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Abstract

Genetic drugs based on nucleic acid biomolecules are a rapidly 
emerging class of medicines that directly reprogramme the central 
dogma of biology to prevent and treat disease. However, multiple 
biological barriers normally impede the intracellular delivery of nucleic 
acids, necessitating the use of a delivery system. Lipid and polymer 
nanoparticles represent leading approaches for the clinical translation 
of genetic drugs. These systems circumnavigate biological barriers 
and facilitate the intracellular delivery of nucleic acids in the correct 
cells of the target organ using passive, active and endogenous targeting 
mechanisms. In this Review, we highlight the constituent materials of 
these advanced nanoparticles, their nucleic acid cargoes and how they 
journey through the body. We discuss targeting principles for liver 
delivery, as it is the organ most successfully targeted by intravenously 
administered nanoparticles to date, followed by the expansion of these 
concepts to extrahepatic (non-liver) delivery. Ultimately, this Review 
connects emerging materials and biological insights playing key roles  
in targeting specific organs and cells in vivo.
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concepts can be extended to other therapeutic modalities such as 
small-molecule and protein drugs.

Molecular building blocks
Selecting suitable materials is a critical first step in the design of organ-
targeted delivery systems. Optimal nanoparticles must integrate mul-
tiple functions to allow for efficacious delivery to the target organ: they 
must be able to encapsulate the cargo (here, the nucleic acids) with 
high efficiency and remain stable in the serum during circulation. They 
must have a mechanism to enter cells and escape into the cytosol and 
should also degrade into biocompatible metabolites following cargo 
release. Finally, they should be amenable to large-scale manufactur-
ing when envisioning clinical utility1,4. Presently, lipids and polymers 
(Fig. 1) represent the most advanced materials that satisfy these cri-
teria, leading to their evaluation in multiple clinical trials13 (Table 1). 
The synthesis of novel molecular components with diverse structures 
and functionalities provides a large chemical space for engineering 
materials with desired performance. Understanding the key features 
of these materials is an important first step in designing nanoparticles 
for organ-targeted delivery.

Lipids
Lipids are small amphiphilic or hydrophobic molecules that have 
structural, signalling and energy storage functions in cellular physi-
ology. There are several classes of natural lipid molecules with distinct 
chemical structures and biological functions, including phospholip-
ids, sterols, fatty acids, glycolipids and sphingolipids14. Among the 
natural lipids, phospholipids and cholesterol are most commonly 
used for delivery systems in the clinic15. Additionally, synthetic lipid 
molecules that have functions tailored to delivery applications, such 
as ionizable cationic lipids or polyethylene glycol (PEG) lipids, have 
also been prepared using various chemical techniques15. In an aque-
ous solvent, lipid molecules will self-assemble into various nanoscale 
structures to sequester their hydrophobic domains from the surround-
ing aqueous environment while minimizing unfavourable interac-
tions (electrostatic repulsion and steric crowding) between individual 
molecules16. The structural features of lipids, such as head group, alkyl 
chain length and unsaturation, along with the molar ratio of lipid com-
ponents in a mixture, will impact the morphology of the fully assembled  
nanostructure16.

The development of LNPs as a delivery system for nucleic acids 
builds on early work involving the use of liposomes to improve the 
therapeutic index (that is, the ratio between the effective dosage of a 
drug and toxic dosage) of cytotoxic small-molecule drugs for cancer 
chemotherapy. Liposomes are bilayer vesicles of variable lamellarity 
that enclose an aqueous phase, entrapping drugs within the aqueous 
compartment or the lipid bilayer based on the hydrophobicity of drugs. 
Liposomal doxorubicin (Doxil) was the first nanoparticle for drug 
delivery to enter the clinic, and, as of December 2022, seven different 
liposomal nanomedicines have been approved by either the US Food 
and Drug Administration (FDA) or the European Medicines Agency 
(EMA)13,17. Liposomes are not discussed, as their clinical use has largely 
applied to small-molecule drug cargoes, but several reviews have 
examined their use for the delivery of chemotherapies, anti-fungals 
and other drugs17–22. In addition to the zwitterionic phospholipid, cho-
lesterol and PEG lipid components typically constituting liposomes, 
LNPs also include an ionizable cationic lipid to promote electrostatic 
loading of anionic nucleic acid molecules4. This yields a more complex 
internal structure compared with the bilayer morphology of liposomes 

Introduction
The targeted delivery of therapeutic molecules to specific sites in the 
body represents an active area of research in the biomedical sciences 
involving scientists, clinicians and engineers alike. To be successful, 
drug delivery systems must overcome limitations that normally render 
a pharmaceutical agent ineffective, such as biological barriers and poor 
biodistribution to the desired site of action. At present, several delivery 
platforms have been incorporated into clinically used products, includ-
ing viral vectors, molecular conjugates, antibody–drug conjugates and 
nanoparticles. Of those, nanoparticles are a particularly promising 
delivery platform because of their capacity to load different types of 
drugs separately or in combination, their minimal immunogenicity 
and their easily modulated properties through controlled chemical 
synthesis1.

One application that has received substantial attention recently 
is the delivery of nucleic acids for therapeutics and vaccines. Most 
notably, the rapid and successful deployment of the messenger RNA 
(mRNA) vaccines against SARS-CoV-2 by Pfizer–BioNTech and Moderna 
represented a turning point for drug delivery2,3. These vaccines rely on 
lipid nanoparticles (LNPs) as a delivery system to shuttle mRNA past 
multiple biological barriers that would otherwise prevent efficacy. With 
over a billion doses of mRNA–LNP vaccines administered globally, LNPs 
for nucleic acid delivery represent one of the most widely used drug 
products in history. Additionally, LNPs as delivery platforms have been 
leveraged in multiple clinical trials for applications such as vaccination, 
protein replacement therapy, cancer immunotherapy, RNA interfer-
ence and gene editing4. LNPs feature high potency, biocompatibility 
and the ability to be administered repeatedly, all of which are properties 
that favour clinical translation4. Therefore, it is timely to reflect on the 
lessons learnt from the successful development of LNPs to help devise 
design criteria for new clinically translatable nanoparticles based on 
LNPs and related materials. Polymers represent another class of materi-
als with emerging utility for nucleic acid delivery. Multiple biomedical 
products, such as controlled release depots and absorbable sutures, 
already incorporate polymers, laying a foundation for successful clini-
cal translation, and their properties can be controlled using chemical 
synthesis to produce efficacious delivery systems5,6. Collectively, lipid 
and polymer nanoparticles represent the largest share of non-viral 
systems studied for nucleic acid delivery.

In this Review, we discuss recent advances in the engineering 
of lipid and polymer nanoparticles for the delivery of genetic drugs 
to specific organs and cell types in the body. Other approaches and 
materials have been excellently summarized elsewhere7–10. Genetic 
drugs based on nucleic acid biomolecules must reach the cytosol of 
target cells while avoiding bystander cells, which necessitates the 
design of tissue-targeted delivery systems. As cell-based assays can be 
a poor predictor of in vivo performance, we limit our scope to delivery 
systems whose organ-targeting properties have been validated in 
animal models11. Although we emphasize targeting specific organs 
and cell types via intravenous (i.v.) administration, alternative modes 
of administration can also be used to control the biological fate of  
a delivery system12. Three mechanisms, passive, active and endo
genous targeting (Box 1), are leveraged to engineer nanoparticles that  
reach specific organs through the vascular network. Delivery using 
passive and active targeting has been extensively investigated for 
decades. However, endogenous targeting represents an emerging 
paradigm based on a growing understanding of how the protein corona 
impacts delivery. The examples we provide highlight mechanisms for 
organ-specific delivery of genetic drugs, but we anticipate that these 
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that appears to depend on the choice of nucleic acid cargo, the lipid 
composition of the LNP, formulation method and processing23.

The structure and properties of LNPs depend on both the chem-
istry of the constituent lipids and their molar proportions. Thus, it is 
important to understand the function of each lipid in an LNP, identify 

or synthesize appropriate lipid molecules to execute those functions 
and test the efficacy of different LNP chemical compositions and com-
binations in vivo24. Optimization of the chemistry of the ionizable 
cationic lipid component of LNPs has been the focus of extensive 
efforts15. A common feature of these lipid materials is an ionizable 

Box 1

Mechanisms of nanoparticle targeting
Multiple mechanisms can be utilized separately or in combination  
to control where in the body nanoparticles accumulate (see 
the figure). The final nanoparticle design will reflect how these 
mechanisms are used to achieve a desired organ-targeting  
outcome.

Passive targeting
Passive targeting relies on tuning the physical properties of a 
nanoparticle, such as size, shape, stiffness and surface charge,  
to favourably interface with anatomy and physiology221. For  
example, adjusting nanoparticle size can determine the  
tendency of a nanoparticle to extravasate from discontinuous  
blood vessels, such as those in the liver and the spleen (see the 
figure, part a).

Active targeting
Active targeting involves modifying the surface of a nanoparticle with 
a chemical or biological moiety that specifically binds to receptors or 
other cellular features highly expressed by cells of a target organ222 
(see the figure, part b). For example, nanoparticles have been modified 
with monoclonal antibodies to enable nucleic acid delivery into 
difficult-to-transfect immune cells.

