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Biology uses hierarchically organized systems, each with 
emergent properties, which are aspects or functions that 
manifest in higher-level systems; however, these prop-
erties disappear or become insignificant when these 
systems are deconstructed into simpler subsystems1. 
Complexity in multicellulates is hierarchically organ-
ized at every level, from biomolecular complexes to 
membrane-less or membrane-bound organelles, cells, 
tissues and organ systems. In eukaryotic unicellulates, 
life is sustained at the level of single cells, in which 
organelles are simpler subsystems, performing special-
ized functions analogous to organs in higher organ-
isms. Although most organelles were discovered in 
the twen tieth century, their importance in physiology 
has emerged only since pharmacological, molecular 
and genetic tools have been developed to observe their 
dynamics and function2,3.

Organelles regulate diverse processes in physiology 
(Fig. 1). For example, lysosomes are fusogenic, proteo-
lytic organelles, which makes them multifunctional; they 
degrade cellular material and regulate autophagy, anti-
gen processing, cellular trafficking, plasma membrane 
repair and exosome biogenesis4. The endoplasmic retic-
ulum (ER) is the site for the biogenesis and folding of all 
secreted proteins. The ER is also pivotal to the unfolded 
protein response and communicates with nearly every 
other organelle via inter-organelle contacts5. The Golgi 
apparatus comprises the cis-Golgi, medial Golgi and 
trans-Golgi network, which jointly orchestrate the 
quality control of secreted proteins through glycosyla-
tion and funnelling into different transport carriers to 
various cellular locations6. The mitochondria, which are 

the site of adenosine triphosphate (ATP) biogenesis and 
a transient intracellular store of Ca2+, regulate apoptosis 
and cellular metabolism7.

Cell–cell communication is regulated by secre-
tory organelles containing signalling molecules, such 
as insulin, in secretory vesicles of pancreatic β cells or 
neuro transmitters in synaptic vesicles of neurons8,9 
(Fig. 1a). The innate immune response in phagocytes 
is regulated by oxidative and acidic organelles, that is, 
phagosomes and lysosomes10 (Fig. 1b,c). The ER stores 
calcium in cells and orchestrates dynamic intracel-
lular calcium transients during ovum fertilization11 
(Fig. 1d). Calcium dynamics in dendrites, which regulate 
synaptic plasticity, is governed by ER–mitochondria 
contacts12. Cellular and organ homeostasis are strin-
gently regulated by mitochondria, which produce ATP 
and reactive oxygen species13 (Fig. 1e). The Golgi appara-
tus regulates the secretion of mucins and matrix metallo-
proteases, regulating airway function and cell adhesion, 
respectively14,15 (Fig. 1f).

Therefore, organelles have a key role in intercel-
lular and intracellular communication, which, if dys-
regu lated, can lead to diverse pathophysiologies, 
including cancer, metabolic, cardiovascular and neuro-
degenerative diseases16–18. Mitochondria are inextrica-
bly linked to these diseases, because they play a pivotal 
role in cell death through various programmed and 
non-programmed pathways19. Metabolic hyperactivity, 
a key characteristic of tumour cells, drives tumour pro-
gression and metastasis20. Rapidly proliferating tumour 
cells require high DNA synthesis rates and rely on the 
active degradation and recycling of cellular components, 
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and autophagy is fully activated to meet these catabolic 
needs20 (Fig. 1b). By contrast, neurons do not actively 
divide. Therefore, if lysosomal activity is compromised, 
they cannot invoke cell division to dilute accumulated 
cellular debris. Thus, lysosome function is particularly 
important in neurons, and lysosome dysfunction is tied 
to the onset and progression of diverse neurodegenerative 
diseases, including Gaucher disease, Parkinson disease 
and Alzheimer disease21. Alterations in ER homeostasis 
caused by increased protein synthesis, accumulation of 
misfolded proteins or alterations in ER calcium or redox 
levels can lead to ER stress, which is associated with vari-
ous conditions, including depression, neurodegenera-
tion, atherosclerosis, type 2 diabetes, liver disease and 
cancer22–25. Thus, directly targeting molecular agents to 
organelles in vivo for corrective action presents a new 
frontier for next-generation targeted therapeutics and 
diagnostics (Box 1).

In this Review, we examine current progress and 
future opportunities for in  vivo organelle target-
ing. We discuss approaches for cargo delivery with 
organelle-level specificity in vivo and molecular strat-
egies to access different organelles. In vivo targeting 
relies heavily on the molecular programmability and 
structural precision of the delivery scaffold. We therefore 
examine the potential of nucleic acids for precision tar-
geting given their molecular programmability and high 
structural homogeneity. We consider how their unique 
properties make them excellent chassis with which to 
realize organelle targeting in vivo.

Hierarchical targeting
Organelle targeting requires that the cargo displays addi-
tional targeting information over and above that needed 
for tissue- and cell-type specificity (Box 2). Such layered 
targeting information is also observed in physiologi-
cal processes, such as T lymphocyte homing, exosome 
transfer or viral infection26–28. For example, T lympho-
cytes can precisely reach their target sites through hier-
archical interactions28; here, adhesive interactions on 
the endothelial surface first promote T cell rolling and 
tethering, which leads to integrin activation, mediated 
by signalling via chemokines. Activated integrins then 
mediate firm adherence of the T cell onto the endothe-
lial surface, which ultimately enables endothelial 
transmigration29.

Viruses similarly target specific cell types, but they 
possess an additional layer of organelle-level specificity 
to allow cellular entry and cytoplasmic access. A multi-
step entry and uncoating programme inside the host cell 
enables viral transport from the cell periphery to the per-
inuclear space, where the virus releases its genome into 
the nucleus30. The mechanisms of internalization differ 
between viruses; for example, adenoviruses are internal-
ized by micropinocytosis, the influenza virus exploits a 
clathrin-independent pathway, and polyomavirus and 
SV40 exploit a cholesterol-dependent pathway31,32. 
Furthermore, viruses leverage various interactions to 
control their intracellular trafficking and finally to pen-
etrate organelle membranes to enter the cytoplasm30. 
Adenoviruses lyse endosomes, picornaviruses undergo a 
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Fig. 1 | Organelles regulate intercellular communication. a | Insulin secretion is regulated by secretory vesicles in 
pancreatic β-cells. b | Tumorigenesis is regulated by enzymes released by secretory lysosomes (SLs) and by antigens 
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Golgi apparatus.
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conformational change and form a pore at the organelle 
membrane through which the viral RNA is released, 
and polyomaviruses reach the ER, where they exploit 
ER-associated degradation to access the cytoplasm33,34.

Harnessing natural targeting mechanisms
The pharmacological value of targeting cargo with 
organelle-level specificity is apparent from the clinical 
successes of therapeutics that are efficaciously delivered 
to organelles. To deliver synthetic cargo to specific orga-
nelles, natural targeting mechanisms can be exploited, 
for example, to target the nucleus, lysosomes, secretory 
organelles and mitochondria.

Targeting the nucleus
Nuclear localization is well studied in the context of 
gene therapy, which requires exogenous genetic mate-
rial or gene editing components to reach the nucleus. 
In non-dividing cells, the nuclear envelope is a consid-
erable barrier. Small molecules with <50 kDa molec-
ular weight or <9 nm diameter can passively diffuse 
across the nuclear pore complex (NPC), whereas larger 
molecules require active transport (Fig. 2a). Cargo is 
actively transported into the nucleus by import recep-
tors (importins), which recognize a nuclear localiza-
tion sequence (NLS) on the cargo35. Nuclear import 
mechanisms are the most common strategy that viruses 
exploit to deliver their cargo. Therefore, cargo-loaded 
viral vectors, engineered to not replicate, have proved 
to be a highly successful way of transporting exogenous 

material into the nucleus (Fig. 2b); for example, adeno-
viruses (AVs), adeno-associated viruses (AAVs), sim-
ian virus 40 (SV40), herpes simplex virus (HSV) and 
retroviruses (RVs)36. This strategy has already been 
successfully applied in the clinic and in preclinical 
studies, including delivery of gene editing tools37–39. 
For example, an ongoing clinical trial (NCT03872479) 
investigates the first in vivo use of CRISPR–Cas9 gene 
editing in humans, evaluating the efficacy of EDIT-101 
to treat Leber congenital amaurosis, a retinal degener-
ative disease40; here, AAV5 is used to deliver two guide 
RNAs and DNA encoding the Cas9 enzyme to remove 
a mutation in the CEP290 gene. AAV-mediated delivery 
of zinc finger nuclease therapy to treat mucopolysaccha-
ridosis type I and II and haemophilia B is also in clinical 
trials (NCT02702115, NCT03041324, NCT02695160). 
Success in any of these pioneering efforts is likely 
to lead to more virus-based gene therapies entering 
clinical trials41.

