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Abstract
Since the first market authorization of RNA therapies, just eight years ago, the field has witnessed an extraordinary expan-
sion, ranging from hepatic delivery for rare genetic diseases to global-scale vaccination during the COVID-19 pandemic, 
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and now to cutting-edge cancer vaccines and gene editing strategies entering late-stage clinical trials. In parallel, the RNA 
therapeutics landscape has evolved rapidly, progressing from small interfering RNAs to next-generation and combinatorial 
RNA modalities. None of these breakthroughs would have been possible without the development of sophisticated RNA 
delivery technologies capable of navigating complex biological environments, enabling precise cellular targeting, and facili-
tating efficient intracellular trafficking. In this Editorial Note, we take a step back to reflect on key lessons learned throughout 
the RNA delivery journey. Featuring insights from leading and experienced voices in the field, this manuscript highlights 
critical milestones, persistent challenges, and the roles of lipid nanoparticles (LNPs) and polymer nanoparticles (PNPs) as 
RNA delivery platforms. These experts reflect on the features that have positioned LNPs as the current RNA delivery gold 
standard, while also exploring the untapped potential and distinctive advantages of polymer-based nanosystems. Collectively, 
these perspectives underscore a striking truth: we are only beginning to unlock the full therapeutic potential of RNA, and 
nanomedicine will certainly continue to shape the future clinical translation of RNA-based therapies.

Keywords  Nanomedicine · Genetics · Clinical translation · Extrahepatic delivery · Manufacturing scalability · Regulatory 
readiness

Introduction

The field of RNA delivery has witnessed remarkable pro-
gress over the past decade, with nanomedicine emerging as 
a key enabler in bringing these therapies to the clinic. This 
is because, for RNA-based gene therapies to be effective, 
therapeutic RNA must reach the intracellular milieu of target 
cells while avoiding off-target toxicity. However, due to their 
inherently high molecular weight and anionic nature, RNAs 
cannot readily traverse the cell membrane and typically 
require a delivery system [1, 2]. A longstanding dilemma in 
the field focuses on the advantages and limitations of lipid 
nanoparticles (LNPs) and polymeric nanoparticles (PNPs) as 
the most suitable non-viral delivery systems for this purpose.

LNPs are currently the most established RNA delivery 
platform, largely due to their central role in the develop-
ment of COVID-19 vaccines and their expanding use in a 
wide range of diseases. Their impact builds on decades of 
research, as highlighted in a recent review by Pieter Cul-
lis and Philip Felgner, two pioneers in lipid-based nucleic 
acid delivery, who summarized the historical contributions 
of LNPs over the past six decades [3]. Philip Felgner is also 
widely recognized for his discovery of Lipofectamine, one of 
the earliest and most influential synthetic lipid formulations 
for transfection, which paved the way for many of today’s 
delivery technologies [4]. LNPs emerged from foundational 
work on liposomes, a concept introduced by Bangham et al. 
in 1965 [5], and subsequent refinements established the 
four-component architecture of modern LNPs: ionizable 
amino lipids, helper lipids (e.g., phospholipids and zwitte-
rionic lipids), sterols, and polyethylene glycol (PEG) lipids. 
A major advancement came with the addition of ionizable 
lipids, which transformed their delivery potential, leading to 
potency increases of up to 1,000-fold compared with earlier 
lipid systems [6]. Ionizable lipids are key to the function 

of LNPs in delivering RNA into cells: while uncharged in 
neutral environments, their positively chargeable head deter-
mines the LNP pKa, enabling both nucleic acid encapsula-
tion and interaction with anionic endosomal membranes [7]. 
Together with Pieter Cullis, whose work laid the foundation 
for clinically approved LNP systems, Robert Langer and 
Daniel Anderson are widely regarded as leaders at the fore-
front of lipid-based drug delivery [8–11]. With decades of 
pioneering work behind them, they have recently advanced 
the field further by applying machine learning to accelerate 
the discovery of new ionizable lipids [12].

In addition to LNPs, less attention has been paid to differ-
ent types of polymers that can be used to formulate PNPs for 
RNA delivery [13–16]. Like ionizable lipids, many polymers 
used in PNP formulations carry a positive charge, allow-
ing them to interact with and compact negatively charged 
RNA into stable particles. These polymers often feature 
a mix of primary, secondary and tertiary amine groups, 
which can enhance cellular uptake and promote release from 
endosomes. However, their overall positive surface charge 
tends to attract negatively charged serum proteins, which 
can compromise physiological stability. Among polymer-
based nanosystems, polyethyleneimine (PEI) has long been 
the most widely studied, though its high cytotoxicity has 
prompted the search for safer alternatives [17–20]. Thanks to 
their chemical versatility, polymers offer a promising deliv-
ery platform beyond the liver, with the potential to be tai-
lored for a wide range of therapeutic needs. Ongoing efforts 
to design new polymer structures that meet the specific phys-
icochemical demands of RNA delivery are likely to expand 
the toolkit available for future gene therapies.

As RNA therapeutics evolve toward increasingly com-
plex applications, such as the co-delivery of large and 
small RNAs or even combinations of RNA and DNA, 
there is growing interest in pushing the limits of current 
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nanoparticle (NP) platforms. Efforts are focused on fine-
tuning the ratios and chemistries of lipid components or 
adjusting polymer backbones or side chains to create for-
mulations that can better handle this diversity. At the same 
time, not every therapeutic need fits comfortably within 
the LNP framework. Certain applications demand features 
like nuclear transport, tunable targeting, prolonged release 
features or improved stability, and these are areas where 
lipid systems still face limitations. Polymers, with their 
vast chemical flexibility and unique ability to condense 
RNA via multivalent interactions, remain compelling 
candidates to fill these gaps. Though they are earlier in 
their clinical development, PNPs may offer the potential 
for controlled release formulations, enhanced stability 
and broader targeting capabilities. However, realizing this 
promise requires continued advances in materials science 
and mechanistic understanding, delivery strategies, safety, 
and standardization.

These evolving challenges and opportunities will be 
explored in depth through the expert perspectives featured 
in this article. This article includes perspectives from Pro-
fessors Michael Mitchell, Dan Peer, Yvonne Perrie, Daniel 
Siegwart, and María José Alonso, world-leading experts in 
the field of RNA delivery.

