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Abstract

Lipid nanoparticles (LNPs) are the leading nonviral technologies for the delivery of exogenous 

RNA to target cells in vivo. As systemic delivery platforms, these technologies are exemplified 

by Onpattro, an approved LNP-based RNA interference therapy, administered intravenously 

and targeted to parenchymal liver cells. The discovery of systemically administered LNP 

technologies capable of preferential RNA delivery beyond hepatocytes has, however, proven more 

challenging. Here, preceded by comprehensive mechanistic understanding of in vivo nanoparticle 

biodistribution and bodily clearance, an LNP-based messenger RNA (mRNA) delivery platform is 

rationally designed to preferentially target the hepatic reticuloendothelial system (RES). Evaluated 

in embryonic zebrafish, validated in mice, and directly compared to LNP–mRNA systems based 

on the lipid composition of Onpattro, RES-targeted LNPs significantly enhance mRNA expression 

both globally within the liver and specifically within hepatic RES cell types. Hepatic RES 

targeting requires just a single lipid change within the formulation of Onpattro to switch LNP 

surface charge from neutral to anionic. This technology not only provides new opportunities to 

treat liver-specific and systemic diseases in which RES cell types play a key role but, more 

importantly, exemplifies that rational design of advanced RNA therapies must be preceded by a 

robust understanding of the dominant nano–biointeractions involved.
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1. Introduction

RNA therapy relies on cytosolic delivery of exogenous (therapeutic) RNA molecules, e.g., 

messenger RNA (mRNA), small interefering RNA (siRNA), or microRNA (miRNA), to 

gain precise control of gene expression within target cells.[1,2] This requires delivery 

systems to protect, transport, and deliver highly charged, immunogenic, and membrane 

impermeable RNA payloads within target cells and tissues in the body. To this end, 

lipid nanoparticles (LNPs) have emerged as the leading nonviral RNA delivery system 

for systemic in vivo application.[3-5] These technologies are exemplified by Onpattro, 

a clinically approved LNP-based RNA interference therapy, administered intravenously 

(i.v.) and used to treat polyneuropathies resulting from transthyretin-mediated amyloidosis 

(hereditary transthyretin amyloidosis (hATTR)).[6,7] Onpattro functions by transiently 

silencing transthyretin expression specifically within hepatocytes through siRNA delivery.[7] 

Hepatocyte targeting is mediated through the adsorption of soluble apolipoprotein E (apoE) 

onto the surface of a circulating LNP.[8,9] Once bound, apoE promotes LNP binding to 

the low density lipoprotein receptor (LDLr)[10] that is heavily expressed on the sinusoidal 

surface of hepatocytes. ApoE–LDLr binding leads to LNP endocytosis and consequent 

cytosolic siRNA delivery. Cytosolic siRNA release is enhanced by the protonation of 

ionizable (cationic) lipids within the endosome and subsequent disruption of the endosomal 

membrane.[11]

Following systemic administration, harnessing apoE-mediated LNP specificity for the 

delivery of RNA therapeutics (siRNA or mRNA) to hepatocytes is relatively common.
[5,10,12-15] However, expanding the scope of LNP-based gene therapies to other hepatic cell 

types (or nonhepatic cells), and therefore gain access to many tissue-/cell-specific diseases, 

has so far proven more challenging. To meet this challenge, empirical screening of LNPs 

has revealed formulations that preferentially target extrahepatic tissues (e.g., bone marrow)
[16,17] and cells (e.g., T-cells),[18,19] as well as individual hepatic (e.g., liver endothelial) cell 

types.[20,21] However, while these empirical discoveries have enriched our understanding 

of the structure–activity land-scape of LNP technologies, they have not revealed the 

biological mechanisms underpinning LNP transport and preferential cellular uptake in vivo. 

This knowledge is fundamental for rational design and should be the foundation of any 

future discovery efforts toward LNP–RNA therapies with target cell specificity beyond 

hepatocytes.[5,22]

Besides hepatocytes (comprising ≈80% liver volume), the liver is composed of 

nonparenchymal liver cells, including Kupffer cells (KCs) and liver sinusoidal endothelial 

cells (LSECs).[23] Hepatic blood vessels, or sinusoids, connecting the hepatic artery and 

portal vein to the central vein, are primarily composed of LSECs (≈70%) and KCs 

(≈20%).[24,25] Together, these two cell types make up the hepatic reticuloendothelial 

system (RES) whose primary role is to maintain blood homeostasis through the scavenging 

of macromolecular waste and pathogens from blood.[26,27] LSECs, in particular, are 

specialized scavenger endothelial cells (SECs) and have one of the highest endocytic 

activities of any cell type in the body.[28] These cells are responsible for the clearance 

of endogenous macromolecules, such as oxidized low-density lipoprotein and hyaluronic 

acid,[27,29,30] as well as blood-borne pathogens.[31,32] In large part, LSEC clearance of 
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macromolecular waste and pathogens is mediated through an array of scavenger receptors 

(e.g., hyaluronan and stabilin receptors), expressed on the luminal membrane of LSECs.
[33-35] As a therapeutic target, LSECs play a crucial role in liver homeostasis, regeneration 

following acute injury, and in the pathogenesis of various liver diseases, including cirrhosis 

and liver cancer.[28,36] Additionally, as antigen presenting cells, LSECs are key regulators 

of hepatic adaptive immunity and systemic immunotolerance, and are therefore promising 

immunotherapy targets.[37]

Guided by a mechanistic understanding of the systemic clearance of i.v. administered 

anionic nanoparticles by hepatic RES cell types,[38] here, we rationally design anionic 

LNPs to preferentially target and transfect the hepatic RES, i.e., scavenger receptor LNPs 

(srLNPs). This required just a single lipid compositional change within the formulation 

of Onpattro. Using the embryonic zebrafish (Danio rerio) as a convenient, accurate, and 

cost-effective in vivo model,[39] we qualitatively describe LNP biodistribution, mRNA 

delivery, and expression of an exogenous fluorescent protein in vivo, at cellular resolution 

and in real time, focusing particularly on relative LNP uptake and mRNA expression 

within SECs, macrophages, and hepatocytes of the embryo. Furthermore, we confirm that 

scavenger receptors, stabilin-1 and −2, mediated uptake of anionic LNPs by SECs. Finally, 

we validate preferential LNP-mediated mRNA transfection of the hepatic RES in mice and 

demonstrate the critical importance of stabilin-2 for anionic LNP uptake and processing 

within mammalian LSECs.

