
Gene therapy uses nucleic acids as functional molecules 
to activate biological treatment for a wide range of dis-
eases, such as cancer1,2, cystic fibrosis3, heart disease4, 
diabetes5, haemophilia and HIV/AIDS6. Nucleic acids 
have been attracting increasing attention owing to the 
global effort in the human genome elucidation together 
with recent discoveries such as RNA interference (RNAi) 
and CRISPR-based genome editing7–9. Gene therapy uses 
genetic material to alter the expression of a target gene 
or to modify the biological properties of living cells for 
therapeutic needs. In recent years, multiple gene therapy 
products have been approved by the regulatory agen-
cies for various applications10. Perhaps the most relevant 
example is the authorization of mRNA vaccines to fight 
the COVID-19 outbreak11.

Gene therapy can be divided into three main avenues, 
as detailed in Fig. 1. First is editing mutated genes using 
CRISPR–Cas technology to cause gain or loss of func-
tion12,13. Second, upregulating gene expression can be 
achieved through the insertion of a functional gene copy 
to be expressed by using molecules such as DNA plasmid 
(pDNA), minicircle DNA (mcDNA), synthetic mRNA, 
circular RNA and self-amplifying RNA (saRNA)14–16. 
Last is downregulating gene expression using molecules 
such as small interfering RNA (siRNA), antisense oligo-
nucleotides (ASOs), short hairpin RNA (shRNA) and 
microRNA (miRNA)17,18.

Nucleic acids have promising advantages compared 
with conventional drugs19. Unlike the latter, the mech-
anism of action and high specificity of nucleic acids 

present a possible therapy route for viral infections, 
various cancers and undruggable genetic disorders with 
unmet clinical need. Moreover, theoretically, a single 
treatment of the genetic payload can achieve a durable 
and even curative effect20. However, delivering nucleic 
acids to reach their active site inside the cell is challeng-
ing owing to their low in vivo stability and rapid host 
clearance outside cells. Additionally, nucleic acids are 
poorly permeable through the cellular membrane owing 
to their negative charge, high molecular weight and 
hydrophilicity21. Nonetheless, few delivery challenges 
differ between DNA and RNA. For example, the payload 
and carrier toxicity are of greater concern when deliver-
ing RNA molecules usually associated with short-term 
activity and low retention inside the cell, hence requir-
ing more frequent administration22. Alternatively, DNA 
activity inside the nucleus adds complexity related to low 
nuclear transport, thus leading to distinguishing design 
concepts regarding the delivery system compared with 
RNA molecules23. Together with specific challenges rel-
evant to the delivered molecule, the fundamental chal-
lenge is to develop tailored systems that can facilitate 
nucleic acid uptake into target cells. The carrier itself 
needs to overcome extracellular and intracellular bar-
riers, provide protection from nuclease activity in the 
bloodstream, enhance and assist with cellular uptake, 
and promote endosomal escape once entered into 
the cell24.

Gene delivery strategies are usually classified into 
viral and non-viral24, maturing over the past few decades 
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as presented in Box 1. Viruses can be used to deliver a 
gene of interest by its insertion into the viral genome, 
followed by cell infection and gene expression25. Viruses 
that have high DNA transfection efficiency, such as len-
tiviruses, retroviruses, adenoviruses, parvoviruses and 
adeno-associated viruses, have long been used to treat 
diseases such as HIV, cancer and muscular dystro-
phy26. Despite the high cellular transfection efficiency 
of viral gene delivery systems, rapid clearance due to 
pre-existing antibodies, generation of neutralizing anti-
bodies against the vector, limited vector size capacity 
(usually below 7 kb) and possible side effects27,28 leave 
room for complementary gene delivery techniques 
in biomedical research and in the clinic. Thus, efforts 
have been made to design non-viral gene delivery sys-
tems, based on lipids, polymers, peptides and inorganic 
compounds.

Lipid-based structures usually consist of a core-shell 
arrangement and ligands can be conjugated to their sur-
face for active targeting29,30. Cationic lipids (such as N-[1-
(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium 
chloride (DOTMA)) are usually used to increase encap-
sulation efficiency when using liposomes for nucleic 
acid delivery31. However, the use of cationic liposomes 
is limited owing to their toxicity at the site of adminis-
tration32. Ionizable lipids present a positive charge under 
acidic pH conditions, favouring complexation with 
nucleic acids and enabling their endosomal escape once 
inside cells33. Ideally, these lipids should have a pKa value 
around 6.4 and near-neutral surface charge to prevent 
rapid sequestration by the mononuclear phagocyte sys-
tem and a lack of immune stimulation and toxic effects 
upon in vivo intravenous administration34.

Polymeric nanocarriers generally consist of polycations  
often containing ionizable amine groups35. These 
groups interact with negatively charged nucleic acids 
containing phosphate groups via attractive coulom-
bic forces, thus promoting self-assembly to form 
condensed nanosized structures termed polyplexes. 
Choosing an adequate polymer (for example, polyeth-
yleneimine (PEI) and poly-l-lysine (PLL)) should be 
a consideration when designing the delivery system 
based on its application36. For instance, branched PEI 

contains many available amine groups that contribute 
to its high buffering capacity, and hence facilitate endo-
somal escape within the cell freeing the RNA to the  
cytoplasm37; however, it was shown to induce some 
in vivo and in vitro toxicity38.

Peptide-based formulations are another delivery 
platform introduced in recent years, consisting of 5–30 
amino acids typically attributed as cell-penetrating pep-
tides or homing peptides. Both can interact with nucleic 
acids in a covalent or non-covalent manner, thus facili-
tating cell internalization39. Inorganic compound-based 
nano-vectors provide unique multipurpose delivery 
platforms. This versatile group consists of noble metals 
(such as gold or silver), carbon nanotubes, cholesterol 
conjugates, iron oxide, silica and lanthanides as nucleic 
acid carriers40. Inorganic nano-vectors can be tailored to 
effectively target and transport therapeutic payloads41. 
For example, mesoporous silica nanoparticles (MSNs) 
covered with a polymeric coating were shown to success-
fully carry siRNA and downregulate osteoporosis-related 
genes as part of a potential treatment42.

Given the benefits and drawbacks of each delivery 
class, considerable research showed that a combination 
of different classes improves therapeutic efficacy43. Gene 
delivery carriers have made significant steps in clinical 
implementation alongside the development of new tech-
nologies; however, many questions remain unanswered 
regarding how these carriers are expected to target a 
given nucleic acid towards a specific cell type. Hence, 
the quest for a one-size-fits-all formulation platform 
should be re-evaluated44. This same approach finds 
itself relevant to the genetic payload, when resembling 
technologies unexpectedly differ in their outcome. 
CureVac’s mRNA lipid nanoparticle (LNP) vaccine 
against COVID-19, CVnCoV, was a promising candidate 
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Fig. 1 | Schematic pathways of three gene therapy 
avenues. a | Gene editing. CRISPR–Cas9 coding DNA 
plasmid (pDNA) or Cas9 mRNA and single guide RNA 
(sgRNA) that contains a targeting sequence are delivered 
to the cell and enter the cytoplasm. pDNA translocates to 
the nucleus followed by transcription to Cas9 mRNA  
and sgRNA. Following translocation to the cytosol, Cas9 
mRNA is translated to Cas9 protein and complexes sgRNA. 
Thereafter, Cas9–sgRNA complex translocates to the 
nucleus, where it binds the genomic DNA target sequence 
containing a proto-spacer adjacent motif (PAM) sequence at  
its 3ʹ end. Specific binding causes double-stranded 
DNA breakage resulting in non-homologous end joining 
or homology-directed repair, leading to mutations or 
changes within the gene sequence, respectively. b | Gene 
addition. After entering the cytoplasm, pDNA carrying 
the desired gene sequence translocates to the nucleus and 
undergoes transcription to mRNA. Next, transcripted or 
external mRNA is translated by the ribosome, promoting 
desired protein synthesis. c | Gene inhibition. After 
entering the cytoplasm, short hairpin RNA (shRNA) is 
detected and processed by Dicer protein to generate small 
interfering RNA (siRNA) later loaded onto RNA-induced 
silencing complex (RISC). Subsequently, double-stranded 
siRNA is unzipped, and passenger strand is cleaved. 
Antisense strand guides RISC towards target mRNA 
and aligns with it, thus leading to mRNA cleavage and 
degradation.

▶

Transfection efficiency
The percentage of cells 
successfully inserted with 
genetic payload from the  
initial cell population.

Polycations
Chemical compounds, 
molecules or complexes 
obtaining positive charge 
at several sites.

Polyplexes
Two-element systems 
comprising a cationic polymer 
complexed with an anionic 
nucleic acid payload 
(for example, small interfering 
RNA (siRNA)) through 
electrostatic interaction.
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using a similar LNP formulation to Pfizer and Moderna’s 
successful vaccines45. Unfortunately, CVnCoV two-dose 
vaccination showed only 47% effectiveness at prevent-
ing the disease. A conjecture to these results is, pre-
sumably, the difference between Pfizer and Moderna’s 
modified versus CureVac’s unmodified mRNA payload 

and the need to engineer the particle for the specific 
RNA sequence46.