Michael Mitchell is Associate Professor in the Depart-
ment of Bioengineering at the University of Pennsylvania 
as well as the Leader of the Lipid Nanoparticle Delivery 
Systems Group and the Director of the Lipid Nanoparticle 
Synthesis Core, both located at the Penn Institute for RNA 
Innovation. At the interface of biomaterials science, drug 
delivery and cellular and molecular bioengineering, the 
Mitchell lab focuses on the synthesis of novel biomaterials 
and NPs for the delivery of nucleic acids (siRNA, miRNA, 
mRNA, CRISPR-Cas9) for cancer therapy; engineering of 
immune cells for immunotherapy and vaccines; investigating 
the influence of biomaterial chemical structure on in vivo 
transport to target cells and tissues; and novel drug deliv-
ery technologies for tissue engineering and regenerative 
medicine.

Dan Peer is Professor of Nanomedicine and Immunology 
at Tel Aviv University and the director of the Laboratory 
of Precision NanoMedicine at the same University. He is 
also the Founder and Managing Director of the SPARK Tel 
Aviv Center for Translational Medicine and has been elected 
member of the Israel Young Academy, US National Acad-
emy of Engineering and Fellow of the US National Academy 
of Inventors and the Controlled Release Society (CRS). The 
Peer lab works at the interface of materials science, chem-
istry, molecular biology, and immunology, to discover and 
validate novel therapeutic targets at the molecular level, and 
to develop specific genetic medicines for therapeutics and 
disease management. His lab pioneered work in developing 
cell-type specific delivery strategies of novel RNA and DNA 

molecular medicines, and novel genome editing strategies. 
In addition, the lab has generated a very large library of 
structurally unique lipids, some of which have been tested 
clinically as carriers for different types of RNAs as novel 
vaccines and therapeutics.

Yvonne Perrie is Professor and the Chair in Drug Deliv-
ery within Strathclyde Institute for Pharmacy and Biomedi-
cal Sciences at the University of Strathclyde. She is also 
a Fellow of the Society of Biology, a Fellow of the Royal 
Society of Chemistry, the Royal Pharmaceutical Society 
and an Eminent Fellow of the Academy of Pharmaceuti-
cal Sciences. Moreover, she has been president of CRS and 
a Member of the Order of the British Empire for services 
to pharmaceutical innovation and regulation. The Perrie 
Lab focuses on the design, formulation, and manufacture 
of nanomedicines, developing practical solutions to address 
current healthcare challenges.

Daniel J. Siegwart is Professor in the Department of 
Biomedical Engineering, Department of Biochemistry, and 
the Simmons Comprehensive Cancer Center at the Univer-
sity of Texas Southwestern Medical Center. He holds the 
W. Ray Wallace Distinguished Chair in Molecular Oncol-
ogy Research and serves as the Director of the Program in 
Genetic Drug Engineering and Director of the Drug Deliv-
ery Program in Biomedical Engineering. The Siegwart lab 
uses a materials chemistry approach to enable targeted NP 
delivery of genomic medicines. Notably, his lab has been 
at the forefront in the design of synthetic carriers for gene 
editing and has applied these technologies for correction of 
genetic diseases and treatment of cancer.

María José Alonso is Full Professor at the University of 
Santiago de Compostela and a fellow of the American Insti-
tute for Medical and Biological Engineering and of the CRS. 
She was also president of the CRS (2018–2020) and a mem-
ber of three Academies in Spain, the US National Academy 
of Medicine, the Royal Academy of Medicine of Belgium, 
and the Academy of Pharmacy and Biochemistry of Argen-
tina. María José Alonso’s lab has pioneered the design and 
development of novel nanostructures based on biopolymers 
intended to the targeted delivery of drugs, notably biologi-
cal drugs. More specifically, in the field of vaccination, her 
lab has collaborated in the development of needle-free vac-
cination strategies for several vaccines, including a series of 
mRNA nasal vaccines.

The RNA delivery milestone journey

The exceptional efficacy of LNPs in RNA delivery builds 
upon a decades-long foundation in liposome research, rep-
resenting a major refinement of early phospholipid vesicle 
systems that were originally explored for polynucleotide 
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transport. Yet the field's true turning point arrived in 2018 
when the U.S. Food and Drug Administration (FDA) 
approved Onpattro, developed by Alnylam Pharmaceuticals, 
as the first ever siRNA therapy to treat hereditary transthyre-
tin-mediated (hATTR) amyloidosis, setting LNPs as safe and 
effective nanocarriers to deliver RNA therapies to the liver 
[21, 22]. All interviewees unanimously identified Onpattro 
as the first major milestone in RNA therapeutics, which not 
only proved that RNA delivery following intravenous admin-
istration was possible in humans, but also catalyzed a wave 
of development in versatile LNP systems capable of safely 
delivering other types of nucleic acid therapeutics. Siegwart 
emphasized that Onpattro represented a watershed moment, 
not just for its therapeutic impact but also for the mechanistic 
insights it provided into NP biodistribution, endosomal inter-
actions, and intracellular trafficking that shaped development 
of subsequent delivery strategies.

Alonso added that the next transformative moment fol-
lowed in 2019 with the approval of Givlaari (Alnylam Phar-
maceuticals), the first N-acetylgalactosamine (GalNAc)-
siRNA conjugate to reach the clinic, specifically for the 
treatment of acute hepatic porphyria [23]. By exploiting 
the asialoglycoprotein receptor, which is found almost 
exclusively on hepatocytes, Givlaari marked a distinct shift 
toward polymer-based RNA delivery, although still focused 
on the liver. The main differences between Onpattro’s LNPs 
and GalNAc conjugates are GalNAc’s precise liver target-
ing, less invasive subcutaneous administration, streamlined 
manufacturing and improved safety profile [24]. Following 
Givlaari, three additional GalNAc–siRNA therapies were 
approved, namely Oxlumo (Alnylam Pharmaceuticals, 2020) 
for primary hyperoxaluria type 1, Leqvio (Novartis, 2021) 
for primary hypercholesterolemia or mixed dyslipidemia, 
and Amvuttra (Alnylam Pharmaceuticals, 2022) for hATTR 
amyloidosis. While numerous other polymer platforms have 
shown promise in research, GalNAc conjugates remain the 
only polymeric RNA platform to achieve regulatory approval 
to date.