2. Results

2.1. Design and Characterization of Anionic srLNPs

Previously, we have shown that i.v. administered, anionic nanoparticles (ranging in size from 

10 to 150 nm and spanning a diverse range of chemistries) are rapidly and extensively 

cleared from circulation by SECs within the posterior cardinal vein (PCV), caudal 

hematopoietic tissue (CHT), and caudal vein (CV) of a two-day old zebrafish embryo.[38] 

In teleost fish (i.e., zebrafish), and other aquatic vertebrates, SECs are not located primarily 

in the liver (as for LSECs in mammals), but reside in various other organs including 

scavenging (venous) blood vessels.[40] Mechanistically, anionic nanoparticle recognition and 

uptake by SECs is mediated by the scavenger receptors, stabilin-1 (stab1) and stabilin-2 

(stab2).[38] Stabilin-1 and −2 are strongly expressed by LSECs in the mammalian liver[29,41] 

and i.v. injection of anionic liposomes in 6–8 week old mice resulted in extensive anionic 

nanoparticle uptake within these cell types.[38] In addition to SECs, anionic nanoparticles 

are also scavenged by blood resident macrophages, both within the CHT of the embryonic 

zebrafish and within the mouse liver (i.e., within KCs).[38,42] Together, these observations 

indicate that the embryonic zebrafish can be used to qualitatively predict in vivo nanoparticle 

interactions with mammalian RES cell types.

Here, we rationally designed an anionic LNP system for preferential genetic manipulation 

in hepatic RES cells. In general, LNPs consist of five structural components (four 

lipid reagents and an oligonucleotide payload) that self-assemble to form discrete 

nanostructures ranging from ≈30 to ≈150 nm in size (Figure 1a).[43] The “hydrophobic” 

core of a LNP is rich in ionizable lipids (e.g., heptatriaconta-6,9,28,31-tetraen-19-yl 
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4-(dimethylamino)butanoate, DLin-MC3-DMA; 50 mol%*) [asterix denotes in the case 

of Onpattro]), cholesterol (38.5 mol%*), and an oligonucleotide payload. By contrast, 

the LNP surface (i.e., lipid–water interface) is rich in helper phospholipids (e.g., 1,2-

distearoyl-sn-glycero-3-phosphocholine, DSPC; 10 mol%*) and lipid–polyethylene glycol 

(PEG) conjugates (e.g., 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000, 

DMG-PEG2k; 1.5 mol%*).[44] We therefore hypothesized that by switching the helper 

phospholipid of Onpattro, from zwitterionic DSPC to its closest structural, but anionic, 

analog, 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG), we would render a LNP 

surface anionic while minimally disrupting LNP global structure. An anionic surface charge 

would, in turn, redirect LNP targeting and functional RNA delivery from hepatocytes to 

the hepatic RES through exploitation of a stabilin-mediated pathway of LNP recognition 

and uptake in LSECs while simultaneously inhibiting hepatocyte apoE–LDLr interactions 

(Figure 1b,c).[45] Hereafter, we refer to DSPG-containing LNPs as srLNPs and LNPs based 

on the lipid composition of Onpattro as DSPC–LNPs (Figure 1d). LNP formulations with 

an effective anionic surface charge of ≤−15 mV have not been previously reported. In all 

cases, a nitrogen to phosphate (N:P) ratio of 6:1 was used, as is typical for larger nucleic 

acid payloads.[46]

Following microfluidic assembly, cryo-electron microscopy (cryo-EM) revealed LNPs with 

a typical electron-dense core structure (Figure 1e).[47-50] Within DSPC–LNPs (47.0 ± 

13.9 nm), both amorphous and lamellar core structures were present, whereas the core 

structure of srLNPs (66.6 ± 22.0 nm) contained a mixture of amorphous, unilamellar, and 

polymorphic structures, as has been previously reported for LNP–mRNA systems.[51,52] 

Particle sizes of both DSPC–LNPs and srLNPs (determined through cryo-EM image 

analysis) were comparable to the number-weighted average determined by dynamic light 

scattering (Figure 1f and Table S1 (Supporting Information)) and both formulations were 

well below the size threshold considered favorable for size-dependent phagocytosis,[53,54] 

as well as for unhindered passage through the fenestrae (180 ± 41 nm; murine) of the liver 

endothelium (i.e., unrestricted access to hepatocytes).[55] In all cases, mRNA encapsulation 

efficiencies were >95% (Figure 1g). Crucially, however, srLNPs possessed a significantly 

more anionic (ζ-potential ≈ −20 mV) surface charge compared to DSPC–LNPs (ζ-potential 

≈ −5 mV), indicative of DSPG exposed at the lipid–water interface (Figure 1h). For detailed 

biophysical characterization (i.e., size, surface charge, encapsulation efficiencies) of all 

formulations used in this study, please refer to Table S1 (Supporting Information).

2.2. Biodistribution of LNPs in Embryonic Zebrafish

To assess LNP in vivo biodistribution, DSPC–LNPs and srLNPs containing a fluorescent 

lipid probe (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 

sulfonyl (DOPE-LR), 0.2 mol%)) and encapsulating fluorescently tagged mRNA (capped 

and Cy5-labeled), were injected (i.v., ≈10 × 10−3 M lipid, ≈0.2 mg kg−1 mRNA) in wild-type 

zebrafish embryos at two days postfertilization (dpf) (Figure 2a). Confocal imaging of entire 

live embryos, as well as high resolution, tissue level views to include key scavenging cell 

types of the embryo within the CV and CHT (Figure 2b), revealed distinct biodistribution 

patterns for both LNP–mRNA formulations at 1.5 h postinjection (hpi) (Figure 2c-f). In 

the case of DSPC–LNPs, particles were mostly freely circulating, with both lipid and 
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mRNA confined to, and homogenously distributed throughout, the vasculature of the embryo 

(Figure 2c,d). In addition, a small fraction of DSPC–LNPs accumulated within blood-

resident macrophages of the CHT, indicative of low-level recognition and uptake by the 

RES (white arrowheads, Figure 2d; confirmed in Tg(mpeg:mCherry) embryos, Figure S1a-d, 

Supporting Information). In the case of srLNPs, the majority of injected particles were 

cleared from circulation at 1.5 hpi, with highly selective accumulation observed within SECs 

and blood-resident macrophages of the PCV, CHT, and CV (Figure 2e,f; macrophage uptake 

confirmed in Tg(mpeg:mCherry) embryos and Figure S1e-g (Supporting Information)).

