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The rapid advancement of mMRNA therapeutics, exemplified by COVID-19 vaccines, underscores the trans-
formative potential of non-viral delivery systems. However, achieving efficient and targeted mRNA delivery
to the lungs remains a critical challenge due to biological barriers such as pulmonary mucus, nanoparticle
instability, and off-target accumulation particularly in the liver. Addressing these challenges is crucial for
advancing treatments for respiratory diseases, including cystic fibrosis, primary ciliary dyskinesia, and lung
cancers. This review highlights emerging strategies to enhance lung-targeted mRNA delivery, focusing on
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lipid nanoparticles, polymeric nanoparticles, lipid—polymer hybrids, and peptide/protein conjugates. By
discussing advances in bioinspired design and nanoparticle reformulation, this review provides a roadmap
for overcoming current delivery limitations and accelerating the clinical translation of lung-targeted
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1. Introduction

Non-viral polymer and lipid-based delivery platforms are prom-
ising carriers for encapsulating and protecting large nucleic
acid cargo like messenger RNA (mRNA), offering lower immu-
nogenicity compared to viral vectors such as adeno-associated
viruses (AAVs)."? Their transformative potential was exempli-
fied by the clinical success of COVID-19 vaccines made by
Pfizer-BioNTech and Moderna, which validated lipid nano-
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particles (LNPs) as a safe and effective modality for mRNA
delivery in humans.>” This breakthrough has catalyzed the
development of non-viral mRNA delivery technologies for ver-
satile applications including protein replacement therapy® and
gene editing.””® Despite this progress, realizing the full thera-
peutic potential of mRNA still requires the design of new deliv-
ery systems with high specificity to clinically relevant target
tissues.

Lung-targeted mRNA delivery holds significant therapeutic
promise for treating pulmonary diseases including genetic dis-
orders and cancers.'®!" Broadly, lung cells fall into three main
cell types relevant for delivery: epithelial, endothelial, and
immune cells."> The optimal target cell type depends on the
specific disease context. For example, selective delivery to the
respiratory epithelium is essential for mRNA-based therapies
for cystic fibrosis, primary ciliary dyskinesia, a-1 antitrypsin
deficiency, and asthma."®'* In contrast, targeting endothelial
cells may facilitate treatment of vascular related conditions
like lung cancers and pulmonary hypertension.’>"” Despite
the potential of mRNA delivery using non-viral vectors, achiev-
ing safe, efficient, and precise delivery to different cell types
within the lung remains a significant challenge.

Two primary routes of administration have been explored
for mRNA delivery to the lungs: (1) local administration via
inhalation, and (2) systemic administration via intravenous (1v)
injection (Fig. 1).'® These routes differ substantially in their
cellular tropism: systemic delivery predominantly targets endo-
thelial cells, while inhalation primarily accesses epithelial
cells."®?* As such, selecting an appropriate route of adminis-
tration requires alignment with the intended target cell type
and an understanding of route-specific delivery barriers.
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Inhalation enables direct access to the airway epithelium but
must overcome the pulmonary mucus barrier, which impedes
nanoparticle diffusion and uptake. Mucociliary clearance
further reduces nanoparticle residence time by continuously
expelling foreign particles from the airways.?**® Additionally,
maintaining nanoparticle stability during aerosolization pre-
sents a significant formulation challenge.>*”*® These are
exacerbated in diseased lungs, such as in cystic fibrosis, where
hyperviscous  mucus  severely hinders nanoparticle
penetration.”**® Conversely, systemic administration allows
nanoparticles to bypass the lung’s mucus barrier, but suffers
from undesired off-target accumulation in the liver, which
narrows the therapeutic window and raises safety
concerns.?’* Taken together, an effective mRNA delivery strat-
egy to the lung requires careful consideration of the disease
context, the target cell type, and the delivery route, alongside
rational nanoparticle design to overcome route-specific and
disease-specific biological barriers.