Many applications of therapeutics that are virally 
delivered to the nucleus are at preclinical stages. For 
example, AV vector-based delivery of CRISPR–Cas9 
components has been used to create mouse models of 
non-small-cell lung cancers42, to mutate PCSK9 in the 
liver to reduce plasma cholesterol levels43, to correct 
mutations in the DMD gene in Duchenne muscular 
dystrophy44, to disrupt CCR5 expression to achieve 
HIV-1 resistance in primary T  cells45, and to cor-
rect mutations in the OTC gene, a risk factor for liver 
disease46. In addition, dual systems in conjunction with 
CRISPR–Cas9 have been used to delete specific genes 
in endothelial cells47 or to correct mutations in mouse 
models of human diseases48. AAV-mediated delivery of 
an NLS-optimized prime editor has enabled prime edit-
ing in adult mice (Fig. 2c). Precise nuclear localization of 
the prime editor improved CCR5 deletions and correc-
tions in the SERPINA1 gene49. AAV-mediated delivery 
of an adenine base editor could also correct an LMNA 
mutation in a progeria model50.

Safety concerns surrounding viral delivery have led to 
the development of non-viral alternatives; for example, 
cationic liposomes can introduce foreign genetic mate-
rial into cells. However, their efficiency is sub-optimal 
for practical gene therapy, despite efforts to increase 
endosomal escape and nuclear uptake51. Gold nanopar-
ticles have proved more promising for nuclear delivery 
owing to their biocompatibility and ability to enter 
the nucleus, if they are <9 nm in size52. For example, 
NLS-conjugated gold nanoparticles can deliver cargo 
to the nucleus and induce apoptosis in cancer cells53 
(Fig. 2d). NLS-conjugated polymersomes also localize to 
the nucleus54. Similarly, nanoparticles or peptide nano-
carriers displaying the HIV-1 TAT peptide can deliver 
cargo into the nucleus55,56.

Targeting lysosomes
Co-opting endocytic trafficking. Cargo delivery tar-
geted to lysosomes has led to both therapeutic benefit 
and insights into basic biology. Lysosome dysfunction is 
directly implicated in nearly seventy rare genetic neuro-
logical disorders, collectively referred to as lysosomal 
storage disorders57. Most synthetic lysosomal delivery 

Box 1 | Why target organelles?

Organelles play a central part in intercellular and intracellular communication.  
Organelle dynamics and function are regulated by multiple biochemical cues originating 
from neighbouring cells and other tissues. targeting cargo, such as imaging probes, to 
organelles in vivo allows the study of these structures in their native context to derive 
physiologically relevant information. For example, a reporter for nitric oxide targeted  
to phagosomes in microglia in live zebrafish brains revealed that pathogen-derived 
single-stranded RNAs (ssRNAs) act as a pathogen-associated molecular pattern (PAMP), 
which is sensed by Toll-like receptor 7 (TLR7) to activate an immune response169.

Organelle targeting provides a tool with which to functionally discriminate  
cells based on organelle phenotypes or chemotypes. Historically, the ability to 
distinguish chemotypes at the cellular level proved transformative; for example, 
the identification of different T cell populations, whose different chemotypes 
define distinct functions, that is, naive, helper, killer and memory T cells256. 
Similarly, the chemotypes of organelles can give insight into cellular states in vivo; 
for example, mitochondria in mouse skeletal muscle show chemical heterogeneity; 
subsarcolemmal mitochondria show higher oxidation than intermyofibrillar 
mitochondria257. Such heterogeneity also exists in disease. Positron emission 
tomography (PET) imaging using a radiotracer targeted to mitochondria can profile 
the mitochondrial membrane potential in mouse models of lung cancer, revealing 
functional heterogeneity in these organelles in tumour subtypes258. imaging ions  
in lysosomes of human skin fibroblasts resolved sub-populations of lysosomes on 
the basis of their ion content. these subpopulations could be used as chemical 
fingerprints to discriminate between subtypes of Niemann–Pick disease197. 
Although organelles are not currently considered to be multifunctional, such 
chemical subtyping studies revealed different organelle populations with specific 
functions, which may be explored for diagnostic and therapeutic applications.

Targeting drugs with organelle-level specificity would maximize therapeutic outcome 
by improving targeting efficacy and precision. For example, a major obstacle in treating 
lysosomal storage diseases using enzyme replacement therapy is the complexity 
associated with targeting therapeutics specifically to lysosomes of diseased cells259, 
which requires an additional level of targeting accuracy.
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systems co-opt natural endocytic routes to transport 
molecules from the extracellular milieu to the lysosome 
(Fig. 2e). The dominant pathway is clathrin-dependent 
endocytosis, whereby ligand binding to a cell-surface 
receptor induces receptor dimerization or multimeriza-
tion. This triggers clathrin-coat formation at the plasma 
membrane that leads to the recruitment of the adap-
tor protein AP2 and accessory proteins to the clathrin 
coat58. Ligand-bound receptors, such as low-density 
lipoprotein receptor (LDLR) or epidermal growth fac-
tor receptor (EGFR), associate with AP2, thus facilitat-
ing their transport59. Some receptors, such as LDLR, 
are constitutively endocytosed, whereas others, such as 
EGFR, need to be ligand-bound. After endocytosis, the 
ligand and receptor dissociate in the acidic endosome 
lumen, and the empty receptor is recycled to the cell 
surface for another round of endocytosis. Alternatively, 
the ligand–receptor complex traffics onward down the 
endolysosomal pathway to reach the lysosome, where 
the receptor is degraded.

Lysosomal diseases were first described in the 
1960s, and, initially, delivery of recombinant enzymes 
was explored as a treatment strategy to compensate 
for dysfunctional endogenous lysosomes60. Decades 
later, a better understanding of lysosomal enzyme traf-
ficking has enabled more efficacious enzyme replace-
ment therapy. Most lysosomal diseases are caused by 
mutations that render lysosomal enzymes catalytically 
inactive61. These diseases are thus characterized by the  
accumulation of specific undegraded substrates in 
the lysosome that cause cell death62 (Fig. 2f). Mutations 
can also lead to disrupted trafficking or misfolding of 

lysosome-resident enzymes or membrane proteins, 
affecting metabolite efflux from the lysosome or lyso-
somal ion homeostasis63,64. The idea of treating patients 
with lysosomal diseases with exogenously delivered lyso-
somal enzymes originated from the serendipitous dis-
covery that healthy fibroblasts can rescue storage defects 
in fibroblasts from patients with mucopolysaccharido-
sis type I and II in co-culture by secreting lysosomal 
enzymes65 into the shared medium66. Simultaneously, 
structural analysis revealed that mannose-6-phosphate 
(M6P) moieties present on these enzymes facilitated 
their cellular uptake and lysosome localization67 (Fig. 2f). 
Subsequently, Alglucerase was the first US Food and 
Drug Administration (FDA)-approved enzyme replace-
ment therapy for the treatment of type 1 Gaucher dis-
ease in 1991 (reF.68). Since then, the M6P pathway has 
been exploited to traffic many therapeutic enzymes to 
lysosomes69.