This selective accumulation of srLNPs within scavenging (venous) blood vessels of the 

embryonic zebrafish closely resembled that previously observed for anionic liposomes, 

polymersomes, and inorganic nanoparticles, in which nanoparticle uptake within SECs was 

mediated by stabilin scavenger receptors.[38] To therefore confirm stabilin-mediated uptake, 

srLNPs were injected (i.v.) in established stab1−/−/stab2−/− double knockout (KO) zebrafish 

embryos (2 dpf).[56] Within these mutant embryos, srLNPs predominantly remained in 

circulation at 1.5 hpi with a small fraction accumulating within blood-resident macrophages 

of the CHT (Figure 2g and Figure S2 (Supporting Information) for whole embryo images). 

This confirmed that srLNPs selectively accumulate within RES cell types of the embryonic 

zebrafish and that recognition and uptake of srLNPs within SECs, but not macrophages, 

are exclusively mediated by stabilin receptors. Analogous injections of DSPC–LNPs within 

double KO (DKO) embryos did not alter DSPC–LNP biodistribution, with the majority of 

DSPC–LNPs remaining in circulation (Figure 2h and Figure S2 (Supporting Information) 

for whole embryo images). In all cases, both lipid and mRNA fluorescent probes appear 

fully colocalized at 1.5 hpi, indicating that mRNA remained stably entrapped within the core 

of both DSPC and srLNPs in circulation, as well as during cellular recognition and (early) 

cellular uptake.

2.3. LNP-Mediated mRNA Delivery and Expression in Embryonic Zebrafish

To assess LNP-mediated delivery of functional mRNA within the embryonic zebrafish, 

we switched to unlabeled eGFP mRNA (capped, Figure 3a), as we consistently observed 

low mRNA expression levels using Cy5-labeled eGFP (capped) mRNA payloads. This 

alteration did not significantly change the structure, surface charge, or mRNA encapsulation 

efficiency of LNPs (see Table S1 in the Supporting Information). At 1.5 hpi, srLNPs (≈10 

× 10−3 M lipid, ≈0.2 mg kg−1 mRNA) again associated with SECs and blood-resident 

macrophages within the PCV, CHT, and CV of the embryonic zebrafish (Figure 3b,c). Given 

the >2 h timeframe for mRNA delivery, expression and maturation of eGFP,[57,58] low 

level green fluorescence observed at 1.5 hpi, within the yolk sac and iridophores (pigment 

cells) of the embryo, is attributed to embryo autofluorescence in the GFP channel.[59] 

At 24 hpi, however, intense eGFP fluorescence was observed specifically within SECs 

and blood-resident macrophages of the embryo (Figure 3d,e). This is consistent with the 

timings reported for eGFP–mRNA delivery and expression using analogous lipid-based 

delivery systems, whereby the onset of eGFP maturation and fluorescence (in vitro) occurs 

2–7 h postincubation and expression levels (fluorescence intensity) continually increase 

up to 24 h post-treatment.[57,60] Within stab1−/−/stab2−/− mutant embryos, srLNP-mediated 

eGFP expression at 24 hpi was observed within blood-resident macrophages, but not SECs, 
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confirming that macrophage uptake of srLNPs, as for other anionic nanoparticles, is not 

exclusively dependent on stabilin receptors (Figure 3f,g).

In the case of srLNPs, the observed pattern of eGFP expression, within SECs and 

macrophages of the CHT and CV, mirrored srLNP biodistribution at 1.5 hpi (Figure 2e,f) 

and confirmed successful transport, uptake, and cytosolic delivery of functional mRNA 

within these cells. This is particularly remarkable given SECs have one of the highest 

endo-/lysosomal activities of any cell type[30,35] and are primed to degrade fragile RNA 

molecules. Endosomal escape and cytosolic delivery of RNA is recognized as one of the 

major obstacles in the development of effective RNA therapies,[61] with <2% of internalized 

siRNA (complexed within LNPs based on the lipid composition of Onpattro) reaching the 

cytoplasm of HeLa cells (in vitro) and hepatocytes (in vivo).[62,63] Indeed, the acute extent 

of mRNA degradation within SECs (as well as potential mRNA degradation in circulation), 

was partly confirmed by injection (i.v.) of free eGFP–mRNA (capped; both Cy5-labeled 

and unlabeled) within the zebrafish embryo. This resulted in no significant expression of 

eGFP within SECs at 24 hpi despite extensive accumulation within these cells at 1.5 hpi, 

presumably via scavenger-receptor-mediated uptake of circulating, polyanionic RNA (Figure 

S3, Supporting Information).[64]

In the case of DSPC–LNP-mediated mRNA delivery (≈10 × 10−3 M lipid, ≈0.2 mg 

kg−1 mRNA), widespread eGFP fluorescence was observed throughout the two-day old 

embryo at 24 hpi (Figure S4, Supporting Information). Combined with the evident lack of 

cellular accumulation at 1.5 hpi (Figure 2c,d), this suggested that LNPs based on the lipid 

composition of Onpattro are subject to low-level, nonspecific cellular uptake with resultant 

mRNA expression across a broad range of cell types, including SECs and blood-resident 

macrophages. Importantly, however, the two-day old embryonic zebrafish lacks a functional 

liver system.[65,66] To assess potentially important and/or competitive (apoE-mediated) 

pathways of LNP recognition and uptake within functional hepatocytes, therefore, it was 

necessary to switch to LNP injections in older zebrafish embryos.

