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A B S T R A C T

RNA molecules offer attractive therapeutic strategies in oncology, based on mechanisms of action different to 
existing medications. The therapeutic application of RNAs, however, is still associated with major bottlenecks, 
including poor stability and pharmacokinetics. Non-viral nanoparticle formulations represent systems for RNA 
protection, delivery and cell internalization. They have to meet defined requirements for providing sufficient 
efficacy, specificity and biocompatibility. Moreover, the selection of the RNA drug as payload is of major rele
vance. As a result of intense research over the past decades, a wide variety of different RNA classes are available 
for interference with pathophysiological processes.

This review provides an overview of various RNA classes as drug candidates, including RNAs mediating loss- 
of-function (siRNAs for gene knockdown, sgRNAs for gene knockout, gene- or base-editing), gain-of-function 
(mRNA, sa-mRNA, circRNA for ectopic overexpression) or modulation of gene expression (miRNAs, antimiRs or 
circRNAs for miRNA inhibition), among others. Dependent on the target organ, target cell and type of RNA 
molecule, different nanoparticle systems can provide efficient RNA formulations. New therapeutic strategies may 
also cover combinations of different types of RNAs, associated with different properties and thus requiring even 
more sophisticated nanocarriers for their delivery. The various classes of nanocarriers available for RNA 
formulation are reviewed and discussed as well.

Beyond therapeutic in vivo application, RNA-based strategies may also be of relevance in cell-based therapies, 
for non-viral ex vivo modification of immune cells. While this would offer advantages over existing viral trans
duction strategies, it will also rely on sufficiently efficient non-viral systems for cell modification. Overall, 
nonviral systems for the delivery of RNA therapeutics are needed to fulfil the potential of these approaches in the 
clinic.

1. General considerations

RNA molecules provide attractive therapeutic strategies in oncology. 
Compared to drugs based on small molecules or biologicals, RNAs offer 
mechanisms of action different from conventional therapeutic ap
proaches. Their therapeutic application, however, is associated with 
major bottlenecks, including poor stability and short half-life, poor 
biodistribution and tissue penetration, and insufficient cellular uptake. 
More specifically, the body compartmentalization with multiple cellular 
barriers often prevents drugs from easily reaching their targets in vivo, 
especially when located intracellularly. This is particularly true for RNA 
molecules, with their negative charge and comparably high molecular 
weight preventing easy membrane permeation and crossing, and thus 

deeper penetration into tissue and uptake by their target cells. Notably, 
due to altered membrane lipid structures and higher cholesterol con
centrations, tumor cell membranes may be even less permeable [1]. 
Specialized barriers like the blood-brain barrier comprising brain 
microvascular endothelial cells that form tight junctions provide extra 
hurdles for (RNA) drugs to reach their target [2]. Collectively, formu
lation strategies for efficient RNA delivery and uptake are critical for 
RNA use in oncology. Beyond virus-based systems, which are associated 
with side effects like immunogenicity, safety concerns, high complexity 
in production and other issues, delivery systems cover a broad range of 
different nanoparticles [3–5]. Some nanoparticles are also used for 
combined diagnosis/imaging and therapy (therapeutics and diagnostics; 
‘theranostics’) [6]. Other combinations aim at the enhancement of 
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therapeutic effects, like the co-formulation of a nucleic acid and another 
drug (see Fig. 1).

Beyond size, nanoparticle properties are also determined by other 
chemical and physical properties including their surface charge, stabil
ity and interaction with biological media and components. This affects 
their biodistribution, halflife in the blood circulation, excretion, uptake 
in different organs, tissue penetration and uptake into desired target 
cells as well as unwanted non-target cells. The interaction with biolog
ical components will lead to the formation of the so-called nanoparticle 
corona, comprising of the hard corona and the soft corona, i.e., layers of 
tightly or weakly bound biomolecules, respectively, on the surface of the 
nanoparticle [7,8]. By critically determining the surface properties of 
the nanoparticle, this substantially contributes to the definition of the 
nanoparticle’s pharmacological properties, including biocompatibility 
[9]. The covalent coupling of ligands onto the surface of a nanoparticle 
may enhance its binding specificity to desired target cells (“targeted 
delivery”); however, this approach may also require additional modifi
cations for reducing non-specific uptake into non-target cells, tissues or 
organs. In general, many nanoparticles tend to preferentially accumu
late in specific organs like liver, spleen and kidney, which is often un
wanted since it limits delivery to the desired target organ. Thus, the 
avoidance of delivery into unwanted non-target organs, especially the 
liver, may be an important goal of nanoparticle modification as well. 
When pursuing the concept of targeted delivery, it should be kept in 

mind that ligands may be masked/covered by the said nanoparticle 
corona, thus requiring linker chemistries containing longer linker mol
ecules as spacers to avoid the ligands from being covered inside the 
corona. Transfection efficacy and cytotoxicity need to be considered in 
parallel. A positive surface charge may lead to enhanced cellular uptake, 
while also increasing cytotoxicity and decreasing blood circulation 
half-life, which may in turn be associated with altered biodistribution. 
Thus, shielding of the positive surface charge may be beneficial, despite 
lower cellular uptake efficacy (see below). Another issue is the coating of 
nanoparticles with host proteins for enhanced recognition and uptake by 
phagocytic cells (‘opsonisation’), which needs to be avoided in order to 
prevent undesired clearance by the reticuloendothelial system (RES) 
[10]. Immune responses elicited by the nanoparticle or the RNA payload 
need to be considered as well.

The nanoparticle biodistribution is also critically determined by its 
mode of administration, with injection (intravenous, intraperitoneal, 
subcutaneous, intracranial, intratumoral, intrathecal, intravitreal), 
inhalation, intranasal and other applications being available. In the case 
of CNS tumors, the blood-brain barrier (BBB) represents another hurdle, 
thus favouring strategies based on the direct, continuous injection of 
drug formulations, like for example explored in the case of antisense 
oligonucleotides into the brain tumor [11]. This procedure, however, is 
comparably complicated, while a systemic application is clinically more 
straightforward, but requires nanoparticles capable of crossing the BBB. 