One of the main challenges in lysosomal delivery is 
to achieve cellular and tissue-level specificity. Although 
delivery to the peripheral nervous system has been 
achieved to treat Gaucher and Fabry diseases70, deliv-
ery to the central nervous system requires the cargo 
to penetrate the blood–brain barrier. Transport across 
the blood–brain barrier is highly selective. In blood 
vessels, cargo usually first binds to specific endothelial 
membrane markers, such as the M6P receptor (M6PR), 
and is then transcytosed across the endothelial cell 
barrier71. By contrast, endothelial receptors such as 
the M6PR, are downregulated at the blood–brain bar-
rier soon after birth, preventing M6P-mediated cargo 
delivery to the central nervous system and other tis-
sues with low M6PR expression or clathrin-mediated 
transcytosis72. Furthermore, M6PR-based lysosomal 
delivery requires proper glycosylation of the cargo, 
which is challenging to engineer in enzymes, even when 
produced in mammalian systems73. As an alternative to 
mannosylation-dependent trafficking, proteins lack-
ing M6P groups can nevertheless engage M6PR if they 
are fused to specific peptide tags. For example, fusing 
a peptide derived from insulin-like growth factor II to 
enzymes, such as β-glucuronidase, α-glucosidase or 
α-N-acetyl-glucosaminidase, enables M6PR-dependent 
uptake in vivo regardless of glycosylation74. Enzymes can 
also be fused to the receptor association protein (RAP) 
that binds the LDL receptor75. To overcome the blood–
brain barrier, recombinant enzymes, such as arylsulfa-
tase A and α-l-iduronidase, can be fused to ligands or 
antibodies that bind receptors that use clathrin-mediated 
transcytosis76. Alternatively, exosomes, which are 
secreted by cells, can act as natural vehicles to deliver 
their encapsulated cargo to the central nervous system77, 
for example, β-glucocerebrosidase.

Finally, lysosome-targeted nanocarriers, such as 
liposomes, can improve recombinant enzyme stabil-
ity and circulation78. Moreover, the composition of 
the nanocarrier can be tailored to improve the target-
ing of lysosomes79; for example, negatively charged 
liposomes traffic to lysosomes more efficiently than 
positively charged ones80. Nanocarriers enter lyso-
somes passively by pinocytosis or actively by co-opting 
receptor-mediated endocytosis. Nanocarrier-mediated 

Box 2 | active and passive targeting

A framework to target cargo to specific cell types is gradually emerging. To deliver 
synthetic cargo to specific cell types, endogenous pathways can be exploited. 
Cell-specific targeting generally depends on the mode of cargo administration  
and the molecular specificity of target cell recognition. the former enables tissue 
specificity by leveraging biological barriers in the organism260. For example, 
intra-arterial injection of recombinant adenoviruses leads to high transduction  
in the heart, diaphragm, intercostal muscles and thymus, whereas intravenous 
injection shows high transduction in the liver261.

Cell-specific targeting can be achieved by active and passive mechanisms. Passive  
targeting is exemplified by the enhanced permeability and retention effect; for example, 
nanocarriers accumulate near areas of tumour vasculature that are leaky or have 
compromised lymphatic drainage, allowing passive targeting of tumours262.

Active targeting is achieved through molecular interactions between ligands 
displayed on cargo and receptors on target cells, which increases retention at the 
target site by molecular recognition and internalization by target cells. Ligands  
are often selected that bind cell-surface receptors overexpressed on the target cell  
type. Ligands can be natural, such as growth factors or chemokines, based on small 
molecules, such as folic acid, or based on synthetic biologics, such as antibodies  
or aptamers263–265.

Importantly, active and passive targeting mechanisms also occur at the level of 
organelles. Endogenous macromolecules are actively targeted to lysosomes; for 
example, lysosome-resident proteins have lysosome-targeting sequences, whereas 
extracellular cargo engages mannose 6-phosphate receptors at the plasma 
membrane87. Conversely, cargo can be passively targeted to lysosomes by leveraging 
their acidic lumens; for example, small molecules passively accumulate in the acidic 
lysosome lumen by getting protonated266. Similar mechanisms exist for other 
organelles, such as mitochondria. Mitochondrial targeting sequences actively target 
cargo to the mitochondria and cationic molecules are passively targeted to 
mitochondria owing to the high mitochondrial membrane potential131,153.
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delivery can restore lysosomal acidity and rescue lyso-
somal proteolysis81. Alternatively, enzymes can be cou-
pled to magnetic microparticles, gold nanoparticles, 
quantum dots and proteinaceous nanoparticles82 for 
lysosomal delivery. Many nanocarriers leverage intra-
cellular adhesion molecule 1 (ICAM1) for lysosomal 
delivery, although ICAM1 is not typically recognized as 
an endocytic receptor83, because ICAM1-mediated lys-
osomal delivery is independent of M6PR and clathrin84. 
ICAM1 also mediates transcytosis across endothelial cell 
linings, and may enable transcytosis across the blood–
brain barrier, as seen in animal models of Fabry disease 
and Niemann–Pick disease types A and B85.

Targeting endogenous proteins to the lysosome for deg-
radation. The relevance of lysosome targeting is not 
restricted to restoring aberrant lysosome function. 
The capacity of lysosomes to degrade cellular compo-
nents can also be exploited for therapy, for example, to 
degrade membrane-associated proteins, which have 
been identified as therapeutic targets in cancer and 
neurodegenerative disease, but which are challenging 
to inhibit with small molecules or proteolysis-targeting 
chimeras86. Lysosome-targeting chimeras, which 
consist of an antibody fused to a glycopeptide ligand 
capped with M6P residues, exploit lysosomes to selec-
tively degrade extracellular and membrane-associated 
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lysosome. a | Proteins are imported by a nuclear localization sequence 
(NLS) through the nuclear pore complex (NPC), and the importers are 
recycled. Importin binds to cargo in the cytosol to target the nucleus, 
where the RanGTP–RanGDP cycle allows cargo release and importin 
recycling. b | Synthetic cargo can be delivered by an adenovirus. Following 
translocation from endosomes, the adenovirus binds the NPC, the capsid 
disassembles and the viral genome is imported into the nucleus. c | A dual 
adeno-associated virus (AAV) delivery system can deliver transgenes that 
are too large for individual AAV virions. Here, one AAV particle packages 
the amino (N) terminus of a prime editor (PE) appended with an NLS, 
and the other particle packages the carboxy (C) terminus with another 
NLS. Upon translocation and uncoating of the AAV virions in the nucleus, 
homologous recombination of the fragments leads to formation of 
the entire intact transgene. d | Gold nanoparticles displaying NLS 

motifs improve nuclear targeting. e | In lysosomes, cargo is internalized 
by receptor-mediated, clathrin-dependent endocytosis. Ligand-bound 
receptors are trafficked by clathrin-coated vesicles and later dissociate 
from the ligand in acidic endosomes. The ligand is trafficked to lysosomes, 
whereas the receptor is recycled to the cell surface. f | Enzyme-replacement 
therapy (ERT) for lysosome storage disorders (LSDs). Lysosomal enzymes 
(Es) are delivered by engaging the mannose-6-phosphate receptor 
(M6PR) to clear material (s) that has accumulated owing to inactive 
endogenous lysosomal enzymes. g | Lysosome-targeting chimeras drag 
membrane-associated proteins to lysosomes for degradation using an 
antibody that engages both the target and M6PR. h | Lysosome contents 
released into the cytosol by membrane permeabilization cause cell death. 
Alternating magnetic fields, light and acid can activate synthetic cargo to 
increase reactive oxygen species (ROS) levels to damage and permeabilize 
the lysosome membrane. P, phosphate.
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proteins87 (Fig. 2g). M6PR drags the antibody-bound 
target protein to the lysosome, where it is degraded. 
Lysosome-targeting chimeras can selectively degrade 
therapeutically relevant targets, including CD71, 
CD274, apolipoprotein E4 and EGFR, which are impli-
cated in various cancers88. However, lysosome-targeting 
chimeras depend on M6PR, and, therefore, applica-
tions in vivo require the expression and functional-
ity of M6PR and clathrin-mediated endocytosis in 
target cells. Thus, potential systemic downregulation 
of M6PR in mutating cancer cells could lead to drug 
resistance. Lysosome-targeting chimeras can also be 
modified to leverage other lysosome-targeted recep-
tors and to improve the pharmacodynamics of the 
chimera. Lysosome-targeting chimeras do not need to 
be cell-permeable; however, their application in neuro-
degenerative diseases requires strategies to enable the 
blood–brain barrier to be crossed.