2.4. Hepatocyte Targeting and mRNA Expression in Older Zebrafish Embryos

From ≈55 h postfertilization (hpf), the liver of the embryonic zebrafish undergoes a 

dramatic growth phase. New intrahepatic blood vessels are formed, with blood circulation 

detected from 72 hpf,[67] and the localized expression of key hepatocyte markers, 

including transferrin[68] and liver fatty acid binding protein (L-FABP),[69] evidently 

marking maturation of functional hepatocytes. During this growth phase, anatomical 

features characteristic of the mammalian liver, and necessary for hepatic processing of 

lipid nanoparticles, also emerge, including a space of Disse,[70] the likely presence of 

a fenestrated endothelium[71] and a functional biliary network (connected to the blood 

vasculature via hepatocytes).[65] At this developmental stage, the embryonic zebrafish 

also possesses a conserved repertoire of lipid transport proteins,[72,73] including apoE 

and lipoprotein receptors, (e.g., LDLr).[74,75] In the case of apoE, zebrafish expresses 

two isoforms (apoEa and apoEb) which, despite relatively low overall sequence similarity 

(28–51% homology), have highly conserved LDLr/LRP binding domains (residues 122–

131) when compared to human apoE (residues 141–150). Altogether, this functionally 
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conserved array of lipid processing pathways, proteins, and cells has led to the use of 

the embryonic zebrafish as in vivo model to study various aspects of endogenous (apoE-

mediated) lipid transport and metabolism,[76,77] both in the diseased and healthy states.
[72,74,75,78] Altogether, these features and reports indicate a potentially valuable role for 

zebrafish embryos as predictive in vivo screening platforms for studying both the clearance 

and metabolism of lipid-based nanomaterials.

To establish the embryonic zebrafish as an in vivo model for apoE-mediated targeting of 

lipid-based nanomedicines, we first administered apoE-targeted 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) liposomes (≈100 nm; Chol─NH─apoE peptide, 5 mol%, see 

the Supporting Information for synthesis and characterization) within 4-day old, Tg(L-
FABP:eGFP) zebrafish embryos (Figure 4a,b). Nanoparticle-/macromolecule-conjugated 

apoE target peptides (amino acid sequence: (LRKLRKRLL)2; tandem-repeat LDLr target 

sequence (residues 141–150) of human apoE) have been previously shown to interact 

with LDLr, as well as the low-density lipoprotein-receptor-related proteins (LRPs), 

LRP1 and LRP2.[79-81] Following i.v. administration, apoE-targeted DOPC liposomes 

clearly associated within the liver of a four day embryo (Figure 4c,d). By contrast, 

nontargeted DOPC liposomes remained freely circulating (Figure 4e,f). This confirmed 

that apoE-mediated pathways of nanoparticle recognition and uptake within the liver of 

a four-day old zebrafish are present, functional, and exploitable. Within the liver itself, 

apoE-targeted liposomes were not only taken up by hepatocytes but could be clearly 

observed delin-eating the characteristic hexagonal morphology of hepatocytes (Figure 

4g,h). This apparent “stockpiling” of apoE-targeted liposomes within the space of Disse 

(i.e., associated with, but not yet taken up by, hepatocytes), was previously observed 

during the hepatic processing of albumin within zebrafish embryos,[71] and may reflect 

extended (i.e., >1.5 hpi) timings of nanoparticle trafficking and processing within the liver.
[82] Overall, our observations, supported by the conserved repertoire of lipid transport 

and metabolism pathways, proteins, and cell types, strongly suggest that apoE-mediated 

mechanisms of LNP–hepatocyte targeting are present, functional, exploitable—and can be 

clearly distinguished by fluorescence confocal microscopy—within a four-day old zebrafish 

embryo.

To investigate potential apoE-mediated pathways of LNP recognition and uptake, we 

injected DSPC–LNPs (Figure 5a (≈10 × 10−3 M lipid) and Figure S5 (Supporting 

Information, ≈30 × 10−3 M lipid)) and srLNPs (Figure S6, Supporting Information, ≈30 

× 10−3 M lipid) within 4-day old zebrafish embryos. In the case of anionic srLNPs (≈30 × 

10−3 M, ≈0.6 mg kg−1 mRNA), LNPs once again associated with SECs and blood resident 

macrophages within the PCV, CV, and CHT at 1.5 hpi (Figure S6, Supporting Information), 

consistent with our observations in two-day old embryos (Figure 2e,f). Likewise, srLNP-

mediated eGFP expression was largely restricted to RES cell types with no significant 

liver-specific mRNA expression observed (Figure S6, Supporting Information). This result 

indicated that stabilin-mediated mechanisms of srLNP recognition and uptake within SECs 

predominate over any potentially competitive apoE-mediated, LNP processing pathways 

within the embryonic zebrafish.
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In the case of DSPC–LNPs (≈10 × 10−3 M, ≈0.2 mg kg−1 mRNA), we observed (very) 

low level and widespread eGFP expression throughout the embryo with no preferential 

hepatic accumulation of LNPs (at 1.5 hpi) or enhanced, liver-specific eGFP expression at 

24 hpi (Figure 5b-e). This biodistribution and mRNA expression profiles were mirrored 

at higher DSPC–LNP dosages (≈30 × 10−3 M, ≈0.6 mg kg−1 mRNA), albeit at enhanced 

global levels of eGFP mRNA expression (Figure S6, Supporting Information). Preincubation 

(1 h) of DSPC–LNPs (≈10 × 10−3 M, ≈0.2 mg kg−1 mRNA) with human apoE (5 mg 

μL−1), however, did result in a qualitative increase in eGFP mRNA expression within the 

embryonic liver, despite no obvious enhancement of DSPC–LNP hepatocyte targeting at 1.5 

hpi (Figure 5f-i). These results suggest that while DSPC–LNP-mediated mRNA expression 

within hepatocytes may be enhanced by apoE-mediated pathways of recognition and uptake, 

endogenous apoE-mediated pathways of LNP processing, at least in the zebrafish embryo, 

are relatively inefficient.