Fig. 1. Schematic depiction of nanocarriers and RNA molecules for therapeutic use in oncology. Upper left panel: lipid (left), polymeric (center) and inorganic 
nanocarriers (right) are shown. Upper right panel: RNAs include siRNA, shRNA, miRNA, circRNA, mRNA and sgRNA for CRISPR-Cas9 gene or base editing. Lower 
panel: solid tumors may be reached by systemic (e.g., intravenous) or local injection, with nanocarrier/RNA drugs reaching tumor cells or other non-tumor cells in 
the tumor mass. (figure generated using BioRender).
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Several examples of targeted nanoparticles also highlight the feasibility 
of introducing BBB penetrating properties by covalent coupling of tar
geting moieties onto nanoparticles [12]. Alternatively, intranasal de
livery may circumvent this problem, employing a direct transport route 
into the cerebrospinal fluid along the olfactory pathway. This may 
represent an approach to bypass the BBB, as recently shown in a 
Parkinsonian mouse model (Feja et al., Mol Ther Nucl Acids, in press).

Beyond brain tumors, intratumoral injection offers a direct means of 
administration; however, it is difficult in human patients and is 
currently not used [13]. While the leakiness of the tumor vasculature 
may support the nanoparticle entering into the tumor mass (the 
so-called “enhanced permeability and retention (EPR) effect”) [14], 
elevated interstitial fluid pressures are found due to hampered 
lymphatic drainage [15]. Additionally, the extracellular matrix as a 
dense diffusion barrier in tumors may limit diffusion, with some tumors 
showing a particularly stroma-rich phenotype like for example pancre
atic carcinomas [16]. Intraperitoneal injection can be considered as 
local administration when used for treatment of tumors in the peritoneal 
cavity or scattered throughout the peritoneum [17]. However, mouse 
studies revealed that nanoparticles become systemically available after 
intraperitoneal injection as well [18]. Considering the comparably facile 
administration of larger volumes and a possible depot effect with pro
longed retention of the nanoparticles makes i.p. injection an attractive 

mode of administration, at least for example in preclinical mouse 
studies.

2. Content matters: the choice of the (RNA) payload

Considering the hallmarks of cancer [19,20], multiple different 
strategies for nucleic acid therapies can be explored [21]. These include, 
but are not limited to (i) targeting driver mutations by gene knockdown, 
gene knockout or gene-, base- or prime-editing, (ii) the restoration of a 
tumor suppressor gene function for the induction of apoptosis or cell 
cycle arrest, the (iii) inactivation of oncogenic signaling pathways by 
targeting genetically amplified, epigenetically upregulated or mutated 
oncogenes, (iv) targeting molecules for mediating immune-escape, (v) 
gene correction, and others. With the availability of whole-genome se
quences and bioinformatic tools for identifying optimal RNA sequences, 
the development of RNA drugs is comparatively facile and straightfor
ward. A broader range of different chemical RNA nucleotide modifica
tions further contribute to higher efficacy, specificity and 
biocompatibility, and the reduction of unwanted side effects. Since ol
igonucleotides, including RNAs, have been shown to often activate 
cytosolic innate immune responses via TLRs (toll-like receptors), RIG-I 
(RIG-like receptors), PKR (RNA-dependent protein kinase) and STING 
(stimulator of interferon genes) [22–25], chemical modifications for 

Table 1 
Overview of the types of RNA molecules for use as (potential) drugs for therapeutic intervention.

Type of RNA 
molecule

Properties and mode of action Advantages/possibilities for use Disadvantages/issues

siRNA Small double-stranded RNAs molecules, incorporated 
into RISC to induce sequence -specific mRNA 
cleavage/RNA interference (RNAi)

Sequence-specific gene knockdown (RNAi) of any 
desired gene; catalytical process; since all other 
RNAi components for RNAi are provided by the cell, 
the delivery of the siRNA is sufficient

Issues related to delivery, stability, specificity, 
possible off-target effects, sequence-dependent 
stimulation of an innate immune response

miRNA Small double-stranded RNAs with incomplete 
sequence complementarity, incorportated into 
miRISC to sequence-specifically bind to target 
mRNAs and induce translational repression or mRNA 
cleavage

miRNA replacement leads to simultaneous 
translational repression or mRNA cleavage of 
several genes in parallel; intervention is often based 
on pathological downregulation of a given miRNA 
and thus interferes in several pathways in parallel

Issues related to delivery, stability, specificity, 
possible off-target effects, action on unwanted non- 
target genes due to partial complementarity; 
sequence-dependent stimulation of an innate immune 
response

antimiR Short RNA molecules with sequence complementarity 
to a miRNA, thus acting as specific miRNA inhibitor

miRNA inhibition leads to simultaneous 
translational de-repression of several genes in 
parallel; intervention is often based on the 
pathological upregulation of a given miRNA and 
thus interferes in several pathways in parallel

Issues related to delivery, stability, specificity, 
possible off-target effects

circRNA (for 
miRNA 
inhibition)

Circular RNA molecule with specific miRNA binding 
sites, acting as miRNA sponge and thus inhibitor

miRNA inhibition with potentially higher efficacy 
due to enhanced stability

Larger RNA molecule, more complicated 
manufacturing process (in vitro transcription with 
subsequent intramolecular circularization step); 
delivery

mRNA mRNA encoding a gene of interest which, upon 
transfection, is directly translated into the desired 
protein

Rapid onset of expression of the desired protein, no 
risk of insertional mutagenesis

Larger RNA molecule, more complicated 
manufacturing process (in vitro transcription); 
delivery; risk of intracellular innate immune 
stimulation; very transient protein expression

sa-mRNA Self-amplifying mRNA oncoding for the protein of 
interest as well as for an RNA-dependent RNA 
polymerase, mediating the self-amplification of the 
sa-mRNA