Targeting lysosomes to release lysosomal enzymes. 
Lysosomes contain degradative enzymes, which cause 
cell death in case the lysosomal membrane ruptures. 
Thus, permeabilizing lysosomal membranes of cancer 
cells using lysosome-targeted ligand-modified nano-
formulations is a popular therapeutic strategy89 (Fig. 2h). 
Alternatively, permeabilization can be achieved using an 
alternating magnetic field and magnetic nanoparticles. 
Once the nanoparticles reach the lysosomes of tumour 
cells, application of a magnetic field permeabilizes the 
lysosome membrane, unleashing lysosomal content that 
kills tumour cells. Magnetic nanoparticles displaying 
EGF can bind to EGFR on the cancer cell surface, which 
triggers EGFR-mediated endocytosis, allowing targeting 
of cancer cells90. Controlled lysosomal release of singlet 
oxygen can also be used for lysosome rupture91; for 
example, folate-functionalized selenium-rubyrin nano-
particles reach lysosomes of cancer cells through folate 
receptor-mediated endocytosis, and the acidic lysosomal 
milieu then triggers singlet oxygen production, which 
causes lysosome rupture92.

Targeting lysosomes to promote antigen presentation. 
Antigen-presenting cells (APCs) ingest cargo, such as 
dead cells or pathogens, and traffic them to lysosomes. 
The cargo is then cleaved into smaller fragments, loaded 
onto major histocompatibility complex (MHC) class II 
molecules and presented on the APC surface to activate 
adaptive immunity93. Several vaccines target exoge-
nously delivered antigen to lysosomes to achieve effi-
cient presentation on the APC surface and to enhance 
the immune response. For example, chimeric DNA 
vaccines encoding a hantavirus glycoprotein or human 
papillomavirus type 16 E7 fused to lysosome-associated 
membrane protein 1 (LAMP1) can enhance adaptive 
immune responses94,95.

Targeting the secretory pathway
Protein secretion is central to cell growth, survival and 
communication96. The secretory pathway regulates pro-
tein secretion into the extracellular milieu, secretion for 
cell surface display or localization in other organelles. 
The major organelles in this pathway are the ER, the 

cis- and medial Golgi, the trans-Golgi network and 
secretory vesicles.

Endogenous routes to target cargo into the ER. Proteins 
are synthesized, folded and glycosylated in the ER, 
packaged into COPII-coated vesicles at ER exit sites and 
sent to the Golgi for a series of post-translational modi-
fications before incorporation into secretory vesicles for 
cell surface delivery. Proteins also traffic retrogradely 
from the Golgi to the ER. This retrograde pathway 
retrieves ER-resident proteins that have inadvertently 
escaped the ER, recycles proteins involved in organelle 
fusion or export, and serves as an essential quality 
control mechanism97 (Fig. 3a). Retrograde trafficking 
is facilitated by ER-retention sequences, comprising a 
short peptide such as a C-terminal KDEL or K(X)KXX 
motif. When present on the lumenal domain of a pro-
tein, these sequences act as signals for transport to the 
ER lumen. The lumenal KDEL signal peptide on pro-
tein cargo is recognized by KDEL receptors present in 
the Golgi, which packages the cargo into COPI-coated 
vesicles that subsequently fuse with the ER to release 
the cargo98.

Targeting synthetic cargo to the ER using retrieval sig-
nals. The ER is home to a variety of therapeutic targets, 
making ER-specific cargo delivery highly important99. 
Accumulation of unfolded or misfolded proteins in the 
ER leads to an unfolded protein response to halt protein 
translation, degrade misfolded proteins and increase 
production of molecular chaperones100. If the unfolded 
protein response fails to relieve ER stress, apoptosis is 
initiated. ER stress is observed in the pathogenesis of 
neurodegenerative and cardiovascular diseases, ageing, 
cancer progression and metastasis23. Molecules can be 
delivered to the ER to mitigate stress; for example, the 
small molecule curcumin can inhibit the sarcoplasmic/
endoplasmic reticulum calcium ATPase (SERCA) to 
reduce the retention of misfolded proteins in chronic 
granulomatous disease101. Curcumin-encapsulated 
nanoparticles displaying KDEL motifs can reduce the 
amount of ER-retained misfolded proteins, rescue 
leukocyte function and reduce toxicity arising from 
ER stress by impeding extracellular calcium entry101. 
Similarly, KDEL-conjugated gold nanoparticles also 
localize in the ER and can improve small interfer-
ing RNA (siRNA) or small-molecule delivery to this 
organelle102 (Fig. 3b).

The ER is also the main location for loading MHC 
class I molecules with antigenic peptides. Thus, targeting 
a DNA vaccine, which is fused to human papillomavi-
rus antigens, to the ER by encoding a KDEL sequence 
improves immune and antitumour responses103. 
Encapsulating antigenic peptides in nanoparticles elic-
its a stronger immune response when the nanoparticles 
display KKXX motifs104.

Increasing retrograde trafficking of exogenous cargo 
to the ER is an effective way to avoid lysosomal degra-
dation of cargo. For example, conjugating the cytotoxic 
A-chain of ricin to a KDEL signal enhances its toxicity 
by promoting ER localization and subsequent trans-
location to the cytosol105. Conjugation to an ovarian 
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cancer-specific antibody further increases antitumour 
efficacy106. The timing of exogenous cargo transport to 
the ER can further be controlled by reversibly masking 
transport signals triggered by chemical cues (Fig. 3c). The 
controlled unmasking of targeting elements (CUTE) sys-
tem uses a carrier protein with a cytosolic EL motif and 
a K(X)KXX targeting signal, which are located close to a 
streptavidin-binding peptide107. Binding of streptavidin 
masks the EL motif and the K(X)KXX signal on the car-
rier protein when it is at the cell surface. Addition of 
biotin causes streptavidin dissociation, which leads to 
unmasking of the EL motif and subsequent transport of 
the carrier protein to the Golgi. At the Golgi, COPI rec-
ognizes the K(X)KXX motif and transports the carrier 
protein to the ER. Using this system, antibodies bound 
to the extracellular part of the carrier protein can be 
trafficked to the ER (Fig. 3c).

Repurposing toxins to deliver cargo to the ER. Endo-
cytosis is crucial for cell survival, and, thus, several path-
ogens exploit endocytic pathways to enter the ER and 
access the cytosol108. Some viruses, for example, picor-
naviruses or retroviruses, bind endocytic receptors, such 
as the LDLR or transferrin receptor (TfR), respectively, 
whereas others bind to membrane components, such as 
glycosaminoglycan (GAG) chains, to accumulate on the 
cell surface108. In particular, toxins can co-opt host cell 
entry pathways; for example, AB5 family toxins, such 
as cholera toxin (CTX) and Shiga toxin (STX), exploit 
the secretory pathway to access the cytosol109,110. The A 
subunit of these toxins is the toxic component, whereas 
the five B subunits bind cell-surface molecules for cell 
entry. CTX is secreted by Vibrio cholerae in the intesti-
nal lumen, where it crosses the epithelium and induces 
toxicity. Through its B subunits, CTX engages those 
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host cells with GM1 gangliosides at the cell surface, 
triggers endocytosis and undergoes retrograde trans-
port to the trans-Golgi network before reaching the ER. 
In the ER, CTX mimics a terminally misfolded protein, 
co-opts the ER-associated degradation mechanism and 
retro-translocates into the cytosol. Notably, the A sub-
unit has a KDEL sequence to promote ER retention and 
interaction with ER-associated degradation proteins111.

STX is produced by Shigella dysenteriae and reaches 
the ER and cytosol using a similar route. STX is endo-
cytosed in target cells by engaging glycolipids, in par-
ticular, globotriaosyl ceramide (Gb3), and is transported 
to the Golgi apparatus110. STX then reaches the ER with-
out having a retrieval signal. Interestingly, addition of 
a KDEL signal does not enhance its ER localization112. 
It is hypothesized that the B subunit remains associ-
ated with Gb3, which promotes partitioning into ret-
rograde transport vesicles110. STX eventually crosses 
the ER membrane into the cytosol, where it inacti-
vates 28S ribosomal RNA (rRNA) and inhibits protein 
synthesis113.