Endogenous targeting
Endogenous targeting involves engineering the composition of a 
nanoparticle such that it binds to a distinct subset of plasma proteins 
on injection, which direct it to a target organ and promote uptake by 
specific cells97 (see the figure, part c). For example, proteins involved in 
cholesterol transport in the body have been demonstrated as essential 
for efficacious liver hepatocyte delivery of lipid nanoparticles.

a

b

c

Tuning of physical properties

Surface conjugation of targeting ligand Interaction with cognate receptors expressed in target organ

Interaction with cognate receptors expressed in target organProtein binding in the serum

Di�usion across endothelium to accumulate in target organ

+

+
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amine (amines) with varying charge: it acquires a positive charge at 
low pH to enable complexation with anionic cargoes during the for-
mulation process, is neutral at physiological pH to reduce toxicity in 
the circulation and is positively charged again in the acidifying endo-
some following cellular uptake, enabling cargo release. By tailoring the 
chemistry of the amine component (components), the hydrophobic 
lipidic tails and the linkers between these two moieties, novel lipid 
materials can be obtained. Additional motifs, such as biodegradable 
linkages, branching chains and other functional groups, also impact 

the potency, targeting and biocompatibility of lipid-based carriers. 
Selected examples of this chemical diversity include: ionizable amino 
lipids25–27, lipidoids28–31, lipopeptides32,33, modular degradable den-
drimer-based ionizable amino lipids34–36, bioreducible lipids37–40, TT 
lipids41, zwitterionic amino lipids42, cationic lipid aminoglycosides43,44 
and ionizable phospholipids45. Some of the lead lipid materials that 
have entered the clinic are: dilinoleylmethyl-4-dimethylaminobutyrate 
(DLin-MC3-DMA; Onpattro), SM-102 (a component of the Moderna 
COVID-19 vaccine)26,46, ALC-0315 (a component of the Pfizer–BioNTech 
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Fig. 1 | Self-assembled nanoparticles based on lipid and polymer materials are 
the state of the art for the delivery of genetic drugs. Currently, lipid nanopar-
ticles that incorporate an ionizable lipid are the most advanced delivery system 
for genetic drugs in the clinic. These materials feature a tertiary amine that can 
acquire charge at acidic pH to facilitate nucleic acid loading during formulation 
and promote endosomal escape following cellular uptake. Dilinoleylmethyl-
4-dimethylaminobutyrate (DLin-MC3-DMA) is a component of the US Food and 
Drug Administration-approved drug Onpattro. LP-01 is a component of Intellia 
Therapeutics’ clinical candidates NTLA-2001 and NTLA-2002 for gene editing in 
the liver, and SM-102 and ALC-315 are the ionizable lipid components of the Mod-
erna and Pfizer–BioNTech vaccines, respectively. Alternatively, certain polymers 
that incorporate ionizable amine groups can also be used to formulate nanopar-
ticles, and the choice of monomers will impact nanoparticle delivery efficiency 

and tissue selectivity. For both ionizable lipids and polymers, supplementary 
components can be included to improve the stability, fusogenicity (the ability 
to facilitate fusion with cellular membranes) and selectivity of the formulated 
nanoparticle. Additionally, the surfaces of these nanoparticles can be further 
modified using synthetic or biological targeting ligands and stealth coatings to 
alter nanoparticle circulation time, biodistribution and cellular uptake. Nucleic 
acid biomolecules can be loaded into nanoparticles to reprogramme the central 
dogma of biology through gene silencing, expression and editing to correct the  
course of disease. 18:1 PA, 1,2-dioleoyl-sn-glycero-3-phosphatidic acid; CART, 
charge-altering releasable transporter; DOPE, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; 
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; PBAE, poly(beta-amino ester); 
PEI, polyethyleneimine; SORT, selective organ targeting.
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vaccine)47 and LP-01 (Intellia’s clinical candidates NTLA-2001 and  
NTLA-2002)48,49 (Fig. 1).

Although the large design space created by the many different lipid 
molecules and possible molar compositions of those molecules is advan-
tageous, it is impractical to sample in totality. Design-of-experiments 
approaches, such as fractional factorial design or Box–Behnken design, 
allow robust sampling of the LNP design space with minimal experiments 
to yield an optimal formulation for a desired application50. Another 
solution to minimize the total number of experiments performed while 

facilitating the high-throughput screening of chemically distinct LNPs 
in vivo involves the encapsulation of DNA or mRNA barcodes that are 
extracted from the tissues of interest and quantified using deep sequenc-
ing to measure LNP biodistribution to target organs in vivo51–53. Although 
initial iterations of the barcoding approach were unable to resolve inac-
tive versus functional LNP delivery52, the integration of a functional 
readout into the assay allows quantification of LNP activity alongside bio-
distribution54. Because of the extensive clinical experience of LNPs, future 
iterations of this technology are well poised for translation to patients.

Table 1 | Injected nanoparticles for organ-targeted drug delivery studied in clinical trials

Drug name Cargo Delivery target Application Clinical trial

Patisiran (Onpattro) TTR siRNA Liver hepatocytes Silencing of the TTR gene to treat transthyretin-mediated 
amyloidosis

NCT04201418

NCT03997383

NCT03862807

NCT03759379

NCT02939820

NCT02510261

NCT02053454

NCT01961921

NCT01960348

NCT01617967

NCT01559077

BMS-986263 HSP47 siRNA Hepatic stellate cells Silencing of HSP47 expression to inhibit collagen secretion in 
hepatic fibrosis

NCT01858935

NCT02227459

NCT03420768

NCT03241264

NCT03142165

NCT04267393

NCT04225936

mRNA-3927 PCC subunit-α mRNA, PCC 
subunit-β mRNA

Liver hepatocytes Replacement of the PCC enzyme to treat propionic acidaemia NCT04159103

mRNA-1944 CHKV-24 light chain mRNA, 
CHKV-24 heavy chain mRNA

Liver hepatocytes Systemic secretion of an anti-chikungunya virus antibody for 
passive immunization

NCT03829384

ARCT-810 OTC mRNA Liver hepatocytes Replacement of the OTC enzyme to treat ornithine 
transcarbamylase deficiency

NCT04442347

NCT04416126

NTLA-2001 Cas9 mRNA, TTR sgRNA Liver hepatocytes Gene editing of the TTR locus to treat transthyretin-mediated 
amyloidosis

NCT04601051

NTLA-2002 Cas9 mRNA, KLKB1 sgRNA Liver hepatocytes Gene editing of the KLKB1 locus to treat hereditary angioedema NCT05120830

VERVE-101 ABE mRNA, PCSK9 sgRNA Liver hepatocytes Gene editing of the PCSK9 locus to lower LDL cholesterol levels 
and prevent cardiovascular disease

NCT05398029

mRNA-3705 MCM mRNA Liver hepatocytes Replacement of the MCM enzyme to treat methylmalonic 
acidemia

NCT04899310

Lipo-MERIT Melanoma-associated 
antigens mRNA

Dendritic cells Expression of a cocktail of tumour-associated antigens to 
stimulate an immune response against advanced melanoma

NCT02410733

CLDN6 RNA-LPX CLDN6 mRNA Dendritic cells Expression of CLDN6 to amplify the activity of CAR-T cells 
directed against solid tumours

NCT04503278

Autogene cevumeran Individualized neoantigen 
mRNA

Dendritic cells Expression of personalized tumour neoantigens as an 
individualized cancer vaccine

NCT03289962

ABE, adenine base editor; CAR-T, chimeric antigen receptor T; Cas9, CRISPR-associated 9; CHKV, Chikungunya virus; CLDN, Claudin; HSP47, heat shock protein 47; LDL, low-density lipoprotein; 
MCM, methylmalonyl-CoA mutase; mRNA, messenger RNA; OTC, ornithine transcarbamylase; PCC, propionyl-CoA carboxylase; sgRNA, single guide RNA; siRNA, small interfering RNA.
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Polymers
Polymers are macromolecules consisting of multiple repeating units 
known as monomers. Homopolymers are formed from identical mon-
omer units and copolymers are composed of two or more different 
monomer units often arranged in defined sequences, configurations 
and architectures. Polymers are inherently a chemically flexible molecu-
lar platform, as their size, structure and functionality can be varied to 
tune their physicochemical properties. The chemical structure of poly-
mers as well as the selection of supplemental components (including 
lipids and polymers) added to a formulation can influence nanoparticle 
potency, stability and organ-targeting properties. Similar to LNPs, this 
inherent intramolecular and intermolecular flexibility generates a large 
chemical space that researchers can explore8.

