was incubated with equal volume (400 µL) of pooled human blood 607 
plasma at 37 °C for 1 hour. Iodixanol solutions were prepared the same day and chilled on ice prior to 608 
gradient preparation according to protocols established for exosome purification.55 Directly after 609 
incubation, each sample was diluted to a final concentration of 30% iodixanol (OptiPrep Density Gradient 610 
Medium) with a total volume of 2 mL and loaded into the bottom of a polyclear 12-mL ultracentrifuge 611 
tube. This bottom layer was followed by 2-mL layers of 25%, 20%, 15%, 10%, and 5% iodixanol, resulting 612 
in a six-layer iodixanol gradient. These layers were added to the tube with a 21-gauge needle beginning 613 
from the bottom layer to the top layer, proceeding slowly to avoid splashing/mixing of layers and avoiding 614 
the introduction of bubbles, which disrupt the gradient during centrifugation. The difference in density 615 
between each of the six gradient layers should be visible (Supplementary Fig. 8). Two tubes, one 616 
containing the LNPs incubated with plasma and one with a plasma control, were centrifuged for 16 hours 617 
at 36,000 rpm (160,000 rcf) and 4 °C with minimum acceleration and no breaking in a SW 41 Ti Beckman 618 
swinging bucket rotor. Post centrifugation, 0.5-mL volume fractions were collected from top to bottom of 619 
the tube by careful pipetting. We added Triton-X 100 to the selected fractions as determined by the 620 
fluorescence assay to a final concentration of 2 % Triton-X 100 to disrupt LNPs and then pooled them 621 
together using Amicon 0.5-mL 3-kDa MWCO centrifugal filters pre-rinsed with 50 mM Tris-HCl pH 8 at 622 
4 °C according to manufacturer’s instructions. 623 
 624 
Protein sample preparation for characterization 625 
Following sample pooling, an acid-based protein precipitation method (Bio-Rad detergent removal kit) 626 
was used to remove ionic contaminants that interfere with LC-MS/MS, including detergents and free 627 
lipids. Further sample preparation followed our previously established protocols.32 Proteins were reduced 628 
by heating at 37 °C for 60 min in urea/dithiothreitol (DTT) reducing buffer (8 M urea, 5 mM DTT, 50 629 
mM Tris-HCl, pH 8). Proteins were alkylated with 15 mM iodoacetamide for 30 minutes in the dark. Next, 630 
500 mM DTT was added to quench excess iodoacetamide in a volume ratio of 3:1 and incubated for 20 631 
minutes. These samples were concentrated and filtered with 0.5-mL 3-kDa MWCO centrifugal filters pre-632 
rinsed with 50 mM Tris-HCl pH8. Protein concentration was determined with the EZQ Protein 633 
Quantitation Kit before 1:1 dilution with 50 mM Tris-HCl pH 8 to allow enzymatic protein digestion. In-634 
solution protein digestion was done with a ratio of 1:25 weight/weight Trypsin/Lys-C (Mass Spectrometry 635 
Grade) to protein, overnight at 37 °C. Any remaining large contaminants were removed by filtering with 636 
pre-rinsed Amicon 0.5-mL 30-kDa MWCO centrifugal filters. Peptide concentration was determined with 637 
the Pierce Peptide Quantitation Kit and samples were then normalized to the same mass concentration. 638 
Peptide solutions were spiked with 50 fmol of E. coli housekeeping peptide (Hi3 E. coli Standard, Waters) 639 
per 5 μL sample volume to enable protein quantification. Digestion was stopped by freezing samples to -640 
20 °C.  641 
 642 
Protein characterization via liquid chromatography-tandem mass spectrometry (LC-MS/MS).  643 
Samples of proteolytically digested proteins were analyzed using a Synapt G2-Si ion mobility mass 644 
spectrometer that was equipped with a nanoelectrospray ionization source (Waters, Milford, MA). The 645 
Synapt G2-Si was connected in line with an Acquity M-class ultra-performance liquid chromatography 646 
system that was equipped with reversed-phase trapping (Symmetry C18, inner diameter: 180 μm, length: 647 
20 mm, particle size: 5 μm, part number 186007496) and analytical (HSS T3, inner diameter: 75 μm, 648 
length: 150 mm, particle size: 1.8 μm, part number 186007473, Waters) columns. The mobile phase 649 
solvents were water and acetonitrile, both of which contained 0.1% formic acid and 0.01% difluoroacetic 650 
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acid (volume/volume).72 Data-independent, ion mobility-enabled, high-definition mass spectra and 651 
tandem mass spectra were acquired using the positive ion mode.73–76 Instrument control and data 652 
acquisition were performed using MassLynx software (version 4.1, Waters). Peptide and protein 653 
identification and quantification using a label-free approach were performed using Progenesis QI for 654 
Proteomics software (version 4.2, Waters Nonlinear Dynamics).77,78 Escherichia coli chaperone protein 655 
ClpB (accession P63284, Hi3 E. coli standard) was used as an internal standard for protein quantification. 656 
Data were searched against the human protein database to identify tryptic peptides using ion accounting 657 
as peptide identification method, trypsin as digest reagent allowing up to three missed tryptic cleavages, 658 
carbamidomethylcysteine as a fixed post-translational modification, methionine sulfoxide as a variable 659 
post-translational modification, a target false discovery rate of less than four percent, three or more 660 
fragment ions per peptide, seven or more fragment ions per protein, one or more peptides per protein, and 661 
a minimum score of four.79 662 
 663 
Proteomic data analysis  664 
Proteins were filtered for q-values (FDR adjusted p-values) less than 0.05. Database for Annotation, 665 
Visualization and Integrated Discovery (DAVID) was used for functional annotation of gene ontology 666 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) was used for pathway analysis of enriched 667 