Rapid onset of expression of the desired protein, no 
risk of insertional mutagenesis; very sustained 
protein expression achievable

Very large RNA molecule, more complicated 
manufacturing process (in vitro transcription); 
delivery; risk of intracellular innate immune 
stimulation

circRNA (for 
protein 
expression)

Circular RNA molecule containing the sequence 
encoding for the gene of interest which, upon 
transfection, is directly translated into the desired 
protein

Expression of the desired protein of interest; 
somewhat longer protein expression due to 
enhanced stability of the RNA serving as template 
for translation

Larger RNA molecule, more complicated 
manufacturing process (in vitro transcription with 
subsequent intramolecular circularization step); 
delivery

sgRNA for gene/ 
base editing 
(+Cas9)

Guide RNA directing the Cas complex to its target 
DNA sequence, where it mediates cleavage of the 
DNA or defined point mutations by targeted 
modification of a nucleotide

Targeted modification of DNA; very profound 
effects (knockout or permanent mutation)

Delivery of at least two components (sgRNA, Cas) 
required, issues related to specificity, possible off- 
target effects leading to permanent DNA modification 
(risk of permanent DNA damages, error-prone repair, 
potential oncogenic events)

saRNA Small amplifying RNA; increases transcription rates 
of its target gene by recruiting transcription factors 
and enhancing RNA polymerase II activity and 
nucleosome remodeling

New type of small RNA action relying on 
transcriptional upregulation (different from the 
structurally comparable siRNAs); diverse functions, 
high safety

Issues related to delivery, stability, specificity, 
possible off-target effects, comparably small number 
of studies so far

lncRNA Single stranded RNAs >200bp that are not translated 
into a protein; may be processed into miRNAs, may 
affect the stability and translation of cytoplasmic 
mRNAs or exert multiple other molecular functions.

Addresses (patho-) physiological functions of the 
non-protein-encoding transcriptome, covering a 
broader range of different possible lncRNA 
functions; intervention often based on aberrant 
downregulation of a given lncRNA

Large RNA molecule with manufacturing issues as 
above; often not (yet) fully defined biological 
functions
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reducing these effects are important. RNA modifications include base 
modifications, ribose modifications and phosphate diester bond modi
fications, and various combinations thereof. For details on available 
chemical modifications, the reader is referred to other reviews (e.g., 
Refs. [26–28]).

An overview of RNA-based strategies for use as (potential) drugs for 
therapeutic intervention in tumors is given in Table 1.

Since tumors do not just comprise cancer cells, it is nowadays well 
recognized that other, non-tumor cells supporting to or counteracting 
the malignancy may be of interest for therapeutic intervention as well. 
These include fibroblasts, endothelial cells as well as various immune 
cells including macrophages, T-lymphocytes and others. Endothelial 
cells have long been identified as target cells for anti-angiogenesis 
strategies, which aim at inhibiting the formation of new blood vessels 
in a growing tumor (tumor angiogenesis) that are required for providing 
oxygen and nutrients [29,30]. Among immune cells, tumor associated 
macrophages (TAMs) are most abundant in the tissue microenviron
ment, affecting tumor progression, metastasis and therapeutic response. 
According to their “polarization”, macrophage can be classified as 
pro-inflammatory/anti-tumorigenic (M1; classically activated) and 
anti-inflammatory/pro-tumorigenic (M2; alternatively activated). Since 
M2-like TAMs promote angiogenesis, tumor growth and metastasis 
while suppressing the adaptive immune response, it is of major interest 
to re-polarize them into M1-like TAMs, which exert antitumoral and 
pro-inflammatory activities and induce an adaptive immune response 
[31]. Making use of the high degree of plasticity to transform between 
the M1 and M2 macrophage phenotypes in response to surrounding 
factors, several approaches for therapeutic intervention have been 
studied. This also included the use of therapeutic oligonucleotides for 
direct manipulation of signaling pathways. Loss-of-function approaches 
relied on siRNAs or miRNAs for the downregulation of M2 promoting 
genes and consecutive reprogramming of TAMs towards M1 macro
phages [32–35]. On the other hand, gain-of-function approaches aim at 
introducing plasmid DNA or mRNA for the upregulation of M1 pro
moting factors [36–38]. Reduced TAM marker expression and M1 
marker upregulation has been achieved by siRNA-mediated knockdown 
of STAT6 [39–41], STAT3 [42,43] or other targets like IL4I1 (IL4 
induced gene 1) [44], VEGF + PIGF [45], CD155 [46] or MMP9 [47]. 
Sometimes, dual activity on macrophages and the tumor cells was found, 
contributing to the observed antitumor effects. This was also seen in the 
case of miR-125b replacement, where the miRNA mimic was complexed 
with an arginine-rich lipopeptide and magnetic nanoparticles. Interest
ingly, in this case the miR-125b specific effects were further enhanced 
by a Fe2O3 nanoparticle-associated inflammation and Fenton reaction 
effects on TAM polarization and 4T1 tumor cells [48]. Most recently, 
certain tyrosine-modified polymeric nanoparticles were identified as 
particularly efficient for macrophage transfection and used for 
siRNA-mediated STAT6 knockdown. This resulted in macrophage 
repolarization and enhanced tumor cell suppression [49].

2.1. RNA interference (RNAi)

Since its discovery in the late 1990s [50] and the elucidation of the 
underlying mechanism of action thereafter [51,52], RNA interference 
(RNAi) has become a well-established tool for gene knockdown in the 
lab. Its broader translation into the clinic, however, is still hindered by 
the above-mentioned hurdles. Nevertheless, ~25 years after the dis
covery of RNAi, the first therapies based on RNAi have been approved 
for clinical use [26]. All of those, however, target the liver in pathologies 
other than cancer. Nevertheless, in preclinical studies RNAi has been 
heavily explored over the past two decades and is still a matter of intense 
investigation, also with regard to drugs for use in oncology.