Therefore, next-generation gene delivery strate-
gies need to integrate material properties, nucleic acid 
intracellular function and modifications, and disease 
characteristics. For this purpose, advanced robotic 
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high screening technologies and artificial intelligence 
algorithms are being developed to process and analyse 
large data sets of successful delivery vehicles47. This will 
selectively optimize the process according to an intended 
target, thereby achieving accuracy, precise gene therapy 
and better clinical results while saving time and effort.

The purpose of this Primer is to focus on different 
aspects of nucleic acid delivery using nanomaterials. 
The Primer outlines the experimentation of various 
delivery platforms such as LNPs, liposomes and poly-
meric and inorganic nanoparticles by emphasizing the 
primary consideration taken when designing delivery 
platforms as well as possible manufacturing methods. 
The Primer covers different techniques to characterize 
nanomaterials’ properties, discusses results analysis and 
helps deduce downstream biological implications. Key 
applications of nucleic acid nanoparticles including bio-
analysis, nano-barcodes, gene silencing and editing, and 
vaccines and immunotherapy are described and detailed 
through relevant examples. Data reproducibility and 
deposition are reviewed in the context of the field’s lim-
itations and optimization. The future perspective and 
outlook are deliberated, indicating the major challenges 
that await the scientific community in the next decade.

Experimentation
Lipid-based nanoparticles, polymeric nanoparticles and 
inorganic nanoparticles are the most common non-viral 
nanocarriers for nucleic acid delivery (Fig. 2; TABle 1). In 
this section, the key factors involved in nanoparticle 
design and fabrication as well as the commonly used 
modification methods to improve nucleic acid stability 
are described.

Lipid-based nanoparticles
Lipid-based nano-delivery systems are the most widely 
used non-viral nucleic acid vehicle, mainly due to  
their stable nanostructure in physiological fluids  
and their fusion with negatively charged endosomal 
membranes that allows effective nucleic acid delivery 
(Fig. 2d). Lipids are amphiphilic molecules that contain a 
polar head group, a hydrophobic tail region and a linker 
between the two domains48. Lipid-based nano-delivery 
systems typically contain other lipid components, such 
as phospholipids, cholesterol or polyethylene glycol 
(PEG) (Fig. 2a,b). The main differences between these 
nanoparticles rely on their lipid constituents, syn-
thesis parameters, the methods used for nucleic acids 
and encapsulation48. These systems are clinically used 
or under clinical evaluation to treat genetic disorders 
(such as cystic fibrosis and propionic acidaemia)48 and 
solid tumours48 (Fig. 3), being at the forefront of clinical 
advanced nano-delivery systems for gene therapy fol-
lowing Onpattro approval by the US Food and Drug 
Administration (FDA)49 and SARS-CoV-2 vaccines50.

Liposomes. Liposomes are composed of phospholipids 
with polar head groups and non-polar tails along with 
stabilizers (such as cholesterol), and they spontaneously 
self-assemble into vesicles owing to their amphiphilic 
nature. Cationic lipids, such as DOTMA, 1,2-dioleoyl-3- 
trimethylammonium propane (DOTAP) and zwitteri-
onic 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE), are commonly used to form cationic lipos-
omes by exploiting electrostatic interactions between 
lipids and negatively charged nucleic acids, which 
increases encapsulation efficiency51. Smaller liposomes 
have greater likelihood of escaping phagocyte uptake 
(≤100 nm)52. Strikingly, positive nanoparticle surface 
charge may lead to non-specific binding of serum 
proteins and immune stimulation, causing toxiciy32.  

Box 1 | Timeline of globally approved gene therapies in the past decade 
defined by ClinicalTrials.gov identifier

2010
•	Rexin-G (retrovirus, plasmid DNA 

(pDNA), NCT00121745)

2012
•	Glybera (adeno-associated virus, DNA, 

NCT03293810)

2013
•	Kynamro (naked antisense 

oligonucleotide (ASO), NCT00607373)

2016
•	Exondys 51 (naked phosphorodiamidate 

morpholino backbone (PMO), 
NCT00844597)

•	Spinraza (naked ASO, NCT01494701)

•	Imlygic (herpes simplex virus (HSV), 
DNA, NCT00289016)

•	Defitelio (naked DNA, NCT00003966)

•	Strimvelis (retrovirus, cDNA, 
NCT00599781)

2017
•	Luxturna (adeno-associated virus, DNA, 

NCT00643747)

•	Invossa (retrovirus, DNA, NCT03412864)

•	Yescarta (retrovirus, DNA, NCT05108805)

•	Kymriah (lentivirus, DNA, NCT05075603)

2018
•	Patisiran (lipid nanoparticle (LNP), small 

interfering RNA (siRNA), NCT01148953)

•	Tegsedi (naked ASO, NCT04306510)

2019
•	Zolgensma (adeno-associated virus, 

DNA, NCT02122952)

•	Collategene (naked pDNA, 
NCT04267640)

•	Waylivra (naked ASO, NCT01529424)

•	Zynteglo (lentivirus, DNA, NCT01745120)

•	Givlaari (N-acetylgalactosamine 
(GalNAc), siRNA, NCT03338816)

2020
•	Libmeldy (lentivirus, DNA, 

NCT03771898)

•	BNT162b2 (LNP, mRNA, NCT04862806)

•	mRNA-1273 (LNP, mRNA, 
NCT04470427)

•	Tecartus (retrovirus, DNA, 
NCT04880434)

Fig. 2 | Scheme for the main nanoparticle design used  
in gene delivery. a | Chemical structures of typically  
used lipids on lipid nanoparticle (LNP) formulations  
and representative formulation materials for polymeric 
nanoparticles: cationic lipid (dilinoleylmethyl-
4-dimethylaminobutyrate (DLin-MC3-DMA)), phospholipid 
(1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)), 
cholesterol, PEG lipid (1,2-dimyristoyl-sn-glycerol, 
methoxypolyethylene glycol and polyethylene glycol- 
dimyristoyl glycerol (PEG-DMG)), PEG, linear and branched 
polyethylenimine (PEI), poly(β-amino ester), chitosan  
and polyamidoamine (PAMAM) dendrimer. b | Needed 
molecular structures for construction of lipid-based 
nanoparticles (liposomes and LNPs), polymeric nanoparticles 
(polyplexes, polymersomes and dendrimers) and  
commonly used inorganic nanoparticles for gene  
delivery (including gold nanoparticles, iron oxide 
nanoparticles and mesoporous silica nanoparticles 
(MSNs)). c | Molecular structures of typical nucleic acids  
for gene delivery using lipid-based, polymeric and 
inorganic nanoparticles. d | Structures of commonly used 
nanoparticle complexes containing nucleic acids. ASO, 
antisense oligonucleotide; miRNA, microRNA; pDNA, 
plasmid DNA; PEG, polyethylene glycol; siRNA, small 
interfering RNA.

▶
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To this end, a PEGylated cationic liposomal bilayer has 
been explored as a substitute53. There are three typical 
methods for liposome preparation: film hydration, sol-
vent injection and reverse phase evaporation54, which 
are used to achieve effective drug encapsulation, narrow 

particle size dispersion and long-term stability. Despite 
the tremendous benefits of liposomes as nucleic acid car-
riers, they require complex production methods that use 
organic solvents (for example, solvent injection), which 
can jeopardize their large-scale production.
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Lipid nanoparticles. LNPs (50–100 nm in diameter) typ-
ically comprise ionizable and cationic lipids, cholesterol, 
phospholipids and PEG lipids (Fig. 2a), among which 
ionizable lipid plays a major role in protecting nucleic 
acid from nuclease degradation55. In addition, helper 
lipids (such as phospholipids and cholesterol) promote 
formulation stability and membrane fusion34 — approx-
imately 30–40 mol% helper lipid content is required to 
efficiently entrap siRNA within LNPs56. PEG lipids, 
which consist of a hydrophilic PEG polymer conjugated 
to a hydrophobic lipid anchor, can improve the circula-
tory half-life and stability, preventing LNP clearance57. 
In particular, PEG lipids of low molecular weights have 
been shown to decrease non-specific protein adsorption, 
and re-establish specific binding of receptor-targeting 
nanoparticles58. In addition, PEG lipid content dictates 
the particle size59. For example, siRNA-loaded LNPs 
ranging from 27 to 117 nm in size were obtained by vary-
ing the PEG lipid content (0.25–5 mol% lipid), achieving  
an optimal size of 80 nm for gene silencing potency60.

As opposed to liposomes, LNPs are able to have micel-
lar structures within the particle core44 (Fig. 3). Moreover, 

LNPs exhibited better kinetic stability and more rigid 
morphology than liposomes; a large-scale commercial 
fabrication method can be used to obtain more homo-
geneous LNPs. LNPs can be subdivided into solid nan-
oparticles at room temperature or nanostructured lipid 
carriers, which are a mixture of solid and liquid lipids. 
Interestingly, ionizable LNPs have a near-neutral charge 
at physiological pH, but the amine groups on ionizable 
lipids become protonated and positively charged at low 
pH, allowing assembly with negatively charged phos-
phate groups on nucleic acids. After complexation, the 
pH can be adjusted to a neutral or physiological pH to 
allow therapeutic administration. After their in vivo 
injection, ionizable LNPs can extravasate from the blood-
stream to target tissues. LNPs can then adsorb onto the 
cell surface, and enter the cell via endocytosis61. Positively 
charged ionizable lipids aid in endosomal escape and 
interact with negative charges on the endosomal lipid 
membrane, which causes destabilization of the endosome 
and promotes nucleic acid release62.