The field accelerated dramatically during the COVID-19 
pandemic, with the global deployment of mRNA vaccines 
from Moderna (Spikevax) and BioNTech/Pfizer (Comir-
naty) in 2020–2021 [25, 26]. This event, widely cited by all 
interviewees as another major milestone, expanded RNA 
delivery from rare diseases to population-scale immuniza-
tion. Mitchell noted that while siRNA had already reached 
the clinic for specialized indications, the pandemic brought 
RNA nanomedicine to the forefront of biomedical innova-
tion, shifting much of the field’s research energy towards 
LNPs and mRNA. The impact of this milestone continues 
to unfold, with the field now exploring new respiratory 
vaccines beyond the pandemic context. Perrie pointed to 
the FDA approval of Moderna’s respiratory syncytial virus 
(RSV) vaccine, mRESVIA (2024), making it their second 

mRNA vaccine, using the exact same LNP formulation 
as for the COVID-19 mRNA vaccine. This formulation is 
also used in Moderna’s next-generation COVID-19 vac-
cine, mNEXSPIKE, approved in 2025, and differing from 
Spikevax by delivering a one-fifth dose with a refined spike 
protein target, along with improved refrigerator stability for 
easier distribution [27].

However, the critical momentum in RNA delivery has 
prompted the entrance into clinical trials of RNA therapies 
beyond infectious diseases. New mRNA cancer vaccines are 
being developed, including V940 (Merck/Moderna) for mel-
anoma in the phase III INTerpath-001 trial (NCT05933577) 
[28, 29], and for non-small cell lung cancer in the phase III 
INTerpath-002 and INTerpath-009 trials (NCT06077760 
and NCT06623422, respectively) [30, 31]. Genome edi-
tors combining mRNA with a guide RNA (gRNA) are also 
entering trials, such as NTLA-2001 (Intellia Therapeutics, 
CRISPR-Cas9) for transthyretin amyloidosis with cardiomy-
opathy in the phase III MAGNITUDE trial (NCT06128629) 
[32, 33] and for transthyretin amyloidosis with polyneuropa-
thy in the phase III MAGNITUDE-2 trial (NCT06672237) 
[34]. Verve Therapeutics advanced the first clinical in vivo 
base-editing program with VERVE-101 (phase I, Heart-1 
trial, NCT05398029), which provided early proof-of-con-
cept but was subsequently discontinued due to safety issues. 
The company has now moved on to the next-generation 
VERVE-102 (developed with Lilly, phase I, Heart-2 trial, 
NCT06164730), which uses actively targeted GalNAc-con-
jugated LNPs to deliver adenine base-editing components 
for heterozygous familial hypercholesterolemia or premature 
coronary artery disease. Circular RNA delivery is also being 
explored in clinical trials. Peer highlighted this shift in pay-
load as both scientifically and clinically significant, pointing 
to recent clinical dosing in March 2025 by RiboX Thera-
peutics, his affiliated company, as the first in-human admin-
istration of a circular RNA LNP therapeutic (RXRG001), 
specifically developed for radiation-induced xerostomia-1 
(NCT06714253, phase I/IIa) [35]. This development not 
only introduces a new class of RNA with enhanced stability 
and translational durability but also illustrates the expanding 
versatility of LNP delivery platforms.

The most recent milestone highlights a key advancement 
in actively targeted LNP-mediated mRNA delivery for 
in vivo engineering of CAR T cells [36–39], dosed in May 
2025 in Australia by Capstan Therapeutics (NCT06917742, 
phase I). This in vivo CAR T approach integrates an anti-
CD8 antibody fragment on the LNP surface for specific 
T cell targeting (CPTX2309), signaling a new era where 
mRNA can enable cellular reprogramming directly inside 
the patient without the need for ex vivo manipulation. This 
marks the beginning of a new class of targeted non-viral cell 
therapies, expected to rapidly diversify in the coming years. 
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Figure 1 summarizes the major milestones in the lipid versus 
polymer RNA delivery journey.

The interviewees see the past decade of RNA delivery 
progress as a landmark era in the evolution of biomedi-
cal science. Looking back on their yearlong careers, they 
consider this era the most impactful they have experienced, 
highlighting the significant shift it has brought to how 
clinical scenarios are addressed through nucleic acid-based 
approaches.

What makes lipid nanoparticles the go‑to 
RNA carriers?

All interviewees agreed that the dominance of LNPs 
over PNPs for RNA delivery is not the result of a sin-
gle breakthrough, but rather the outcome of decades of 
accumulated research, favorable physical and regulatory 
properties, rapid manufacturing scalability and broad com-
munity engagement. While alternative types of NPs still 
hold potential, including PNPs, LNPs have clearly moved 
ahead in clinical translation, particularly following their 
success in delivering mRNA during the COVID-19 pan-
demic [40, 41].

Mitchell discussed how the modular nature of LNPs 
contributes to their adaptability [40, 42]. When switching 
between different RNA cargos, the molar ratios of the LNP 

components can be adjusted rather than redesigning the 
entire NP. This flexibility simplifies the development pipe-
line and reduces the need for new material synthesis. In 
contrast, with polymers, such changes frequently require 
the creation of entirely new polymer structures, which 
introduces additional complexities in synthesis, optimi-
zation and characterization. In Mitchell’s opinion, LNP 
modularity was one of the key reasons the field was able 
to quickly transition from the formulation of Onpattro to 
the formulations used for COVID-19 vaccines. Moreover, 
challenges in terms of entrapment efficiency and chemical 
variability were pointed out by Peer as obstacles for the 
translation of PNPs. Each polymer may require a different 
formulation strategy, and the field lacks the robust analyti-
cal frameworks and regulatory confidence that lipids cur-
rently enjoy. While Peer acknowledged that the potential 
of polymers remains significant, especially in non-hepatic 
or specialized delivery applications, he believes that poly-
mers are inherently more complex and require more time 
to mature as a clinical platform. A balanced view was pro-
vided by Perrie, noting that her team has compared LNPs 
and PNPs for RNA delivery and found that both systems 
offer distinct advantages and disadvantages depending on 
the context [43, 44]. Perrie emphasized that both systems 
hold considerable potential, particularly as a broader range 
of materials and formulations are explored and optimized 
through further research.