2.5. LNP-Mediated mRNA Delivery and Expression in Mice

Next, we validated LNP biodistribution and LNP-mediated mRNA expression patterns 

in mice, focusing on cell-specific LNP distribution and mRNA expression within 

the murine liver, the largest RES organ in mammals. For all wild-type mouse 

experiments, LNP–mRNA formulations were injected (i.v.) in 8–10 week old C57BL/6 

mice (Figure 6a). To assess LNP distribution and functional mRNA delivery within 

individual hepatic and nonhepatic (i.e., spleen and bone marrow) RES cell types, mice 

were anesthetized, a trans-cardiac collagenase perfusion performed, (parenchymal and 

nonparenchymal hepatic) cells separated, and individual cell types detected using cell-

specific antibodies (see Figure S7 in the Supporting Information for representative flow 

cytometry density plots). To monitor LNP biodistribution across RES cell types and tissues, 

LNP–mRNA formulations, containing a nonexchangeable, fluorescent lipid probe (1,1-

dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD), 0.5 mol%), were administered 

(Figure 6b). Importantly, this allowed us to full decouple and independently assess cell-

specific LNP targeting and resultant mRNA expression.

At 2 hpi, for both DSPC–LNPs and srLNPs (42.75 mg kg−1 total lipid), we observed 

extensive LNP accumulation within the mouse liver (Figure 6c,d) as compared to 

accumulation in other RES organs, namely bone marrow and spleen (Figure S8, Supporting 

Information), the latter being a smaller but highly efficient unit of the mononuclear 

phagocyte system.[83] Notably, both LNP formulations distributed to all hepatic cell types, 

as has previously been described for LNP formulations based on Onpattro,[82,84] however, 

srLNPs showed significantly enhanced uptake (p < 0.001) in all liver cell types (Figure 

6c). Most strikingly, srLNPs yielded an approximately fivefold and an approximately 

threefold targeting enhancement to murine LSECs and KCs, respectively (Figure 6d). This 

confirmed that the incorporation of anionic DSPG into LNP–mRNA delivery systems not 

only enhanced liver tropism in general but led to a significant shift toward preferential LNP 

targeting and cellular uptake within hepatic RES cell types.

To confirm functional mRNA delivery to hepatic RES cells, LNPs entrapping capped 

mCherry–mRNA (0.25 mg kg−1 mRNA) were administered (Figure 6e). This dosage is in 
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line with other systemically administered LNP–mRNA therapies, including those currently 

in clinical trials (e.g., NCT03829384).[85] Following organ isolation and cell separation 

at 24 hpi, srLNPs yielded significantly enhanced mRNA delivery to hepatic RES cell 

types relative to DSPC–LNPs (p < 0.001) (Figure 6f,g). Indeed, DSPC–LNP-mediated 

mCherry expression in hepatic RES cell types was indiscernible above background. Within 

hepatocytes, and despite comparatively low targeting efficiency to these cells, both srLNPs 

and DSPC–LNPs expressed significantly higher amounts of mCherry than in hepatic RES 

cells (Figure 6f).

This apparent disparity between liver-cell-specific targeting and resultant mRNA expression 

levels can be explained by the very different physiologies and endogenous functions of 

hepatocytes versus hepatic RES cells. LSECs and KCs have very high endo-/phagocytic 

capacity (leading to significant mRNA degradation despite high LNP uptake), whereas 

hepatocytes have exceptionally high translational capacity (leading to significant mRNA 

expression despite comparably low LNP recognition and uptake).[86] While it is common 

practice to use RNA expression/knockdown as an indirect (albeit therapeutically relevant) 

measurement of LNP targeting, our results clearly demonstrate that, particularly in the 

case of the liver, this indirect readout may be a very poor predictor of LNP targeting 

specificity. Furthermore, by decoupling targeting and mRNA expression, our results revealed 

the relatively inefficient targeting of Onpattro-like LNPs to hepatocytes in mammals. 

Corroborating our findings in the embryonic zebrafish (Figure 5), this result reaffirmed 

our believe that endogenous apoE-mediated LNP targeting of hepatocytes is a relatively 

inefficient, albeit significant, biological pathway of LNP recognition and uptake in both 

embryonic zebrafish and adult mammals.

Finally, to confirm a stabilin-mediated mechanism of hepatic RES targeting, srLNPs were 

administered (i.v.) within established stab2−/− KO mice.[87] Phenotypically normal stab2−/− 

mice were specifically selected as stab1−/−/stab2−/− DKO mice suffer from premature 

mortality and develop severe glomerular fibrosis.[34] Therefore, we first confirmed the 

primary significance of stabilin-2 over stabilin-1 in the recognition and clearance of srLNPs, 

in single KO (stab1−/− or stab2−/−) mutant zebrafish embryos (Figure S9, Supporting 

Information), as was expected.[38] Following i.v. injection within stab2−/− mice, srLNPs 

yielded an ≈80% reduction in srLNP targeting to LSECs and an ≈50% reduction in LSEC-

specific mRNA expression (Figure 6h,i). By contrast, loss of stabilin-2 resulted in only 

a small targeting reduction to KCs (which expresses stabilin-2 but likely involves other 

receptors in LNP recognition and uptake) and had no significant effect on srLNP recognition 

and/or processing within hepatocytes (which do not express stabilin-2). Overall, these data 

not only confirmed the importance of stabilin receptors in the recognition and uptake 

of srLNPs within mammalian LSECs but, importantly, highlighted the translational and 

predictive potential of the embryonic zebrafish as an early stage in vivo screening platform 

for new LNP designs.

3. Discussion

Based on a comprehensive understanding of the dominant nano–biointeractions involved,
[38] here, we have rationally designed a LNP–mRNA platform capable of preferentially 
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targeting the hepatic RES, leading to enhanced mRNA expression within hepatic RES 

cell types. This biocentric approach to LNP design starkly contrasts with conventional 

empirical screening methods.[17,19,20,88] Perhaps most importantly, this approach permits 

well-reasoned predictions of LNP in vivo fate without the need to screen endless variants 

in unnecessary animals. Given the potential chemical space of a LNP is virtually limitless, 

biocentric and informed design criteria will be essential in expediting the discovery of new 

LNP designs with enhanced functionality and efficacy.