Multiple factors influence the organ-targeting ability of
non-viral vectors. One key determinant is the formation of a
protein corona during systemic circulation, which can alter
nanoparticle biodistribution. For instance, cationic vectors
tend to recruit vitronectin, promoting lung accumulation.®® In
addition to modulating the protein corona, vector surfaces can
be functionalized with ligands such as antibodies or peptides
to achieve lung targeting through protein/receptor
binding.**?” Furthermore, the underlying chemistry and
surface charge of lipid or polymer nanoparticles can be ration-
ally engineered to modulate both organ and cellular
tropism.***° Despite these insights, a comprehensive under-
standing of how these factors converge to dictate lung target-
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Fig. 1 Lung-targeted delivery of mRNA with non-viral delivery vehicles. Overview of commonly used non-viral delivery vehicles for local adminis-
tration via inhalation (nebulization, intranasal, intratracheal) and systemic administration (intravenous) of mRNA to the lungs mediated by endosomal

escape.

2872 | Bjomater. Sci., 2025,13, 2871-2882

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm00322a

Open Access Article. Published on 23 Mmese 2025. Downloaded on 2025-10-31 22:41:23.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

ing remains incomplete, highlighting the need for further
research to establish design guidelines for selective and
efficient lung delivery.

Another challenge in the development of lung-targeted
delivery vectors is the limited translatability between animal
models and human physiology.! Mouse models are com-
monly used for in vivo screening of top-performing nano-
particles, however, these models do not fully replicate human
lung anatomy. For example, basal stem cells, critical targets
for gene therapies in human intrapulmonary airways, are
present only in the trachea of mice, not in their intrapulmon-
ary airways.*> This anatomical discrepancy poses a barrier for
therapies aiming to correct genetic diseases at the basal cell
level. To address this hurdle, ferret and pig models have been
increasingly used as alternative disease models for in vivo
studies as their lung anatomy and cellular composition more
closely resemble those of humans.**™*° These species differ-
ences highlight the importance of selecting appropriate
animal models that properly mimic human lung biology to
improve clinical translation.

This review discusses emerging strategies to enhance lung-
targeted mRNA delivery, focusing on lipid nanoparticles
(LNPs), polymeric nanoparticles (PNPs), lipid-polymer hybrids
(LPHNPs), and peptide/protein conjugates (Table 1).

2. Lipid nanoparticles

Lipid nanoparticles (LNPs) are widely used as RNA delivery
vectors because of their ability to effectively protect and deliver
mRNA into target cells.”” Their clinical success in delivering
small molecules,’® siRNA therapeutics,’”® and mRNA® has
established them as a leading platform for RNA therapeutics.
However, their inherent liver tropism remains a significant
barrier to effective lung-targeted mRNA/LNP delivery. To high-
light recent progress in this field, research efforts to develop
lung-targeted mRNA/LNP systems can be categorized into two
complementary approaches: modifying LNP composition and
engineering ionizable lipids.

2.1. Optimization of LNP formulation

The classical LNP formulation consists of four key com-
ponents: ionizable lipids, which bind to negatively charged
mRNA and assist in endosomal escape; helper phospholipids,
which aid in cargo packing and provide structural integrity;
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cholesterol, which enhances nanoparticle stability and pro-
motes membrane fusion; and PEGylated lipids, which reduce
aggregation and improve circulation (Fig. 2).**°° It is well
established that varying the ratio and identity of these com-
ponents can significantly influence the biodistribution and
efficacy of mMRNA/LNP systems.>>*® Given this tunability,
researchers are actively exploring different formulation strat-
egies to promote lung-specific delivery.

A landmark study by Cheng et al. demonstrated that incor-
porating a fifth component, called SORT (selective organ-tar-
geting) molecules, enabled precise organ-specific mRNA deliv-
ery to the liver, lungs, and spleen after IV administration.’>>?
By increasing the molar percentage of the permanently cat-
ionic SORT lipid 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) in LNPs, they successfully shifted mRNA expression
from the liver to the lungs.”"**> The mechanism behind SORT
LNP selectivity is hypothesized to be endogenous targeting, in
which lung tropism is driven by the adsorption of distinct
serum proteins, like vitronectin, to the LNP surface.>® This
lung-optimized formulation efficiently transfected both endo-
thelial and epithelial cells following systemic injection.