The fabrication methods to encapsulate nucleic acids 
(for example, siRNA, mRNA and pDNA) in LNP systems 

Table 1 | Synthesis and functionalization methods of common nanocarriers for nucleic acid delivery and their applications in clinical trials

Nanoparticle 
type

Synthesis method Functionalization with 
nucleic acid

Nucleic 
acid

Disease type Clinical 
trials

Liposome Film hydration, solvent injection 
and reverse phase evaporation

Non-covalent encapsulation DNA; 
siRNA

Relapsed or refractory non- 
Hodgkin lymphoma and diffuse  
large B cell lymphoma; advanced  
or metastatic pancreatic cancer

Phase II; 
phase I/II

LNP Detergent dialysis, ethanol-loading 
technique, T-mixing technique, 
microfluidic hydrodynamic focusing 
and staggered herringbone mixing

Non-covalent encapsulation siRNA; 
pDNA

Neuroendocrine tumours, 
adrenocortical carcinoma and 
advanced hepatocellular carcinoma; 
relapsed or refractory leukaemia

Phase I/II; 
phase I

Polyplex Spontaneous condensation of 
nucleic acids by polycations

Electrostatic interaction siRNA; 
pDNA

Solid tumours and pancreatic 
ductal adenocarcinomas; colorectal 
peritoneal carcinomatosis, ovarian 
cancer, pancreatic adenocarcinoma 
and non-muscle-invasive bladder 
cancer

Phase I; 
phase II

Polymersome Probe sonication, film rehydration, 
direct dissolution of copolymer, 
solvent injection, solvent exchange 
method and phase-guided assembly

Non-covalent encapsulation NA NA NA

Dendrimer Divergent growth method, 
convergent growth method, double 
exponential growth technique, 
double-stage convergent method 
and hypermonomer method

Non-covalent electrostatic 
attachment

NA NA NA

Gold 
nanoparticle

Turkevich method, the Brust–
Schiffrin method, electrochemical 
method, seeding growth method 
and others

Gold–thiol conjugation, 
surface adsorption

siRNA Recurrent glioblastoma Phase I

MSN Sol gel, microwave synthesis, 
hydrothermal synthesis, template 
synthesis, soft and hard templating 
methods, and others

Non-covalent encapsulation 
(hydrogen bonding, physical 
adsorption, electrostatic 
interaction or aromatic 
stacking), surface adsorption, 
covalent modification

NA NA NA

Iron oxide 
nanoparticle

Co-precipitation, thermal 
decomposition, hydrothermal 
synthesis, microemulsion, 
sonochemical synthesis and others

Non-covalent electrostatic 
attachment, covalent 
modification

NA NA NA

LNP, lipid nanoparticle; MSN, mesoporous silica nanoparticle; NA, not applicable; pDNA, plasmid DNA; siRNA, small interfering RNA.
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needs to be fine-tuned in terms of molar ratio and lipid 
composition, mainly owing to the differences in nucleic 
acid size and charge that might result in variations of lipid 
packing and LNP structure63,64. Moreover, targeted LNPs 
can be fabricated by conjugating surface-attached ligands 
(such as folate and transferrin) to the surface of LNPs to 
recognize and bind to specific receptors on cells65.

The first methods of generating LNP–nucleic acid 
formulations include detergent dialysis and the ethanol- 
loading technique. Rapid-mixing methods have gained 
favour for their less laborious requirements as they com-
bine nanoparticle formation and nucleic acid entrap-
ment into a single step while improving nanoparticle 

homogeneity. For example, a T-mixing technique was 
used as a fully scalable method for the production of 
homogeneous nucleic acid LNPs with entrapment effi-
ciencies >90%34. More recently, two microfluidic mix-
ing approaches were designed based on a rapid-mixing 
technique. Microfluidic hydrodynamic focusing is a 
continuous-flow technique used to manufacture LNPs 
in a reproducible and scalable fashion66, and staggered 
herringbone mixing is the most commercially used67. 
This technique can improve the control over the mix-
ing process and shorten the mixing time59. All of the 
previously mentioned methods allow fast mixing of an 
organic phase containing the lipid components with a 
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liquid phase containing the nucleic acid, leading to high 
encapsulation of the nucleic acid. LNPs of specific sizes 
can be accurately fabricated through control of micro-
fluidic operating parameters, such as the flow rate ratio 
and/or total flow rate68.

Polymeric nanoparticles
Polymeric nanoparticles are produced using natural 
polymers, namely dextran, chitosan and/or cyclodex-
trins, or synthetic polymers, such as PLL, PEI, poly-
amidoamine (PAMAM), and/or poly(lactic-co-glycolic 
acid) (PLGA) (Fig. 2a), allowing a wide variety of poly-
meric nanoparticles with different compositions and 
structures. The most common forms of polymeric nan-
oparticles are nanocapsules and nanospheres, which have 
multiple subclasses such as polyplexes, polymersomes and 
dendrimers44 (Fig. 2d). Polymeric nanoparticles are among 
the most promising artificial materials for nano-delivery 
of nucleic acids, mainly owing to their simple synthe-
sis and functionalization, structural versatility, syn-
thetic scalability, high transfection efficiency, gene 
immunogenicity and good biocompatibility.

Polyplexes contain cationic polymers (for example, 
PEI, chitosan and biodegradable polyesters) that bind to 
and condense nucleic acids into small, compact structures 
through electrostatic interactions. The process of conden-
sation is entropically driven, and upon mixing cationic 
polymers with nucleic acids, the polyplexes are spontane-
ously produced. For their preparation, an excess of cati-
onic polymer relative to oligonucleotide is typically used, 
which generates particles with a positive surface charge 
and better condenses nucleic acids into smaller-sized 
nanoparticles35. Nucleic acids are entrapped in the poly-
mer matrix and protected by the polymer chains, which 
can sterically block the access of nucleolytic enzymes. 
Additionally, higher packaging stability of polyplexes  
can be achieved by introducing hydrophobic elements 
(for example, alkyl groups) to promote particle formation 
through hydrophobic aggregation61 or by incorporation 
of covalent cross-linkers within the particle core69.

Polymersomes, also known as polymeric vesicles, are 
formed by the self-assembly of amphiphilic block copol-
ymers via the hydrophobic effect. The hydrophilic fraction 
(fhydrophilic) of an amphiphilic block copolymer dictates 
its self-assembly morphology, and, as a general rule, 
polymersomes are generated with fhydrophilic of approxi-
mately 35 ± 10%70. Polymersome preparation methods 
are mostly adapted from liposome protocols71, including 
direct dissolution of copolymer, film rehydration, sol-
vent exchange and probe sonication. Generally, various 
nucleic acids (such as pDNA, ASOs and siRNA) can be 
favourably encapsulated into the inner aqueous core  
of polymeric vesicles owing to the hydrophilic nature of 
biomacromolecules as block copolymers self-assemble 
into polymersomes. For example, polymeric vesicles 
that are formed by film hydration of diblock copolymer 
poly(1,2-butadiene)-b-poly(ethylene oxide) in aqueous 
solutions have been applied for the encapsulation of 
siRNA with an efficiency of about 51%72. Polymersomes 
with asymmetrical membranes formed from ABC tri-
block copolymers are applied to increase the volume 
of the inner aqueous core, improving nucleic acid 

encapsulation73. Membrane ionizable polymersomes 
are also used to increase loading efficiency owing to 
electrostatic interactions between charged membranes 
and nucleic acids74.

Dendrimers have been synthesized in an iterative 
sequence of reaction steps by divergent or convergent 
methods75. Each successive reaction step leads to an 
additional generation of branching, and the number of 
repeated cycles is defined as the dendrimer generation. 
The mass and size of dendrimers can be controlled by tun-
ing the dendrimer generations, whereas the dendrimer 
surface can be easily functionalized through conjugation 
of different molecules to the reactive terminal groups, 
which make them attractive systems for gene deliv-
ery applications. Some dendrimers, such as PAMAM, 
poly(propylene imine) and PLL, have a well-defined num-
ber of positive terminal amine groups, allowing the attach-
ment of nucleic acids by ionic interactions. For example, 
RNA nanoparticles formed by complexation of triple-helix 
strands of miRNAs with PAMAM G5 dendrimer create a 
branched sponge-like nanoscopic structure used to regu-
late key genetic drivers in the breast tumour microenvi-
ronment76. Dendrimers with higher generations become 
more compact and provide a surface with a high density 
of amine groups for nucleic acid binding77.

For polyplexes and dendrimers, conjugation of 
hydrophilic polymers (typically PEG chains) to the 
nanoparticle surface can be applied to improve serum 
stability and biocompatibility77,78. For all types of poly-
meric nanoparticle, the attachment of targeting moieties 
(including antibodies, transferrin, folate and glycosidic 
moieties) to the nanoparticle surface increases cell 
uptake and target cell specificity through interactions 
between targeting moieties and molecules on the tar-
get cell’s surface44. Through the incorporation of moie-
ties (for example, PEI, chitosan and imidazole groups) 
that possess unprotonated amine groups into poly-
meric nanoparticles, endosomal swelling and rupture 
may be induced by the proton sponge effect, allowing 
endosomal escape to be facilitated79.