2019 2020 2021 2022 2023 20242018

First siRNA 
LNP therapy

First GalNAc
siRNA therapy

First mRNA LNP vaccines 
for infectious diseases

RNA LNP
genome editing
(CRISPR-Cas9)

(phase III)

2025

Circular RNA 
LNP therapies

(phase I/IIa)

NTLA-2001

RXRG001

mRNA LNP
cancer vaccines

(phase III)

V940

Actively targeted 
mRNA LNP

CAR-T cell therapies
(phase I)

CPTX2309

VERVE-102
RNA GalNAc-LNP
genome editing
(base editing)

(phase I)

Fig. 1   Major milestones according to interviewees in the lipid (yel-
low boxes) versus polymer (blue box) RNA delivery journey: from 
approved siRNA and mRNA therapies to clinical trials of can-
cer vaccines, genome editing, circular RNA, and actively targeted 

approaches. Boxes with solid outlines represent systems that have 
received regulatory approval, whereas boxes with dashed outlines 
represent systems that have entered clinical trials
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In terms of scalability, Siegwart recalled that in the late  
2010 s, there was significant skepticism from venture capital-
ists and industry leaders about whether LNPs could ever be 
produced at scale, which was seen as a manufacturing hurdle. 
However, the global rollout of COVID-19 mRNA vaccines 
disproved these doubts—over six billion doses of LNP-based 
vaccines were produced and shipped to more than 180 coun-
tries. Siegwart attributed this breakthrough to the relative sim-
plicity of the production process, namely the ethanol dilution 
method and the use of pumps and T-mixers, which enable con-
tinuous flow manufacturing [40]. The “very clean” and “rela-
tively easy” production process, as Alonso noted based on 
discussions at Bill & Melinda Gates Foundation meetings, has 
led some African and Asian countries to establish their own 
RNA vaccine manufacturing facilities, reducing reliance on 
foreign supply and helping control costs. Delving deeper into 
this idea, Perrie emphasized a key lesson from the pandemic: 
the critical importance of local manufacturing in preventing 
supply chain strain. Industrial scalability has now become rou-
tine, and the fundamental challenge of large-scale production 
has clearly been overcome, while such large-scale processes 
are not yet optimized and validated for PNPs.

Another important factor contributing to the rise of LNPs 
is the sheer scale of global participation in their development. 
Alonso observed that nowadays “millions of people” are work-
ing with LNPs, and this popularity is partly due to the LNP 
protocols. The widespread use of LNPs feeds back into their 
success, as more researchers adopt, test and refine these sys-
tems, creating a virtuous cycle of optimization and application.

Peer emphasized that regulatory agencies are already 
familiar with lipid systems. This familiarity translates into a 
regulatory advantage, since these agencies know what safety, 
efficacy, and chemistry, manufacturing and controls (CMC) 
data to expect, and standard analytical tools already exist for 
assessing LNP quality and stability. These standardizations 
are not inherently easier for lipids, but they benefit from 
many more years of accumulated experience and optimiza-
tion, which is not yet the case for polymers. Alonso added 
that, many polymers, while promising, have not yet reached 
clinical trials, and concerns about their toxicity remain unre-
solved. This places polymers at a disadvantage, at least in 
the short term, when compared to the clinically validated 
profile of LNPs.

The key characteristics that make LNPs the go-to RNA 
carriers over PNPs are summarized in Fig. 2.

Mind the polymer landscape: LNPs are 
not one‑size‑fits‑all

Despite the dominance of LNPs in RNA delivery and the 
momentum they have gained in clinical translation, with 
over 200 clinical trials currently underway, all interviewees 

believe this does not mark the end for polymer-based deliv-
ery systems. Instead, polymers may find their niche in appli-
cations where LNPs are less suitable, thus offering unique 
advantages. The future of nucleic acid delivery will likely 
not be dictated by a single platform but by a diversified 
toolkit that includes both LNPs and PNPs, and even other 
material types, depending on the therapeutic goal and deliv-
ery context. The challenge is not that PNPs are inferior to 
LNPs, but rather that they probably require more time, opti-
mization and strategic alignment with the right therapeutic 
indications.

One of the major limitations of LNPs is their inability 
to provide prolonged release, as Peer underscored. LNPs 
are inherently burst-release systems: once inside the cell, 
they rapidly discharge their payloads, which is suitable 
for some applications like vaccines or short-term gene 
silencing but might be suboptimal for long-term thera-
pies. Moreover, while both LNPs and PNPs must pass 
through the endosomal compartment, the degradation 
kinetics of polymers can be precisely tuned to enable 
stimulus-responsive RNA release, regulate endosomal 
escape, and ultimately control when and how the RNA 
becomes available in the cytosol [45].

Toxicity remains one of the most pressing concerns for 
LNP-based systems. Ionizable lipids, the functional core of 
most LNPs, are not inert, as Peer pointed out. They can be 
immunogenic, inflammatory and potentially toxic, particu-
larly to the liver and kidneys. Peer’s team has shown that 
LNPs can trigger innate and adaptive immune responses, 
for example, through the amine headgroups of ionizable 
lipids, which interact with toll-like receptors such as TLR4, 
triggering inflammatory signaling cascades [46–51]. Mitch-
ell added that LNPs commonly elevate systemic levels of 
inflammatory cytokines, namely IL-6 and TNF-α [52–55]. 
Thus, avenues are open in the field of polymer chemistry to 
design new NP matrices with fewer reactive groups, incor-
porate biodegradable motifs, and finely tune the balance 
between efficacy and toxicity, ultimately offering a more 
favorable safety profile. In Alonso’s view, the key to reduc-
ing toxicity lies in minimizing the amount of cationic mate-
rial in the formulation, whether it is a lipid or a polymer. To 
reduce potential LNP toxicity and enable safe delivery of 
therapeutic RNAs to diseased tissues, Siegwart’s team has 
engineered extensive dendrimer-like lipid libraries, lever-
aging the systematic integration of ester-based degradable 
motifs with chemically diverse cores, peripheries and gen-
erations [56–59]. In an alternative strategy, Mitchell's team 
has utilized chemical evolution to progressively optimize the 
structure of ionizable lipids through combinatorial chem-
istry, improving their biocompatibility by increasing their 
biodegradability [60]. Peer has addressed biocompatibility 
through the design of ionizable lipids with different biode-
gradable linkers [61]. More on the polymer side, Alonso 
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has proposed polymer enveloping systems as biocompatible 
and non-immunogenic nanocarriers, and even as coating lay-
ers for lipid-based NPs, such as by using hyaluronic acid, 
polyglutamic acid, polyarginine and chitosan [62–64]. Peer 
collaborated in the development of PNPs based on PEI, chi-
tosan or dextran-diaminobutane paired with a macrophage-
targeted anionic polysaccharide for siRNA delivery [65].