While successful in redirecting delivery to the lungs, the
addition of a fifth lipid component to LNPs further compli-
cates what is already a complex formulation space.’® Motivated
by this, researchers have determined that the direct replace-
ment of traditional phospholipids with permanently cationic
lipids in four-component LNP systems can achieve similar
lung-selective delivery.>***> In an effort to further simplify
the classical four-component formulation, Su et al. challenge
conventional LNP paradigms by demonstrating that three-com-
ponent LNPs (ionizable lipid, permanently cationic lipid, PEG—-
lipid) can prevent typical liver tropism and instead promote
pulmonary endothelial and epithelial transfection.?”> Notably,
their three-component LNPs outperform their cholesterol-con-
taining five- or four-component counterparts in both efficacy
and lung-selective delivery, while maintaining remarkable
stability.*?

Nebulization offers a non-invasive, localized route for
mRNA delivery to the lungs, however, conventional LNP formu-
lations often lack the stability to withstand this process,
leading to aggregation and mRNA leakage, as seen in a recent
cystic fibrosis gene therapy clinical trial.*®>®>” Recent research
has tackled this challenge by optimizing LNP formulations to
improve  their stability for nebulized pulmonary
delivery.>*®°87%° 1okugamage et al. developed LNPs specifi-

Table 1 Simplified comparative analysis of key features of non-viral delivery vehicles used for lung targeting. General trends reported in the litera-
ture describing the efficacy, toxicity, stability, immunogenicity, and translational potential of lipid nanoparticles (LNPs), polymeric nanoparticles
(PNPs), lipid—polymer hybrids (LPHNPs), and peptide/protein conjugates are summarized below to highlight the relative strengths and limitations of

each delivery platform

Non-viral vector Efficacy Toxicity Stability Immunogenicity Translational potential
LNPs High Moderate Moderate-high Moderate High

PNPs Moderate Low-moderate High Low-moderate Moderate

LPHNPs Moderate-high Moderate High Moderate Moderate
Peptide/protein conjugates Moderate Low High Low Emerging
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Fig. 2 Strategies for optimizing lipid nanoparticles to enhance mRNA lung delivery. Optimizing mMRNA/LNP systems for lung delivery can be
divided into two complementary approaches: LNP reformulation and engineering ionizable lipids. Various chemical modifications to headgroups,
linkers and tails can be used to promote lung tropism through lipid engineering. Additionally, varying amounts of LNP components can lead to dis-

tinct formulations that improve LNP stability and lung delivery.

cally designed for aerosolization, achieving exclusive and
efficient mRNA delivery to the lungs following nebulized
administration. Through their study, they established three key
design principles for nebulized LNPs: (1) the inclusion of a
PEG-lipid is essential for LNP stability, (2) nebulized mRNA
lung delivery is enhanced by the presence of a cationic helper
lipid and a higher molar fraction of PEG, and (3) LNPs formu-
lated with a neutral phospholipid require less PEG than those
with a cationic helper lipid. Their findings reinforce the
growing consensus that cationic lipids are a key component
for efficient lung delivery®" and highlight that LNP behavior is
heavily formulation-dependent. In parallel, increasing PEG
surface density has been shown to enhance nanoparticle
diffusion through airway mucus, thus overcoming one of the
primary biological barriers of local inhalation delivery.>*®"%*
While pulmonary administered LNPs must remain stable
throughout nebulization and mucus penetration, they must
also be sufficiently labile to promote endosomal escape
(Fig. 1). Kim et al. addressed this balance by similarly
demonstrating that increasing PEG-lipid content is necessary
for nebulized LNP stability.*> However, they uniquely intro-
duced f-sitosterol as a cholesterol substitute, hypothesizing
that its inclusion induces a polyhedral shape in LNPs that
enhances endosomal escape.®® This modification, along with
increased PEG-lipid content, successfully balanced LNP stabi-
lity with efficacy, improving both mucosal diffusion and
mRNA transfection following inhalation.