Inorganic nanoparticles
Inorganic nanoparticles have been studied for nucleic 
acid delivery and imaging, including gold nanoparticles, 
silica nanoparticles and iron oxide nanoparticles (Fig. 2d). 
They can be engineered to exhibit specific sizes, structures 
and/or geometries44. Among inorganic nanoparticles, 
gold and iron oxide nanoparticles are generally consid-
ered non-toxic nanomaterials40,80. Interestingly, research 
shows that inorganic nanoparticles can stimulate and/or  
suppress the immune responses, and their compatibility 
with the immune system is largely determined by sur-
face chemistry. In fact, the influence of size, solubility and 
surface modification on the biocompatibility of nano-
particles and their use in biological applications is well 
known81. Therefore, it is essential to test nanoparticle/ 
biological interactions experimentally and modify the 
nanoparticles for best biocompatibility with the cell82.

Gold nanoparticles. Gold nanoparticles exhibit unique 
optical properties, simple synthesis and surface function-
alization, being selectively and cooperatively decorated 

Nanocapsules
Systems with a typical 
core-shell structure in which 
the drug is confined to an inner 
liquid cavity surrounded by a 
polymeric membrane or shell.

Nanospheres
Solid matrix systems consisting 
of a continuous polymeric 
network in which the drug  
can be either entrapped in the 
polymer matrix or adsorbed 
on the nanoparticle surface.

Polymersomes
Polymeric vesicles consisting  
of an aqueous interior 
surrounded by a polymer  
shell, which are formed by the 
self-assembly of amphiphilic 
block copolymers.

Dendrimers
A class of dendritic  
polymers with 3D, nanoscale, 
hyperbranched, well-defined 
and monodisperse architectures, 
comprising a central core, 
branched repeat units and 
terminal groups.

Hydrophobic effect
The tendency of non-polar 
molecules and molecular 
segments in an aqueous 
medium to minimize their 
interactions with water 
molecules and form 
intermolecular aggregates.
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with nucleic acids via covalent or non-covalent conju-
gation83. Nucleic acid strands are covalently attached to 
gold nanoparticle cores (typically 13–15 nm) through 
thiol moieties84–86. This strategy is used for DNA and 
siRNA, which can be conjugated directly to gold cores 
or to polymer-modified gold cores. Gold nanopar-
ticle surfaces can be coated by alternating layers of 
anionic nucleic acids and polycations (such as PEI or 
PAMAMs)87 as well as by adding targeting ligands that 
enable a specific interaction and binding of nanopar-
ticles to cell surface receptors88. Ligand length, density, 
hydrophobicity and avidity need to be taken into account 
and optimized for efficient targeting of nanoparticles89.

Mesoporous silica nanoparticles. MSNs (100–250 nm 
in diameter) have been used for nucleic acid delivery 
owing to the good biocompatibility and tunability of 
the porous architecture40. Typically, nucleic acid mole-
cules are loaded in MSNs through weak non-covalent 
interactions90. Pore size and surface functionalization 
play a crucial role in the loading capacity and nucleic 
acid release rate. MSNs with small pores can provide 
a tunable release rate for small nucleic acids, whereas 
larger pores provide higher loading capacity and a 
faster release rate. For example, MSNs of ~100 nm with 
small pore size (2.5–5 nm) are suitable for the delivery 
of small siRNA, and MSNs of ~250 nm with large pore 
sizes (above 15 nm) are used for loading large pDNA40. 
Negatively charged surfaces of MSN can be covalently 
modified into cationic surfaces in order to greatly impact 
cargo loading, protein adsorption and the release rate91. 
Approaches such as the addition of different types of 
cationic macromolecule, including PEI, dendrimers and 
lipids, have been used to modify MSN surfaces to adsorb 
and deliver nucleic acids.

Iron oxide nanoparticles. Iron oxide nanoparticles 
(composed of Fe3O4 or Fe2O3) possess superparamag-
netic properties at certain sizes, demonstrating success-
ful outcomes as delivery vehicles and thermal-based 
therapeutics. Most of these delivery systems rely on 
surface-engineered cationic iron oxide nanoparticles 
that electrostatically interact with anionic nucleic acid 
cargos. For example, lipidoid-coated iron oxide nan-
oparticles of 50–100 nm display optimal siRNA deliv-
ery activity92. Micellar lipid coatings have been used to 
adsorb and layer nucleic acids93. Interestingly, iron oxide 
nanoparticles coated with nucleic acid-loaded lipidoids 
demonstrated an efficient siRNA and pDNA delivery 
and in vitro transfection.

Methods to improve stability
One of the greatest challenges of nucleic acid delivery is 
their poor stability. Indeed, nucleic acids without modi-
fication have poor drug-like properties, are unstable in 
blood and can be quickly degraded by nucleases in extra-
cellular fluids and serum94. Besides the encapsulation of 
nucleic acids in nanocarriers, chemical modification  
of nucleotides (including backbone, nucleobase and 
sugar modifications) can also enhance chemical stability 
and reduce immunological effects of nucleic acids95–97. 
For instance, phosphorothioate-modified siRNA drugs 

have exhibited an improved stability and efficacy by 
replacing the unstable phosphodiester backbone into a 
phosphorothioate backbone, which is one of the most 
used strategies98,99. Unlike unmodified siRNAs, siRNAs 
with several 2-thiouracil modified units are thermally 
stable and displayed similar silencing activity100. Both 
the cap at the 5′ end and the poly(A) tail at the 3′ end 
of mRNA can enhance the stability and translation effi-
ciency of mRNA101,102. Researchers can also increase the 
stability of mRNA by modifying the chemical structure 
of the cap at the 5′ end. In addition, chemical modifica-
tions can also be introduced to miRNAs and ASOs to 
improve their stability.

Results
Even though it is not completely understood how nano-
particle properties interact with biological systems, the 
pivotal role of these properties on the elicited biologi-
cal response is widely accepted103,104. In this section, we 
discuss techniques to characterize the physico-chemical 
features of nanomaterials and how these properties can 
modulate the biological response of nanoparticles (Fig. 4).

Nanomaterial characterization
Nanomaterial composition and synthesis. As biological 
interactions are strongly influenced by the composition 
of nanomaterials, a detailed description of the constitu-
ents is very important. However, the protocols for mate-
rial characterization can be extremely variable and will 
depend highly on the type of material used. Therefore, 
it would be too restrictive to impose specific required 
analysis for some materials, and certainly insufficient 
for others. There should be a joint effort from academia 
and the regulators to ensure that novel materials have 
a detailed synthesis protocol, rigorously assessed by 
peer-reviewers, and that particularly sensitive or chal-
lenging steps are highlighted. Examples of best prac-
tices for synthesis and methods have been extensively 
detailed elsewhere105. Purification methods should also 
be detailed as the presence of precursor residues in the 
final nanomaterial may change the biological effect104.

Morphology and size dispersity. The size and shape 
of nanomaterials can determine the specific cellular 
pathways engaged in nanomaterial internalization44,106. 
Additionally, these properties have influence on 
the adsorption of biomolecules and biodistribution 
in vivo107,108. For spherical particles, diameter determina-
tion is sufficient; however, for other shapes (for example, 
cubes or rods), measuring every dimension is funda-
mental. Moreover, the size of the nanomaterial in vivo 
should also be considered, as biomolecule adsorption 
onto the particle surface may alter the particle size109,110. 
Besides the average size, it is crucial to report size dis-
persity as samples with the same average size can, in fact, 
correspond to samples with totally different nanoparti-
cle populations and, thus, have an influence on particle 
interaction with biological systems111.

Several methods have been used to characterize nan-
oparticle morphology and size dispersity112 (Fig. 4a). In 
general, evaluation of the parameters can be performed 
in suspension (wet) or in a dry state. Unlike inorganic 

Nanomaterial internalization
By tuning nanoparticle design, 
their initial recognition at the 
cell membrane and the further 
mechanisms of internalization 
by the cells can be fine-tuned.
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metal nanoparticles, the morphology of organic nano-
materials, in particular their size, can change substan-
tially depending on the wet or dry state. Therefore, the 
protocol used to assess particle morphology should be 
provided. Dynamic light scattering (DLS) is the main 
technique to determine the particle hydrodynamic 
diameter in suspension112. This method estimates parti-
cle size from Brownian motion of the particles in suspen-
sion. It can be used in the range from 5 nm to 10 µm, with 
short acquisition time, requires low sample volume and 
is compatible with a wide variety of solvents. The DLS 
size estimation depends on the scattering intensity; thus, 
for highly polydisperse particle samples, size determina-
tion is typically biased towards the larger populations. 
In this case, size fractionation of the sample is the most 
effective protocol to prevent biased size estimations113,114. 
Size characterization can be performed by nanoparticle 
tracking analysis, based on particle free diffusion in sus-
pension. By means of enhanced contrast microscopy or 
temporal-resolution video acquisition, diffusion is meas-
ured by tracking random movement of single particles115. 
As nanoparticle tracking analysis relies on single-particle 
resolution, it is suitable for highly polydisperse popula-
tions and can be used to determine hydrodynamic diam-
eters ranging from ≈30 nm to ≈1 µm. However, the wide 
application of nanoparticle tracking analysis has been 
limited by the higher costs of equipment compared with 
DLS and the need for a sample concentration or dilution 
to around 109 particles/ml for measurement (which may 
be significantly different from the concentration for the 
intended application)112.