The STX pathway is an excellent platform with which 
to deliver cargo to the ER; for example, the B subunit of 
STX (StxB) can be used to deliver antigens to the ER114. 
Model antigens can be fused to StxB, enabling internal-
ization by peripheral blood mononuclear lymphocytes 
and other APCs, which then present the antigens115,116. 
Internationalization and presentation require Gb3, but 
not a KDEL sequence. Expression of Gb3 is further 
increased in various cancers, and, thus, StxB can be 
applied to selectively kill cancer cells117,118. For example, 
the B subunit of Shiga-like toxin can deliver a photosen-
sitizer to selectively kill cells expressing Gb3 (reF.119). The 
retrograde trafficking of toxins has inspired the design 
of nanoparticles, micelles and liposomes that accumulate 
in the ER and induce ER stress, indicating the poten-
tial of B subunits of AB5 toxins as a non-toxic vaccine 
delivery system120,121.

Other synthetic systems that target the ER. Small 
molecules, such as sulfonyl ligands122, also allow ER 
targeting by exploiting ligand–receptor interactions 
(Fig. 3d). Their small size and modifiable nature make 
them suitable for fluorescence microscopy and photo-
dynamic therapy. The cyclohexyl sulfonylurea moiety 
of sulfonyl groups binds and inhibits ATP-sensitive 
K+ channels, which are enriched on ER membranes123. 
For example, glibenclamide and its derivatives are basic 
sulfonyl ligands conjugated to boron-dipyrromethane 
(BODIPY), which can serve as fluorescent probes for 
the ER. Glibenclamide localizes in the ER by targeting 
ER-resident ATP-sensitive K+ channels; thus, this strat-
egy could alter K+ levels in the ER and perturb cells. 
However, this approach is only useful if the aim of ER 
targeting is to trigger cell death. For example, BODIPY 
photosensitizers based on glibenclamide accumulate in 
the ER and trigger apoptosis by inducing ER stress124. 
Chloride and amphoteric ionic groups can also tar-
get the ER by binding specific receptors on the ER 
surface125,126. Therefore, nanocarriers displaying such 
ligands can target cargo to the ER; for example, a lipid 
nanoparticle displaying the ER-targeting tosyl group and 

an HSP90 inhibitor induces more potent ER stress and 
DNA damage than nanoparticles lacking tosyl groups127. 
Nanoparticles loaded with a photosensitizer bearing 
toluenesulfonamide groups induce ER stress under 
irradiation in the context of cancer immunotherapy128.

Targeting mitochondria
The mitochondrion plays a key part in ATP production, 
apoptosis, and regulation of intracellular calcium and 
reactive oxygen species (ROS), and dysfunctional mito-
chondria are found in several diseases129. Drugs can be 
directly delivered to mitochondria to reverse mitochon-
drial DNA (mtDNA) mutations, provide antioxidant 
functions or modulate apoptosis130.

Endogenous pathways. Many mitochondrial proteins 
are encoded by nuclear DNA, translated in the cyto-
sol, and imported into the mitochondria131. They con-
tain an N-terminal mitochondrial targeting sequence 
(MTS) rich in basic and hydroxylated amino acids that 
is recognized by the mitochondria import stimulation 
factor, which maintains them in an import-competent 
conformation132. These proteins are then imported by 
mitochondrial outer membrane receptors and a trans-
location machinery (Fig. 3e). Once inside, peptidases 
within the mitochondrial matrix cleave the MTS on the 
protein, making the process irreversible.

The MTS forms an amphipathic α-helix, whose hydro-
phobicity and net positive charge promote mitochon-
drial import. Efficient import requires a balance between 
the hydrophobicity needed to traverse a membrane  
and the net charge required to cross the electrochemi-
cal gradient of the matrix into the inner mitochondrial 
membrane. Membrane-soluble, lipophilic cations, such 
as amphipathic MTS, can accumulate in mitochondria133, 
and highly lipophilic and cationic mole cules also show  
substantial mitochondrial localization.

Viruses have also evolved mechanisms to co-opt 
mitochondrial import pathways, often triggering apop-
tosis by permeabilizing the mitochondrial membrane. 
For example, the C terminus of the F1L protein from the 
vaccinia virus contains a hydrophobic domain flanked 
by positively charged residues134. This domain targets 
the viral protein to the mitochondria, where it prevents 
apoptosis by inhibiting the mitochondrial membrane 
potential ψmito. Other viruses, including hepatitis B virus 
(HBV) and HIV-1 (reF.135), use similar pathways.

Targeting synthetic cargo to mitochondria using tar-
geting sequences. Some mitochondrial diseases show 
mtDNA heteroplasmy; here, mutated mtDNA coexists 
with normal mtDNA. For example, a single mutation in 
the gene encoding a mitochondrial ATP synthase subu-
nit leads to neurogenic muscle weakness, ataxia and ret-
initis pigmentosa136. Mutated mtDNA can be sustained 
up to a certain threshold before the disease clinically 
manifests. Therefore, such diseases may be treated by 
fusing a canonical MTS to a restriction endonuclease, 
for example, Sma1, that specifically digests mutated 
mtDNA137. Eliminating mutated mtDNA allows repop-
ulation of normal mtDNA, which restores normal ATP 
levels and ψmito.
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Natural MTSs from endogenous proteins can be used 
to target nanocarriers bearing folic acid, doxorubicin or 
plasmid DNA to mitochondria in mammalian cells138. 
Alternatively, synthetic mitochondria-targeting peptides 
can leverage the hydrophobic and cationic properties of 
cell-penetrating peptides133. Mitochondria-penetrating 
peptide (MPP) libraries generally use hydrophobic 
amino acids to yield collections of cell-penetrating 
peptides (CPPs), and show high cellular uptake, with 
mitochondrial localization depending on the net charge 
and hydrophobicity139. For example, the pro-apoptotic 
(KLAKLAK)2 peptide can target paclitaxel-containing 
liposomes and photosensitizers to mitochondria140,141 
(Fig. 3f). Similarly, a peptide with an alternating sequence 
of cyclohexylalanine and arginine residues can target 
small molecules, such as chlorambucil or cisplatin, to 
mitochondria142,143.

Targeting small molecules using mitochondrial mem-
brane potential. Small molecules can passively target 
the mitochondria by exploiting the high mitochondrial 
membrane potential ψmito. Such mitochondriotropic 
mole cules, for example, the triphenylphosphonium 
(TPP) cation, are often lipophilic and cationic52,144 (Fig. 3g). 
TPP-conjugated therapeutics, such as TPP-conjugated 
vitamin E or coenzyme Q, improve mitochondrial tar-
geting in murine brain, heart, liver and muscle145,146. 
Fluorophores based on rhodamine, which are spe-
cific for mitochondria, also function according to this  
principle.

Nanocarriers displaying mitochondriotropics are 
widely used for targeting mitochondria. For exam-
ple, micelles or polymer nanoparticles functionalized 
with TPP can deliver coenzyme Q and other mole-
cules to mitochondria in live cells to, potentially, treat 
Alzheimer disease, obesity and cancer147,148. Liposomes 
or gold nanoparticles modified with TPP can deliver 
ceramide or 3-bromopyruvate, respectively, to mam-
malian mitochondria in vitro and in vivo to modulate 
cell metabolism149,150. A redox-responsive nanocarrier 
modified with a shielded TPP group allows selective 
accumulation of paclitaxel in the mitochondria of cancer 
cells151. Similarly, liposomes or nanocarriers bearing TPP 
and paclitaxel show good anticancer efficacy in various 
tumour models152,153. Photosensitizers and photother-
mal agents can also be delivered to mitochondria using 
TPP-coated nanoparticles154,155.

The popular mitochondriotropic dequalinium chloride 
has a delocalized cationic charge156. Dequalinium-based 
liposome-like vesicles, called DQAsomes157, were one 
of the earliest mitochondria-specific targeting systems 
(Fig. 3h). Many other mitochondriotropics facilitate uptake 
of nanoparticles or small molecules into mitochondria158. 
However, clinical trials of both mitochondria-targeting 
peptides and mitochondriotropics, for example, mitoqui-
none (MitoQ) and elamipretide, have been disappointing 
thus far159. MitoQ comprises ubiquinol derivatized with 
TPP to avert oxidative damage in mitochondria, and 
elamipretide is a mitochondrially targeted tetrapeptide 
that increases ATP production by preventing cardiolipin 
oxidation. Despite positive results in animal models, 
clinical trials have shown minimal clinical benefit in 

humans160–162. Therefore, more effective mitochondrial 
targeting mechanisms need to be developed for humans.