RNAi relies on the action of small, ~22 bp double-stranded RNA 
molecules that are either generated from longer double-stranded RNAs 
by the action of Dicer or ectopically introduced into the cell e.g. by 
transfection, prior to their incorporation in the RNA-induced silencing 

complex (RISC) [51,53–55]. Based on their sequence complementarity, 
the so-called guide strand of the siRNA directs RISC towards binding to 
its target mRNA, which is subsequently cleaved by RISC and then 
degraded. The fact that RISC will dissociate from the target RNA after 
cleavage and will thus be able to bind to another mRNA molecule makes 
RNAi a catalytic mechanism. Thus, very low (picomolar) concentrations 
and intracellular amounts of 2000 siRNAs per cell have been determined 
as sufficient for gene knockdown [56]. In contrast to miRNAs (see 
below), siRNA action relies on 100 % complementarity. By acting on the 
mRNA and thus on any target of choice on the transcriptional level, 
RNAi is also able to inhibit genes which are otherwise (i.e., on the 
protein level) considered as ‘undruggable’. Notably, this applies to many 
potentially interesting targets and is thus able to substantially extends 
the spectrum of potential therapeutic interventions [57,58].

RNAi can be induced by the exogenous delivery of chemically syn
thesized siRNAs [51], or DNA expression plasmids encoding a small 
hairpin RNA (shRNA) that is intracellularly processed to the mature 
siRNA. For the definition of optimal siRNA sequences with regard to 
specificity, efficacy, strand bias as well as the absence of unwanted 
off-target or other side effects like induction of the innate immune sys
tem, efficient bioinformatics tools, online available algorithms and 
proprietary software programs exist for predicting optimal siRNA se
quences [59–66]. Still, candidates have to be validated experimentally.

2.2. Micro-RNA (miRNA) replacement or miRNA inhibition

Micro-RNAs (miRNAs) are naturally occurring, highly conserved 
17–25 nt noncoding RNA molecules that, somewhat similar to siRNAs, 
regulate gene transcription at a posttranscriptional level [67–69]. 
Originating from primary microRNAs (pri-miRNAs; long RNA tran
scripts forming hairpin structures), they are intracellularly generated by 
pri-miRNA cleavage into pre-miRNAs (precursor miRNAs) which are 
eventually processed into the mature miRNAs [70]. One single strand as 
the guide strand becomes then part of a RISC complex (miRISC), for its 
sequence specific interaction with target mRNAs [71]. Notably, an only 
partial sequence complementarity is sufficient for this interaction, 
leading to the inhibition of mRNA translation or to mRNA cleavage and 
degradation. Since active translation of mRNAs may dislocate bound 
miRNAs and thus lead to lower efficiency, almost all identified target 
sites for endogenous miRNA are located in the 3′UTR of target mRNAs 
[72]. Due to the requirement of only partial sequence complementarity, 
miRNAs may have several hundred target genes, which leads to a 
complex pattern of gene expression control [73]. While this indicates 
less specificity, this simultaneous action on many different genes and 
pathways may also lead to higher cellular efficacies, even if a given 
single miRNA on its target is rather moderate (often only ~ 20 % 
inhibition).

Importantly, several miRNAs show a pathologically relevant over- or 
underexpression in cancer, indicating their potential or validated 
oncogenic or tumor-suppressive roles [74–76]. The above-mentioned 
broader specificity of any given miRNA acting on different mRNAs 
also means that several targets will be affected by the pathophysiolog
ical dysregulation of a given miRNA. Aberrantly overexpressed miRNAs 
are thus attractive targets by introducing miRNA inhibitors like anti
miRs or antagomiRs for miRNA blocking [77–79] or, more recently, 
circRNAs for miRNA sponging [80]. On the other hand, the pathological 
downregulation of a specific miRNA can be therapeutically addressed by 
miRNA replacement, e.g. by using so-called miRNA mimics [81–84]. 
This broader pattern of miRNA action on different targets may enhance 
therapeutic efficacies especially in cancer which may be considered as a 
‘pathway disease’ [81]. One example was miR-34a even entering clinical 
studies. These, however, had to be terminated early due to serious side 
effects [85]. The broader target specificity may also contribute to 
increased probabilities of side-effects due to unwanted miRNA actions 
on undesired targets that need to be considered as well. It should also be 
kept in mind that many results from in vitro studies may rely on ectopic 
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experiments with unrealistically high miRNA levels and non-convincing 
analyses, thus questioning initial assumptions [86]. Taken together, this 
will require very rigorous experimentation for obtaining realistic results.

2.3. Antisense oligonucleotides

Antisense oligonucleotides (ASOs) are short <30 nt single-stranded 
synthetic DNA or RNA molecules. DNA-based ASOs act in a ribonu
clease H (RNase H)-dependent mechanism, by sequence-specific binding 
to their target mRNA with subsequent cleavage of the DNA/RNA hybrid 
duplex. Relevant in the context of this review article are RNA-based 
ODNs acting as steric blocker oligonucleotides (SBONs) [87,88] 
which, upon sequence-specific binding, sterically obstruct protein 
translation or, when located at an appropriate site, RNA splicing. Since 
the development of the first (DNA-based) ODNs in the late 1970s, 
antisense oligonucleotides have been under intense investigation. This 
has also led to the discovery of many chemical modifications which are 
now also used in the context of other RNA molecules. A specific form of 
antisense oligonucleotides are so-called “gapmers”, i.e., ASOs with a 
chimeric structure that contains RNA nucleotides modified with phos
phothioate or others and flanking a core DNA sequence [89]. This leads 
to ASOs that are optimized regarding nuclease resistance, efficacy, 
biocompatibility and target binding affinity.