LNPs typically contain a PEG lipid to stabilize the NP 
and control circulation time. However, the interviewees 
flagged that repeated exposure to PEGylated compounds can 
lead to the formation of anti-PEG antibodies, as reported 
since the early  2000 s [66–68]. These antibodies may reduce 
efficacy over time and complicate redosing, especially in 
lifelong therapies [69]. Although the interviewees relativ-
ized the regulatory risk posed by anti-PEG antibodies, point-
ing to PEG’s long history of use such as in cosmetics, they 
acknowledged that their existence is well documented [70]. 
Siegwart referred to recent studies showing that patients 
receiving repeated Moderna or BioNTech/Pfizer LNP 
doses developed measurable levels of anti-PEG antibodies 
[71, 72], though the immune system appeared to tolerize 
after some time [73]. As emphasized by both Siegwart and 

Mitchell, this issue opens the door for polymer chemists 
to substitute PEG with alternative hydrophilic polymers, 
namely poly(oxazoline), zwitterionic polymers or other PEG 
mimetics. For instance, Peer has exploited the use of poly-
sarcosine [74], while Siegwart has recently proposed a new 
class of brush-shaped polymer lipids that reduce anti-PEG 
antibody binding [75]. The area of redesigning the stealth 
component of RNA NPs represents a major opportunity to 
enhance tolerability and performance.

The inherent immunogenicity of LNPs, while acceptable 
and even advantageous for single-dose vaccine settings, is 
far less tolerable for chronic therapies. To manage inflamma-
tion, patients in the APOLLO trial were immunosuppressed 
with dexamethasone prior to administration of Onpattro 
[76]. Mitchell explained that, for conditions like cancer and 
protein replacement therapies, requiring monthly or more 
frequent administrations, this level of inflammation is unsus-
tainable and immunosuppression could be counterproduc-
tive. Therefore, it is crucial to develop delivery vehicles that 
are less inflammatory and more redosable. Ideally, delivery 
platforms should be “immune silent”, triggering minimal 
systemic response even with repeated dosing.

Fig. 2   Key characteristics that make LNPs the go-to RNA carriers over PNPs: modularity, scalability, regulatory familiarity and optimized road-
maps for clinical translation
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LNPs typically release their cargo into the cytoplasm, 
which is well suited for mRNA therapies and cytosolic gene 
editing. However, this mechanism may be less effective for 
strategies that require nuclear delivery of more complex 
payloads, such as in genome insertion therapies, as noted 
by Siegwart. Although Alonso cautiously noted that we are 
not yet far enough to identify a clear therapeutic scenario 
in which PNPs might outperform LNPs as RNA delivery 
systems, polymers, by contrast, could potentially be engi-
neered to enhance nuclear uptake, coordinate the delivery 
of multiple components into distinct intracellular compart-
ments or even improve transfection efficiency per unit mass 
of payload.

PNPs generally offer greater design flexibility compared 
to LNPs, particularly in minimizing the number of compo-
nents required, as both Perrie and Mitchell noted. Develop-
ing polymer-based systems that can function as single-com-
ponent NPs [77] could simplify large-scale manufacturing 
and reduce costs for certain applications. For example, 
polyion complex (PIC) micelles are self-assembling amphi-
philic polymeric nanostructures that have been explored for 
siRNA delivery [78, 79]. They are formed by the electro-
static interaction between a negatively charged siRNA and 
a positively charged polymer segment, which is linked to a 
neutral, hydrophilic polymer like PEG [80]. This creates a 
core–shell structure with the RNA-polymer complex in the 
core and a PEG shell on the outside.

Perrie added that polymers also have advantages in stor-
age and stability. Many polymeric systems can be formulated 
as dry powders with longer shelf lives, unlike LNPs, which 
typically require cold-chain logistics. Lyophilization can be 
accomplished by the addition of lyoprotectants, which has 
been exploited by Moderna for its phase III mRNA LNP 
vaccine against cytomegalovirus (NCT05085366) [42, 81]. 
Perrie emphasized that, although lyophilization of LNPs is 
possible and has been studied, it is costly and has yet to be 
adopted at commercial scale.

Figure 3 summarizes the major opportunities for the 
future applicability of PNPs in RNA delivery.

Current considerations and challenges 
for translation

Translating NP systems from the lab to the clinic requires 
addressing a range of interrelated scientific, technical and 
regulatory challenges.

Targetability beyond the liver

While current LNP formulations primarily accumulate in 
the liver after IV administration, a range of new strategies is 
being developed to redirect NPs toward extrahepatic targets. 

As noted by Perrie, expanding LNP applications beyond the 
liver will depend heavily on our ability to guide these par-
ticles to specific tissues or cell types. Among NP targeting 
mechanisms, active and endogenous targeting have been the 
focus of numerous studies as the most promising approaches 
[82].

Active targeting involves the surface modification of 
NPs with ligands that strategically bind to specific recep-
tors on target cells [83]. However, controversial meta-anal-
ysis of 57 data sets revealed a delivery efficiency to the 
intended tissue of only 0.9% [84]. Mitchell’s team recently 
proposed modifying the surface of mRNA LNPs with 
moieties such as folate to improve tumor retention [85], 
peptides to provide brain targeting [86], and antibody or 
antibody fragments to target pan-T cell markers [87]. Peer 
work has focused on mRNA LNP surface modification 
with antibodies against receptor tyrosine kinases, CD38 
and PD-L1 for tumor targeting [88–92], as well as against 
specific α4β7 integrin conformations [93] and Ly6C [94] 
for leukocyte targeting. Alonso’s team has exploited the 
surface functionalization of LNPs with the Lyp1 truncated 
peptide for tumor active targeting [95]. In a recent study 
supported by Biogen, brain-targeted mRNA LNPs were 
developed based on the modification of ionizable lipids 
with a variety of small molecules known for their ability 
to penetrate the blood–brain barrier (BBB) [96]. Perrie 
recalled that, despite over 50 years of research into active 
targeting using NPs, no actively targeted NP drug has yet 
been approved for clinical use. One reason is the complex-
ity introduced by the protein corona, which is a layer of 
plasma proteins that forms around NPs upon entry into the 
bloodstream, one of the main focuses of Alonso’s research 
[15, 97–102]. The protein corona remains a major barrier 
to reliable active targeting, and addressing this challenge 
requires a detailed understanding of its composition and 
formation dynamics – tools and protocols for isolation and 
characterization of the protein corona have been developed 
[103–107]. Importantly, substancial inter-species differ-
ences in plasma protein composition mean that coronas 
formed in rodent or other animal models may differ sig-
nificantly from those formed in human blood. For this rea-
son, characterizing the human-specific protein corona is 
essential for accurately predicting NP behavior in patients 
and improving translational relevance. Despite the transla-
tional gap, Peer expects advances in active targeting strate-
gies in the near future, especially given the recent launch 
of clinical trials by Capstan Therapeutics using their CD8-
targeted LNP technology for mRNA delivery to enable in 
vivo engineering of CAR T cells [36–39, 108]. According 
to Peer, it may be beneficial to use antibodies or antibody 
fragments as targeting ligands due to their well-established 
safety profiles and proven conjugation chemistries, which 
can help facilitate translational applications.
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Endogenous targeting leverages the natural association 
between NPs and plasma proteins in the bloodstream. Once 
formed, the protein corona can serve as an "endogenous 
identity", guiding NPs to specific cells via receptor-mediated 
mechanisms. Siegwart's team has contributed extensively to 
this area. In the polymer field, they started by screening hun-
dreds of polyester variants and identified polyplex formula-
tions capable of selectively delivering siRNA to tumor cells 
[109, 110]. Due to the unpredictability of polymer-protein 
corona interactions and the challenge of identifying broadly 
effective polyplexes outside of high-throughput screening, 
the team shifted focus to classical LNPs. In the lipid field, 
the development of Selective Organ Targeting (SORT) RNA 
LNPs has been particularly impactful [58, 59, 111–122]. 
Siegwart’s team introduced a fifth lipid to traditional LNP 
formulations, which altered both pKa and protein corona 
characteristics. By carefully titrating this fifth component in 
SORT LNPs, often a quaternary ammonium lipid, they could 
shift mRNA expression from the liver to the spleen, lungs, 
kidneys or bone marrow in a dose-dependent manner. Peer 
has modulated RNA LNP endogenous targeting by propos-
ing comprehensive libraries of proprietary ionizable lipid 