Polymeric nanoparticles can spontaneously assemble into various 
different structures. The thermodynamic principles that govern the 
self-assembly of LNPs also apply to polymeric nanoparticles. However, 
polymeric nanoparticles can be made of diverse chemical groups and 
use covalent and non-covalent interactions, which provide additional 
opportunities for organization. Examples of structures include solid 
matrix systems, micelles and polyplex nanoparticles. Solid matrix 
systems are condensed particles held together by hydrophobic inter-
actions between individual polymer macromolecules. Meanwhile, 
micelles are produced from amphiphilic block polymers, forming a 
hydrophobic core with a hydrophilic shell to minimize unfavourable 
interactions with the surrounding aqueous environment55. Both solid 
matrix systems and micelles have proven useful for the loading and 
delivery of small-molecule drugs with poor water solubility56–58. Finally, 
polyplex nanoparticles assemble as a result of electrostatic interac-
tions between the polymer material itself and oppositely charged 
macromolecular cargoes (such as nucleic acids) and can be further 
stabilized and/or enhanced through the addition of other molecular 
components59. Although polymers have less clinical experience for 
the delivery of genetic drugs compared with LNPs, their wide possible 
chemical space allows the discovery of materials with new properties, 
such as cell and tissue tropism60 and capacity for endosomal escape61, 
beneficial for the organ-specific delivery of genetic drugs.

The toolbox of genetic drugs
The central dogma of molecular biology specifies the direction of the 
flow of information in the cell; genes are encoded within DNA, stored 
in the nucleus and transcribed into mRNA to facilitate the synthesis of 
functional proteins in the cytosol by ribosomes. Conventional drugs, 
such as small molecules and monoclonal antibodies, typically act 
directly on proteins at the tail end of this process to have a pharma
cological effect62. By contrast, genetic drugs use nucleic acid molecules 
that directly affect protein expression in cells. By acting on the pro-
cesses of information flow in the cell, rather than the final product, 
genetic drugs are not hampered by druggability concerns (that is, the 
ability to bind a protein target to exert a biological effect) faced by 
conventional drug modalities63. Nucleic acids can be used to inacti-
vate genes driving a disease64–66, produce a protein that is missing or 
non-functional67,68 or express an exogenous protein not typically made 
by the target cells69,70 (Box 2). However, nucleic acids have very poor 
pharmacokinetic properties. On their own, nucleic acids are readily 
degraded by enzymes in the serum and do not easily diffuse across 
the lipid membrane of cells because of their high molecular weight, 
repeated number of negatively charged phosphate groups and hydro-
philic nature1. Their incorporation in organ-targeted nanoparticles 
can overcome these limitations by protecting them from enzymatic 

degradation and enabling their uptake and release into the cytosol of 
target cells1. Innovations in both the chemical modification of nucleic 
acids71,72 and the synthesis of materials with novel properties have been 
instrumental in translating small interfering RNA (siRNA) and mRNA 
therapies into the clinic2,3,73 (Table 1). Among these promising advances, 
we underline in particular the development of ionizable cationic lipids 
and polymers to load anionic nucleic acids into nanoparticles and pro-
mote their endosomal escape following cellular uptake27,28. Despite 
these successes, limitations in intracellular delivery74–77, owing to poor 
endosomal escape and exocytosis, unwanted immune responses78 
and difficulty targeting extrahepatic tissue hamper the full potential 
of nucleic acid therapies.

Because all nucleic acid biomolecules have similar physicochemi-
cal characteristics, both the delivery system and the manufactur-
ing process can be easily adapted by simply changing the genetic 
sequence and type of modification79–81. Thus, nucleic acids are an 
inherently flexible therapeutic modality. Unlike small-molecule and 
protein drugs, they do not require the synthesis of an entirely new 
molecule to execute different functions, and the associated delivery 
system can then be repurposed for the delivery of alternative nucleic 
acid sequences. Using this modular approach could expedite the drug 
approval process, as was seen for the bivalent mRNA vaccines that were 
developed for emerging variants of SARS-CoV-2. This approach could 
also be used to develop personalized medicines for small cohorts of 
patients. It is important to note that some variations to the molecular 
composition of the nanoparticle may be required depending on the 
length of the nucleic acid35,50.

The nanoparticle journey
Following i.v. injection, nanoparticles are subject to biological processes 
at the organ, cellular and molecular levels that ultimately dictate their 
fate in the body82. Because the physical and chemical properties of a 
nanoparticle govern how they are affected by these processes, there 
is a continued need to mechanistically study the relationship between 
the properties of nanoparticles and their biological fate. Knowledge 
of these processes and their mechanics is essential for the design of 
nanoparticles for organ-specific drug delivery. Major processes include 
protein corona formation, clearance from the circulation, extravasation, 
cellular uptake and intracellular trafficking (Fig. 2).

Ultimately, the amount of nanoparticles delivered to the target site 
should be enough to induce a therapeutic benefit against the disease 
being treated83. Organ-targeted drug delivery is less about getting all of 
an administered dosage to a target organ, but rather about delivering a 
sufficient amount for a desired biological effect while limiting toxicity 
from off-target accumulation. This is a key pharmacological concept; 
even if the majority of the injected dose does not reach the target cells, 
it should still be sufficient to induce a physiological effect and provide 
benefits to patients84. Keeping this distinction in mind is key for ensur-
ing the clinical feasibility of any nanoparticle design for drug delivery. 
However, there are some cases in which off-target delivery must be 
minimized, for example, in gene editing, as permanent changes to the 
DNA in undesired cell types may pose notable risk85.

Protein corona formation
Upon contact with the blood, the surface of a nanoparticle rapidly 
adsorbs plasma proteins and other biomolecules to form an entity 
known as the biomolecular or protein corona86. Although the term 
biomolecular corona covers a broader array of molecular classes that 
may bind a nanoparticle, we refer to protein corona here as the majority 
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Box 2

Genetic drug mechanisms of action
Nucleic acid biomolecules can be loaded into nanoparticles to 
reprogramme the central dogma of biology through gene silencing, 
expression and editing (see the figure) to correct the course of 
disease.

Gene silencing
Gene silencing is the process of inactivating protein expression by 
degrading messenger RNA (mRNA) before it undergoes translation 
into a functional protein. Both small interfering RNAs (siRNAs) and 
microRNAs (miRNAs) leverage common enzymatic machinery to  
degrade a target mRNA transcript using complementary Watson–
Crick base pairing. siRNA provides highly potent, durable and specific 
silencing of virtually any gene in the body, including proteins that 
cannot be drugged by small molecules. The first RNA drug approved 
by the US Food and Drug Administration was an siRNA delivered to 
liver hepatocytes by lipid nanoparticles and used to treat polyneuro
pathy of hereditary transthyretin-mediated amyloidosis216. In the short 
time since then, four more siRNA drugs against liver targets have 
entered the clinic, with many more in the pipeline across diverse  
settings including oncology, neurology, ophthalmology, cardiology 
and rare diseases. However, current delivery technologies in the 
clinic largely target the liver, and extrahepatic delivery remains a  
bottleneck for realizing the full potential of siRNA.

Unlike siRNA, no genetic drugs utilizing miRNA as the active 
agent have entered the clinic as a commercial product yet. However, 
although siRNA requires full complementarity with the target mRNA, 
miRNA needs only to be partially complementary223. As a result, a  
single miRNA sequence can repress multiple genetic targets to pro-
duce complex effects on gene expression. miRNAs have the potential 
to target complex diseases driven by multiple genes, such as cancer, 
neurodegenerative disorders and cardiovascular conditions223.

Gene expression
Both DNA and mRNA can encode proteins for therapeutic gene 
expression. Over 75,000 pathogenic mutations are known to disrupt 
the function of native proteins to cause disease and could possibly 
be treated by the exogenous expression of the healthy protein using 

DNA or mRNA68. Additionally, non-native proteins such as antigens  
(for vaccination) or monoclonal antibodies (to bind a target protein) 
can be expressed for therapeutic benefit. The DNA or mRNA 
sequence can be engineered to maximize therapeutic efficacy by 
improving mRNA translation rates, transcript half-life and function 
and properties of the resultant protein. As such, sequence engineer-
ing can play a key role in defining the efficacy of a genetic drug, while 
also minimizing dose frequency to improve patient compliance.

Both gene expression modalities feature inherent advantages 
and disadvantages. DNA can produce multiple copies of mRNA, 
hypothetically amplifying protein production, and is more stable in the 
cell, which promotes prolonged gene expression. However, DNA 
must enter the nucleus to be functionally active, which constitutes 
an additional delivery barrier that mRNA does not face as it only 
has to reach the cytosol. In cases in which a therapeutic protein 
is only required for a short time frame, such as vaccination or gene 
editing, the shorter half-life of mRNA serves as an advantage2,3,48. 
Ultimately, the specific application and the desired outcome must be 
considered before selecting DNA or mRNA as a modality.

Gene editing
Compared with gene silencing and gene expression, which are tran-
sient by their very nature, direct editing of the genomic DNA enables 
durable changes in the genetic programme of a cell85. Thus, gene 
editing can yield functional cures to diseases for which a molecular 
defect is known and is amenable to correction. However, gene edit-
ing may require the delivery of multiple components, including an 
expression system for the gene editor, a guide molecule to target the 
correct genomic locus and a template specifying the genetic repair224. 
Additionally, gene-editing systems must edit the target genomic locus 
with high fidelity in a predictive manner as there is great risk associat-
ed with multiple off-target edits in the DNA of healthy cells. As a result, 
nanoparticles must be designed to accommodate multiple cargoes 
that each have distinct physicochemical properties while minimizing 
delivery to bystander cells224.