Considering dry state methods for nanoparticle 
characterization, transmission electron microscopy 
(TEM) is one of the most important techniques. TEM 
uses a focused electron beam on a thin sample to 
produce micrographs of nanomaterials, and can pro-
vide high-resolution images with atomic resolution 
and size diameters spanning from >1 nm to <1 μm 
(ReFS112,116). TEM also allows particle shape evaluation, 
single-particle visual inspection and size distribution. 
Nevertheless, the whole sample preparation, meas-
urement and analysis is laborious, and nanomaterials 
must be electron transparent and withstand high beam 
energy and vacuum, which can lead to sample damage, 
especially in organic, polymeric and hybrid nanopar-
ticles117,118. Cryo electron microscopy enables direct 
imaging of some nanoparticles, such as protein/RNA 
complexes, liposomes and viruses that are damaged dur-
ing the drying process119. Scanning electron microscopy 
(SEM) imaging is another alternative, which is based on 
secondary electrons emitted by the surface of the sample 
upon interaction with the impinging electron beam120. 
Compared with TEM, SEM uses lower energies beams, 
which limits the resolution to around 2–3 nm, reducing 
the chances of beam-induced damage to the sample. For 
high-resolution images, SEM requires conductive sub-
strates. Therefore, non-conductive samples are typically 
coated with a thin metallic film (5–10 nm) and this modi-
fication of size and surface must be considered during 
the analysis112,120. Atomic force microscopy (AFM) is a  
technique based on a scanning probe that enables sur-
face visualization in the atomic range121. A sharp tip at 
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methods. a | Upon nanoparticle synthesis, physical and chemical features are determined, 
namely morphology (step 1), size (step 2), surface charge (step 3), and nucleic acid 
loading and profile release (step 4). b | Nanoparticle physico-chemical properties 
fine-tune their in vitro biological response, which ranges from characterization of the 
produced protein corona (step 5) to study of nanoparticle cellular uptake mechanisms 
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electron microscopy.
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the end of the cantilever is rastered across the surface 
of the sample and the repulsion and attraction forces 
between the tip and the atoms of the surface are recorded 
and used to assess surface topography. AFM can be used 
for dry and wet samples. Particles in suspension have 
to be deposited on a flat and smooth surface (such as 
mica) and dried before analysis. If the nanomaterial is 
already in a dry state and on a smooth and flat surface, 
no sample preparation is required112,121.

Zeta potential. The surface charge of nanomaterials not 
only influences cellular response but also affects biomol-
ecule adsorption onto the particle surface and the nan-
oparticle biodistribution44,122,123 (Fig. 4a). Surface charge 
also plays an important role on particle stability in sus-
pension124. Zeta potential varies with the surrounding 
environment; thus, pH, electrolyte concentration and the 
fluid used for the measurements should be detailed111.

Drug entrapment and release. If the nanomaterial has 
been developed to carry a molecule, the amount of 
mole cule that can be entrapped should be calculated 
and reported as the concentration of molecule/particle 
or as percentage by mass (Fig. 4a). The amount of carried 
molecule release from the nanomaterial and its profile 
release should also be considered and detailed111,125.

Targeting. Nanomaterials can be designed as tar-
geted systems with increased affinity to specific cells 
or tissues44. This can be accomplished based on the 
physico-chemical properties of the nanomaterials, such 
as size, shape and surface chemistry44, or by covalent126 
or electrostatic127 conjugation of targeting moieties onto 
the surface of the nanoparticles. The targeting efficacy 
depends on the amount of ligand and the conjugation 
strategy. Therefore, when nanomaterial is conjugated 
with ligands on their surface, these must be quantified 
and reported. Although this task might be challenging, 
at least (semi-)quantitative analysis should be performed 
to demonstrate the specificity and the affinity of the 
nanomaterial for the intended targeted111. More recent 
methods have been developed to assess the density or the 
number of biologically functional moieties on the par-
ticle’s surface, to provide a deeper understanding of the 
interaction with their targets. In the future, these assays 
should be included as reporting standards128.

Biological characterization
In vitro studies. Nucleic acid-loaded nanoparticles are 
incubated with primary cells and/or cell lines of interest 
as the first screening of their toxicity and functionality. 
Before moving to cell studies, there are several reports 
that study the stability of nanoparticles in stimulated 
biological fluids (such as fetal bovine serum) in order 
to understand the nanoparticle identity interface under 
physiological conditions129,130 (Fig. 4b). Nanoparticles have 
a large surface area, which encourages the formation of 
complex interactions at the bio–nano interface, influencing 
their reactivity with toxicity targets in the cells.

In vitro studies are limited to recapitulate biolog-
ical and physical features of the local microenviron-
ment, therefore adequate cell models should be chosen 

according to nanoparticle type and composition, nucleic 
acid category and target disease (Fig. 4b). Experiments 
involving different cell types (for example, immune 
cells, patient-derived disease cells and fibroblasts) and 
recapitulating key features from disease pathophysiol-
ogy (for example, dynamic culture conditions, biome-
chanical forces and architecture) have been developed 
using 3D tissue models, such as organoids131,132 or 
organs-on-chips133. These models have been shown to 
better mimic the in vivo scenario, and thus they are now 
considered key to successfully determine nanoparticle 
drug efficiency and cytotoxicity134.

The cellular uptake of the nucleic acid-loaded nan-
oparticle can be studied by TEM, confocal microscopy 
and/or analytical flow cytometry, which are the meth-
ods of choice to determine whether the nanoparticles are 
taken by the cells135. The impact of nucleic acid delivery 
on cells of interest can be evaluated by the expression 
level of the target gene. Moreover, it can also be assessed 
through the proliferation, migration and survival of the 
studied cells as a function of nucleic acid-loaded nan-
oparticle dose by performing light microscopy and/or 
viability assays (for example, MTT).

Preclinical in vivo models. The nanomedicine commu-
nity have been discussing the importance of personalized 
therapies; thus, the choice of the animal model needs to 
reflect the biological scenario, which can include gender 
differences136. Moreover, the administration route to 
deliver the nanoparticle systems needs to be correctly 
chosen owing to their impact on nucleic acid-loaded nan-
oparticle pharmacokinetics, in vivo biodistribution and 
overall therapeutic efficacy. Interestingly, local adminis-
tration of hydrogel patches embedded with siRNA–gold 
nanospheres was demonstrated to improve nanoparticle 
stability and minimize side effects, while promoting 
complete colon cancer regression135. Also, it was reported 
that nanoparticle type, shape, charge and size impact the 
in vivo biodistribution130,137,138. Whereas smaller nanopar-
ticles (10–20 nm) are rapidly eliminated by renal clear-
ance139, the mononuclear phagocyte system can uptake 
nanoparticles larger than 100 nm owing to nanoparti-
cle opsonization upon contact with blood, then being 
filtered by the spleen and sequestered in the liver140,141.  
In addition, the amount of nanoparticles that reaches the 
target site is of utmost importance to evaluate the efficacy 
of the studied nanomedicines111. Therefore, the percent-
age of injected dose delivered per gram of tissue and data 
on weight of organs measured need to be reported. After 
in vivo studies, it is recommended to analyse the sample 
genetic profile in response to the applied treatment and 
respective gene pathways (Fig. 4c).

Applications
Nucleic acid-based therapeutics are revolutionizing 
the pharmaceutical landscape, as they can target the 
genetic bases of diseases rather than the downstream 
proteins, offering long-lasting or even potentially cura-
tive treatments for many intractable conditions. In this 
section, we discuss the application of nanoparticle-based 
nucleic acid delivery in several key areas and offer some 
representative examples.

Brownian motion
Small particles in a liquid are 
subjected to random motion 
in all directions, which is 
caused by collisions with other 
molecules. By measuring the 
particle speed, it is possible to 
determine the hydrodynamic 
diameter.

Zeta potential
A physical property that is 
established on the surface 
of any particle in a liquid, 
representing the effective  
net charge.

Bio–nano interface
The interaction of the 
nanomaterial surface with  
the biological microenvironment, 
which alters their surface 
characteristics and greatly 
influences their behaviour 
in vivo.
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Bioanalysis
Nucleic acid–nanoparticle conjugates have found broad 
applications in ultra-sensitive detection of various ana-
lytes, such as nucleic acids142, proteins143, small mole-
cules144 and metal ions145. One prominent example is 
spherical nucleic acid (SNA) conjugates, which were 
initially prepared by covalently attaching oligonucle-
otide strands onto gold nanoparticles. In the presence 
of oligonucleotide linkers containing complementary 
sequences at multiple sites, these SNA–gold nanoparti-
cles form agglomerates in solution, altering the optical 
properties of the gold nanoparticles (such as surface 
plasma resonance). This principle has been exploited for 
colorimetric detection of RNA142 and DNA146 targets in 
solution, enabling diverse bioanalytical applications such 
as the rapid naked-eye diagnosis of SARS-CoV-2 infec-
tion without requiring advanced instruments142 (Fig. 5a).  