head–tail linker segments for targetability beyond the liver 
[123–125]. These segments present capability for leukocyte-
specific [92, 126], lung-specific [61] and bone marrow-
specific [89] delivery, but the team has also exploited LNP 
phospholipid content for higher accumulation in the colon 
[127]. In Mitchell’s work, the team has altered the RNA 
LNP composition and consequent protein corona [128–135], 
such as by specifically modifying the lipid backbone with 
siloxane [136], dendron-like structures [137], piperazine 
backbone and bisphosphate moieties [138], amidine [54], 
oxidized motifs [139], bile acids [140] and anisamide groups 
[141], to provide lung [54, 128, 130, 136], spleen [54, 136, 
137], bone [138], immune cell [129, 139, 140] and liver cell 
niche [141] tropism. Over the past years, Mitchell became 
particularly interested in studying the biological fate of 
LNP technologies in pregnant mice, since pregnant women 
are often excluded from clinical trials. His team found that 
spleen-tropic LNPs designed for extrahepatic delivery can 
also deliver to the placenta in pregnant mice, likely due to 
changes in blood flow distribution and protein corona com-
position [142]. Although these LNPs are not able to reach 
the placenta-protected fetus, they are still able to efficiently 

Fig. 3   Major opportunities for the applicability of PNPs over LNPs in RNA delivery: controlled release, design of better tolerated or redosable 
structural components, design of nuclear or multi-compartment transport strategies and long-term stability
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transfect placental cells, which they leveraged to treat pre-
eclampsia with vascular endothelial growth factor mRNA 
[142–146].

In Siegwart’s observations, endogenous targeting tends 
to result in high organ-level enrichment but often lacks 
cell-type specificity, whereas active targeting might enable 
higher cell specificity, even when only a small fraction 
of the dose reaches the target organ. Perrie believes that 
a key future direction may involve combining active and 
endogenous targeting strategies. Given that the formation 
of a protein corona is essentially unavoidable, a more prag-
matic approach may involve understanding and exploiting 
the biocorona rather than trying to eliminate it. Identifying 
proteins that preferentially bind to NP surfaces could help 
direct delivery more precisely to target tissues [147].

Mechanistic understanding

Both Alonso and Siegwart stressed the importance of gain-
ing deeper mechanistic insight into how delivery systems 
function at both the extracellular and intracellular levels. In 
polymeric systems, knowledge is still limited regarding how 
to encapsulate and release a wide variety of payloads, espe-
cially those with challenging solubility or charge properties.

Siegwart added that, for nucleic acid therapies, greater 
knowledge of intracellular trafficking pathways is vital, espe-
cially given that current data in this area remains limited 
and often contradictory. Endosomal escape continues to be 
a major bottleneck for NP-based RNA delivery, resulting 
in suboptimal transfection efficiency [148]. Studies have 
indicated that only about 1–4% of RNA delivered via LNPs 
successfully escapes from late endosomes into the cytosol 
[149, 150]. This highlights the pressing need to design new 
NP materials, such as ionizable lipids or polymers, that can 
more effectively facilitate endosomal escape. In this con-
text, Siegwart’s team reported new lipids with biodegradable 
linkers with potential for accelerating the entrapped RNA 
payload release [151], as well as zwitterionic phospholipida-
tion of cationic polymers to enable RNA delivery to spleen 
and lymph nodes with increased endosomal escape ability 
[20]. Mitchell, in turn, developed a new class of branched 
ionizable lipids that improve endosomal escape, increasing 
hepatic RNA and ribonucleoprotein complex delivery and 
gene editing efficiency, as well as T cell transfection [152]. 
While the cytoplasm is the primary site of action for siRNA 
and mRNA, other nucleic acid modalities, like plasmid DNA 
or donor templates for gene correction, require nuclear local-
ization. Siegwart noted that a major translational challenge 
is to understand how to design delivery systems that can 
bypass endosomal sequestration and reach the nucleus effi-
ciently. Progress in this area could unlock the full potential 
of gene insertion and genome editing therapies, dramatically 
improving therapeutic outcomes.

Solutions for hard‑to‑reach tissues

As Alonso noted, several biological barriers remain difficult 
to overcome for achieving RNA delivery to tissues beyond 
the liver, spleen, or lungs following IV administration. Alter-
natively, Siegwart foresees promise in local delivery for the 
treatment of hard-to-treat-tissues. These routes may allow 
localized expression of therapeutic agents, while minimizing 
systemic exposure.