Currently, clustered regularly interspaced short palindromic 
repeat (CRISPR) gene-editing systems represent the most advanced 
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of studies on nanoparticle organ targeting have focused on how plasma 
proteins impact delivery outcomes. The composition of the protein 
corona endows the nanoparticle with a ‘biological identity’ that has 
properties distinct from its original, pristine ‘synthetic identity’ and 
defines the subsequent fate of a nanoparticle11,87–89. The protein corona 
can even shield active targeting ligands, reducing their efficacy90,91. 
The hydrophobicity, surface chemistry and charge and molecular 
composition of a nanoparticle all impact the set of plasma proteins 
that bind to it92–94.

Historically, the protein corona has been associated with det-
rimental delivery outcomes because of opsonization. Opsonins are 
proteins that bind to the surface of foreign particulates (including 
synthetic nanomaterials) in the blood, tagging them for sequestration 
and degradation by cells of the mononuclear phagocyte system (MPS; 
also known as the reticuloendothelial system (RES))95. Coating the 
nanoparticle surface with PEG or other non-fouling materials is a well-
established strategy to limit protein corona formation and subsequent 
phagocytosis. For example, PEG-modified lipids enabled the prolonged 
plasma circulation of Doxil by reducing opsonization, resulting in 
one of the first FDA-approved nanoparticle therapeutics17. However, 
growing evidence suggests that proteins distinct from opsonins, such 
as apolipoproteins, can be incorporated into the protein corona and 
may play an active role in targeting nanoparticles to specific cells  
and organs in the body, forming the bedrock of the emerging concept 
of endogenous targeting96,97. As PEGylation can impair protein corona 
formation, strategies for the controlled removal of PEG to promote 
adsorption of specific proteins to the nanoparticle surface, such as PEG 
shedding97,98, may be necessary to fully leverage endogenous targeting.

The conformation of a protein can change following adsorption, 
resulting in the masking or revealing of epitopes responsible for func-
tional receptor interactions. This conformational change suggests 
that the structure of the protein corona, beyond its composition, is 
important for cultivating a desired biological identity99–101. Understand-
ing the link among the synthetic identity of a nanoparticle, the protein 
corona and the subsequent fate of a nanoparticle in the body remains 
an active and necessary area of study101,102.

Clearance from the circulation
The circulation behaviour of a nanoparticle in the blood plays a major 
role in organ targeting103. Following systemic injection, a dynamic com-
petition ensues between the accumulation of the nanoparticle within the 
target or off-target tissues, sequestration by the MPS or excretion from 
the body by either the renal or hepatobiliary systems104. The kinetics 
of each process determine the total amount of nanoparticles reaching 
the desired site of action. Optimizing nanoparticle circulation involves 
reducing the rate of elimination by the MPS, the renal system and the 

hepatobiliary system. Improving the serum half-life of a nanoparticle 
thereby increases the probability of reaching the target organ.

Macrophages, monocytes and dendritic cells constitute the major 
cell types of the MPS105. These cells play a crucial role in innate immu-
nity by binding opsonized particulates and removing them from the 
blood106. The MPS is a substantial barrier to organ-targeted drug deliv-
ery; the presence of opsonins in the nanoparticle protein corona results 
in the notable accumulation of nanoparticles in the liver or spleen (two 
major organs of the MPS)95. Thus, it is critical to implement strate-
gies to circumnavigate the MPS to maximize the targeting efficacy of 
nanoparticle drug delivery systems.

As mentioned previously, PEGylation of the nanoparticle surface 
can reduce opsonization, thus minimizing interactions with the MPS 
and enhancing nanoparticle circulation time. The PEG chain length, 
surface density and the stability of the linker anchoring PEG to the 
nanoparticle surface all impact the circulation time of a nanopar-
ticle, serving as inputs to tune clearance behaviour98,107. However, 
repeated administration of PEGylated nanoparticles has been shown 
in some cases to induce an immunogenic response known as acceler-
ated blood clearance (ABC). The initial dose of PEGylated nanopar-
ticles can stimulate marginal zone B cells in the spleen108, resulting 
in the potential formation of anti-PEG IgM antibodies that can bind 
subsequently administered PEGylated nanoparticles and flag them 
for MPS sequestration109. The magnitude and extent of ABC can be 
affected by several parameters including dosage time interval, total 
number of doses, PEG surface density and nanoparticle composition 
and structure110. The comprehensive characterization of PEGylated 
nanoparticle pharmacokinetics is necessary to estimate the impact 
of ABC on organ-targeting efficacy.

The adverse impact of ABC on nanoparticle delivery has prompted 
the development of alternative strategies to overcome MPS clearance. 
For example, novel materials such as zwitterionic polymers includ-
ing poly(carboxybetaine)s and poly(sulfobetaine)s, polysarcosines, 
poly(phosphoester)s and poly(oxazoline)s have been created and 
shown to be capable of resisting protein adsorption while minimizing 
immunogenicity111–115. Additionally, biomimetic surface coatings have 
been devised to ‘camouflage’ nanoparticles from the MPS. Grafting of 
the CD47 molecule, a known ‘don’t eat me’ signal to avoid phagocy-
tosis, onto the nanoparticle surface has been proposed as an alterna-
tive strategy for engineering stealth materials116. By contrast, coating 
nanoparticles with membranes derived from endogenous blood cells, 
such as platelets117, red blood cells118,119 and leukocytes120–122, is thought 
to enable multivalent presentation of markers of self to immune cells, 
resulting in evasion of the MPS.

Alternatively, overwhelming the phagocytic rates of MPS cells, 
by either pre-administering or co-administering a material that can 

and widely adopted strategy for genome engineering85. CRISPR- 
associated (Cas) proteins can associate with a short strand of RNA 
that guides the protein to the target genomic locus using Watson–
Crick base pairing, enabling gene editing to be performed in a facile 
and a programmable manner by engineering the guide RNA. New 
gene-editing tools based on CRISPR–Cas systems, such as base edit-
ing and prime editing, have been developed to increase the precision 
and efficiency of gene editing by either directly altering the chemical 
structure of single nucleotides225 or precisely inserting nucleotide 

sequences into genomic DNA from an RNA template226. In vivo gene 
editing has entered the clinic at a remarkable pace. The use of Cas9 
for programmable gene editing was initially reported in 2012 (ref. 227), 
and in less than 10 years, the first preliminary data on Cas9-mediated 
gene editing in human patients were reported48. Advances in delivery 
technologies and in the understanding of the fundamental mecha-
nisms whereby they operate played an instrumental role in accelerat-
ing the clinical entry of in vivo gene editing and lay the foundation for 
additional clinical trials against liver targets48,216.

(continued from previous page)
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occupy cellular receptors in lieu of the delivery system, can reduce MPS 
elimination123–126. Notably, a one trillion nanoparticle dose threshold 
has been discovered in mice: nanoparticle dosages below this thresh-
old result in high Kupffer cell accumulation but dosages above the 
threshold saturate Kupffer cell uptake, resulting in prolonged nano-
particle circulation time and improved biodistribution to the target 
site126. It is important to consider particle dose and other factors in the 
design and evaluation of future nanomaterials.

Nanoparticles that are not phagocytosed will eventually undergo 
clearance from the body by either the renal or hepatobiliary system in a 
size-dependent manner pending material degradation. Renal excretion 
involves filtration of nanoparticles through the narrow sieves of the 
kidney glomerulus, with only nanoparticles of a small size (typically 
less than 6 nm) capable of passing into the urinary track for elimina-
tion127. Additionally, degradation products of nanoparticles, such as 
polymer chains or other small molecules that are not metabolized 
intracellularly, can be cleared by the renal system because of their 
small size128. Larger particles are eliminated by the liver to the faeces 
by the hepatobiliary system, and the kinetics of this process depend 
on nanoparticle physical properties such as size, shape and surface 
charge104. Accumulation of nanoparticles in off-target tissues is also 
possible through other mechanisms, and some plasma proteins have 
been shown to affect the clearance behaviour of injected nanoparticles 
in vivo107. To maximize the probability of reaching the target organ, 
promoting tissue accumulation by enhancing circulation time and 
reducing the mechanisms leading to off-target clearance are crucial.

Extravasation
While in systemic circulation, injected nanoparticles must reach and 
cross the endothelium of the vasculature perfusing a target organ 
to accumulate at the site of therapeutic action, a process known as 

extravasation. Endothelial cells lining blood vessels form a barrier 
that regulates the flux of substances into and out of an organ, and the 
endothelium of different organs displays great heterogeneity depend-
ing on the physiological function of the organ in question129–131. These 
differences include the size and density of fenestrae132,133, the capacity 
for endocytosis and transcytosis134,135 and the expression of cellular 
receptors involved in active molecular transport136–138. Understanding 
the unique characteristics of the endothelial beds of target organs can 
help guide nanoparticle design, for example, by tuning size and shape 
to enhance extravasation via fenestrations or by altering surface chem-
istry to engage specific endothelial transporters for organ-specific 
uptake. Even further, disease can disrupt endothelium integrity to 
generate distinct features compared with physiological conditions139, 
providing new guideposts for optimizing nanoparticle design to reach 
the target site.