proteins.80,81 KEGG analysis relates known biological pathway maps to protein IDs of interest.82–84 For 668 
GO and KEGG analysis using DAVID, the thresholds were based on the count (number of IDs) and EASE 669 
score (a modified Fisher Exact p-value for gene-enrichment analysis) which were set to 5 and 0.05, 670 
respectively.  671 
 672 
In vitro luciferase delivery  673 
HepG2 cells were cultured in Eagle's Minimum Essential Medium with 10% fetal bovine serum 674 
(volume/volume) and 1% penicillin-streptomycin (volume/volume).85 Before plating, cells were washed 675 
with serum-free media and seeded into a white-bottom 96-well plate (surface area = 0.32 cm² per well) at 676 
a density of 15,000 cells per well. The cells were incubated at 37 °C for 24 hours in serum-free media. 677 
LNPs synthesized with luciferase mRNA at 0.01 mg/mL mRNA were incubated with proteins for 1 hour 678 
at 37 °C to a final LNP concentration of 0.005 mg/mL mRNA. The LNPs were incubated with 2000 ng of 679 
each protein (0.05 ng mRNA:1 ng protein, 0.01 mg/mL protein) unless otherwise specified. Following the 680 
incubation, each well was incubated with 20 µL of LNPs with or without the pre-formed protein corona 681 
at 0.005 mg/mL mRNA (100 ng mRNA per well) as optimized previously.19 After 24 hours, Brightglow 682 
Bright-Glo™ Luciferase Assay System kit and a plate reader were used to quantify mRNA expression via 683 
luminescence. 684 
 685 
Confocal microscopy of LNP internalization 686 
HepG2 cells were cultured and plated according to conditions for the in vitro luciferase delivery assay. 687 
Cells were washed with serum-free media and were seeded into a black, clear bottom 96-well plate at a 688 
density of 15,000 cells per well and incubated at 37 °C for 24 hours in serum-free media. LNPs were 689 
synthesized with EZ CapTM Cy5 Firefly Luciferase mRNA at 0.01 mg/mL mRNA and incubated with 690 
proteins for 1 hour at 37 °C to a final LNP concentration of 0.005 mg/mL mRNA and 0.01 mg/mL protein 691 
concentration unless otherwise specified. Following the incubation, each well was incubated with 20 µL 692 
of LNPs with or without the pre-formed protein corona at 0.005 mg/mL mRNA (100 ng mRNA per well). 693 
For cell uptake experiments, 1.5 hours after LNP addition, cells were stained with Hoechst 33342 and 694 
CellBrite™ Cytoplasmic Membrane Labeling Kit. Images were acquired using a ZEISS Celldiscoverer 7 695 
with n = 3 biological replicates and n = 4 technical replicates, with 3 fields of view (FOV) per technical 696 
replicate. Fields of view were collected in an unbiased automated fashion throughout each well at a focal 697 
plane offset of 4.5 µm from the bottom of the adherent cells using an air objective, 20X (0.95) 698 
magnification, 0.5x tube lens, and a 43-second frame time. Images were collected with 0.8%, 0.1%, and 699 
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3% laser power for Cy5, CellBrite, and Hoechst, respectively. These acquisitions were taken by 700 
sequentially exciting Cy5 at 640 nm, CellBrite at 488, and Hoechst at 405 nm. Emission was collected in 701 
the 617-700 nm range, 490-600 nm range, and 400-485 nm range, respectively. Images were batch 702 
processed by first creating a mask for the cell membrane based on the CellBrite dye. Then, the Cy5 signal 703 
within the mask was quantified and normalized according to the nuclei count per image. We calculated 704 
the fluorescence intensity as the summation of the Cy5 signal per FOV with values from 3 FOVs mean-705 
aggregated to a single technical replicate. For the erosion analysis, the inner membrane mask was acquired 706 
by eroding the membrane mask n = 10 times. The outer membrane mask was the exclusive disjunction 707 
(XOR) of total membrane mask and inner membrane mask. Intensity was summed within each outer and 708 
inner mask, and the fraction was calculated based on Cy5 intensity within the membrane mask. For 709 
lysosomal co-localization of LNP analysis, 1.5 hours after LNP addition, cells were stained with Hoechst 710 
33342 and Invitrogen™ LysoTracker™. Images were acquired using a ZEISS Celldiscoverer 7 with n = 711 
4 biological replicates and n = 4 technical replicates, with 3 fields of view (FOV) per technical replicate. 712 
Fields of view were collected in an unbiased automated fashion throughout each well at a focal plane 713 
offset of 4.5 µm from the bottom of the adherent cells with a water immersion objective, 50X (1.2) 714 
magnification, 0.5x tube lens, and a 34-second frame time. Images were collected with 0.8%, 0.2%, and 715 
2% laser power for Cy5, Invitrogen™ LysoTracker™, and Hoechst, respectively. These acquisitions were 716 
taken by sequentially exciting Cy5 at 640 nm, Invitrogen™ LysoTracker™ at 488, and Hoechst at 405 nm. 717 
Emission was collected in the 620-700 nm range, 490-602 nm range, and 400-495 nm range, respectively. 718 
These images were batch processed by creating a mask for the lysosomes based on the Invitrogen™ 719 
LysoTracker™. Then, the Cy5 signal within the lysosome mask was quantified and normalized according 720 
to the nuclei count per image. We calculated the fluorescence intensity as the summation of the Cy5 signal 721 
per FOV with values from 3 FOVs mean-aggregated to a single technical replicate. Further detailed 722 
analysis is available (https://github.com/tengjuilin/internalization-analysis).  723 
 724 
Statistics  725 
Statistical analysis and visualization were performed with GraphPad Prism (v.10.2.3) and Python (v3). 726 
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