Mitchell highlights the heart and brain as particularly 
challenging tissue targets, emphasizing that the BBB poses 
a major hurdle specifically for neurological delivery. For 
the brain, Alonso sees potential in alternative administration 
routes such as intranasal, intraparenchymal, intraventricu-
lar and intrathecal, that could help circumvent the need for 
BBB crossing [153]. Alonso’s team is actively investigating 
the intranasal route by developing different ionizable lipid 
nanoemulsions and lipid-polymer nanocapsules with capac-
ity to provide a robust antigen-specific T cell response [154], 
penetrate deep into the brain and reach the hippocampus 
[62]. In what concerns intraparenchymal administration, 
Alonso has proposed ionizable lipid nanocarriers (nanoe-
mulsions and nanocapsules) with exceptional diffusivity 
and selective transfection of neurons [155]. Mitchell ech-
oed this enthusiasm for local central nervous system deliv-
ery, describing the preclinical work of his team using LNPs 
injected into cerebral ventricles with capacity to provide 
mRNA transfection in neuron populations [156]. Notably, 
Alnylam Pharmaceuticals' ongoing phase II clinical trials for 
an intrathecal siRNA lipid-based therapy targeting Alzhei-
mer’s-related tauopathies have shown that nucleic acids can 
reach the brain via cerebrospinal fluid after regional injec-
tion (NCT05231785, NCT06393712) [157]. These findings 
underscore the promise of bypassing the BBB via ventricular 
or spinal routes to reach otherwise inaccessible neural tis-
sues. In addition to regional delivery routes, transient and 
non-invasive BBB-disruption strategies offer an alternative 
means to enable brain delivery following systemic adminis-
tration. In particular, microbubble-enhanced focused ultra-
sound has emerged as a powerful approach to locally and 
reversibly open the BBB, enabling the delivery of both LNPs 
and PNPs carrying mRNA to the brain after intravenous 
injection. This technique has demonstrated spatially con-
trolled transfection of neuronal and glial populations while 
minimizing off-target exposure, highlighting its potential as 
a complementary strategy for overcoming BBB limitations 
without direct central nervous system injection [158–160]. 
Despite these encouraging advances, the journey towards 
effective RNA delivery to the brain remains far from com-
plete. The critical challenge lies in identifying and devel-
oping brain-homing RNA nanocarriers capable not only of 
reaching their targets but also of exerting precise therapeu-
tic effects within the intricate neural environment. Thus, a 



Drug Delivery and Translational Research	

long and rigorous path remains to translate these innovative 
approaches into broadly effective clinical solutions.

Mitchell’s team is also exploring intratumoral delivery as 
a route of administration to reach the cancer site [161]. This 
approach is conceived not only as a local delivery, but also 
as a strategy to generate an on-site immune response than 
can subsequently target tumors systemically. In other words, 
the goal of intratumoral injection is not to eliminate every 
single cell directly, but rather to induce tumor cell lysis, 
allowing the released antigens to be taken up by antigen-
presenting cells. This, in turn, acts similar to a therapeutic 
vaccine in that it stimulates an immune response capable of 
eradicating cancer cells throughout the body.

Ultimately, the route of administration for an RNA deliv-
ery system dictates the formulation design. For example, 
in the case of LNPs, as reported by Mitchell, the choice of 
ionizable lipids should be tailored to the specific biological 
microenvironment that they are expected to encounter.

Improved toxicity profiles, duration of response 
and redosability

As RNA delivery systems move from local to systemic 
administration, safety and redosability become central con-
cerns. Alonso highlighted the need to better understand tox-
icity profiles, including dose-dependent effects that could 
be overlooked without robust mechanistic studies. As NP 
platforms expand into non-cancer indications such as auto-
immune diseases or neurological disorders, safety becomes 
paramount. Peer drew parallels with vaccine development, 
emphasizing that for applications in otherwise healthy 
individuals, tolerability must be exceptionally high. For 
example, current clinical trials using CAR T approaches in 
autoimmune diseases [162] demand stringent safety bench-
marks, as even minor toxicity could compromise develop-
ment. Ongoing investigations are aimed at identifying lipids 
that are less inflammatory or at co-delivering LNPs with 
agents that can reduce inflammation. Mitchell sees this as 
one of the next iterations of LNPs, namely formulations 
that are both highly active and well-tolerated, thus enabling 
improvements not only in vaccines but across a wide range 
of therapeutic applications. Another key limitation of cur-
rent LNP technologies is the transient endosomal disruption 
they induce to release nucleic acids, which is a process that 
can trigger inflammation [163]. Siegwart identified this as a 
priority for next-generation development.

Peer highlighted that, with the rise of targeting strategies, 
particularly for those involving ligand-functionalized NPs, 
additional layers of safety studies are required. Chemical 
conjugation steps must be thoroughly assessed to ensure 
no residual cross-linkers or unintended reactivity remains, 
which could trigger harmful biological effects. The regula-
tory familiarity with antibody-based therapeutics, including 

formats as antibody–drug conjugates, provides a useful 
model, but careful validation is still necessary. Additionally, 
some ligands may unintentionally activate receptor-mediated 
signaling, which must be avoided in sensitive indications.

Another relevant aspect that directly impacts the rel-
evance of toxicity profile and the need for redosability is 
the duration of therapeutic effects, as outlined by Alonso. 
Siegwart considers genome editing especially promising, 
pointing to preclinical work where lung-targeting LNPs suc-
cessfully corrected a disease-causing mutation with effects 
that lasted the lifetime of the treated animals [120]. Sieg-
wart views such permanent or near-permanent outcomes, 
achievable through one or two treatments, as a fundamental 
shift in what is possible with RNA delivery. More broadly, 
Alonso stresses that durability depends not only on the car-
rier system but also on the chemical structure of the RNA 
itself. Modified RNAs can enhance both stability and dura-
tion of effect, which is especially important in applica-
tions like immunotherapy or cell therapy, where sustained 
gene expression or silencing is often required. Peer points 
to late-stage trials by companies like Intellia Therapeutics 
and Verve Therapeutics, where LNPs are being used for 
single-dose systemic delivery of gene editors to the liver 
(NCT06128629/NCT06672237 and NCT06164730, respec-
tively) that result in durable editing. In these examples, 
editing tools are used to treat genetic diseases like hATTR 
amyloidosis or to permanently reduce LDL cholesterol by 
disrupting genes such as PCSK9. These developments, in 
Peer’s view, mark a transition from conceptual to clinical 
reality in RNA genome editing.