Cellular uptake and trafficking
Once nanoparticles exit the systemic circulation and arrive at the tar-
get organ, the therapeutic cargo must be liberated in the cytosol of 
the proper cell type140. Because cellular uptake typically occurs by 
receptor-mediated endocytosis, nanoparticles often have a mechanism 
by which they bind cellular receptors expressed on the plasma mem-
brane. This can be accomplished by both endogenous ligands (such as 
plasma proteins adsorbed to the nanoparticle surface) and exogenous 
ligands that have been conjugated to the nanoparticle surface before 
administration96.

Following receptor-mediated endocytosis, nanoparticles and their 
cargo are sequestered in the endosome. Over time, the endosomes 
mature, acidify and eventually fuse with lysosomes, a degradative 
organelle141. Escape from the endosome is necessary for genetic drugs 
to avoid breakdown in the lysosome and be functionally active142. Poor 
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Fig. 2 | The journey of a nanoparticle through the human body 
following intravenous injection. Upon contact with the blood, 
plasma proteins often adsorb to the nanoparticle surface to form 
an interfacial layer known as the protein corona. The composi-
tion of the protein corona is influenced by the surface properties 
and composition of the nanoparticle. To reach the target organ, 
nanoparticles must exit the vasculature (extravasation) by pass-
ing through gaps in the endothelium, a size-limited process, or by 
active transcytosis, involving interaction with specific receptors 
expressed on the endothelium. Following extravasation, nanopar-
ticles must interact with and be internalized by target cells. They 
must then escape the endosome into the cytosol and release their 
genetic payload. Throughout this journey, nanoparticles can be 
cleared from the systemic circulation by the mononuclear phago-
cytic system (MPS), hepatobiliary elimination (by the faeces)  
or renal excretion (by urine). These processes limit how much  
of the injected nanoparticle dose reaches the desired target site; 
thus, steps must be taken to minimize their action.
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endosomal escape is a key barrier for efficacious nucleic acid delivery 
that has been overcome through the design of ionizable materials that 
can acquire charge within maturing endosomes to promote endosome 
destabilization and cargo release143,144. Thus, designing nanoparti-
cles that can enter cells and escape from the endosome is crucial for 
engineering successful organ-targeted drug delivery systems.

Delivery to the liver
The liver plays a role in many physiological processes such as nutrient 
break down and storage, blood detoxification, immune surveillance 
and the synthesis of plasma proteins145. Several anatomical features 
of the liver promote interactions with injected nanoparticles — the 
liver is highly perfused with fenestrated endothelium, promoting 
widespread extravasation and organ accumulation, and multiple cell 
types are involved in the clearance of both foreign and endogenous 
particulates from the bloodstream128 (Fig. 3a). Despite extensive liver 
accumulation, it is important to ensure that injected nanoparticles 
transfect the proper cell type for therapeutic intervention and avoid 
off-target cells to prevent unwanted toxicity and immune responses. 
Four key cell types coordinate the functions of the liver: hepatocytes, 
Kupffer cells, liver sinusoidal endothelial cells (LSECs) and hepatic 
stellate cells (HSCs)145. These cells form the functional subunits of the  
liver known as hepatic lobules (Fig. 3a). Presently, LNPs represent  
the most advanced system for delivery of genetic drugs to the liver and, 
as such, are the focus of this section, but relevant examples of polymer 
nanoparticles are highlighted for specific applications.

Targeting hepatocytes
Liver hepatocytes are an attractive cellular target for delivery owing to 
their metabolic and secretory functions. A great many genetic disorders 
affect hepatocytes, most of which cannot be treated using conventional 
small-molecule drugs. Thus, the use of nanoparticles to deliver nucleic 
acid therapeutics and gene-editing systems has emerged to meet this 
clinical need146. Alternatively, researchers have sought to leverage the 
physiological role of the liver in secretion of molecules into the systemic 
circulation, treating hepatocytes as an endogenous bioreactor for 
producing therapeutic biomolecules.

LNPs are the most advanced delivery system for targeting hepato-
cytes. Most notably, the first siRNA drug approved by the FDA, Onpat-
tro, utilizes a four-component LNP carrier composed of an ionizable 
amino lipid (DLin-MC3-DMA), 1,2-distearoyl-sn-glycero-3-phospho-
choline, cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypoly
ethylene glycol-2000, to treat hereditary transthyretin-mediated 
amyloidosis73. The successful clinical translation of Onpattro and of 
the two LNP-based SARS-CoV-2 vaccines2,3 has established that LNPs 
are a safe, efficacious and scalable technology platform, laying a firm 
foundation that can ease the translation of other LNP-based thera-
peutics. Because of the extensive experience and varied applications 
of LNPs as delivery systems to liver hepatocytes, the remainder of this 
section focuses on LNPs.

LNPs are now being utilized as delivery systems in a diverse array of 
preclinical and clinical studies of nucleic acid therapeutics to hepato-
cytes. Many of these studies focus on mRNA delivery in several clinical 
contexts including protein replacement therapy, such as in clotting 
disorders147–149 or in-born errors of metabolism35,150–156, in situ gene 
editing49,157 and systemic secretion of monoclonal antibodies against 
infectious diseases or cancer69,70,158.

There are multiple ways to target liver hepatocytes. A major 
mechanism proposed for targeting liver hepatocytes involves the 

formation of a protein corona enriched in apolipoprotein E (ApoE),  
a protein involved in endogenous cholesterol transport (Fig. 3b). First, 
solvent-exposed PEG lipid desorbs from the LNP surface, unshielding 
the LNP for interactions with plasma proteins98. ApoE is among the 
subset of proteins that most abundantly adsorb to the LNP surface, and 
it can bind the low-density lipoprotein receptor (LDL-R)96 that is highly 
expressed by hepatocytes. LNPs enter the cell by receptor-mediated 
endocytosis, localizing to the endosome. As the endosome acidifies, 
ionizable lipids in the LNP are protonated, resulting in electrostatic 
interactions with negatively charged endosome lipids27 and, eventually, 
disrupting the endosomal bilayer143. An LNP pKa of around 6.4 has been 
determined as optimal for endosomal escape, leading to cargo release 
into the hepatocyte cytosol to exert its therapeutic effect159. Knowing 
this mechanism has allowed researchers to improve the efficacy of LNP 
delivery to the liver159, highlighting the importance of mechanistically 
studying nanoparticle targeting.

Other mechanisms for targeting hepatocytes that are ApoE-
independent have also been developed. For example, incorporating 
‘synergistic’ alkyne lipids into a cKK-E12 lipopeptide-based LNP pro-
motes the binding of serum albumin to enhance mRNA delivery to the 
liver160, demonstrating that endogenous targeting of hepatocytes is 
possible using multiple proteins.

Instead of altering the molecular composition of an LNP to yield 
a specific protein corona for hepatocyte delivery (endogenous tar-
geting), conjugating ligands that interact with receptors expressed 
by hepatocytes to the nanoparticle surface serves as an alternative 
mechanism for delivery (active targeting). Targeting of the asialogly-
coprotein receptor has been achieved using N-acetylgalactosamine 
(GalNAc) as an active targeting ligand (Fig. 3c). Appropriate chemical 
design of GalNAc ligands is needed to maximize their targeting efficacy, 
with features such as valency, spatial arrangement and linker length 
playing crucial roles. Additionally, the rapid endocytic rate and the 
high recycling frequency of asialoglycoprotein receptor promote 
sustained liver accumulation of GalNAc-based delivery systems161. To 
date, five GalNAc-siRNA molecular conjugates have entered the clinic 
for therapeutic gene silencing in hepatocytes, demonstrating the 
feasibility of this targeting mechanism. However, larger nucleic acid 
cargoes cannot be readily incorporated into the molecular conjugate 
architecture. Thus, using nanoparticles functionalized with GalNAc 
could extend this well-validated active targeting mechanism for other 
classes of genetic drugs.

Using a GalNAc ligand to target hepatocytes, instead of ApoE, 
can help overcome pathophysiological features that impair ApoE-
mediated targeting162 or dose-limiting toxicities163. However, protein 
corona formation and subsequent endogenous targeting of the liver 
appear to be a competitive process. ‘Deactivation’ of endogenous 
targeting through extensive PEGylation has been shown to prevent 
this competition, ensuring that GalNAc-mediated active targeting  
is the dominant mechanism of delivery96,161. Deactivating endogenous 
targeting using PEGylation probably applies to other active targeting 
systems that target either the liver or extrahepatic organs.