2.4. RNA therapies based on mRNA

More recently, gain-of-function strategies based on mRNAs have led 
to the development of novel drugs which may in future also play a major 
role in cancer therapy. Since mRNAs are comparatively long and thus 
not accessible through chemical synthesis, they are generated by in vitro 
transcription based on a DNA template. When delivering them into cells, 
their length, however, may also lead to the highly undesired activation 
of innate immune response against long RNAs e.g. mediated by Toll-like 
receptors (TLR-3, TLR-7, TLR-8) or by cytosolic pattern recognition re
ceptors [90]. This can be addressed by selecting appropriate UTRs and 
by introducing chemical modifications, e.g. by including 
pseudo-uridines in the in vitro transcription process [91].

Another issue is the often comparably short half-life of mRNAs with 
consequently short availability for protein translation. This leads to a 
highly transient expression of the desired protein which may offer ad
vantages or disadvantages. Aiming at prolonged expression after RNA 
transfection, self-amplifying mRNAs (sa-mRNA) have been described 
[92]. For sa-mRNA design, a viral RNA genome replication machinery 
containing an RNA-dependent RNA polymerase (RdRP) is included in 
the RNA sequence, leading to the production of the RdRP protein and 
subsequent replication of the transfected synthetic RNAs in the cell. The 
given sequence of therapeutic interest (e.g., encoding for a tumor sup
pressor protein) in combination with the RdRP encoding sequence can 
be embedded in one sa-mRNA. Alternatively, the splitting into two 
trans-amplifying RNAs with their parallel delivery has been described. 
Due to this self-amplification process, better and longer-lasting trans
genic expression is achieved [93].

2.5. Long non-coding RNAs (lncRNAs)

Long non-coding RNAs (lncRNAs) are defined as single stranded 
>200bp RNAs that are not translated into a protein. Rather, they may 
affect epigenetic regulation, may be processed into miRNAs, affect the 
stability and translation of cytoplasmic mRNAs or exert multiple other 
molecular functions, thereby modulating signaling pathways. On the 
molecular and cellular level, many lncRNAs have thus been identified as 
mediators of defined physiological processes and pathophysiological 
processes in many diseases including cancer, hereby acting in an onco
genic or tumor-suppressive manner and/or affecting metastasis [94–97]. 
Preclinical studies exploring their therapeutic usefulness are limited so 
far, with one example being the delivery of the non-coding RNA 

maternally expressed gene 3 (MEG3) to xenografted HepG2 hepatocel
lular carcinoma cells using MS2 bacteriophage virus-like nanoparticles 
[98]. Like therapeutic mRNAs, they may well benefit from progress in in 
vitro-transcribed lncRNA production and chemical modification [99]. 
Comparable to miRNAs, it can be assumed that a given lncRNA will 
affect different targets and even more, might act through different 
mechanisms of action (see above). While this may be beneficial from a 
combined efficacy viewpoint, it is more challenging to anticipate un
wanted side effects in target or non-target cells which needs to be always 
kept in mind.

2.6. Single guide RNAs (sgRNAs) for gene editing/base editing

The gene editing system CRISPR-Cas comprises two main compo
nents, i.e., the Cas9 nuclease and a single guide RNA (sgRNA). By 
forming a complex, the sgRNA guides the Cas9 endonuclease sequence- 
specifically to its binding site on the genomic DNA, with subsequent 
induction of a DNA double strand break [100,101]. The sgRNA itself 
consists of two segments: a conserved sequence that, by forming several 
stem-loops, provides a scaffold for Cas9 binding, and a variable 20 nt 5’ 
end that can be adapted to any target DNA sequence. Upon DNA 
cleavage, distinct cellular DNA repair mechanisms are activated: an 
error-prone non-homologous end-joining process that may result in in
sertions or deletions (indels), or a homology-directed repair mechanism 
that incorporates external repair templates to the damaged area. By 
providing appropriate DNA segments for insertion, this allows for the 
highly specific alteration of a given DNA sequence [100,101]. 
CRISPR-Cas has been widely explored in the context of various pathol
ogies including cancer [102–105]. Specific forms of CRISPR-Cas are 
CRISPRi and CRISPRa, which uses a catalytically inactive Cas9 enzyme 
(dCas9) containing transcription modulating domains [106]. When 
sequence-specific sgRNAs guide the dCas9 with its 
transcription-modulating domains to effector domains of target DNA 
sequences, this leads to repression (CRISPRi) or activation (CRISPRa) of 
the transcription of the target gene. Cytosine base editing (CBE) relies on 
a modified Cas9 enzyme coupled with a cytosine deaminase, to generate 
a C-G to T-A transition mutation at the specific site where the guide RNA 
directed the Cas complex to its target DNA sequence. Similarly, adenine 
base editors (ABEs) link a modified Cas9 to a tRNA adenosine deaminase 
that generates specific A-T to G-C transition mutations [102].

The Cas9 enzyme can be delivered as protein, plasmid DNA or 
mRNA. While the co-delivery of the Cas9 protein and the sgRNA [107] 
can be relatively safe and straightforward, issues may include potential 
cytotoxicity due to the Cas9 protein-mediated induction of a humoral 
immune response and the necessity of simultaneously delivering two 
entirely different types of molecules (protein, RNA) in one nanoparticle 
formulation. When delivering a Cas9-encoding pDNA or mRNA, the 
protein is expressed in the target cell. This has been successfully 
employed as well [108–113].

3. Carriers matter: role of nanocarriers for RNA delivery

While viral vectors based on an adenovirus, adeno-associated virus, 
lentivirus, retrovirus or others are very efficient for nucleic acid de
livery, they are generally associated with safety concerns, limitations 
with regard to tumor penetration, immunogenicity (e.g., antiviral type I- 
interferon response [114], production of neutralizing antibodies [115]), 
as well as complicated and costly production processes and difficulties in 
mass production. Additionally, they do not allow for delivering many of 
the above-described RNA molecules.