Nucleic acids as delivery vehicles
DNA nanostructures allow precise delivery to distinct 
organelles in specific cells in vivo163. The predicta-
ble thermodynamics of base-pairing enables specific, 
well-folded, homogeneous DNA nanostructures164, 
which can be synthesized with high quality at low 
cost165. In addition, the modularity and 1:1 stoichiom-
etry of DNA hybridization allow integration of mul-
tiple functionalities in desired ratios and at relative 
positions166.

Modularity
Multifunctional DNA probes and nanodevices can 
be designed by integrating multiple modules that 
can function independently as the sensing module, the 
normalizing or tracer module and the targeting mod-
ule (Fig. 4a). The sensing module is an ion-sensitive or 
enzyme-sensitive dye, the tracer module is a fiducial 
marker, revealing the bio-distribution of the nanode-
vice in the organism and/or the sub-cellular distribu-
tion in cells, and the normalizing dye allows quantitative 
ratiometric imaging. The targeting module confines 
the nanodevice to a particular sub-cellular location. 
Therefore, nanodevices may perform logical operations 
in vivo, with a specific input triggering a designated 
response167,168. For example, a DNA-based nanodevice 
can report the presence of nitric oxide (NO), if the DNA 
reporter displays a pathogen-associated molecular pat-
tern (PAMP) that triggers the relevant receptor to induce 
nitric oxide synthase (NOS2) activity. Such DNA nano-
devices can report NOS2 activity in microglia of live 
zebrafish169.

Controllable stoichiometry
The 1:1 stoichiometry of Watson−Crick−Franklin 
base-pairing in a DNA duplex allows the creation of 
molecularly identical nanodevices with exquisite tuna-
bility (Fig. 4b). In particular, the predictable stoichiometry 
enables the creation of ratiometric sensors for imag-
ing, even if the sensing fluorophore is not intrinsically 
ratiometric170. Ratiometric imaging corrects for differ-
ences in signal intensities arising from cell-to-cell vari-
ability in probe uptake and inhomogeneous subcellular 
probe distribution.

For therapeutic applications, the 1:1 stoichiometry of 
strands in a duplex provides exceptional control over the 
ratio of scaffold to drug molecules171. DNA tetrahedra 
bearing siRNAs and a targeting ligand enable impressive 
control over siRNA dosage per tetrahedron172. Similarly, 
a synthetic DNA-based platform can engage immune 
cells to control cell-based cancer immunotherapies. 
Here, multiple proteins and antibodies can be displayed 
in precise stoichiometries by DNA hybridization on bio-
degradable nanoparticles using hierarchical assembly173. 
By contrast, although liposomal or polymeric nanopar-
ticles can now be engineered to be fairly uniform in 
size, composition and surface chemistry, they are not 
molecularly identical and this variability can limit their 
performance, tissue specificity and toxicity.
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The periodic structure of duplex DNA is largely 
sequence-independent, yielding architectures with 
well-defined geometries174. The dimensions and helicity 
can be addressed at the resolution of single nucleotides, 
and, thus, the number and spacing of biomolecules on 
well-defined 3D scaffolds, such as DNA polyhedrals, can 
be precisely controlled (Fig. 4b). Importantly, the spatial 
orientation of endocytic ligands on a DNA icosahe-
dron predictably affects cellular uptake by the cognate 
receptor175. DNA nanostructures can further undergo 
well-defined structural transitions to release molecu-
lar payloads in response to specific signals with spatial 
and temporal precision. For example, an icosahedral 
DNA nanocapsule displaying cyclic di-GMP aptam-
ers can release encapsulated cargo in the presence of 
cyclic di-GMP; here, binding to the aptamer causes the 
nanocapsule to dissociate into two halves176.

Recognition of targets
Aptamers are single strands of DNA or RNA, around 
15–40 nucleotides long, that recognize diverse targets, 
including small molecules, peptides, proteins and cell 
types177,178 (Fig. 4c). Aptamers selected by in vitro evo-
lution can bind virtually any receptor with specificities 
and affinities that rival antibodies179. Unlike antisense 
oligonucleotides or siRNAs, for which the target is cyto-
solic, aptamers can target intracellular, extracellular or 
cell-surface molecules. Aptamer production does not 

require biological organisms or cellular biochemistry, 
thus offering advantages beyond fabrication speed and 
cost. Unlike most proteins, aptamers have lower molec-
ular weights, slower degradation, lower immunogenicity 
and can be reversibly denatured. Moreover, aptamers 
can be chemically modified to site-specifically tag them 
with dyes, drugs, immunotags and nanomaterials, for 
diagnostic and therapeutic applications180,181.

Programmability and tunability
DNA is highly programmable owing to its modular 
nature and structural predictability. Small changes 
in sequence can be made to conserve or predictably 
modulate the function of the overall scaffold (Fig. 4d). 
Molecular recognition-driven conformational changes 
are finely tunable in cellulo and even in vivo; for exam-
ple, a pH reporter, designed to form pH-sensitive C:C+ 
base pairs and to change strand conformation, can be 
tuned to report over a wide range of physiological pH in 
cells by changing the numbers of cytosines or by chem-
ically modifying them182 (Fig. 4d). Trigger-and-detect 
probes of NOS2 activity that display PAMPs can be pre-
cisely programmed so that even a single change from an 
A to a G on the PAMP can lead to complete evasion of 
immune activation in vivo169.

Oligonucleotide analogues, such as peptide nucleic 
acids, locked nucleic acids or l-threose nucleic acids, 
can tune the thermal stability, enzymatic stability and 
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cell permeability of nucleic acid nanostructures183,184. 
The backbone can be made neutral or cationic, more 
nuclease resistant and, in the case of peptide nucleic 
acids, provide a better microenvironment than DNA 
for fluorophore activity185. The conformational restric-
tion of locked nucleic acids confers exceptional duplex 
stability, making them promising candidates for ther-
apeutic applications186. l-threose nucleic acids, which 
can hybridize with DNA, RNA and themselves187, are 
biocompatible, cell-permeable and exhibit high affinity 
and specificity towards their targets188.

Targeting DNA nanodevices to organelles
Different classes of DNA architecture have been devel-
oped, including spherical nucleic acids, DNA-based 
nanostructures and DNA nanodevices163,189,190, of which 
DNA nanodevices have been shown to be able to target 
organelles. In DNA nanodevices, sensing, normalizing 
and organelle-targeting modules can be combined in a 
single entity with high production yields and stoichio-
metric purity, enabling accurate subcellular targeting 
and quantitative chemical imaging across diverse liv-
ing systems. In general, DNA nanostructures co-opt 
clathrin-dependent, receptor-mediated endocytosis to 
access organelles191.

Lysosomal delivery
DNA nanodevices are polyanionic owing to their sugar 
phosphate backbone. Their inherent negative charge 
can be exploited to target DNA devices to organelles 
along the endolysosomal pathway in cells expressing 
anion ligand-binding receptors, also denoted as scaven-
ger receptors192,193 (Fig. 5a). Scavenger receptors, which 
are abundant on phagocytes and other immune cells, 

comprise a family of about 20 receptors that internalize 
endogenous proteins or biomolecular cargo and clear 
foreign particles. Scavenger receptors consist of eight 
sub-families (A to I), of which the class A (SR-A) sub-
family is the best studied, internalizing cargo through 
endocytosis, phagocytosis or micropinocytosis194. Upon 
internalization, the nucleic acid cargo is initially deliv-
ered to early endosomes and then trafficked along a 
series of endomembrane compartments (Fig. 5a). In the 
early endosome, the cargo can then be shunted to lyso-
somes for degradation via late endosomes, or recycled 
to the plasma membrane via recycling endosomes195. 
DNA nanodevices can thereby access and chemically 
probe early endosomes, late endosomes or lysosomes in a 
time-dependent manner in diverse contexts196–201 (Fig. 5a).

For example, the DNA-based nanodevice I-switch 
can map lumenal pH in the early endosome, late endo-
some and lysosome of Drosophila SR2+ cells196 in vitro, 
and in coelomocytes in live nematodes202. Coelomocytes 
are phagocytic cells that endocytose microinjected DNA 
nanodevices in the pseudocoelom of Caenorhabditis 
elegans203. DNA nanodevices can also probe orga-
nelles in the endolysosomal pathway in macrophages 
derived from various tissues and an array of widely used 
mammalian cell lines that express scavenger receptors204.