Solutions for alternative RNA modalities 
and standarization

Perrie’s team has exploited the use of self-amplifying RNA 
(saRNA), which enables high protein expression at much 
lower doses than conventional mRNA [43, 164, 165]. This 
makes saRNA an attractive platform for vaccines and other 
applications requiring sustained protein expression kinet-
ics over extended timeframes compared to standard mRNA. 
Alonso remains optimistic, noting that although the same 
formulation technology cannot be readily extrapolated from 
one RNA to another, current evidence suggests that for RNA 
delivery experts, transitioning between different RNA types 
is relatively straightforward. However, Perrie noted that the 
longer and more fragile structure of saRNA poses formula-
tion challenges, as it is more difficult and expensive to work 
with. Overcoming these barriers could lead to broader adop-
tion of saRNA as a next-generation nucleic acid platform. 
Moreover, new RNA modalities like saRNA require spe-
cially designed nanocarrier systems to overcome challenges 
related to stability, efficient encapsulation and large-scale 
manufacturing [165]. Perrie has extensively contributed to 
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the manufacturing field by investigating the most favora-
ble operating and formulation parameters to successfully 
develop RNA nanoformulations, including phase or mix-
ing ratios and production speeds [166–168], buffer molarity 
[169], relatively-low-cost microfluidic mixers that do not 
compromise the efficiency and integrity of the resulting 
nanocarriers [170, 171], predictability boundaries for critical 
quality attributes [172], and orthogonal analytical pipelines 
to physicochemically characterize nanocarrier properties in 
early formulation stages [173, 174].

Apart from formulation optimization to open new avenues 
for alternative RNA modalities, the nanomedicine field is in 
urgent need of more consistent standards across formula-
tion, characterization and preclinical evaluation, as strongly 
emphasized by Peer. Unlike the well-established frameworks 
for biologics such as monoclonal antibodies, NP systems 
still suffer from variability that compromises reproducibility 
and regulatory approval. Standardization efforts must extend 
across material types, whether lipid- or polymer-based, and 
cover not only physical characterization but also biological 
performance. Perrie also underscored that such harmoniza-
tion to ensure quality, safety, and efficacy should ideally be 
pursued through worldwide collaboration. Past work, includ-
ing major multi-author publications [175–178], has already 
laid the foundation for this initiative, but more universal 
implementation is needed.

Sustainable development of RNA delivery systems

Improving accessibility and global equity is another key 
goal. Alonso points to the need for formulations intended 
for mucosal administration, notably, nasal administration 
suitable for needle-free delivery, being this an important 
consideration in low-resource settings. Perrie expands on 
this, advocating for decentralized and modular manufactur-
ing models that can reduce cost and enable local vaccine 
production. Perrie envisions a future in which personalized 
RNA-based cancer therapies could be produced on demand, 
close to the point of care, thereby reducing logistical and 
environmental burdens.

The RNA delivery dilemma on the horizon: 
divide or unite?

With over 13 billion doses of mRNA COVID-19 vaccines 
administered globally, RNA delivery systems have proven 
their capacity to drive large-scale clinical impact. What 
began as targeted therapies for rare genetic conditions has 
expanded to redefine the therapeutic landscape across mul-
tiple disease areas.

As Siegwart pointed out, it took nearly two decades for 
the first siRNA-based medicine to receive approval, as it 

always takes time to identify the most appropriate indica-
tions to develop a different class of medicine—be it RNA, 
antibody, protein or small molecule—and address founda-
tional challenges, including entry into specific cell types, 
potential immunogenicity or inflammation induced by the 
therapy.

Yet, the field remains in its early chapters. Therapeutic 
scenarios where RNA delivery can make a difference are 
likely to thrive. In this regard, both Mitchell and Alonso 
anticipate broader applications beyond COVID-19, with 
RNA vaccines being developed for infectious diseases like 
influenza and HIV and expanding into oncology. Mitchell 
sees particular promise in personalized cancer vaccines, 
which would use patient-specific tumor neoantigens to 
elicit targeted immune responses [179]. Immune-modulating 
therapies also represent an emerging frontier. Alonso high-
lighted the potential of RNA-based therapies for autoim-
mune diseases, while Mitchell’s group is exploring in vivo 
reprogramming of T cells using LNPs, a strategy that could 
bypass the complexity of ex vivo CAR T cell manufacturing 
[152]. Peer emphasized the untapped potential of the non-
coding genome. While most current gene therapies focus 
on the small fraction of the genome that codes for proteins, 
regulatory elements within non-coding regions play critical 
roles in gene expression and cellular behavior. As biologi-
cal understanding of these regions grows, new therapeutic 
strategies may emerge.

To meet these therapeutic demands and with a wide range 
of therapeutic cargos, each posing distinct challenges, the 
delivery technologies must evolve in step. There is broad 
agreement that both LNPs and PNPs have essential roles to 
play, and hybrid strategies that harness the strengths of each 
are likely to gain momentum. Alonso, in particular, views 
this period as a pivotal moment in the maturation of NP 
technologies, with both lipids and polymers poised for com-
plementary success. Alonso’s team has actively researched 
lipid-polymer hybrid nanocapsules for RNA delivery, offer-
ing a highly promising platform that combines the strengths 
of lipid and polymer nanocarriers and points toward the next 
generation of versatile, efficient and tunable RNA therapeu-
tics [63, 99, 102, 154].

Polymers are not out of the picture but, for now, LNPs 
have carved a clear path forward. LNPs have come to 
dominate the field of RNA delivery due to a combination 
of favorable biophysical properties, relative simplicity in 
production and optimization, a deep historical foundation 
and regulatory readiness. From a structural and functional 
perspective, interviewees highlighted that it is not only the 
composition of the NP that matters but also how the compo-
nents are organized and interact within the system. LNPs are 
designed to condense and protect RNA, and they must navi-
gate several physiological barriers to ensure effective deliv-
ery. This extensive foundation has given LNPs a head start, 
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supported by decades of work and an established scientific 
community familiar with lipid-based delivery technologies.

While LNPs have taken the lead, especially for RNA vac-
cines and liver-targeted therapies, there may be contexts in 
which polymeric systems perform better or fill specific gaps. 
Toxicity, inflammation, redosing barriers and lack of sus-
tained release are all pressing issues that polymers may be 
better equipped to solve. Polymers offer unparalleled chemi-
cal diversity, opportunities for sustained or targeted delivery, 
and customizable toxicity profiles. Although only siRNA-
polymer GalNAc conjugates have reached the market so far, 
one could argue that PNPs today are where LNPs were in 
2018, i.e., on the cusp of broader clinical translation.

As the RNA delivery field continues to evolve, it is 
increasingly likely that we will see not a substitution of 
LNPs, but a complementary landscape where PNPs fill 
critical gaps and enable unlocking the full potential of next-
generation RNA therapies. With eight years of clinical track 
record behind them, RNA delivery systems still have a long 
way to go, and the future is likely hybrid, collaborative, and 
just beginning to unfold.
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