In the case of preferential hepatic RES targeting, we have previously shown that stabilin-

mediated recognition and uptake within SECs predominate over a wide range of anionic 

nanoparticle chemistries, both natural and synthetic.[38] This generality gives us high 

confidence that alternative, anionic LNP–RNA technologies (with a measured surface charge 

of <−15 mV and optimally between 20 and 100 nm in size) will also reroute to the 

hepatic RES. These general guiding principles offer ample room for LNP optimization 

(e.g., retrofitting of new ionizable lipids[89-91] and/or sterol components,[52] chemically 

modified RNA[92-94] and/or the use of miRNA suppression to improve target specificity[95]), 

and, as such, we firmly believe anionic LNP formulations should form the basis of future 

gene therapies against liver-specific and systemic diseases,[28,96] including (auto)immune 

diseases,[37] in which hepatic RES cell types play a central role.[36]

Comparing our srLNPs with existing (and empirically discovered) LNP technologies 

that have shown preferential RNA delivery to nonparenchymal hepatic cell types and/or 

nonhepatic cells, it is notable that none so far have possessed a measured surface charge 

of <−15 mV (where reported). These technologies are therefore unlikely to exploit a 

charge-dependent, stabilin-mediated pathway of LNP recognition and uptake. Preferential 

delivery of mRNA to liver ECs has, for example, been achieved through the replacement 

of cholesterol with either cholesteryl oleate or oxidized cholesterol components.[20,21] It is 

possible that these systems conform to a charge- and/or stabilin-mediated mechanism of 

uptake within LSECs, as has been observed for both oxidized LDL (OxLDL) and acetylated 

LDL (AcLDL).[29,97] However, in the absence of reported zeta potentials, and given both 

sterol reagents are charge neutral and likely predominate within the LNP core, LNPs 

containing cholesteryl oleate or oxidized cholesterol components are more likely exploiting 

an alternative, charge-independent mechanism of LNP recognition and uptake within liver 

ECs. Alternatively, exclusive LNP-mediated RNA delivery to the spleen has been achieved 

by adding the anionic phospholipid, 18PA (optimally 40 mol%), to the lipid composition of 

Onpattro.[17] Given the near-neutral surface charge (−5.57 mV) of this formulation and the 

evident lack of liver targeting (where stabilins are highly expressed), however, this splenic 

tropism is highly unlikely to be either charge- or stabilin-dependent.

These studies do highlight, however, the complex interplay between LNP compositional 

makeup, biophysical properties, LNP ultrastructure, and in vivo LNP fate. To this end, 

comprehensive chemical and biological characterization of new LNP designs is an absolute 

necessity. Unfortunately, in vivo assessment of LNP fate is generally limited by the 

practicalities and costs of large-scale studies in conventional animal models (e.g., mice 

and rats). To this end, our results highlight that the embryonic zebrafish can be a powerful 

addition to LNP discovery pipelines.[39] As a screening and optimization tool, zebrafish 
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embryos enable real-time, in vivo visualization of total LNP injected doses at cellular 

resolution. Furthermore, with a conserved repertoire of RES and liver cell types, as well 

as soluble lipid transport proteins and receptors, the data acquired within these animals 

can provide qualitative predictions of cell-specific LNP recognition and uptake within 

key mammalian RES organs. As a fundamental tool to elucidate biological mechanisms 

underpinning LNP transport and RNA delivery, the short generational time of the zebrafish 

(≈3 months), the extensive repertoire of established (fluorescent) transgenic lines and 

antibodies,[98,99] optimized techniques for genetic manipulation (e.g., clustered regularly 

interspaced short palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas),[100] and 

advanced imaging techniques enable key nano–biointeractions underpinning LNP fate in 

vivo to be rapidly assessed and confirmed. In this case, the zebrafish embryo offered a 

unique opportunity to assess the combined role of stabilin-1 and −2 using established 

double KO mutant embryos. Analogous experiments in mice are severely complicated by 

the premature mortality and severe glomerular fibrosis of stab1−/−/stab2−/− DKO mouse 

models.[34]

4. Conclusion

The widespread evaluation of LNP-based mRNA therapies as prophylactic vaccines,[101,102] 

notably against COVID-19,[103-106] has provided further proof of the broad therapeutic 

potential of these platform mRNA technologies. Despite the obvious differences in 

therapeutic target, mode of action, and injection site, however, all LNP–mRNA vaccine 

candidates, to date, closely resemble the lipid composition of Onpattro. In particular, LNP 

surface lipids (i.e., “helper” phospholipids and PEG lipids), cholesterol content, and overall 

lipid composition are strikingly similar between different clinical formulations. In line 

with our observations of LNPs with Onpattro-like surfaces, these vaccines elicit broad, 

nonspecific mRNA expression profiles across a wide range of cell types, both at the site 

of injection and within the liver.[103] However, while the ability to leverage a wide array 

of cell types to produce a therapeutic protein may be safe and effective as a systemic 

secreted therapy (i.e., suitable for vaccine application), the lack of LNP designs capable 

of preferential RNA delivery to specific (diseased) cells and tissues in the body remains a 

major limitation of these “plug-and-play” technologies. Overall, this work highlights that 

a biocentric approach to LNP discovery, based on robust prior knowledge of the dominant 

nano–biointeractions involved, is a logical and highly effective approach to propel the 

discovery of new and enhanced LNP designs and can accelerate the widespread clinical 

application of these game changing technologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and characterization of srLNPs. a) Schematic of the structural organization of 

a LNP containing mRNA, as described previously.[44] Helper phospholipids (typically 

incorporated at 10 mol%) are enriched at the LNP surface. b,c) Within the liver sinusoids, 

switching of the helper phospholipid from zwitterionic DSPC (as in Onpattro) to anionic 

DSPG created anionic srLNPs that are directed to the hepatic RES, via stabilin-receptor-

mediated recognition and uptake in LSECs. srLNP uptake within hepatic RES cells 

is further enhanced by the inhibition of apoE–LDLr interactions mediated by anionic 

phospholipids (e.g., DSPG).[45] The mechanism(s) of recognition and uptake of srLNPs 

by blood resident macrophages (i.e., KCs) are not fully known. d) Lipid composition of 

DSPC–LNPs (i.e., Onpattro) and srLNPs. e) Cryo-EM images of DSPC–LNPs and srLNPs 

(entrapping capped mRNA–eCFP) showing solid lipid nanoparticle structures. Scale bars: 