Notably, SNA–gold nanoparticles exhibit very narrow 
transition (melting) temperatures, which allows dif-
ferentiation of targets with a single base mismatch146. 
Array-based gene detection platforms were created by 
immobilizing oligonucleotides onto a chip and apply-
ing the use of SNA–gold nanoparticles, both of which 
contained sequences complementary to different 
regions of the target gene. Taking advantage of the gold 
nanoparticle-mediated catalytic reduction of silver ions 
onto its surface, the gold nanoparticle signal could be 
amplified and read out through various means such as 
light scattering147, surface-enhanced Raman spectros-
copy (SERS)148 (Fig. 5d) and electrical conductivity with 
high sensitivity147 (Fig. 5b). Automated systems incorpo-
rating this array-based gene detection technology (such 
as VERIGENE) have been commercialized for rapid 
diagnosis of infectious diseases in clinical settings149.
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Ultra-sensitive detection of proteins by signal ampli-
fication was also realized by implementing a two-particle 
system comprising nanoparticles co-functionalized 
with DNA duplexes and antibodies as well as magnetic 
microparticles coated with antibodies143. In the presence 
of target proteins (for example, antigen), a sandwiched 
complex forms, in which both the nanoparticle and 
the microparticle are bound to the antigen through the 
antibody–antigen interaction. This complex can be easily 
separated using a magnetic field, followed by dehybrid-
ization of DNA duplexes to release the DNA barcodes 
for detection (Fig. 5c). Because each nanoparticle carries 
many DNA barcodes per protein binding event, there is 
substantial signal amplification, and the target protein 
can be detected with a sensitivity six orders of magnitude 
higher than conventional protein assays commonly used 
in the clinic. This method was later successfully applied 
to detect a soluble protein biomarker (amyloid-β-derived 
diffusible ligands) of Alzheimer disease in human cere-
bral spinal fluid, which conventional ELISA or blotting 
assays failed to detect owing to its extremely low con-
centration150. Besides nucleic acids and proteins, nucleic 
acid–nanoparticle conjugates can be used to sensitively 
detect other analytes such as small molecules and metal 
ions by leveraging DNA-binding molecules151, aptamer–
substrate interactions144 and metal ion-dependent 
nuclease activity152.

Gene silencing
Gene silencing technologies based on ASOs and RNAi 
are transforming the pharmaceutical industry, as they 
allow targeting of virtually any disease-causing genes 
(Fig. 6a). Nanoparticles for ASOs and RNAi (such as 
siRNA and miRNA) delivery include LNPs153, polymeric 
nanoparticles154, lipid–polymer hybrid nanoparticles155 
and inorganic nanoparticles156. Systemic delivery of ASOs 
or RNAi by nanoparticles has been explored for the treat-
ment of many indications such as cancer and cardiovas-
cular, neurological, infectious and genetic diseases157,158. 
Owing to the preferential hepatic uptake of nanoparti-
cles after systemic administration, the liver has been an 
important target organ for nanoparticle-mediated ASO 
and RNAi therapies, which have been used to treat var-
ious liver-related disorders such as hyperlipidaemia159 
and viral infection160. Nanoparticle accumulation and 
gene silencing in solid tumours can be achieved by 
non-targeting nanoparticles through the enhanced 
permeability and retention effect. Stimuli-responsive 
nanoparticles were developed to enable more control-
lable delivery to lesions in response to various endog-
enous and exogenous triggers125. For example, tumour 
microenvironment-responsive nanoparticles sensitive 
to acidic pH, enzymatic and hypoxic conditions in the 
tumour microenvironment were exploited to promote 
penetration, cellular uptake and cytosolic delivery of 
siRNAs in tumours161. ASO/siRNA delivery to specific 
cells and subsequent gene silencing in tissues of interest 
can be improved by incorporation of targeting ligands 
and by precise control of their protein coronas in vivo. 
Moreover, the local administration of siRNA-loaded nan-
oparticles has been shown to induce effective and sus-
tained gene silencing in the reproductive mucosa, making 

them promising microbicides against sexually transmit-
ted diseases (for example, HIV)162. siRNAs and ASOs 
encapsulated in nanoparticles can also be shielded from 
the harsh environment of the gastrointestinal tract and 
protected from premature degradation, allowing them 
to be delivered orally to treat gastrointestinal diseases163.

The advanced chemical modifications have dra-
matically improved the enzymatic stability of ASOs 
and siRNAs. All of the clinically approved ASO/siRNA 
drugs are chemically modified, and do not require the 
use of nanoparticles except for Onpattro. In addition, 
chemical conjugation with targeting ligands such as 
N-acetylgalactosamine (GalNAc) can increase the 
specific delivery of nucleic acids to cells and tissues of 
interest, as exemplified by the FDA approval of three 
GalNAc–siRNA conjugates for the treatment of acute 
hepatic porphyria (givosiran), primary hyperoxaluria 
type 1 (lumasiran) and hypercholesterolaemia or mixed 
dyslipidaemia (inclisiran)164. Moreover, a robust pipeline 
of GalNAc-conjugated therapeutics is progressing into 
the clinic for liver diseases including hepatitis B virus 
infection, transthyretin-mediated amyloidosis and 
α1-antitrypsin deficiency. Beyond the success of chem-
ical modification/conjugation strategies, nanoparticle 
delivery is expected to be complimentary and signifi-
cantly expand these gene silencing technologies to many 
other biomedical applications.

Gene editing
Modern gene editing tools rely on zinc-finger nucle-
ases, transcription activator-like effector nucleases and 
CRISPR–Cas9. Unlike gene silencing (which is usually 
transient), gene editing technologies allow permanent 
modification of DNA at specific sites. Nanoparticles 
were explored to deliver these nuclease proteins directly 
for gene editing165. Alternatively, pDNAs or mRNAs 
encoding gene-editing nucleases can be loaded into 
nanoparticles, which allows delivery of a relatively small 
number of gene copies to achieve the same editing effi-
ciency. Delivery of pDNA or mRNAs for gene editing 
may be more challenging than delivery of ASOs or RNAi 
agents. pDNA and mRNAs are much larger, so they 
require carriers that can accommodate bulky nucleic 
acids while providing effective cytosolic trafficking to 
achieve gene editing efficiency166,167. Currently, LNPs and 
polymeric nanoparticles are the most widely explored 
non-viral platforms, owing to the vast tunability of their 
chemical compositions for screening and optimizing 
formulations168, and their high gene packaging capacity 
that is unattainable by conventional viral vectors.

Delivery of gene editing tools in the form of DNA 
has several potential drawbacks, including the risk of 
insertional mutagenesis and persistent nuclease expres-
sion, which could lead to off-target editing and genome 
instability. By contrast, delivery of mRNA ensures 
transient expression of the nucleases and minimizes 
the risk of off-target effects and genome insertion. In  
a mouse model of transthyretin-mediated amyloidosis, a  
single injection of chemically modified single guide 
RNA (sgRNA) and Cas9 mRNA encapsulated in LNPs 
induced nearly 70% gene editing efficiency in the liver 
with >97% decrease in serum transthyretin levels for 
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more than a year. Initial human results (NCT04601051) 
have revealed profound reductions in serum transthy-
retin levels after a single dose without safety concerns. 
Delivery of mRNA encoding genome-editing agents by 
targeted nanoparticles may allow reprogramming of spe-
cific cell subtypes (for example, T cells and macrophages) 
in a heterogeneous pool, eliminating the elaborate and 
costly ex vivo cell purification process in conventional 
cell therapies and enabling applications such as in situ 
programming of circulating T cells for chimeric antigen 
receptor (CAR) T cell therapy169 (Fig. 6b). Interestingly, 
nanoparticle composition can be tuned to deliver 
organ-selective Cas9 mRNA/sgRNA for gene editing in 
extra-hepatic tissues, which broaden the development of 
new treatments for tissue-specific diseases170.

Protein replacement
Protein replacement therapy can correct the dysfunc-
tion that produced the disease in the first place, with the 
delivery of protein-coded mRNA being one of the most 
promising methods171. Systemic delivery of mRNA uti-
lizing LNPs was evaluated as protein replacement ther-
apy in preclinical models of haemophilia, liver and lung 
fibrosis, and metabolic diseases171 (Fig. 6c). Successful 
production of human erythropoietin in non-human 
primates was achieved via systemically administration 
of mRNA LNPs172. Some mRNA nanoparticles have also 
been developed for use in producing therapeutic anti-
bodies such as antibodies against HIV-1 in mouse liver. 
A clinical trial (NCT03829384) by Moderna is testing 
the systemic administration of mRNA nanoparticles 
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encoding secreted antibodies for rapid protection against 
chikungunya virus infection. More recently, mRNA 
nanoparticles have been used to restore tumour sup-
pressors such as PTEN (phosphatase and tensin homo-
logue deleted on chromosome 10) and p53, which could 
inhibit tumour growth and sensitize tumours to other 
therapies such as chemotherapy and immune checkpoint 
blockade therapy173–175.