Alternatively, to overcome the challenges associated with nebu-
lization, Gordon et al. introduced an inhalable dry powder formu-
lation of mRNA-loaded LNPs using a spray-freeze-drying method
with mannitol as a stabilizing excipient.® This approach pre-
served mRNA integrity while producing powders with optimal
aerodynamic properties for deep lung deposition. These dry
powders offer greater stability and ease of administration with
simple inhalers, making them a promising platform for deliver-
ing mRNA to treat lung diseases.

2874 | Biomater. Sci, 2025, 13, 2871-2882

2.2. Engineering ionizable lipid structure
It is important to acknowledge that while incorporating perma-
nently cationic lipids into LNP formulations enhances lung-
selective mRNA expression,>>>*>">* safety concerns severely
limit their clinical translation. Positively charged LNPs, includ-
ing those formulated with DOTAP, have been associated with
thrombosis and pulmonary barrier disruption.®® The severe
safety risks of these formulations outweigh their advantages in
lung-selective delivery, highlighting the need for safer alterna-
tives that achieve comparable results. As such, another impor-
tant avenue for achieving lung-specific mRNA delivery is
through the rational engineering of ionizable lipids. Among
the four components of classical LNPs, ionizable lipids have
garnered significant attention for their crucial role in stabiliz-
ing RNA molecules and facilitating endosomal escape, both of
which directly impact transfection efficiency.®” *® Beyond these
established roles, studies now highlight how the structure of
ionizable lipids plays a significant role in governing the deliv-
ery of mRNA to specific organs and cell types.*®”%7?

Structurally, ionizable lipids typically consist of an ionizable
headgroup, hydrophobic tails, and a linker connecting these
components (Fig. 2).>*>”* Although considerable progress has
been made, the influence of ionizable lipid structure on the
in vivo selectivity of LNPs remains poorly understood.*® To
address this, recent work has leveraged combinatorial chem-
istry and high-throughput screening to systematically design
and evaluate novel lipid structures optimized for lung-selective
mRNA delivery.”>”>”® For example, Qiu et al. present a novel
class of lung-targeting N-series LNPs, which incorporate amide
bond-containing tails that enable systemic mRNA delivery to
the lungs.’® By changing the ester group to an amide group in
their tails, they showed that small structural changes can shift
organ tropism from liver to lung targeting.

Beyond efficacy, safety remains a critical challenge in devel-
oping lung-targeted LNPs. Popoola et al. address this with

This journal is © The Royal Society of Chemistry 2025
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their design of sulfonium lipid nanoparticles (SLNPs) as a
novel alternative to DOTAP-containing LNPs, achieving highly
specific lung mRNA delivery in vivo without toxicity or inflam-
mation.”® Unlike amine-based ionizable lipids, sulfonium
lipids carry a permanent positive charge, enhancing mRNA
complexation and organ-specific accumulation. The best-per-
forming SLNPs primarily transfected pulmonary endothelial
cells, followed by epithelial and immune cells after systemic
administration.

While many lipid engineering efforts have focused on head-
group and tail modifications,”"”*””” recent studies have uncov-
ered the importance of linker chemistry in organ-selective
mRNA delivery. Somu Naidu et al. demonstrated that modify-
ing the linker region of ionizable lipids to contain amide and
urea groups can significantly enhance chemical stability and
lung-specific mRNA delivery.*® The authors proposed that this
effect was driven by an increased LNP pK,, which improved
intracellular trafficking and endosomal escape across multiple
lung cell types. Despite progress in optimizing ionizable lipids
for lung-specific mRNA delivery, discovery remains limited by
narrow chemical diversity and labor-intensive synthesis and
screening. Al-driven approaches, integrating deep learning
with combinatorial chemistry, offer a powerful solution by
accelerating lipid design and screening to rapidly uncover key
structure-function relationships beyond traditional rational
design. Witten et al. recently introduced LiON (lipid optimiz-
ation using neural networks), an Al-driven approach that
screened 1.6 million lipids in silico, identifying top candidates
with potent lung-targeting properties.*> These LNPs efficiently
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delivered mRNA to murine lungs via nebulization and success-
fully transfected ferret lung epithelium, a model more relevant
to human airway. Going beyond universal LNP design, Xu et al.
introduced the AGILE (AI-Guided Ionizable Lipid Engineering)
platform, which rapidly optimizes ionizable lipids for targeted
mRNA delivery.”” Notably, AGILE revealed cell-specific prefer-
ences for ionizable lipids, reinforcing the need for tailored
lipids rather than a one-size-fits-all approach. By reducing
lipid development time from months or years to days, AGILE
presents a promising strategy for refining mRNA delivery to
specific cell types within the lung.