100 nm. Internal structures indicated with arrows: lamellar (white), amorphous (black), 

polymorphous (black*), and unilamellar (white*). f) Size distribution of DSPC–LNPs and 

srLNPs, as determined by cryo-EM. The values derived from the frequency distribution 

graphs represent the mean ± standard deviation (s.d.). g) mRNA encapsulation efficiency 

within DSPC–LNPs and srLNPs, as determined by RiboGreen assay. h) Surface charge of 

DSPC–LNPs and srLNPs, as determined by zeta potential measurements. See Table S1 in 

the Supporting Information for full biophysical characterization of all formulations used in 

this study.
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Figure 2. 
Biodistribution of DSPC–LNPs and srLNPs in two-day old embryonic zebrafish at 1.5 

hpi. a) Schematic showing the site of LNP injection (i.v.) within embryonic zebrafish (2 

dpf) and imaging timeframe. LNPs contained DOPE-LR (cyan, 0.2 mol%) as fluorescent 

lipid probe and Cy5-labeled eGFP mRNA (magenta) as fluorescent mRNA probe. Injected 

dose: ≈10 × 10−3 M lipid, ≈0.2 mg kg−1 mRNA. Injection volume: 1 nL. Major venous 

blood vessels: CCV: common cardinal vein; PCV: posterior cardinal vein. b) Tissue level 

schematic of a dorsal region of the embryo containing scavenging cell types (i.e., SECs and 

blood resident macrophages). Blood vessels: DA: dorsal aorta, CHT: caudal hematopoietic 

tissue; CV: caudal vein; ISV: intersegmental vessel; DLAV: dorsal longitudinal anastomotic 
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vessel. c,d) Whole embryo (10× magnification) and tissue level (40× magnification) 

views of DSPC–LNP biodistribution within wild-type (AB/TL) embryonic zebrafish (2 

dpf) at 1.5 hpi. DSPC–LNPs were mostly freely circulating, confined to, and distributed 

throughout, the vasculature of the embryo. Low level phagocytotic uptake within blood 

resident macrophages is highlighted with white arrowheads. e,f) Whole embryo (10× 

magnification) and tissue level (40× magnification) views of srLNP biodistribution within 

wild-type (AB/TL) embryonic zebrafish (2 dpf) at 1.5 hpi. srLNPs were mainly associated 

with SECs within the PCV, CHT, and CV of the embryo and were largely removed from 

circulation at 1.5 hpi. Phagocytotic uptake of both DSPC–LNPs and srLNPs within blood 

resident macrophages at 1.5 hpi was confirmed by analogous LNP injections in transgenic 

mpeg:mCherry zebrafish embryos, stably expressing mCherry within all macrophages (see 

Figure S1 in the Supporting Information). g) Tissue level (40× magnification) view of srLNP 

biodistribution within stab1−/−/stab2−/− mutant zebrafish embryos[56] at 1.5 hpi. Within 

stabilin KOs, srLNPs were now mostly freely circulating, with low level phagocytotic uptake 

within blood resident macrophages highlighted by white arrowheads. h) Tissue level (40× 

magnification) view of DSPC–LNP biodistribution within stab1−/−/stab2−/− mutant zebrafish 

embryos[56] at 1.5 hpi. Within stabilin KOs, DSPC–LNPs remain mostly freely circulating, 

with low level phagocytotic uptake within blood resident macrophages highlighted by white 

arrowheads. For whole embryo images of LNP biodistribution within stab1−/−/stab2−/− 

mutant zebrafish embryos[56] at 1.5 hpi, please see Figure S2 in the Supporting Information. 

Scale bars: 200 μm (whole embryo) and 50 μm (tissue level).
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Figure 3. 
srLNP biodistribution, eGFP–mRNA delivery, and eGFP expression within mpeg1:mCherry 
transgenic zebrafish embryos at 1.5 and 24 hpi. a) Schematic showing the site of srLNP 

injection (i.v.) within embryonic zebrafish (2 dpf) and imaging timeframe. srLNPs contained 

DiD (Cy5, 0.1 mol%) as fluorescent lipid probe and unlabeled, eGFP mRNA (capped) 

payload. Injected dose: ≈10 × 10−3 M lipid, ≈0.2 mg kg−1 mRNA. Injection volume: 1 

nL. Transgenic Tg(mpeg1:mCherry) zebrafish embryos stably express mCherry (magenta) 

within all macrophages. b,c) Whole embryo (10× magnification) and tissue level (40× 

magnification) views of srLNP biodistribution and eGFP expression within the embryonic 

zebrafish at 1.5 hpi. At this timepoint, srLNPs were mainly associated with SECs and blood 
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resident macrophages (white arrowheads) within the PCV, CHT, and CV of the embryo 

and largely removed from circulation. Low-level autofluorescence in the GFP channel is 

highlighted within the yolk sac and pigment cells of the embryo. d,e) Whole embryo and 

tissue level views of srLNP biodistribution and eGFP expression within the embryonic 

zebrafish at 24 hpi. At this timepoint, srLNPs remain associated with SECs and blood 

resident macrophages (white arrowheads) within the PCV, CHT, and CV of the embryo. 

However, intense eGFP expression was now observed specifically within the PCV, CHT, 

and CV confirming successful cytosolic delivery and translation of functional eGFP mRNA 

within SECs and blood resident macrophages. f,g) Whole embryo and tissue level views 

of srLNP biodistribution and eGFP expression within stab1−/−/stab2−/− mutant embryos at 

24 hpi. In these mutant embryos, eGFP expression was predominantly observed in blood 

resident macrophages of the CHT, confirming the requirement of stabilin receptors for 

srLNP-mediated mRNA expression within SECs. Scale bars: 200 μm (whole embryo) and 

50 μm (tissue level).
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Figure 4. 
Biodistribution of apoE-targeted liposomes in four-day old zebrafish embryos. a) Schematic 

showing the site of apoE-targeted DOPC or (nontargeted) DOPC liposome injection (i.v.) 

within 4-day old embryonic zebrafish and imaging timeframe. Liposomes contained 0.2 

mol% DOPE–lissamine rhodamine as fluorescent lipid probe (cyan). Injected dose: ≈5 × 

10−3 M lipid, ≈5 mol% apoE target ligand (amino acid primary sequence: (LRKLRKRLL)2), 

injection volume: 1 nL. PHS: primary head sinus. Transgenic Tg(L-FABP:eGFP) zebrafish 

embryos stably express eGFP (yellow) within all hepatocytes. b) Tissue level schematic of 

the embryonic liver at 4 dpf. c,d) Whole embryo (10× magnification) and tissue (liver) level 