Delivery to cells beyond hepatocytes
Other major cell types of the liver can also benefit from genetic drugs. 
For example, LSECs have been proposed as a target for immunomodu-
lation owing to their physiological role in antigen presentation and 
innate immunity164. Because LSECs highly express the mannose recep-
tor, which recognizes and binds endogenous glycoproteins and infec-
tious microorganisms, functionalizing nanoparticles with mannose 
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moieties promotes targeting of LSECs. In one example, conjugating 
mannose to the end of the PEG lipid component of an LNP shifted 
mRNA delivery from hepatocytes to LSECs for Cre recombinase gene 
editing165. Further cell specificity was achieved by increasing the PEG 
density on the LNP surface to reduce ApoE binding and subsequent 
hepatocyte targeting.

Manipulating the molecular composition of nanoparticles also 
leads to LSEC delivery. For example, altering the pKa of LNPs away 
from 6.4, which is optimal for hepatocyte delivery, to approximately 
7.1 corresponded to a shift in the intrahepatic biodistribution and 
gene-silencing efficacy of LNPs from hepatocytes to LSECs. This altered 
ionization behaviour was obtained through either the synthesis of 
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Fig. 3 | Lipid nanoparticles are a clinically mature technology 
for genetic drug delivery to the liver. a, The liver microanatomy 
is composed of four distinct cell types. Nanoparticles in the 
blood can either be sequestered by Kupffer cells, taken up by 
liver sinusoidal endothelial cells, or extravasate through the wide 
fenestrations in liver endothelium into the Space of Disse. There, 
the nanoparticles can target hepatic stellate cells or hepatocytes. 
The hepatobiliary system can eliminate nanoparticles from the 
body via the bile duct220. b, Endogenous targeting of liver cells 
is a clinically validated mechanism for small interfering RNA 
delivery to hepatocytes. For example, delivery of Onpattro lipid 
nanoparticles occurs by exchange of polyethylene glycol (PEG) 
lipid at the nanoparticle surface with apolipoprotein E (ApoE) in 
the blood. Adsorption of ApoE to the nanoparticle surface results 
in binding of the nanoparticle by low-density lipoprotein receptor 
(LDL-R), highly expressed by hepatocytes, and subsequent 
endocytosis. c, Active targeting of hepatocytes can also be 
achieved by functionalizing the nanoparticle surface with an 
N-acetylgalactosamine (GalNAc) ligand and reducing non-specific 
protein binding through extensive PEGylation. GalNAc binds 
asialoglycoprotein receptor 1 (ASGR1) to facilitate nanoparticle 
uptake by hepatocytes220. Part a reprinted from ref. 220, Springer 
Nature Limited.
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new ionizable cationic lipids166 or the mixing of lipids with different 
pKa values167. Alternatively, modifying the hydrocarbon side chain of 
cholesterol with a hydroxyl group at the 20α position also resulted in 
the retargeting of LNPs from hepatocytes to LSECs168. Although these 
studies demonstrate how changes in LNP chemistry affect intrahe-
patic cell-targeting properties, further elucidation of the biological 
interactions involved, namely, the formation of the protein corona, is 
necessary for the rational design of nanoparticles for LSEC delivery.

HSCs are another cell type that could benefit from genetic drugs. 
On detecting liver injury, HSCs transdifferentiate to a myofibroblast-like 
phenotype, a process known as activation, and secrete collagen and matrix 
metalloproteinases to create scar tissue. Sustained sensing of injury leads 
to liver fibrosis, which progresses to cirrhosis and, ultimately, to the 
development of hepatocellular carcinoma and organ failure as scar tis-
sue replaces healthy liver tissue169. Given the lack of effective therapies to  
attenuate liver fibrosis, and its growing prominence around the globe, 
there is a substantial clinical need for HSC-targeted genetic drugs169. Nor-
mally, HSCs serve as reservoirs for 50–80% of the vitamin A in the body170. 
Because of this physiological hallmark, researchers have incorporated 
vitamin A into nanoparticles for the endogenous targeting of anti-fibrotic 
nucleic acids to HSCs. Of note, LNPs that incorporate vitamin A as a helper 
lipid have delivered siRNA against heat shock protein 47, a molecular chap-
erone involved in collagen secretion by activated HSCs, to resolve liver 
fibrosis in rats171. This type of LNP has been the subject of multiple phase II  
clinical trials in therapeutic indications related to liver fibrosis (Table 1).

Vitamin A also retargets polymer nanoparticles to HSCs. For exam-
ple, the end modification of polyethyleneimine (PEI) with vitamin A 
significantly increased the enrichment of retinol-binding protein 4 
in the protein corona compared with unmodified PEI, enabling the 
targeting of HSCs and the treatment of liver fibrosis172. Identifying a 
suitable molecular structure with high affinity for a distinct protein 
in the blood can lead to the controlled formation of a protein corona 
that promotes targeting of a specific cell type in vivo. Identifying other 
combinations of material compositions, plasma proteins and target 
cells is essential for the rational design of novel delivery systems that 
leverage endogenous targeting.

Extrahepatic delivery
Despite the extraordinary progress in engineering nanoparticles for 
targeted delivery to the liver, developing new systems that access extra-
hepatic (non-liver) tissues is essential to fully realize the promise and 
potential of genetic drugs. Elucidating key design rules to reduce liver 
uptake of nanoparticles and/or target extrahepatic organs using both 
active and endogenous mechanisms remains an active area of research. 
To date, the lungs and the lymphoid tissues are the two extrahepatic 
organs that have been most successfully targeted by lipid and polymer 
nanoparticles (Table 2).

Delivery to the lungs
The lungs are at the centre of the respiratory system and enable gas 
exchange between air in the respiratory tract and blood in the circula-
tion. The two major functional regions of the lung are the bronchi and 
the alveoli. External air travels from the bronchi to the alveoli, which 
are sac-like structures with high surface area enshrouded in a capillary 
network so as to promote efficient transfer of oxygen to the blood. The 
entirety of the cardiac output must pass through the lungs to oxygenate 
red blood cells, rendering the lungs readily accessible for intravenously 
administered nanoparticles82. Some diseases that interfere with proper 
lung function that are amenable to targeting with genetic drugs are 
cystic fibrosis, α1 anti-trypsin deficiency and lung cancer.

Re-targeting LNPs from the liver to the lungs has been achieved 
through the incorporation of atypical chemical motifs that alter protein 
corona composition. Notably, doping LNPs with a lipid containing a qua-
ternary ammonium headgroup, a component termed a selective organ 
targeting (SORT) molecule, enables the lung-selective delivery of either 
mRNA or Cas9–single guide RNA (sgRNA) ribonucleoproteins for gene 
editing in endothelial, epithelial and immune cells45,173,174. In the case of 
Cas9–sgRNA ribonucleoproteins, the positively charged quaternary 
ammonium lipids permit their formulation in a neutral buffer, which 
preserves their function and integrity. LNPs loaded with Cas9 were used 
to generate complex murine lung cancer models through multiplexed 
gene editing174. The lung-selective delivery of LNPs that contain qua-
ternary ammonium lipids occurs by endogenous targeting, wherein 
desorption of PEG lipid from the LNP surface enables the binding of 
distinct proteins, such as vitronectin, at the expense of ApoE and other 
proteins implicated in liver targeting97. These large-scale changes in the 
functional composition of the protein corona are driven by the chemi-
cal structure of the SORT molecule and the ionization behaviour of the 
LNP97. The distinct protein corona composition promotes interactions 
with specific cellular receptors highly expressed within the lungs, such 
as receptor αVβ3 integrin by vitronectin, to yield tissue-specific mRNA 
delivery97. Notably, these mechanistic studies demonstrate that the 
protein corona can provide a link between the molecular composition 
of nanoparticles and their organ-targeting properties.

Table 2 | Nanoparticle compositions for extrahepatic delivery

Organ Material Refs.

Lungs LNPs incorporating quaternary ammonium lipids 45,97,173,174

Lungs LNPs based on ionizable lipids with amide linkages 176

Lungs Low-molecular-weight PEI oligomers 52,54,178

Lungs PBAE nanoparticles 181–183

Lungs Functional polyester nanoparticles 184,185

Lungs Ionizable amino polyester nanoparticles (IDD-3 building 
block)

60

Lungs GALA peptide-modified LNPs 186,187

Lungs Anti-PECAM1-modified LNPs 188

Lungs Anti-PV1-modified LNPs 189

Spleen LNPs incorporating permanently anionic lipids 97,173

Spleen DOPE–DOTMA lipoplex 197–200

Spleen PACE polymer nanoparticles 201–203

Spleen Charge-altering releasable transporters (CARTs) 204–206

Spleen, 
lymph 
nodes

Zwitterionic phospholipidated polymers 61

Spleen 
(T cells)

Anti-CD3-modified or anti-CD8-modified PBAE 
nanoparticles

208,209

Spleen 
(T cells)

Anti-CD4-modified or anti-CD5-modified LNPs 210,211

DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOTMA, 1,2-di-O-octadecenyl-
3-trimethylammonium propane; GALA, glutamic acid-alanine-leucine-alanine repeat 
peptide; LNP, lipid nanoparticle; PACE, poly(amine-co-ester); PBAE, poly(beta-amino 
ester); PECAM1, platelet endothelial cell adhesion molecule; PEI, polyethyleneimine;  
PV1, plasmalemmal vesicle-associated protein 1.
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Similarly, zwitterionic amino lipids42 and cationic quaternary sul-
fonamide amino lipids175, both of which feature a permanently cationic 
quaternary ammonium functional group, also biodistribute and deliver 
either mRNA or siRNA to the lungs, suggesting that lung-targeting is 
a key property of quaternary ammonium-containing materials. Alter-
natively, LNPs incorporating lipidoids that feature amide linkages 
could impact protein corona composition and re-direct mRNA delivery 
from the liver to lungs172. Interestingly, these LNPs have a different 
protein corona compared with lung-targeting SORT LNPs and transfect 
lung cells in different proportions (mainly endothelium), suggesting 
the need to fully characterize how the protein corona impacts both 
organ-level and cell-level tropism97,176.