3. Polymeric nanoparticles

Polymeric nanoparticles (PNPs) are another type of nano-
particle that has been widely utilized for RNA delivery.”®
Generally, cationic polymers are used to encapsulate negatively
charged RNA through electrostatic interactions. Various kinds
of polymers have been used for lung targeted mRNA delivery
including polyethylenimine (PEI), poly(p-amino esters) (PBAE),
and poly(amine-co-esters) (PACE).”’°%* Traditionally, PNPs
exhibit limitations due to their toxicity and low polymer
stability.®*®* A few strategies can be used to increase the
efficacy of PNPs such as incorporating polyethylene glycol
(PEG)-grafted polymers, modifying the polymer structure, and
changing end group structures (Fig. 3).5>%>%® PEGylation of
PNPs can increase their stability and reduce toxicity by lower-
ing surface charge, which minimizes interaction with blood
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Fig. 3 Polymeric Nanoparticle modification strategies for lung targeting polymers. Polymers used in PNPs can be modified through various strat-
egies such as PEGylation, end-group modification and polymeric structural changes aimed at enhancing the lung-targeting ability of the formulated

nanoparticles.
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plasma proteins during systemic administration.’” This in
turn leads to longer systemic circulation time and decreased
aggregation of PNPs.®® Particle stability can also be increased
by incorporating branched polymer structures, which improves
RNA delivery efficiency through elevating RNA release from
nanoparticles.”” Additionally, end group structure modifi-
cations such as including amine end groups have notably been
demonstrated to preferentially deliver PNPs to the lungs.?**°

PEI is a widely used DNA transfection agent that has gained
interest in RNA delivery. However, modifications to PEI are
necessary to mitigate its inherent toxicity.*"** Using PEG-
grafted PEI and amine-containing terminal group PEI modifi-
cations, efficient transfection of pulmonary immune cells can
be achieved by increasing the PNP stability and reducing the
toxicity of PEL.’ PEI can also be functionalized with alkynoate
tails, creating amino acrylate polymers that can be tuned for
the delivery of mRNA in normoxic and hypoxic conditions
through varying the PEG lipid molecular weight.”*
Interestingly, by including adenosine triphosphate in their for-
mulation, the authors observed higher mRNA expression in
hypoxic conditions indicating the need to adjust formulations
for hypoxic disease states.

PBAEs are tunable biodegradable polymers that can be
structurally modified to aid in stabilizing nanoparticles for
nebulized delivery.””*> Despite the strong lung targeting
ability of PBAEs and advances in improving particle stability,
issues still arise during degradation due to the immunogeni-
city profile of these polymers.®® Hyperbranching of PBAEs
(hPBAES) has been shown to increase nanoparticle stability for
nebulization and allow for lower toxicity. Nebulization of
hPBAEs allowed for transfection of pulmonary epithelial cells
and delivery of Cas13a mRNA for treatment of influenza and
SARS-CoV-2 showing the clinical relevance of these
polymers.”®*® Besides hyperbranching, poly-B-amino-thio-
esters (PBTAEs) have also demonstrated efficient delivery of a
Casl13a-encoding mRNA with low toxicity across animal
models such as mice, hamsters, ferrets, and cows.’*

PACE nanoparticles are another PNP that have been opti-
mized for lung delivery. Using a PEG-grafting strategy and
varying the PEG-conjugate percentage, Grun et al. found that
the optimal PEG ratio depended on the method of adminis-
tration with low PEGylation ratios showing better transfection
of lung tissues after inhaled delivery.®® PACE polymers con-
taining amine end group modifications and formulated with
PEG-grafted-PACE polymers improved lung targeting and the
resulting stabilization of PACE polyplexes allowed for delivery
of a SARS-CoV-2 spike protein-encoding mRNA through a
mucosal vaccine.”