Lysosomes, like many other organelles, dynamically 
alter their location, morphology and proteolytic activity, 
which is regarded as a key indicator of lysosome status 
and functionality and can be probed by DNA nanode-
vices. For example, a combination DNA nanodevice can 
label lysosomes in scavenger receptor-expressing skin 
fibroblasts from human patients with Niemann–Pick 
disease types A, B and C197. The combination device can 
report on pH and Cl− concentration at single-lysosome 

Targeting
module

DNA or RNA
aptamer

DNA sequence
as ligand

Lipophilic
anchor

Phagocytic
cargo

TA
AT

AT
TA

Phospholipid

Phagosome

DNA negative
backbone

EE

RE

TGN

LE

LY

ALBR

PM

a  Endolysosomal organelles b  Recycling endosomes c  Trans-Golgi network d  Plasma membrane e  Phagosomes

Carrier
protein
(furin)

DNA binder
(scFv)TfR

Fig. 5 | DNa nanodevices can be targeted to specific organelles. a | DNA is polyanionic and labels organelles along 
the endolysosomal pathway by engaging anion ligand-binding receptors (ALBRs) or scavenger receptors. b | An aptamer 
binding to the transferrin receptor (TfR) can be displayed on a DNA nanodevice to target recycling endosomes (REs). 
c | Fusion of a sequence-specific DNA-binding protein (single-chain variable fragment (scFv)) to a Golgi-trafficking protein 
(furin) can target a DNA nanodevice featuring a sequence that binds scFv to the trans-Golgi network (TGN). d | A lipophilic 
anchor displayed on DNA nanodevices allows their integration and display on the extracellular side of the plasma 
membrane (PM). e | Coupling DNA nanodevices to zymosan or bacteria enables targeting of phagosomes. EE, early 
endosome; LE, late endosome; LY, lysosome.

Nature reviews | Materials

R e v i e w s



0123456789();: 

resolution, thereby directly resolving lysosome popula-
tions by chemical imaging. Therefore, this two ion meas-
urement (2IM) can reveal the live response of patient 
fibroblasts upon treatment with therapeutics197.

Other endocytic organelles
Endocytic ligands can be attached to DNA nanode-
vices to probe specific endocytic carriers by engaging 
the cognate cell-surface receptor. For example, the chi-
meric synaptic vesicle protein synaptobrevin 1 (SNB1) 
fused to a recombinant, single-domain antibody, which 
tightly binds a specific double-stranded DNA (dsDNA) 
motif, enables selective targeting of DNA nanodevices 
to neuronal endosomes in C. elegans205. Quantum dots 
can also be encapsulated in DNA icosahedra display-
ing ligands, such as folic acid, galectin-3 (Gal3) and the 
Shiga toxin B subunit (STxB) in specific stoichiometries 
and with spatial precision175. Upon binding to cognate 
receptors on the cell surface, the quantum dots allow 
tracking of plasma membrane binding, bending, intra-
cellular uptake and long-duration dynamics of endocytic 
carriers on the Gal3 or STxB pathways.

Targeting recycling endosomes. Recycling endosomes 
have a central role as a store or buffer of cell surface 
proteins, such as ion channels, by sequestering them 
within the cell such that they can be released imme-
diately on the cell surface when required195,206. These 
transmembrane proteins and their ligands play diverse 
physiological roles in nutrient uptake, cell signalling, 
adhesion and developmental regulation in response 
to morphogens207,208. Defective endosomal recycling is 
linked to several diseases, including cancer and neuro-
logical disorders209–211. The recycling pathway also plays 
an important part in viral entry by regulating the abun-
dance of viral receptors on the host cell surface212. Thus, 
this pathway is frequently subverted by pathogens to 
infect cells213. Despite its importance, endosomal recy-
cling remains less studied than endocytic and secretory 
transport. A deeper understanding of the molecular 
mechanisms underpinning endosomal recycling will 
enable valuable insights into the pathophysiology of 
disease and may provide new avenues for treatment214.

DNA nanodevices can be targeted to recycling endo-
somes by co-opting transferrin receptor (TfR)-mediated 
endocytosis215 (Fig. 5b). Transferrin is an iron-binding 
protein that transports iron from sites of absorption 
and storage to tissues216. Iron delivery into cells involves 
binding of holo-transferrin to TfR on the cell surface, 
followed by internalization through receptor-mediated 
endocytosis. In the acidic endosomal milieu, iron dis-
sociates from transferrin and is delivered to the cyto-
sol, while the transferrin–TfR complex recycles to the 
cell surface via the recycling endosome217. Transferrin 
remains associated with TfR as it recycles and, there-
fore, fluorescent conjugates of transferrin can be used 
to time-dependently probe recycling endosomes. DNA 
nanodevices can be targeted to recycling endosomes 
by covalently attaching transferrin or by displaying an 
RNA aptamer that binds TfR (Fig. 5b). In both cases, the 
nano device first enters the sorting endosome and is then 
predominantly localized in the recycling endosome185,218. 

These strategies can be applied to measure pH, Cl− lev-
els and the membrane potential of recycling endosomes, 
without perturbing ligand trafficking characteristics.

Trans-Golgi network. Endocytic and secretory pathways 
of cells intersect in selected organelles. The retrograde 
trafficking pathway links endosomes on the endocytic 
pathway to the trans-Golgi network on the secretory 
pathway219. For example, furin, an enzyme that cleaves 
protein substrates into their mature (active) forms in the 
trans-Golgi network, shuttles back and forth between 
the plasma membrane and the trans-Golgi network220. 
A sequence-specific dsDNA-binding protein, based on a 
single-chain variable fragment (scFv), can be fused to the 
lumenal side of recombinantly expressed furin, allow-
ing a DNA nanodevice to localize in the trans-Golgi 
network215 (Fig. 5c). The scFv specifically binds an 8-bp 
DNA sequence (d(AT)4) with an equilibrium dissoci-
ation constant Kd of 80 nM (reF.221). If the scFv–furin 
chimera is expressed in cells, it can internalize a DNA 
nanodevice with a d(AT)4 domain and traffic via the 
retrograde furin endocytic pathway into the trans-Golgi 
network. This strategy works in diverse mammalian cell 
lines as long as scFv–furin is not over-expressed218.

The trans-Golgi network can also be targeted by 
exploiting hypoglycosylated mucin-like type 1 (MUC1) 
expressed on cancer cells. MUC1 is a transmembrane 
protein expressed on the apical surface of epithelial 
cells222. In human epithelial tumours, MUC1 is over-
expressed and hypoglycosylated, and it re-enters the 
trans-Golgi network through retrograde endocytosis. 
A DNA nanodevice (NOckout probe) can be targeted 
to the trans-Golgi network by displaying a DNA aptamer 
(5-TRG2) with high affinity for hypoglycosylated MUC1 
(reF.223). This device can then quantitatively map the 
activity of endogenous NOS3 by reporting on NO levels 
in the trans-Golgi network and the plasma membrane, 
with sub-cellular resolution200. This strategy works selec-
tively in cancer cell lines, such as T-47D, in which MUC1 
is hypoglycosylated.

Plasma membrane
The cell membrane is a physical barrier and a functional 
organelle, regulating the communication between a cell 
and its environment224. The cell membrane can be manip-
ulated to modulate cell adhesion, cell–cell contact, cell 
migration and immunity225,226. DNA can be covalently or 
non-covalently immobilized on the cell surface (Fig. 5d). 
Synthetic DNA oligonucleotides can be covalently 
attached to exposed lysine or cysteine residues of cell sur-
face proteins227, or through metabolic labelling of cell 
surface glycoproteins with azido sugars, which results in 
the cell surface display of azido groups228, allowing con-
jugation of DNA oligonucleotides by Staudinger ligation 
or click chemistry229. Metabolic labelling is advantageous 
because the conjugation sites on the target protein are 
better defined than generic amino groups on the protein 
surface. Especially for membrane proteins, attachment 
of a label to sialic acid-rich glycosylated regions is less 
perturbative to their function. However, cell viability can 
decrease upon prolonged exposure and incorporation of 
synthetic sugars230. In addition, conjugation efficiency 
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can vary according to the glycosylation pattern of the 
cell type or growth stage.