(40× magnification) view of apoE-targeted DOPC liposome biodistribution within four-day 

old embryonic zebrafish at 1.5 hpi. At this timepoint, apoE-target DOPC liposomes clearly 

accumulated within the liver of the embryo. e,f) Whole embryo (10× magnification) and 

tissue (liver) level (40× magnification) views of DOPC liposome biodistribution within 

four-day old embryonic zebrafish at 1.5 hpi. At this timepoint, unmodified DOPC liposomes 

are predominantly freely circulating throughout the vasculature of the zebrafish embryo. 

g,h) Zoom in regions of liver of apoE-targeted DOPC liposome biodistribution. Stacks of 
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3 confocal slices (6 μm thickness) show diffuse liposome-associated fluorescence within 

hepatocytes (i.e., uptake) as well as clear delineation of the characteristic hexagonal 

morphology of hepatocytes (i.e., stockpiling within the space of Disse)—examples of both 

phenomena highlighted in white boxes. Scale bars: 200 μm (whole embryo), 50 μm (tissue 

level), and 10 μm (zoom).
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Figure 5. 
DSPC–LNP biodistribution and mRNA expression within, four-day old, wild-type (AB/TL) 

embryonic zebrafish, with and without preincubation with human apoE. a) Schematic 

showing the site of DSPC–LNP injection (i.v.) within embryonic zebrafish (4 dpf). DSPC–

LNPs (10 × 10−3 M) contained DiD (0.1 mol%) as fluorescent lipid probe and unlabeled, 

eGFP mRNA (capped) payload after 1 h incubation with/without human apoE. Injection and 

imaging timeframe. Injection volume: 1 nL. PHS: primary head sinus. b,c) Whole embryo 

(10× magnification) and tissue level (liver region, 40× magnification) views of DSPC–LNP 

biodistribution at 1.5 hpi. Injected dose: ≈10 × 10−3 M lipid, ≈0.2 mg kg−1 mRNA. LNPs 

were mostly freely circulating with no significant accumulation in the liver at 1.5 hpi. 
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Intense fluorescent punctae within the liver region are likely due to macrophage uptake. d,e) 

Whole embryo (10× magnification) and tissue level (liver region, 40× magnification) views 

of eGFP expression at 24 hpi. f,g) Whole embryo (10× magnification) and tissue level (liver 

region, 40× magnification) views of DSPC–LNP biodistribution, following preincubation (1 

h) with apoE (5 mg μL−1; 1:1 v/v), at 1.5 hpi. Injected dose: ≈10 × 10−3 M lipid, ≈0.2 

mg kg−1 mRNA. LNPs were mostly freely circulating with no significant accumulation 

in the liver observed at 1.5 hpi. Intense fluorescent punctae within the liver region are 

likely due to macrophage LNP uptake. h,i) Whole embryo (10× magnification) and tissue 

level (liver region, 40× magnification) views of eGFP expression at 24 hpi. In this case, 

a qualitative increase in liver-specific eGFP expression was observed. Scale bars: 200 μm 

(whole embryo) and 50 μm (tissue level).
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Figure 6. 
LNP uptake and functional mRNA delivery within different hepatic cell types following i.v. 

administration in mice. a) Schematic illustrating the procedure to isolate different hepatic 

cell types and determine LNP–mRNA targeting and functional mRNA delivery. Following 

intravenous LNP–mRNA injection (i.v.) the liver was perfused with collagenase IV, hepatic 

cells were isolated and stained with specific antibodies, and flow cytometry was used 

to analyze LNP uptake and gene expression. Specific antibody markers used to uniquely 

identify hepatocytes, LSECs and KCs, respectively, are defined in parentheses. b) For 

intrahepatic biodistribution studies, LNPs contained DiD (0.5 mol%) as fluorescent lipid 

probe. Cellular uptake of DSPC–LNP and srLNP was assessed following mouse sacrifice 

at 2 hpi. Injected dose: 42.75 mg kg−1 total lipid. c) Heatmap of global LNP uptake 
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in the liver determined by absolute DiD fluorescence. srLNP demonstrated significantly 

enhanced LNP uptake within all hepatic cell types, and significant redirection to hepatic 

RES compared to DSPC–LNPs. d) Cell-specific liver uptake normalized to DSPC–LNP in 

liver hepatocytes. e) For gene expression experiments, LNPs contained capped, mCherry–

mRNA. Functional mRNA delivery was assessed based on mCherry fluorescence levels 

following mouse sacrifice at 24 hpi. f) Heatmap of mCherry expression in different liver 

cell types following functional mRNA delivery using DSPC–LNP and srLNP. Injected dose: 

0.25 mg kg−1 mRNA. g) Cell-specific mCherry expression normalized to DSPC–LNP for 

each cell type. h) Cell-specific liver uptake of srLNP in wild-type and mutant stab2−/− KO 

mice, normalized to srLNP in wild-type for each cell type. i) Cell-specific liver expression 

of srLNP in wild-type and mutant stab2−/− KO mice, normalized to srLNP in wild-type for 

each cell type. In all cases, n = 6; representing 3 separate liver tissue samples from 2 mice 

sorted into individual cell types. Bars and error bars in (d) and (g) represent mean ± s.d. The 

data were normalized to the average uptake and expression of DSPC–LNPs within each cell 

type. Statistical significance was evaluated using a two-tailed unpaired Student’s t-test. n.s. 

= not significant p > 0.01, * p < 0.01, ** p < 0.01, *** p < 0.001. Exact p values for (d): 

hepatocytes p = 0.000147, LSECs p = 6.20 × 10−6, KCs p = 1.65 × 10−9. Exact p values for 

(g): hepatocytes p = 0.464, LSECs p = 0.000215, KCs p = 0.00113. Exact p values for (h): 

hepatocytes p = 0.0531, LSECs p = 5.62 × 10−13, KCs p = 5.78 × 10−8. Exact p values for 

(i): hepatocytes p = 0.808, LSECs p = 2.33 × 10−6, KCs p = 0.188.
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