Thus, non-viral vectors represent alternatives for therapeutic RNA 
delivery into tumors. They have to meet several requirements including 
protecting their RNA payload from degradation as well as mediating 
cellular uptake, correct intracellular processing (e.g., release from the 
endosomal/lysosomal system), and intracellular RNA release from the 
nanoparticle formulation in the desired intracellular compartment. It 
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can be roughly distinguished between lipid-based nanocarriers which 
were already described in the 1960s [116,117] and are broadly 
employed (see below), polymer-based nanocarriers, inorganic nano
particles or multiple combinations thereof [3,118–123]. Direct RNA 
conjugates are employed as well, in particular in the context of 
GalNAc-siRNAs for hepatocyte delivery [124,125]. Generally, nano
carrier properties are determined by nanoparticle size and surface 
charge, nanoparticle stability against decomposition or aggregation, 
nanoparticle biocompatibility, uptake efficacy and lack of immunoge
nicity as major parameters. The fact that non-viral nanoparticles 
generally allow for extensive chemical fine-tuning has led to the 
development of a multitude of different nanocarrier systems over the 
past decades.

Lipid-based systems have been established for gene transfection 
quite some time ago [116,117]. They may comprise synthetic or natural 
lipids, containing a hydrophobic chain and a cationic head group. The 
hydrophobic lipid components will self-assemble for building 
highly-ordered structures, while the head groups allow for interaction 
with the RNA payload and help in mediating cellular uptake. Conven
tional lipids in these lipid nanoparticles (LNPs) contain permanently 
charged head groups; however, these cationic liposomes are also asso
ciated with dose-dependent cytotoxicity, inflammation and oxygen-free 
radical formation [126]. This has led to the development of ionizable 
lipids, which are neutral under physiological conditions while acquiring 
a positive charge under certain conditions like lower pH [127–129]. The 
latter aspect allows for efficient RNA loading and efficient release from 
the intracellular endosomal/lysosomal system. Such a lipid, 
DLin-MC3-DMA has been identified as highly efficient for siRNA de
livery into the liver and is now considered as a gold standard for siRNA 
delivery to this organ with high knockdown efficacy [130]. After 
screening of >300 ionizable lipids [129], this also provided the basis for 
the first siRNA drug approved by the FDA and EMA in 2018 for clinical 
use (Patisiran (Onpattro®), for treatment of transthyretin-mediated 
amyloidosis [131]. In addition to these lipids with permanent or 
inducible cationic charge, neutral so-called ‘helper lipids’ like choles
terol or DOPE are added as well, for improving nanoparticle stability, 
intracellular processing and thus transfection efficacy [132]. LNPs are 
also used for the mRNA-based vaccines BNT162b2, mRNA-1273 and 
CVnCoV [133–135]. While this aimed at anti-viral immunity, 
RNA-based vaccination approaches are also explored in the field of 
oncology [136,137].

A representative of second-generation LNPs are so-called stable 
nucleic acid lipid particles (SNALP) [127]. An example of their use is 
SNALP-formulated antimiR-21 in combination with sunitinib, a 
small-molecule multi-kinase (VEGFR1–3, PDGFR and C-Kit) inhibitor, 
for simultaneously inhibiting tumor cells and tumor vasculature [138].

A special type of lipid-based nanoparticles are naturally occurring so- 
called ‘exosomes’ or ‘extracellular vesicles’ (ECVs). They are generated 
in cells and, upon their secretion, are internalized by other cells, thus 
delivering their payload comprising DNA, RNA and proteins from the 
donor to the target cell [139,140]. Through this mechanism, they are 
important mediators of intercellular communication in the body, and as 
naturally occurring vesicles, they are associated with high biocompati
bility as well as, dependent on their surface properties, some target cell 
specificity. For these reasons, exosomes or extracellular vesicles have 
been also explored for specific delivery of nucleic acids including RNAs 
[141,142]. In the context of an intended nucleic acid loading, it can be 
distinguished between endogenous loading (i.e., transfection of the 
donor cells prior to harvesting of the loaded ECVs) and exogenous 
loading (i.e., playload transfer into the ECVs after their purification from 
the cells) [142]. Issues associated with ECV use, however, include 
reproducible isolation in larger amounts, natural heterogeneity, their 
natural cargo from the donor cells as well as efficient loading of the 
desired (RNA) payload.

Polymeric nanoparticle systems comprise a wide variety of different 
linear or branched polymers as well as more complex structures like 

dendrimers (i.e., artificial, highly branched and highly symmetric 
macromolecules with a center and defined numbers of shells/layers 
termed “generations”) or polymers comprising different polymer com
ponents in one molecule (co-polymers obtained from sequential syn
thesis or ‘polymer grafting’). Dependent on their chemical structure, 
they may also contain physiological cleavage sites like S–S bonds, 
making them at least partially biodegradable. A further distinction can 
be made between synthetic and natural polymers. Most relevant for 
nucleic acid formulation and delivery are cationic polymers. Polymeric 
nanoparticles should offer RNA protection against enzymatic or non- 
enzymatic degradation, cellular internalization as well as endosomal 
escape and release into the cytoplasm. Nanoparticle formation relies on 
the interaction of the polymers with nucleic acids like RNAs. While 
cationic polymers favor this complexation of nucleic acids based on 
electrostatic interactions, their positive charge may be associated with 
higher toxicity. This has led to extensive research into chemical modi
fications for improving biocompatibility while preserving, or even 
enhancing, transfection efficacy. The whole polymer itself, or short 
polymer chains/polymer segments in the (grafted) polymer, may also be 
uncharged or even hydrophobic, utilizing other than electrostatic in
teractions between the polymer and the nucleic acid for complexation 
and RNA loading, and for interacting the with target cell membrane 
prior to internalization. These may be linear or branched polymers, or 
dendrimers. Important examples include poly(lactid-co-glycolid) 
(PLGA), polypeptides like poly-L-lysine (PLL), poly(L-arginine) or poly 
(L-glutamate), polyamidoamine dendrimers (PAMAM), polylactide 
(PLA), branched or linear polyethylenimine (PEI), poly-(β-amino esters), 
polypropylenimine (PPI) dendrimers, vinyl-based cationic polymers like 
polymethacrylates and polymethacrylamides, poly(β-amino ester)s 
(PBAEs), cationized cyclodextrins, chitosan, sequence-defined oligo
mers and many others [12,143,144]. Notably, this wide variety also 
includes various combinations of different polymers obtained by 
polymer-grafting and a broad range of chemical modifications for 
refining and optimizing their physical, physicochemical and biological 
properties like stability, loading efficacy, RNA release efficacy, 
biocompatibility, cell uptake and biodistribution. Cell uptake and bio
distribution have also been addressed by the introduction of various 
targeting moieties.