DNA can also be non-covalently displayed on the 
cell surface using hydrophobic anchors or by molecular 
recognition231. Numerous lipophilic residues have been 
explored to modify DNA molecules, including cho-
lesteryl, tocopheryl, stearoyl or diacyl phospholipids232, 
which, when added to cells, insert into the extracellular 
leaflet of the cell membrane, resulting in the extracellular 
display of DNA molecules (Fig. 5d). Hydrophobic inser-
tion is faster than covalent conjugation, generally appli-
cable to diverse cell types, and occurs all over the cell 
membrane. Although hydrophobic anchors offer limited 
cell-type specificity for displaying DNA233, membrane 
insertion does not change the function of membrane 
proteins or membrane integrity. However, DNA–lipid 
conjugates are amphiphilic and can thus lead to micelle 
formation, which may sequester lipid components 
in the micelle core and reduce insertion efficiency234. 
Alternatively, PEG linkers and step-wise assembly of 
DNA nanostructures have been explored235.

DNA nanostructures can also be non-covalently 
displayed on cell surfaces through ligand–receptor 
binding, using antibodies or aptamers. For example, 
by expressing programmable zinc-finger DNA-binding 
domains on the cell surface236, cells can be barcoded. 
The DNA aptamers sgc8 and TDO5 can be tethered to 
DNA nanodevices to trigger in situ DNA assembly on 
the cell surface237. The aptamer Sgc8 binds to protein 
tyrosine kinase 7 (PTK7), which is overexpressed on 
T cell surfaces, and TDO5 binds the µ-heavy chain of 
immunoglobulin M, which is overexpressed on Ramos 
cell surfaces (Kd = 74.7 nM). Dissociation from the cell 
surface can then be achieved by adding sequences com-
plementary to the aptamers238. Notably, for nearly all 
methods, lipid anchoring to cells can lead to DNA nano-
device internalization by the cell or dissociation from the 
cell surface over long timescales239.

Phagosomes
One of the earliest stages of the immune response 
is the ingestion of a pathogen by an innate immune cell. 
The engulfed pathogen is trapped in a membrane-bound 
compartment, called the phagosome. The milieu of 
the newly formed phagosome is then instantly trans-
formed into a highly toxic environment, including the 
production of reactive nitrogen species and ROS240. 
Once the pathogen is destroyed, the phagosome dis-
integrates. Therefore, the phagosome is a transient 
organelle. Phagosomes can be labelled by phagocyto-
sis of zymosan particles functionalized with cargo241 
(Fig. 5e). Zymosan is a boiled, trypsin-treated cell wall 
preparation of Saccharomyces cerevisiae, which activates 
immune cells by stimulating Toll-like receptors TLR2 
and TLR6. DNA nanodevices can be covalently attached 
to surface-functionalized zymosan particles to target 
phagosomes, for example, to map HOCl and pH fluxes 
during phagosome maturation199 (Fig. 5e). DNA nanode-
vices have also been targeted to phagosomes in microglia 
of live zebrafish brains by microinjection into the optic 
tectum169. Microinjected DNA nanodevices are incorpo-
rated into apoptotic bodies in the developing larval brain 

as self-DNA by the apoptotic packaging machinery. 
These apoptotic bodies are phagocytosed by microglia, 
and, thus, the DNA nanodevices are exclusively targeting 
phagosomes169.

Outlook
Organelle morphology, chemical composition and 
activity reflect the metabolic state of the cell. In cancer, 
organelles have been found to have an important role in 
regulating the tumour microenvironment, which subse-
quently led to new immunomodulation-based antitu-
mour strategies242. For example, the lysosomal protease 
cathepsin C is secreted by tumour cells and promotes 
metastasis of breast cancer cells to the lung. Similarly, 
cathepsin activity in tumour-associated macrophages 
promotes tumour growth and invasion243,244. Thus, mod-
ulating lysosomal hydrolases in specific cells in vivo offers 
a therapeutic avenue244. Dysfunctional organelles are also 
implicated at the onset of neurodegeneration, and early 
therapeutic interventions at the organelle level could 
prove invaluable. For example, the formation of brain 
plaques through aggregation of α-synuclein correlates 
with reduced lysosomal function and reduced proteolytic 
activity245. Therefore, enhancing proteolysis by upregu-
lating lysosomal activity, either by activating lysosomal 
enzymes or modulating the ionic environment in lyso-
somes could promote proteolysis of α-synuclein plaques 
and thereby ameliorate disease246. Enzyme replacement 
therapy with recombinant cathepsin D rescues impaired 
lysosome function in neuronal disorders, such as neu-
ronal ceroid lipofuscinosis247, and DNA aptamers tar-
geting enzymes to lysosomes can restore lysosomal 
activity248. Chronically active lysosomes and mitochon-
dria that produce excessive ROS are inexorably linked 
to autoimmune disorders249, whereas reduced lysosomal 
proteolysis is linked to ageing250. Thus, modulating orga-
nelle activity by targeting therapeutics with sub-cellular 
level precision could introduce an additional dimension 
to studying, understanding and treating disease.

In vivo targeting with organelle-level precision relies 
on physiological mechanisms of intracellular traffick-
ing and the unique properties of organelles. The current 
state of knowledge in endocytosis is ripe for exploitation 
to target endocytic organelles within the cell. Clinical tri-
als evaluating the therapeutic potential of exosomes have 
mainly used purified exosomes that are synthetically 
modified with targeting modules and therapeutics251. 
DNA and/or RNA nanodevices designed to localize in 
multivesicular bodies could offer alternative strategies 
to programme native exosomes directly. Aptamer-based 
variations of targeted protein degradation technolo-
gies, such as lysosome-targeting chimeras, could pro-
mote trafficking of cell surface proteins to lysosomes. 
Furthermore, by exploiting pH-sensitive interactions 
between an aptamer and its target cell-surface protein, 
the fate of the target protein could be manipulated, that 
is, reversibly sequestered or stored in recycling endo-
somes versus irreversibly degraded in lysosomes. In 
addition to cell specificity, organelle-level specificity 
offered by DNA nanotechnology improves access to 
clinically relevant nucleic acids, such as antisense oligo-
nucleotides and siRNA, by targeting them to organelles 
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where endosomal translocation is maximal. DNA-based 
targeting combined with strategic modifications that 
efficiently evade the host response could further boost 
the therapeutic performance of aptamers currently in 
clinical trials168,252.

Targeting organelles along the secretory pathway 
— such as the ER, peroxisomes, secretory vesicles and 
mucin granules — will require knowledge of endoge-
nous pathways that may allow entry of exogenous cargo. 
Trafficking exogeneous cargo to these organelles would 
allow modulation of cellular secretion and protein trans-
port, which is fundamental to cell–cell communication 
and tissue homeostasis.

Nucleic acids can be designed as programmable, 
molecular scaffolds to specifically target organelles 
in vivo. The modularity and control over stoichiome-
try offered by nucleic acids can lead to multifunctional 
systems and precision medicine resulting from the 
superposition of diagnostics and personalized therapies. 
Cell-based in vitro evolution could yield new aptamers 
to target organelles on the secretory pathway253. Such lig-
ands could be modified with existing aptamers to target 

proteins to specified organelles, broadening the scope of 
enzyme replacement therapies to a range of organelles. 
DNA scaffolds could further be hierarchically pro-
grammed to target specific organelles; for example, tar-
geting the ER requires initial interaction with the plasma 
membrane, followed by endocytosis and active avoid-
ance of the endolysosomal pathway, to reach the Golgi. 
Other interactions with receptors, such as the KDEL 
receptor, could also be explored to reach the ER from the 
Golgi. Antisense oligonucleotides and RNA-based vac-
cines can now be produced at large scale254,255, paving the 
way for nucleic acids as commercially viable biologics. 
Targeting with organelle-level precision using fluores-
cently labelled DNA has established the value of nucleic 
acids as chassis for imaging organelles, which has led 
to diagnostic applications, and the same strategies can 
be explored for therapeutic applications. Decoding the 
rules for correct delivery across organelles, cells and tis-
sues could propel the use of nucleic acids both as chassis 
and cargo.
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