Vaccines and immunotherapy
Nucleic acid-based vaccines have shown remarkable 
potential, as manifested by recent FDA approval for 
emergency use of two mRNA vaccines (BNT162b2 by 
Pfizer/BioNTech and mRNA-1273 by Moderna) for 
combating the COVID-19 pandemic. Their impres-
sive efficacy can be largely attributed to the successful 
LNP delivery platforms, which are used extensively 
for the delivery of other mRNA vaccines176,177. For 
example, saRNA encoding the SARS-CoV-2 spike 
protein encapsulated in LNPs achieved high and 
dose-dependent SARS-CoV-2-specific antibody titres 
in mouse sera, leading to neutralization of pseudotyped 
and wild-type virus14. The potency of mRNA vaccines 
could be boosted by nanoparticle-mediated co-delivery 
of immunostimulatory adjuvants178. Recently, lipid 
adjuvant-assisted mRNA vaccines were developed by 
high-throughput screening of ionizable or cationic 
lipids, which can simultaneously mediate mRNA deliv-
ery and provide adjuvant stimulation via the STING 
pathway or Toll-like receptor 4 pathway179. Beyond 
LNPs, polymeric nanoparticles and some inorganic 
nanoparticles have also been adopted to deliver nucleic 
acids for vaccination (Fig. 6c).

In addition to vaccine development, nucleic acid 
nanoparticle delivery has also been explored for 
immuno-oncology. For instance, mRNA nanoparticle- 
mediated restoration of tumour suppressor PTEN in 
PTEN-mutated/null tumours induced autophagy and 
triggered cell death-associated immune activation175. 
The combination of PTEN mRNA nanoparticles with 
an anti-PD1 antibody elicited a highly potent antitu-
mour effect in multiple PTEN-mutated/null cancer 
models and immunological memory175. T cell-based 
cancer immunotherapies are emerging as powerful tools 
for cancer therapy. In vivo nanoparticle co-delivery of 
plasmids encoding a 194-1BBz CAR and a piggyBac 
transposase to T cells induced CAR expression and 
expansion, a system now moving into clinical trials180. 
Although systemically administered checkpoint inhib-
itors (such as anti-CTLA4, anti-PD1 and anti-PDL1 
antibodies) have shown effectiveness in certain cancers, 
many other tumours are resistant to them. Agonizing 
T cell co-stimulators, such as B7 immunoglobulin 
and tumour necrosis factor receptor family members 
(for example, OX40), in combination with checkpoint 
blockade improve patient responses181. Intratumoural 
administration of IL-23, IL-36γ and OX40L triplet 
mRNA LNPs elicited durable anticancer immunity, 
and had good efficacy in combination with checkpoint 
blockade in models otherwise resistant to systemic 
immune checkpoint inhibition182. In addition, delivery 
of nucleic acid-based immunostimulatory adjuvants 

(such asCpG) via nanoparticles has been considered a 
promising strategy for inducing a cascading adaptive 
immune response183.

Nucleic acid nano-barcodes
Rationally designed DNA sequences can be tagged to 
specific nanoparticles as DNA barcodes to assess their 
in vivo biodistribution via deep sequencing, allowing 
hundreds of chemically diverse nanoparticle formula-
tions to be administered as a pool and screened simul-
taneously in a single animal184 (Fig. 6d). This robust 
DNA barcode technology is being commercialized by 
GuideTx (now part of Beam Therapeutics, Inc.) for 
high-throughput in vivo screening of nanoparticles 
for targeting different cells. Similarly, mRNA barcodes 
could also accelerate in vivo screening, particularly 
for mRNA nanoparticles185. In addition, owing to the 
strong and highly specific Watson–Crick base pairing, 
DNA-functionalized nanoparticles could be used as 
building blocks to construct programmable nanopar-
ticle superstructures to be explored for their unique 
physical, chemical and biological properties186. DNA 
is emerging as a promising high-capacity data storage 
medium, and encapsulation of DNA in nanoparticles has 
been pursued to prolong the storage time and protect 
data integrity.

Reproducibility and data deposition
Significant efforts have been undertaken by the com-
munity to develop standards for nanomaterial design, 
experimental report accuracy and data deposition. 
However, their implementation remains challenging111,187 
(Fig. 7). To improve data reproducibility and result trans-
parency, several important features should be carefully 
discussed.

Nano-engineered materials are designed to overcome 
numerous biophysical barriers as well as physiological 
barriers inherent to the complex cellular microenviron-
ment188,189. Moreover, the disease genetic and phenotypic 
variation amongst patients along with the spatial and 
temporal heterogeneity in the same patient provides 
additional challenges for the design of such delivery sys-
tems190,191. For example, shear forces, nucleic acid degrada-
tion and protein adsorption that depend on the previously 
discussed parameters alter the nanoparticle biodistribu-
tion, functionality and drug delivery profile, which makes 
them hard to isolate and characterize broadly. Indeed, 
nanoparticle in vivo fate and behaviour are more com-
plex in comparison with conventional drug formulations, 
hindering their data reproducibility and, thus, their suc-
cessful clinical translation (Fig. 7a). In spite of the underex-
plored heterogeneity, basic/translational nanotechnology 
studies are still focusing on a one-size-fits-all solution 
instead of designing precision medicine therapies that 
reflect patient-specific data and particular physiological 
barrier features44.

In the literature, the lack of physico-chemical data 
(such as surface charge, coating or loading materi-
als, encapsulation efficiency) and/or preclinical data 
(for example, biodistribution, off-target tissues, vol-
ume tumour reduction that is not normalized to the 
naked/empty nanoparticles) jeopardizes the comparison 
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between nanomaterial studies and the fundamental 
understanding of the bio–nano interface. In addition, 
non-uniformity in the reports by describing the adminis-
tered dose of nanoparticles as milligrams of material per 
kilogram of animal weight, drug/nanoparticle/material  
quantity or, even, drug/nanoparticle/material concen-
tration continues to generate additional experimental 
inconsistencies. Recently, the community has proposed 
the use of minimum information reporting in bio–nano 
experimental literature (MIRIBEL) criteria to ensure  
that the researchers provide sufficient general infor-
mation as well as key characterization parameters111. 
Nevertheless, broader uptake in the field has been widely 
discussed192. The main concerns of the research com-
munity include the practicability and research costs.  
It is not easy for poorly resourced laboratories in devel-
oping countries or young faculty members with limited 
laboratory funding and interdisciplinary collaborations 
to meet all of the MIRIBEL criteria, which are often 
dependent on the research field. There are deep dif-
ferences between academia and industry settings that 
greatly affect data reproducibility reports192–195.

The development of large-scale and well-structured 
repositories are limited by the interdisciplinary nature 
of the nanotechnology field that ranges from medi-
cine to chemical procedures and terms, as well as the 
use of abbreviations and acronyms that can have mul-
tiple meanings (Fig. 7b). Also, the low number of open 

software and repositories that describe experimental 
protocols, methods and biomaterials hampers the usa-
bility of biological, experimental and computational 
data. The support of text mining by defined terminolo-
gies and structured data enables the retrieval of relevant 
information via automated processing, which is crucial 
to promote data sharing and reuse. After this optimiza-
tion, machine learning will be able to model the best-fit 
nanoparticle features, to obtain a specific biological 
behaviour (Fig. 7c). Finally, it is of utmost importance 
that software is kept under a public licence that allows 
the community to use it without further restrictions. The 
same applies to data sets, which are recommended to 
be publicly available through version control repository 
(such as GitHub) so the community is able to validate 
and contribute to collected data.

Limitations and optimizations
Effective gene delivery for therapeutic purposes remains 
a translational challenge. In general, oligonucleotides 
are large and polyanionic molecules that are unable 
to instantly cross the plasma membrane. Additionally, 
before reaching their target these nucleic acids must 
resist nuclease degradation in vivo and avoid the retic-
uloendothelial system and renal clearance196. Viral and 
non-viral nanocarriers have been proposed to overcome 
these limitations. Most of the currently approved cancer 
gene therapies are based on viral vectors. For instance, 
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Gendicine (2003, China), the first to be approved, 
is based on recombinant adenovirus to express the 
tumour suppressor p53 (ReF.197). Although a large num-
ber of clinical trials are underway, assessing both viral 
and non-viral delivery strategies198, non-viral delivery 
systems have achieved less robust outcomes compared 
with viral approaches. This has been attributed to chal-
lenges in crossing the physiological barriers, entering 
the cell/nucleus and difficulties in endosomal escape199. 
Moreover, oligonucleotide-based therapies do not nor-
mally cross the blood–brain barrier, which is an addi-
tional obstacle. Thus, the physico-chemical properties 
(such as dimension, shape, surface charge, targeting 
agent density and composition) of these non-viral deliv-
ery systems have a significant influence on nanomaterial 
stability, biodistribution and pharmacokinetics, which 
leads to different therapeutic efficacies and biological 
responses60,200–202. Strikingly, lyophilization methods 
have been explored to improve nanoparticle stabil-
ity for storage and transport, lipid and polymer-based 
nanoparticles being the most prone to aggregate and 
to become unstable in solution44,203. So far, most of the 
approved gene therapies have focused on local delivery, 
for instance to the spinal cord or the eye, or to the liver, 
as it is a highly perfused organ with a discontinuous 
sinusoidal endothelium enabling rapid uptake of the 
vector and oligonucleotides204.