Among the most popular cationic polymers for small RNA delivery 
are polyethylenimines (PEIs), representing synthetic branched or linear 
polymers of different chain lengths and thus molecular weights [145,
146]. Due to the partial protonation of their nitrogens even under 
physiological conditions, the resulting cationic charge density allows for 
interaction with negatively charged nucleic acids. This leads to the 
formation of complexes (‘polyplexes’) that mediate full RNA protection 
against degradation, cellular uptake and, due to the so-called proton 
sponge effect, intracellular release from endosomal/lysosomal 
compartment into the cytoplasm [147]. Given the balance between high 
transfection efficacy and the avoidance of cytotoxic effects, only certain 
PEIs are suitable for RNA delivery [148,149]. The introduction of 
tyrosine moieties (tyrosine grafting) has led to complexes with lower 
zeta potentials and enhanced biocompatibility [150,151]. The forma
tion of more stable complexes also allowed for using lower molecular 
weight polymer molecules, which are associated with lesser cytotoxicity 
as well. Similar approaches have also been described e.g. in the case of 
PPI [152]. A stimuli-responsive release of the RNA payload in the tumor 
has been explored as well. These stimuli may be internal alterations in 
pH or reducing conditions in the tumor, as well as external stimuli like 
ultrasound or heat (photothermal therapy, PTT; photodynamic therapy, 
PDT).

Inorganic nanoparticles are often more stable as compared to other 
non-viral systems, are associated with very defined chemical properties 
and offer comparatively facile chemical synthesis and modification. 
Examples include silicon-based nanoparticles, gold nanoparticles 
(AuNP) or other metals, iron oxide or other metal oxide nanoparticles, 
metal sulfide nanoparticles, quantum dots, carbon nanotubes and others 
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[153–156]. RNA molecules are either internalized in pores as in the case 
of mesoporous silicon nanoparticles or bound via adhesion to the NP 
surface, benefitting from the high surface-to-volume ratio of nano
particles. However, inorganic NP do not show biodegradation and may 
be associated with poor solubility in aqueous media, higher toxicity and 
immunogenicity. Various combinations with other molecules exist as 
well, for example relying on polymers attached to the surface.

One example are gold nanoparticles, which are relatively easy to 
synthesize and to chemically modify, and show high biocompatibility. 
miRNA conjugation to Au nanoparticles led to efficient knockdown in 
multiple myeloma cells [157]. PEI-entrapped gold NPs (Au-PENPs), 
further carrying a RGD-PEG modification for targeted delivery, were 
shown to deliver siRNA targeting Bcl-2 upon intratumoral injection in s. 
c. U87 xenografts [158]. Likewise, the combination of Au-NP with li
posomes, leading to gold-liposome nanoparticles, and their further 
conjugation with apolipoprotein E (ApoE) and rabies virus glycoprotein 
(RVG) for targeted delivery were employed for the delivery of a 
miR-92b-specific inhibitor [159].

Iron oxide nanoparticles have become quite prominent as well [160]. 
For example, SPIONs (superparamagnetic iron oxide-based nano
particles) are able to efficiently deliver therapeutic RNAs into tumors, 
and also allow for theranostic applications. They offer magnetic 
responsiveness with the possibility of influencing their biodistribution 
profile by the application of an outside magnetic field, and allow for 
extensive coating and modification of their surface [156]. Iron oxide was 
also used for the generation of dendrimer-conjugated magnetic nano
worms (‘dendriworms’) for siRNA delivery. Again, combinations with 
polymers were explored. More specifically, these nanoworms were 
further modified by crosslinking PAMAM dendrimers [161]. Combina
tions may also comprise two inorganic materials, like in the case of 
combining gold and iron oxide, resulting in so-called polyfunctional 
gold-iron oxide nanoparticles (polyGIONs) with further PEG-T7 surface 
modification for targeted delivery of small RNAs including miR-100 and 
antimiR-21. This is thus an example of parallel miRNA replacement and 
miRNA inhibition, respectively [162].

Mesoporous silica nanoparticles (MSNs) comprise a matrix of 
amorphous silica (silicon dioxide) with high loading capacity that have 
been extensively explored, among other drugs, for siRNA delivery in 
vitro and in vivo. Their unique silica matrix structure includes organized 
pores, thus providing large pore volumes and surface areas with the 
possibility of varying pore sizes. This allows for efficient drug internal
ization, and in combination with a wide variety of chemical and physical 
modifications affects physicochemical and biological nanoparticle 
properties, including pharmacokinetics and cell uptake [163]. For 
example, hybrids of porous silicon nanoparticles and lipids demon
strated the ability to bind siRNA for delivery to corneal cells both in vitro 
and, upon topical application to mouse eyes, in vivo [154]. This is thus 
another example of using combinations of different components for 
generating nanoparticles with defined properties for RNA delivery.