Multiple polymer nanoparticles have been identified for delivering 
nucleic acids to the lungs. One of the first cationic homopolymers used 
to package genetic material for intracellular delivery was PEI. However, 
a trade-off exists between the potency and toxicity of PEI polyplexes, in 
which higher molecular weight materials are potent but toxic because 
they have a high cationic charge density and are not biodegradable177.
To minimize these off-target effects of high-molecular-weight PEI poly-
plexes while maintaining potency, a library of low-molecular-weight 
lipidated PEI600 materials were prepared to self-assemble into nanopar-
ticles alongside C14-PEG2000 lipid and cholesterol. A specific oligomer, 
called 7C1, was identified as most efficacious for gene silencing in lung 
endothelial cells of both mice178 and non-human primates179. Gene 
silencing in kidney and heart endothelial cells178 was also achieved to 
a lesser extent. In addition, nanoparticles incorporating 7C1 have been 
leveraged to deliver mRNA to pulmonary endothelial cells54. Adjusting 
the chemistry and the amount of PEG lipid in 7C1-based formulations 
enabled the re-targeting of the nanoparticles from the pulmonary 
endothelium to the bone marrow endothelium54,180. Further studies 
that reveal the mechanism responsible for shifts in organ-targeting 
properties following adjustments to nanoparticle PEGylation remain 
necessary.

Similarly, potent lung-specific mRNA delivery was achieved using 
poly(beta-amino ester) (PBAE) terpolymers that were designed for 
enhanced serum stability when formulated with C14-PEG2000 lipid181. 
The inclusion of additional lipid components (1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) and cholesterol) further enhanced 
mRNA delivery potency in lung endothelial and immune cells182. The 
same PBAE terpolymers were used successfully for plasmid DNA 
(pDNA) delivery, but the molecular composition of the most potent 
formulation was distinct from that which was best for mRNA delivery183. 
This result suggests that the composition of a delivery system may 
need to change to account for physicochemical differences in specific 
nucleic acid biomolecules.

Because of their biocompatibility and their extensive use in FDA-
approved products, polyester materials with tunable molecular weight 
and chemical functionality were also prepared for extrahepatic nucleic 
acid delivery184,185. For example, low-molecular-weight (4.2 kDa) poly-
ester materials with cysteamine side chains were proven effective for 
lung-specific delivery of mRNA185. Crucially, the chemical features of 
polymers are important for determining cellular selectivity and deliv-
ery potency of a nanoparticle184,185. Similarly, the link between nanopar-
ticle composition and organ-targeting properties was demonstrated 
using ionizable amino-polyester materials synthesized from the ring-
opening polymerization of lactones with tertiary amino-alcohols60. The 
selection of amino-alcohol building block allows to vary the number of 
ionizable amines, charge density and polymer branching and molecular 
features that have been previously shown to impact delivery efficacy. 

The polyester molecular weight and lipophilicity are, meanwhile, 
controlled through the degree of polymerization and structure of the 
lactone monomer. One compound, known as IDD-3, was formulated 
with three additional lipid components to enable lung-selective mRNA 
delivery. Interestingly, compounds that share the same degree of 
polymerization and lactone monomer as IDD-3, differing in only the 
choice of the amino-alcohol building block, no longer target the lung.

Less progress has been made using active targeting strategies to 
the lungs. Although both peptide and monoclonal antibody ligands 
have been tested in vivo, they have only demonstrated the capacity for 
transfecting lung endothelial cells, necessitating the development of 
targeting ligands for other cell types of the lungs. The utility of the GALA 
peptide, designed to mimic the haemagglutinin protein of influenza 
virus, has been studied as a lung-targeting ligand for the delivery of 
siRNA and pDNA in vivo by LNPs186,187. Alternatively, monoclonal anti-
bodies directed against platelet endothelial cell adhesion molecule 
(PECAM1)188 or plasmalemmal vesicle-associated protein 1 (PV1)189 can 
be conjugated to the PEG lipid component of LNPs to deliver mRNA to 
the pulmonary endothelium. Interestingly, the functional delivery of 
luciferase mRNA to the lungs by anti-PECAM-1-modified LNPs is not 
impacted by the genetic knockout of ApoE in mice, reinforcing that 
ApoE-independent mechanisms are involved in extrahepatic target-
ing188. Despite the acquired capacity to target the lungs through the 
inclusion of these active targeting ligands, off-target delivery still 
occurs to the liver and the spleen; as is the case with GalNAc ligands, 
preventing protein corona formation through denser and more stable 
PEG shells may help to reduce this off-target delivery.

Delivery to lymphoid tissue and cells
Lymphoid organs, such as the spleen and the lymph nodes, are a stag-
ing ground for coordinating the adaptive immune response, facilitat-
ing communication between immune cell subpopulations involved 
in both collecting immunological information and acting on it190. 
Because immune cells have highly specialized functions in identify-
ing, seeking and destroying unwanted invaders, the delivery of genetic 
payloads to lymphoid organs provides unique opportunities to treat 
disease190. Some applications of targeting the spleen and lymph nodes 
with genetic drugs include vaccination against infectious diseases or 
cancer, in situ immunoengineering of B cells or T cells or the abrogation 
of pro-inflammatory signalling involved in driving disease.

Multiple chemical structures, when formulated into LNPs without 
targeting ligands, enable the spleen-targeting of nucleic acids. Differ-
ent classes of lipid materials, including diketopiperazine lipids with 
degradable ester linkages191,192, diethylamino lipids with adamantane 
tails193, lipidoids with an imidazole headgroup194 and piperazine lipids 
with either hydrazine or ethanolamine linkers195, can deliver nucleic 
acids to various cell types in the spleen. Interestingly, the chemical 
structure of the lipid material affects the cell types in which functional 
delivery occurs within the spleen. As such, characterizing the specific 
immune cell types transfected remains important because of their 
specialized nature and the possible functions they can be engineered 
to execute.

Tuning the internal ratio of lipid components also promotes the 
targeting of lymphoid tissues, with mechanistic experiments dem-
onstrating the importance of endogenous targeting using plasma 
proteins. In one example, the enhanced binding of LNPs by the comple-
ment component C3, a plasma protein involved in innate immunity, led 
to increased interactions with the complement receptors expressed 
by splenocytes and their subsequent transfection with pDNA196. SORT 
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LNPs that incorporate an anionic phospholipid, such as phosphatidic 
acid, have a protein corona that is enriched with β2-glycoprotein I, an 
anionic phospholipid binding protein. The subsequent spleen-specific 
delivery of mRNA by these SORT LNPs results in the gene editing of  
B cells and T cells for possible immunoengineering applications173. How-
ever, splenic targeting is antagonized by the presence of ApoE in the  
protein corona, cementing the importance of reducing ApoE binding 
to de-target the liver97. These studies demonstrate that endogenous 
targeting of the spleen is feasible through rational manipulation of 
the molecular composition of LNPs.

Combining the phospholipid DOPE and the permanently cationic 
lipid 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) in 
a lipoplex enables mRNA delivery to antigen-presenting cells in the 
spleen, with potential applications in cancer immunotherapy197–200. 
Reducing the ratio of DOTMA to DOPE in the formulation, which leads 
to a negative net charge, allows functional mRNA delivery to the spleen 
without active targeting ligands197. When loaded with mRNA encod-
ing four tumour-associated antigens, the spleen-specific delivery 
of this nanoparticle resulted in objective responses in patients with 
melanoma, demonstrating the potential of mRNA as a modality for 
personalized cancer vaccines198. In another trial, an mRNA vaccine was 
used to boost the activity of chimeric antigen receptor T (CAR-T) cells 
targeting claudin 6 in solid tumours, in which CAR-T cells typically lack 
efficacy, leading to partial responses in patients with testicular or ovar-
ian cancer199,200. The promising human trials data generated for these 
genetic vaccines suggest that organ-targeted delivery to lymphoid 
tissues by LNPs can unlock previously unattainable immunotherapy 
strategies in the clinic (Table 1).