Although the relevance of physico-chemical prop-
erties of non-viral vectors is extremely important, the 
design of these platforms has become very complex. Not 
only is their characterization difficult but there is also 
non-uniformity and often insufficient physico-chemical 
data in the research reports. The lack of standardization 
in nanomedicine research reports jeopardizes the com-
parison of different nanomaterials and the assessment 
of engineering design approaches, which in turn jeop-
ardizes the comparison with other studies, the funda-
mental understanding of the bio–nano interface and 
successful translation to the clinic205. Concerning the 
biodistribution, it is assumed that non-viral nanocar-
riers accumulate preferentially in certain tissues, based 
on the perfusion. For instance, cancer gene therapy 
has been based mostly on the enhanced permeability 
and retention effect. However, it is currently known 
that this phenomenon differs between tumours, and 
more specific and active delivery strategies should be 
designed206,207.

Combined efforts from the research community 
to improve data transparency and reproducibility are 
considered crucial to overcome some of the limitations, 
bringing hope for the development of precision genetic 
therapies for rare diseases or conditions with limited 
therapeutic options (Fig. 7d).

Outlook
The introduction of consensus in the scientific commu-
nity, namely on experimental and reporting standards, 
and the development of ambitious nucleic acid delivery 
strategies will further push nanomedicine technological 
clinical barriers. In this section, we look at major chal-
lenges that the research community has to face in the 
next decade.

Challenges
Going beyond the liver. One of the challenges of nan-
oparticle delivery of nucleic acids is organ selectivity 
and/or cell selectivity, mainly owing to the numerous 
factors that affect the biodistribution of nanoparticles61. 
The current clinical success of nucleic acid nanothera-
peutics has been limited to either liver targeting or local 
administration. Thus, strategies to improve systemic 
nanoparticle delivery efficiency to extra-hepatic tissues 
and organs are highly desired. Such strategies are being 
actively pursued by both academia and industry. For 
example, by tuning the composition of LNPs, systemic 
delivery of Cas9 mRNA/sgRNA for lung-selective gene 
editing was demonstrated168,170. High-throughput in vivo 
screening also revealed the important role of lipid com-
ponent (for example, cholesterol variants) in controlling 
RNA delivery to hepatic endothelial cells208. More effi-
cient polymer components can be modified on these 
nucleic acid delivery systems to minimize non-specific 
protein adsorption, inhibiting the formation of protein 
corona. Compared with the rapid advance in devel-
oping and screening new biomaterials and nanoparti-
cle formulations, the fundamental understanding for 
nanoparticle-mediated tissue tropism lags. It has been 
shown that the preferential targeting of the clinically 
approved siRNA LNPs (Onpattro) to the liver hepato-
cytes is mediated by adsorbed apolipoprotein E (ApoE) 
on the nanoparticle surface after intravenous adminis-
tration49. More efforts for exploring nanoparticle–serum 
protein interactions are therefore essential, as the pro-
tein corona formation on nanoparticles may determine 
their tissue and/or cell selectivity. It is expected that new 
understanding of the relationships between nanoparti-
cle physico-chemical properties and their physiological 
behaviours will facilitate rational development of more 
effective and selective nucleic acid delivery vehicles to 
specific tissues/cells.

Lack of standardization and reproducibility in exper-
imental data. The implementation of standardized 
reports on nanoparticles and bio–nano interface char-
acterization has been challenging. Although many 
bottom-up preparation methods enable lipids, polymers 
and some inorganic nanoparticles to encapsulate or 
bind with nucleic acids into nucleic acid nanocarriers, 
these methods are usually variable and not homoge-
neous, producing a multidispersed population of nan-
oparticles209. Bottom-up methods can aggravate this 
inhomogeneity by increasing the scale from that of 
small-scale bulk mixing environments used in a labora-
tory to higher volumes, especially as mixing conditions 
vary with different kinds of processing instruments. To 
produce more accurate nucleic acid-loaded nanocar-
riers, increasing interest in the drug delivery field has 
focused on large-scale continuous production such as 
microfluidic mixing and extrusion techniques (for LNPs 
and some polymeric nanoparticles) that can be more 
easily integrated in a homogeneous way. In addition, 
to ensure precision in clinical outcomes, homogene-
ity of nucleic acid nanocarriers is vital and may need 
improvements in both purification and characterization 
methods.

Bottom-up preparation 
methods
Chemical processes to fabricate 
nanomaterials from single 
atoms or molecules.
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Exploit gene nanoparticle delivery as a more accessi-
ble and affordable clinical strategy. The approval of 
SARS-CoV-2 mRNA vaccines by the FDA and their mass 
usage around the world have paved the way for position-
ing nucleic acids, and principally synthetic mRNA mole-
cules, as a promising mainstream vaccination therapeutic 
technology. Nucleic acid vaccines present many advan-
tages compared with conventional vaccines owing to 
their potential to streamline vaccine discovery and devel-
opment while possessing rapid development capacity, 
versatility, efficacy, safety profile, scalable production and 
cost-effectiveness. For this reason, there is great excite-
ment towards future possibilities of utilizing and expand-
ing nucleic acid vaccines to formulating prophylactic 
and therapeutic treatments for various diseases, some of 
which have not been successfully tackled by conventional 
vaccines. It should be noted, however, that even before 
the COVID-19 outbreak, several vaccines were already 
in the pharmaceutical companies’ pipeline210–212. Among 
the top priorities of global importance to be addressed 
and developed are cancer vaccines, designed to induce 
a specific and long-lasting immune response against 
tumour antigens using precision medicine methodolo-
gies. Another essential class are preventive and therapeu-
tic vaccines against infectious viral or bacterial diseases 
and eukaryotic unicellular parasites such as HIV, malaria, 
Ebola, rabies, Zika and so on prevalent in developing 
countries, but with a substantial worldwide potential 
spreading impact210–212. In this regard, making vaccines 
more accessible and affordable for developing countries is 
a necessity, as these countries suffer from low purchasing 
power and limited dependence on wealthy nations’ dona-
tions213. A current example highlighting this issue is being 
demonstrated by the low SARS-CoV-2 vaccination rates, 
resulting from scarce vaccine availability, which leads to 
high infection and morbidity rates in developing coun-
tries, posing a global risk of new variant generation214,215. 
Experts now believe the developing countries’ solution 
is to obtain technology licensing for self-manufacturing 
or expanding manufacturing facilities of pharmaceutical 
companies to these areas215,216.

Strikingly, current patent waiver disagreements may 
intimidate new players from developing new nanotech-
nologies, which will require a long development time 
and many more resources in the gene delivery field. 
Throughout the course of patent law history, and espe-
cially in modern times, inventors are seeking to protect 
their intellectual property from illegal competition as 
a means to increase profitability for a limited time217. 
However, the question of whether patents accelerate or 
restrict innovation has not been brought up for discus-
sion218. A different, yet no less controversial, debate arises 

during global emergencies (such as wars or pandemics) 
over patent waiver. For example, during World War II, 
Pfizer shared its penicillin production techniques with 
other US manufacturers to boost antibiotic production 
to save lives without suing for patent infringement219. 
Current disagreements regarding COVID-19 vaccine 
patent reprieve include two main arguments. Advocates 
state that waivers will help low-income nations vacci-
nate their population, and therefore help bring the pan-
demic to an end. Opponents claim raw material shortage 
is the real bottleneck and such waivers will provide a 
bypass to competitive companies wishing to achieve 
expensive technology220. Regardless of the World Trade 
Organization (WTO) decision in this manner, steps need 
to be taken to encourage new players to enter the nucleic 
acid field and develop new delivery technologies which 
require long development time and many resources.

Artificial intelligence and machine learning for person-
alized medicine. The design of nanocarriers and oligo-
nucleotide sequences are essential for controlling the 
nano-vehicle physiological fate and biological activity221. 
Furthermore, the broad parameter space of these nan-
oparticles and the numerous unknown variables affect-
ing their formation and biological interactions make  
their design process extremely complex. Therefore, 
rational design efforts of oligonucleotide delivery nano-
carriers are often not successful. Wide scans of different 
compositions, oligonucleotide sequences and component 
ratios are required to find a formulation with the desired 
properties and therapeutic efficacy184,222,223. These scans 
are laborious and resource intensive, and therefore lim-
ited in the number of combinations that can be tested. In 
recent years, computational models and artificial intelli-
gence approaches have been integrated into the design 
of nanoparticles and oligonucleotide sequences224–226. 
Nevertheless, further development of machine learning 
algorithms can provide imperative tools to overcome 
existing challenges and knowledge gaps in oligonucleo-
tide nanoparticle engineering. For example, development 
of tools that will assist in the selection and optimiza-
tion of mRNA sequence elements such as the 5ʹ and 
3ʹ untranslated regions has potential to substantially 
improve the mRNA stability and translation level227. On 
the nanoparticle side, algorithms with predictive capa-
bilities on complexation and encapsulation efficiencies, 
biodistribution in the body and toxicity will also provide 
great value. However, wide and reliable data collection 
and improvements in formulation scanning throughputs 
are prerequisites in order to make this realizable.
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