4. Outlook

RNA therapeutics have eventually started to make their way into the 
clinic, with some siRNAs for gene knockdown as well as mRNAs for 
immunization been approved now [26]. Still, RNA delivery is a major 
hurdle and the issues associated with getting RNAs to their desired site 
of action are only partially solved. This is particularly true when aiming 
at target organs other than the liver (e.g., solid tumors) and pursuing 
systemic rather than local administration. Still, many promising 
non-viral systems exist and are further developed [3,118–123]. How
ever, the further increase of the portfolio of available RNAs and mech
anisms of action seen more recently is also associated with novel 
challenges for RNA delivery, since different RNAs will require different 
nanocarrier systems. Notably, new therapeutic strategies may also cover 
combinations of different types of RNAs with different properties as well 
as the requirement of suitable time kinetics and perhaps different 

subcellular localization (e.g., sgRNA and mRNA for gene editing 
[108–110]). Their simultaneous delivery in one formulation requires 
even more sophisticated nanocarriers [112,113]. The same applies to 
the combination RNA + small molecule drug, which is for example 
explored for the combined siRNA + cytostatic drug treatment (see e.g. 
Refs. [164,165]), with the siRNA designed for either increasing tumor 
cell sensitivity, enhancing apoptosis or inhibiting drug efflux e.g. by 
mediating p-glycoprotein knockdown.

Beyond the development of potentially suitable systems, their 
rigorous testing also requires powerful models sufficiently mimicking 
inter- and intracellular heterogeneity as well as the parallel roles of, and 
action on, different cell types (see e.g. Ref. [166]). In the case of solid 
tumors, these models also help in defining how much delivery efficacy is 
needed, i.e., how many RNA molecules need to be delivered and how 
many cells need to be reached for sufficient anti-tumor effects. As in the 
case of other drugs, this also involves considerations regarding effects of 
repetitive treatment and optimal dosing regimens, drug tissue penetra
tion and molecular efficacy on a given target cell which may be 
dependent for example on its proliferative state (i.e., many drugs are less 
efficacious in resting cells or may not readily reach targets in hypoxic 
regions). On the other hand, using for example siRNAs instead of small 
molecule inhibitors also allows for higher flexibility with regard to 
implementing changes in the treatment regime over time, since it will be 
easier to combine several different siRNAs in a given nanocarrier 
formulation or to switch to another siRNA for knockdown upon onset of 
a secondary resistance. Still, this freedom to choose any siRNA drug also 
highlights the necessity to stringently define what the right target is, 
bearing in mind that it may well be preferential to go for a combination 
of targets. Since many RNA drugs like siRNAs act on the transcript level, 
targets may also include ncRNAs and the non-coding genome [167]. 
Thus, the expansion of the portfolio of RNA therapeutics in oncology, as 
described in the present review, provides ample evidence that RNA 
molecules should be considered as drugs, and not only as drug targets.

In the past years, the use of mRNA for achieving a gain-of-function (i. 
e., expression of a certain protein or peptide) has been introduced 
especially for vaccination [134]. However, after having successfully 
addressed technical hurdles related to mRNA use, this strategy is now 
also explored for therapeutic strategies other than vaccination and can 
be anticipated to contribute to the drug and treatment portfolio in 
oncology [135,168].

Other emerging technologies now include gene editing approaches, 
thus targeting DNA rather than RNA [102–105]. Again, however, they 
rely on at least one RNA molecule. By altering the genome they can be 
expected to more profoundly interfere with the function of a (tumor) 
cell, potentially leading to improved therapeutic efficacies. However, by 
interfering with the genomic DNA, safety issues need to be considered as 
well.

Beyond therapeutic in vivo application, RNA-based strategies may 
also be of relevance in cell-based therapies. CAR-T cells have already 
progressed into the clinic [169]. While their generation relies on viral 
strategies so far, this comes with several disadvantages including safety 
issues and complicated processes of CAR-T cell preparation, making 
these cell therapies almost prohibitively expensive and probably not 
accessible to a broader range of patients. Since a considerable share of 
these costs is due to the costly generation of the viral vectors for cell 
manipulation, a switch to non-viral systems may be of substantial help 
for process streamlining and cost reduction. Even more in the case of 
these hard-to-transfect cells, however, this will rely on sufficiently effi
cient non-viral systems. If implemented, however, this would even more 
lead to the combination of (DNA- or RNA-based) gene and cell therapy. 
Beyond the ex vivo manipulation of the immune cells, this could also 
progress towards the in vivo administration and manipulation of target 
cells. This highlights that cell and gene therapies (including RNA-based 
therapies) go well hand-in-hand.
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E. Wagner, U. Lächelt, Delivery of Cas9/sgRNA ribonucleoprotein complexes via 
Hydroxystearyl Oligoamino amides, Bioconjug. Chem. 31 (2020) 729–742, 
https://doi.org/10.1021/acs.bioconjchem.9b00853.

[108] A. Raguram, S. Banskota, D.R. Liu, Therapeutic in vivo delivery of gene editing 
agents, Cell 185 (2022) 2806–2827, https://doi.org/10.1016/j.cell.2022.03.045.

[109] Q. Cheng, T. Wei, L. Farbiak, L.T. Johnson, S.A. Dilliard, D.J. Siegwart, Selective 
organ targeting (SORT) nanoparticles for tissue-specific mRNA delivery and 
CRISPR-Cas gene editing, Nat. Nanotechnol. 15 (2020) 313–320, https://doi.org/ 
10.1038/s41565-020-0669-6.

[110] D. Rosenblum, A. Gutkin, R. Kedmi, S. Ramishetti, N. Veiga, A.M. Jacobi, M. 
S. Schubert, D. Friedmann-Morvinski, Z.R. Cohen, M.A. Behlke, J. Lieberman, 
D. Peer, CRISPR-Cas9 genome editing using targeted lipid nanoparticles for 
cancer therapy, Sci. Adv. 6 (2020), https://doi.org/10.1126/sciadv.abc9450.

[111] Z. Song, Y. Tao, Y. Liu, J. Li, Advances in delivery systems for CRISPR/Cas- 
mediated cancer treatment: a focus on viral vectors and extracellular vesicles, 
Front. Immunol. 15 (2024), https://doi.org/10.3389/fimmu.2024.1444437, 
2024.

[112] A. Biagioni, A. Laurenzana, F. Margheri, A. Chillà, G. Fibbi, M. Del Rosso, 
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