Certain copolymers have also demonstrated the capacity to trans-
fect cells in the spleen. Poly(amine-co-ester) (PACE) polymers are 
synthesized by enzyme-catalysed polymerization and have a lower 
charge density than conventional cationic polymers used for nucleic 
acid delivery. By relying on hydrophobic interactions, rather than 
electrostatic forces, to load nucleic acids201,202, acute toxicity events in 
vivo are limited. PACE polymers with different end groups all delivered 
mRNA to the spleen in mice, suggesting that the polymer backbone 
determines the organ-targeting properties of PACE-based nanopar-
ticles203. Similarly, charge-altering releasable transporters (CARTs), 
polycations capable of packaging long negatively charged molecules 
such as mRNA, can be used for splenic delivery, indicating utility for 
immunotherapy applications204. CARTs degrade to non-toxic small 
molecules by a controlled ester-to-amide isomerization on cellular 
entry, liberating the mRNA cargo204–206. The use of alternative CARTs, 
which incorporate mixtures of lipid side chains or an oligo(serine 
ester) backbone, improved the delivery to lymphocytes204,206. Collec-
tively, these studies demonstrate that the composition of the polymer 
nanoparticles can be directly engineered to target various immune cell 
populations in the spleen without the need for active targeting ligands.

Alternatively, nanoparticles formulated from modified cationic 
polymers with phospholipid side chains resulted in the systemic deliv-
ery of mRNA to the spleen and lymph nodes61. These nanoparticles 
possess increased serum stability, through the formation of a non-
fouling sphere of hydration, and enhanced membrane fusion, thereby 
transforming ineffective polymers into potent mRNA delivery systems 
in vivo61. The organ-targeting properties of these polymers appear to 
generalize to the entire material class, with individual variations in 
the polymer side chains affecting mRNA delivery potency. Within the 
lymph nodes, both CD4+ and CD8+ T cells are transfected, suggest-
ing potential applications for the in situ programming of immune 

cells61. The development of this class of polymer materials demon-
strates the feasibility of delivering genetic drugs to the lymph nodes 
for immunotherapy using systemic injection.

Meanwhile, the targeting of immune cells, particularly in the 
spleen, has been achieved through active targeting. One area of sub-
stantial medical interest is the in situ engineering of CAR-T cells. Even 
though CAR-T cells have had an important medical impact in multiple 
liquid cancers, their lengthy and bespoke manufacturing process poses 
practical challenges that limit the availability of these cell therapies. 
These challenges could be overcome through direct reprogramming 
of endogenous T cells in the body of a patient207, using both poly-
mers and LNPs208–211. For example, the surface deposition of antibody-
functionalized polyglutamic acid onto nucleic acid–PBAE polyplexes 
enabled the delivery of DNA and mRNA to T cells by targeting either CD3  
(ref. 208) or CD8 (ref. 209). Alternatively, modifying the PEG lipid compo-
nent of LNPs with antibodies directed against either CD4 (ref. 210) or CD5 
(ref. 211) achieved mRNA delivery to splenic T cells. Transient expression 
of a CAR against fibroblast activation protein using CD5-targeting LNPs 
led to reduced fibrosis and improved function of the heart following 
cardiac injury211. Despite these advances, off-target delivery to other 
immune cells and to other organs, particularly the liver, suggests the 
need for greater specificity.

Given the molecular diversity of receptors expressed on the sur-
face of leukocytes, it is difficult to develop a universal platform to target 
specific subsets of immune cells involved in distinct physiological and 
disease processes. To address this challenge, a modular platform for 
the engineering of active targeting LNPs for nucleic acid delivery was 
invented by incorporating Anchored Secondary scFv Enabling Target-
ing (ASSET), a lipidated protein that non-covalently binds targeting 
antibodies, into the outer membrane of an LNP212. By incubating ASSET-
LNPs with an antibody targeting a desired cell type, the intracellular 
delivery of siRNA or mRNA to different subsets of hard-to-transfect leu-
kocytes was achieved in vivo, leading to the therapeutic modulation of 
inflammatory signalling212,213. Other cell types have been targeted using 
the ASSET-LNP platform by swapping out which antibodies are mixed 
with the LNPs, expanding the applicability of this technology214,215. To 
date, active targeting has enabled the functional delivery of genetic 
cargoes into difficult-to-transfect immune cells, but improving the 
organ-targeting specificity of these delivery systems will maximize 
the success of clinical translation.

Outlook
The rapid and successful development of mRNA vaccines for the 
COVID-19 pandemic has promoted research and development efforts 
to commercialize additional genetic drugs80. Lipid and polymer materi-
als are promising platforms for supporting the clinical development of 
genetic drugs because they circumnavigate biological barriers, such as 
cellular membranes and physiological clearance systems, that would 
otherwise render nucleic acids ineffective. Advances in materials syn-
thesis have driven improvements in nanoparticle potency and organ 
selectivity15. Meanwhile, the identification of the biological processes 
involved in nanoparticle transport has provided mechanistic rationales 
for refining the material compositions of nanoparticles96,97,104,107. Moving 
forward, continued innovations in genetic drug delivery will play a crucial 
role in expanding the clinical applications of this therapeutic approach. 
The ability to innovate is greatly aided by fundamental knowledge linking 
nanoparticle material properties with organ-targeting outcomes.

The widespread application of genetic drugs has largely been 
limited by the preferential accumulation of nanoparticles in the liver 
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following i.v. administration. As such, genetic drugs directed against 
liver targets, such as Onpattro, were among the first to be approved by 
regulatory authorities and still constitute the majority of the clinical 
pipeline of nanoparticle therapeutics. These systems have leveraged 
endogenous lipid transport proteins to target hepatocytes, highlight-
ing the utility of endogenous targeting as a delivery mechanism48,216. 
Recent discoveries have demonstrated that extrahepatic delivery, 
particularly to the lungs and lymphoid tissues, is feasible, but it often 
requires some means of de-targeting the liver by disrupting ApoE 
binding97. Although some nanoparticles used for extrahepatic delivery 
have been evaluated in preclinical trials that examine their therapeutic 
efficacy, the organ-targeting outcomes for many systems have only 
been measured using reporter models, such as fluorescent proteins or 
luciferase, and further validation of their therapeutic utility is required. 
Additionally, some compounds used for extrahepatic nanoparticles 
can exhibit toxicity, necessitating medicinal chemistry efforts to find 
biocompatible alternatives that maintain targeting and potency.

Current technologies largely target at the organ level. Advance-
ments can be made to refine delivery to specific cell types within a target 
organ165. This is a key consideration for when a disease only affects a 
subpopulation of cells or the function of a specific cell type needs to 
be modulated to yield a therapeutic benefit. Delivery to cells beyond 
hepatocytes within the liver has been achieved through the incorpo-
ration of active targeting ligands or altering the protein corona. The 
factors influencing cell-level targeting in non-liver organs still have not 
been thoroughly studied, but can likely be affected by passive, active 
and endogenous mechanisms. Additionally, identifying nanoparticles 
that target as-of-yet inaccessible tissues, such as the muscles, the heart, 
the central nervous system and the gastrointestinal tract, remains an 
active area of investigation. The current generation of extrahepatic-
targeting nanoparticles provides some mechanistic insights on the 
criteria necessary to overcome the delivery barrier of liver accumulation 
that can aid in the design of new carriers to other organs.

Continued identification of the mechanistic factors undergirding 
delivery will pave the way for the rational engineering of nanoparticles. 
For passive targeting, linking nanoparticle physical properties to bio-
logical behaviour, such as circulation time and organ accumulation, will 
impact the general design of nanoparticle carriers. For active targeting, 
the identification of suitable ligands to avidly target a specific cell type, 
mechanisms to avoid protein corona and off-target accumulation and 
the ideal ligand valency all remain to be addressed. Interestingly, nano-
particles that use active targeting have not advanced beyond clinical 
trials; this may be due to various reasons such as added complexity of 
the formulations, limited targeting efficacy and possible off-target 
delivery217. For endogenous targeting, identifying which protein corona 
composition yields a desired organ-targeting outcome and relating it to 
the nanoparticle composition will be essential to fully capitalize on this 
targeting mechanism. Only recently has the importance of the protein 
corona been demonstrated for nanoparticles with distinct organ-
targeting properties, suggesting the need for more mechanistic studies 
that clarify how specific corona proteins influence delivery in vivo97.

The inability to accurately predict the in vivo targeting and efficacy 
of nanoparticles from in vitro models necessitates the use of animal 
models for the discovery of new materials11. As such, nanoparticle 
discovery is a largely empirical process that requires a non-trivial 
number of animals to yield meaningful advances. Barcoding strategies 
represent one approach to increase the throughput of animal-based 
screening of nanoparticles52. Alternatively, the refinement of organ-on-
a-chip and organoid models, which better recapitulate the complexity 

of physiology, could help identify promising nanoparticle candidates 
before animal testing218. Furthermore, it is possible that certain deliv-
ery outcomes demonstrated in murine models, which have been the 
emphasis of most studies, may not translate in higher order species. 
Given the high cost of non-human primate models and human clinical 
trials, developing models that accurately predict species-to-species 
translation of nanoparticle organ-targeting properties can increase the 
probability of clinical success219. Ultimately, combining both insights 
in the materials chemistry of nanoparticle systems and the biological 
processes of organ-targeted drug delivery, engineers and scientists can 
provide solutions to unmet clinical needs that deliver the full promises 
of nanoparticle technologies to patients.
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