Although various strategies have been adopted to increase
PNP stability and mitigate their toxicity, no PNP-RNA therapy
has undergone clinical trials or received FDA approval. This
underlines the need to further optimize PNP structural modifi-
cations, change formulations to improve PNP safety profiles
while maintaining potent and targeted mRNA delivery and use
biodegradable polymers to mitigate toxicity seen with tra-
ditional PNPs.
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View Article Online

Biomaterials Science

4. Lipid polymer hybrid nanoparticles

Lipid polymer hybrid nanoparticles (LPHNPs) utilize helper poly-
mers to formulate nanoparticles in a similar fashion to LNPs.
Kaczmarek et al. observed increased serum stability and targeted
lung transfection when utilizing a co-formulation of a PBAE ter-
polymer (containing alkylamine in the backbone) with PEG lipid
following IV injection.”® Following this study, other PBAE formu-
lations were tested containing a larger variety of lipids.

PBAE terpolymers formulated with 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), cholesterol, and PEG lipids
enabled targeted delivery of base editor and sgRNA encoded
mRNA to pulmonary endothelial cells and immune cells following
IV injection.”®”?® Five-component LPHNPs have also been
explored, incorporating DOTAP into the formulation with PBAE
terpolymers, DOPE, cholesterol, and PEG lipid. This +DOTAP for-
mulation promoted lung endothelium and immune cell targeting
while preventing nanoparticle aggregation through repulsion.” In
addition to cationic polymers, the use of a zwitterionic polymer
(z1P) lipid hybrid nanoparticles has been reported.® Replacing
the PEG lipid with ZIP lipids and formulating LPHNPs using
DOTAP, cholesterol, and a biodegradable ionizable lipid, the
authors found that ZIP lipid particles retained transfection and
encapsulation efficiency following nebulization and outperformed
PEG formulations in delivering to pulmonary epithelial cells.

5. Peptide/protein conjugates

Cell-penetrating peptides have been utilized to enhance the tar-
geted delivery of drugs to specific organs or cells.'® K14, a cat-
ionic pulmonary surfactant protein B mimicking peptide has pre-
viously been reported to deliver siRNA in vitro to lung cells with
minimal toxicity.'®" Following this study, Qiu and colleagues
created a KL4 peptide conjugated to a PEG lipid and observed
efficient delivery of mRNA to deep tissues in the lungs following
aerosolization of a spray-dried and spray-freeze-dried powder for-
mulation.’® In addition to peptides, protein conjugates have also
been explored to direct nanoparticles to the lungs. Using LNPs co-
valently conjugated with plasmalemma vesical associated protein
(Pv1) antibodies, lung targeting was achieved through inter-
actions with caveolae expressing the PV1 protein in the endo-
thelial membrane of lung blood capillaries.®® Both of these
studies demonstrate that peptide/protein conjugates can facilitate
the targeted delivery of mRNA to specific lung tissues.

6. Outlook

Non-viral vectors have shown significant potential for delivering
mRNA therapies, with LNPs achieving the greatest clinical
momentum (Table 2). Several mRNA-LNP therapies targeting pul-
monary diseases are now in early-phase clinical trials, including
programs by Moderna/Vertex, Arcturus Therapeutics, and ReCode
Therapeutics for cystic fibrosis and primary ciliary
dyskinesia.'®™% These efforts reflect increasing confidence in

This journal is © The Royal Society of Chemistry 2025
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scalable and clinically robust.
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ery systems will be critical to overcoming the distinct biophysi-
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